A MILTI DI SCI PLI NARY STUDY | NTO
CHANGES IN THE VAGUS NERVE FOLLOW NG
PARTI AL CHRONI C VAGOTOW

A thesis submtted by

SAMUEL ABAYOM ASALA (MB., B.S.)

for the degree of Doctor of Phil osophy
in the University of Sheffield, UK

DEPARTMENT OF ANATOWY AND CELL BI OLOGY

February 1984



Dedicated to
my grandmother, Fayomi Ajayi,
the memory of my sister,
Ebun .Omowuml

1 . .
) ..
and the glory of God



(1)

ACKNOWLEDGEMENTS

I am greatly indebted to my supervisor, Dr. A. J. Bower,
for his guidance and readiness to help in all matters related
to my work, family and academic progress. I am also very
grateful to Professor Barer for giving me the opportunity to
carry out the work in this department. I am very grateful
to Dr. I. N, C. Lawes, Dr. G. H. Cope and Professor Kapella
for their useful advice and guidance at various stages of this

work.,

I am thankful to Mr. Mike Wild for the long hours he
spent in preparing computer programmes for me. I am aiso
thankful to Mr, Mike Turton and Miss Maureen Tune for photo-
graphic work, and to Mr. John Proctor for assisténce with
¢lectron microscope work. I am very grateful to Mrs. Harriot
and Mrs. Amanda Proctor for their friendliness and for all the
typing they did for me. I am also very grateful to Miss
Linda Fleming for her invaluable advice during the preparation

of the figqures used in this thesis.

I am very grateful to Ahmadu Bello University, Zaria,
Nigeria for allowing me to comg on Study Fellowship and for
the fees they paid. I am also very grateful to the Association
of Commonwealth Universities for the sponsorship they gave me
and to Smith, Kline and Frénch Laboratories Ltd. and Glaxo

Group Ltd. for their financial assistance in form of grants.

I am greatly indebted to Professor P. S. C. Bunning and
Professor B. D. Musa who have been the human architects of my

academic progress, and to Alan and his family who have



(ii)

contributed in no small measure to making our time here

enjoyable. We will always remember you.

I am also very grateful to Mrs. Cross for typing this

thesis so promptly.

I am greatly indebted to my wife and children for their
love, patience and encouragement which made the difficult
periods more bearable. I am particularly thankful to my
wife who held the fort for me in most family and social

matters so that I could devote much time to my work.

Finally, I owe the success of this work and our life in
Britain ultimately to God whose power has been made perfect

in our weakness.



Summary
List of
List of
List of
List of

CHAPTER
1.
2.

8.
9.
10.

CONTENTS

abbreviations
Tables
Pigures
Plates

ONE - GENERAL INTRODUCTION
Preamble

The ferret as an experimental model

a. Anatomical characteristics
b. Gastric innervation
c. Physiclogical characteristics

Physical characteristics of the ferret

Anatomy of the vagus nerve and the
stomach

a. Central connections ¢f the vagus
nerve

b. The peripheral course of the
vagus nerve in the ferret

C. Gross anatomy of the stomach of
the ferret

Gastric physiology

a. Motor functions

b. Secretory functions

Control of gastric secretion

a. Cephalic phase

b. Gastric phase

C, Intestinal phase

Control of gastric motility

a. Mycgenic control of gastric
motility

b. Neurogenic control of gastric
motility

Value of vagotomy
Consequences of vagotomy
Aims of the research

(iii)

Page
NoO.

X1
Xiv
xvi

Xxviii

xxii

B W NN =

11
13
13
14
15
15
16
16
17

17

18
23
26
31



CHAPTER TWQ - THE TIME~COURSE OF RECOVERY CF
INTRAGASTRIC PRESSURE RESPONSE TC VAGAL
STIMULATION IN THE FERRET

11.
2.
13.

14.

Introduction

The aim of this experiment
Materials and Methcads

a. Animal grouping
k. Anaesthesia
C. Surgery
(i) Abdominal vagotOmy
(ii) Surgery for intragastric
pressure recording
d. Intragastric pressure recording
e. Vagus nerve stimulation
£. Post-recording checks
Results

Intragastric pressure response to

cervical vagal stimulation

Evoked intragastric pressure changes

after abdominal trunk vagotomy

a.

Evoked intragastric pressure

changes after dorsal trunk

vagotomy

Evoked intragastric pressure

changes after wventral trunk

vagotomy

Relative effects of left and

right cervical vagus nerve

stimulations

Effect of dorsal trunk vagotomy

on intragastric pressure

modalities

{i) Intragastric pressure due
to step inflation

(ii) Resting intragastric
pressure

- (iv)

Page
NO.

32
32
33
34
34
34
36
36

36
39
41
42
43
43

43

52

52

57

59

59

52



15.

(iii) Intragastric pressure of

empty stomach
{iv) Relaxation of gastric
smooth muscle

e, Effect of resting intragastric
pressure on gastric smooth
muscle relaxation

£. Effect of resting intragastric
pressure on vagally evoked
intragastric pressure

g volume of fluid in the stomach
before and after nerve stimula-
tion

h. Body and stomach weights

Discussion

CHAPTER THREE - AUTORADIOGRAPHIC STUDY OF
GASTRIC VAGAL INNERVATION

1&.

17.

Introduction

a.

b.

C.

fl
g.

Development of autoradiographic
technique

Axonal transport

Axonal transport systems

(i) Slow phase
(ii) Fast phase

(iii) Intermediate phase

Advantages ¢f autoradiographic
techniques for tracing axon
terminals

Disadvantages of the autoradio-
graphic method for tracing axon
terminals

Autoradiographic background
Characteristics of tritiated

leucine

The aims of the study

(v)

Page
NoO .

63

63

63

67

67
67
69

88
88

88
g0
92
92
92
92

924

96
98

100
101



18.

(vi)

Page
Materials and Methods : | 102
a. Principles of the method : 102
b. Experimental groups : . 103
c. Anacsthesia _ 103
d. Tritiated leucine stock | 105
e. Freeze-drying and concentration
of tritiated leucine : 105
f. Surgery and injection of |
tritiated leucine K _ 107
(1) Surgery for vagotomy 107
(1i) Surgery for injection _
of tritiated leucine 108
g. Perfusion fixation o 112
h. Perfusion apparatus | o 112
i, Perfusion technique _ 112
I Tissue dehydration ' 115
k. Tissue embedding 116
1. Tissue sectioning and mounting 118
m. Procedure for subbing micro-
scope glass slides : 118
n. Procedure for sectioning and
mounting the tissues 119
O. Procedure for coating tissue
sections with emulsion ' 121
(i} Preparatory stages _ 121
{(ii) Coating technique 123
P. Slide development and fixing 124
q. Staining of the sections 125
(i) Staining of brain stem
sections _ 126
(ii) Staining of stomach
sections 126
r. Analysis of tissue sections 127

S. Criteria for identification
of labelled axons _ 128



19.

20.

Results

a.

b.

Microscopic examination of
sections from medulla oblongata
Microscopic examination of
sections of the gastric wall
Normal distribution of abdominal
vagal trunks in the myenteric
(Auerbach's) plexus
(i) Distribution of ventral
vagal trunk
(ii) Distribution of dorsal
vagal trunk
Normal distribution of ventral
and dorsal vagal trunks in
submucosal (Meissner's) plexus
Innervation of the gastric
mucosa
Effect of partial chronic
vagotomy on gastric vagal
innervation

Discussion

CHAPTER FOUR = ELECTRON MICROSCOPIC ANALYSIS
OF VAGUS NERVE FIBRE COMPOSITION

21.

22.

Introduction

a.

b'

C.

Properties of mammalian peri-

pheral nerve fibres

(i) Effect of axonal diameter
on impulse conduction

(ii) Effect of myelination on

impulse conduction
Axon degeneration
Aims of the experiment

Materials and Methods

a'
b.

c.

Experimental groups
Anaesthesia
Suprancdose vagotomy

(vii)

Page

NO.

130

130

132

139

142

143

147

147

148
150

160
160

161

162

162
163
165
167
167
167
167



d.

f-

g'
h.
i.

Je

Sampling of nerve trunks

Primary fixation

Washing of the sample

Secondary (post) fixation

Dehydration of the nerve tissue

Pre-embedding of the specimen

Embedding and polymerisation of

the tissue

Final tissue orientation in

araldite block

Procedure for coating copper

grids with formwar

Sectioning of the tissue

Staining of the section

(i) Semithin sections

(ii) Ultrathin sections

Procedure for obtaining electron

micrographs of nerve sections

(i) Electron microscope

(ii) Sampling technigque on the
electron microscope

Micrograph analysis

(i) Data collection with
Commodore computer

(ii) Data collection with the MOP

Data analysis

(i) Total fibre count

(ii) Proportions of myelinated
and non-myelinated axons

(iii) Measurement of myelinated

axon diameter
(iv) Measurement of myelin
thickness
(v) Afferent-efferent counts
and ratio
I Principle for derivation of
afferent-efferent counts

(viii)

Page

NO'

170
171
172
172
173
173

174
175
125
176
177
177

178

180
180

181
182

184

18%

186

186

186

187

188

188

188



23.

24.

I1 Mathematical derivation of
afferent-efferent counts

Results

a.

g'

Qualitative description of
microscopic appearance of vagus
nerve fibres

{i) Normal cervical vagal trunks

(ii) Normal abdominal vagal trunks

(iii) Cervical vagus nerve trunks
after unilateral supra-
nodose vagotomy

(iv) Abdominal vagus nerves after
unilateral supranodose
vagotomy

Total fibre composition of the

vagus nerve
(i) Cervical vagal trunks

(ii} Abdominal vagal trunks

Proportion of myelinated and

non-myelinated axons

(i) Cervical vagal trunks

(ii) Abdominal vagal trunks
Myelinated axon diameter spectrum
(i) Cervical vagal trunks

(ii) Abdominal vagal trunks

Relationship between axonal

diameter and myelin thickness

Afferent and efferent fibre

counts
(i) Cervical vagal trunks

{ii) Abdominal vagal trunks

Effect of suprancdose vagotomy

on surviving fibres
(i) Cervical vagal trunks
(ii) Abdominal vagal trunks

Discussion

(ix)

Page

NO.

190
193

193
193
194

194

203

204
203
203

206
206
206
207
207
207

208

213
213
213

213
213
214
221



(x)

Page
No-
CHAPTER FIVE - GENERAL DISCUSSION AND
CONCLUSIONS 234
25. General discussion 234
26. Conclusions 240
27. Appendix 244

28. Bibliography 257



(xi)

SUWVARY

The ferret was used as a nodel for studying the effect
of chronic abdom nal partial vagotony on gastric notility
and innervation of the gastric wall by the surviving
abdom nal vagal trunk. The fibre conposition of the vagus
nerve trunks was al so determ ned and correlated as nuch as
possible with the results of the two series of experinents
above. Gastric notility was neasured indirectly by
nmeasuring the intragastric pressure that was associ ated
with it in response to stinmulation of the cervical vagus

nerves.

Acute ventral trunk vagotony did not significantly
reduce the intragastric pressure response to cervical vaga
stinmul ation. Simlarly, following chronic ventral trunk
vagotony, intragastric pressure response to cervical vagal
stimulation did not differ significantly fromthe acute and
control values until after three nonths when it increased
significantly above acute values probably as a result of
re-innervation of the gastric wall by regenerative sprouts
from the proxi mal nerve segnent. Acut e dorsal trunk
vagotony resulted in a significant reduction of intragastric
pressure response to cervical vagal stinulation bel ow con-
trol val ues. Fol I owi ng chroni c dorsal trunk vagotony,
intragastric pressure response to cervical vagal stimulation
significantly increased above the acute value and reached
the control value five days after vagotony. The intra-

gastric pressure maintained a plateau at this normal val ue
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t hroughout the three nonths period of the experinents.
Regenerative sprouts were not seen after chronic dorsa

trunk vagot ony.

Li ght m croscope autoradi ographic study of the nornma
di stribution of each of the abdom nal vagal trunks in the
gastric wall showed that the ventral trunk was distributed
exclusively to the ventral surface of the stomach. The
dorsal trunk was distributed to the dorsal surface of the
stomach as well as the ventral surface of the pyloric
antrum and the pyl orus. Three weeks after ventral trunk
vagot ony or dorsal trunk vagotony, there was no change in
the pattern of distribution of both abdom nal vagal trunks.
There was no tendency for conpensatory spread of the sur-
viving vagal trunk to the denervated areas of the stomach.
Pre-ganglionic vagal efferent fibres reach the subnmucosa

pl exus but not the nucosa.

El ectron m croscope anal ysis of vagus nerve fibre com
position showed that the left and right cervical vagus
nerves contain equal nunbers of fibres whereas the ventra
trunk contains only about 50 percent of the nunber of fibres
in the dorsal trunk. The total nunber of fibres in both
abdom nal vagus nerve trunks is only 50 percent of al
fibres in the cervical trunks. Thirteen percent of all
fibres in the cervical vagus nerves and less than 1 percent
of those in the abdom nal trunks are nyelinated. The vagus
nerve is essentially conposed of afferent fibres with only

12 percent of cervical and 7 percent of abdom nal vagal
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trunks being efferent. The size-frequency distribution
of the nyelinated fibres is uninodal with a distinct peak

at 2 to 3 umdi aneter. Less than 1 percent of the

nyelinated fibres have diameters above 8 pupm Melinated

fibres less than 1 wn dianeter were seen but they forma

very small percentage of all

nyelinated fibres. Because

the nyelinated fibres of the vagus nerve in the ferret
have generally snall

di aneters, and because the nerve is

conposed nostly of non-nyelinated C-fibres,

the vagus nerve
in this animal is a slowy conducting nerve.
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CHAPTER ONE

GENERAL INTRODUCTION

PREAMBLE

It has, for a long time, been recognised that the
Autonomic Nervous System is the sole source of gastro-
intestinal innervation. It was shown to consist of
two opposing subunits acting in a see-saw manner.
Further studies have shown that the autonomic control
of the stomach is not quite as simple as was first
conceived. Most of such studies have been on the sym-
pathetic nervous system, but more recently, the para-
sympathetic innervation has generated a lot of interest
among researchers mainly because of its involvement in
the pathophysiology and treatment of peptic ulcers in
man., The present study is therefore a follow-up of
such recent studies that sought to understand the auto~

nomic control of the stomach in the ferret.

THE FERRET AS AN EXPERIMENTAL MODEL

Most of the experiments that are designed to study
human body systems cannot be carried out on human
subjects. Animal models have therefore to be chosen.
If the results obtained from such experiments are to be
applicable to man, the system that is being studied must

be comparable to that in man.



Similarly, in order that the ferret stomach may be
a suitable model for the human stomach, there must be a
reasonable combination of peints of similarity between
the two with respect to their anatomical and physio-
logical characteristics and their innervation. Various
studies of ferret gastrointestinal tract have shown a
number of similarities between its stomach and that of

man.

a. Anatomical Characteristics

The morpheclogical characteristics of the stomach
are very similar in man and the ferret (Stephens and
Pfeiffer, 1968; Poddar and Murgatroyd, 1976). The
ultrastructure of the gastric mucosal surface is also
identical in the two animals (Pfeiffer, 1970). Further
studies have also shown that the anatomy of ferret
stomach is such that the distribution of food in it
immediately after a meal is similar toc that demonstrated
in man, with approximately 80% of the food being accom-
modated in the body and fundus (Andrews, Grundy and

Scratcherd, 1980).

o 0 Gastric Innervation

The gross vagqgus nerve distribution to the stomach
is, in the main, similar in both man and the ferret
although it is much simpler in the latter (Mackay and

Andrews, 1983).



& Physiological Characteristics

The stomachs of both man and the ferret contain
cholinergic excitatory neurons and non-cholinergic non-
adrenergic inhibitory neurons, both of which can be
activated by unmyelinated preganglionic vagal fibres
(Andrews and Scratcherd, 1980). A number of the vago-
vagal reflexes that have been observed in man have also
been seen in the anaesthetised ferret (Andrews, Grundy

and Lawes, 1980).

As far as the secretory behaviour of the ferret
stomach is concerned, this animal, like man, is a basal
secretor of acid and proteolytic enzymes in the fasting

state (Pfeiffer and Peters, 1969).

A combination of all of these similarities makes
the ferret a more suitable animal model than other
common laboratory animals which also display scme, but
not all, of these features. Hence the ferret was used

in the present study.

PHYSICAL CHARACTERISTICS OF THE FERRET

The ferret, which descended from the wild polecat,
belongs to the family Mustilidae of the order Carnivora.
It was kept by man and trained to kill rats and mice
and to help in catching rabbits. The mean nose to base
of tail length of the ferret is about 400 mm and a tail

length of about 130 mm. The adult male weight ranges



from 700 g to 2100 g. The females are generally of
lower weight than the males. The species that are
commonly seen are Albino, Fitch and Mixed based on the

colour of their fur.

ANATOMY OF THE VAGUS NERVE AND THE STOMACH

a. CENTRAL CONNECTIONS OF THE VAGUS NERVE

The vagus nerve is the 10th cranial nerve and belongs
to the parasympathetic division of the Autonomic Nervous
System. The microscopic anatomy of the central connec-
tions of the vagus nerve in the ferret is yet toc be
documented. The connections in other animals, including
man, are summarised here as a basis for future comparison
with those of the ferret. The central connections of the
vagus nerve is an area of on—-going research, but at the
moment it is generally accepted that the vagus nerve con-
sists of five functional fibre types with associated

nuclei in the brain stem. These are:-

1. The Special Visceral Efferent (SVE) fibres which

arise from the nucleus ambiguus (Porter, 1963), a longi-
tudinally positioned nucleus in the medulla oblongata
anterolateral to the dorsal motor nucleus of vagus nerve
(Figure 1.1). The fibres from this nucleus pass back-
ward and then bend sharply forward and laterally to
reach the surface of the medulla behind the olive where

they join the other fibres of the vagus in a row of



FIGURE 1.1

Diagram of the transverse section of the medulla
oblongata at the level of the inferior olive. ) 7 -
shows the afferent and efferent components of the

vagus nerve and their associated nuclei,

Tia Dorsal motor nucleus of vagus
2. Hypoglossal nucleus

3 Nucleus of tractus solitarius
4. Spinal trigeminal nucleus

5. Inferior olive

6e Nucleus ambiguus
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rootlets. Along with similar fibres from the glosso-
pharyngeal and cranial accessory nerves, they supply
the striated muscles of the pharynx and larynx, and the

upper part of the oesophaqgus.

2 The General Visceral Efferent (GVE) Fibres.

These arise from the dorsal motor nucleus (DMN) of

vagus nerve in the floor of the 4th ventricle of the
medulla oblongata (Getz and Sirnes, 1949). The nucleus
is longitudinally placed with about half the length
rostral to and the other half caudal to the obex. The
cranial half is more laterally placed than the caudal
half, and at all levels, the nucleus is posterolateral

to the hypoglossal nucleus.

From the DMN, the fibres travel antero-laterally,
to reach the surface of the medulla. These fibres
are preganglionic and supply glandular structures and
smooth muscle such as the broncho-constrictor muscles
of the lungs, the lower part of the oesophagus, the
stomach, the pancreas, the gall bladder, the small
intestine and the large intestine down to the left

colic flexure.

3. The General Somatic Afferent (GSA) fibres arise

from the back of the ear and the auditory tube. They
travel in the spinal tract of trigeminal nerve before
terminating in the spinal nucleus of the same nerve.
Their cell bodies reside in the superior vagal

ganglion.



4. The Special Visceral Afferent (SVA) fibres are taste

fibres from the posterior third of the tongue, with their
cell bodies in the inferior vagal ganglion. The afferent
projections terminate in the caudal part of the nucleus of
tractus solitarius. Some of the fibres pass to the

spinal trigeminal nucleus and reticular formation (Culberson

and Kimmel, 1972).

5. The General Visceral Afferent {(GVA) Fibres. These

fibres convey information about general sensation from
visceral structures. Their cell bodies, like those of the
special visceral afferent fibres, reside in the inferior
vagal ganglion. Together with similar fibres from the
glossopharyngeal nerve, they bend in a caudal direction
within the medulla and form a conspicuous fibre bundle, the
solitary tract, situated lateral to the DMN of the vagus
and somewhat deeper. The fibres terminate in the nucleus
of the tractus solitarius located lateral to the tract

(Porter, 1963; Biscoe and Sampson, 1970 a and b).

b. THE PERIPHERAL COURSE OF THE VAGUS NERVE IN THE FERRET

The rootlets which are seen on the lateral surface of
the medulla oblongata, posterior to the olive, unite toc form
a single nerve trunk on each side of the medulla. The
trunk passes beneath the flocculonodular lobe of the cere-
bellum and leaves the skull through the jugular foramen in
company of the glossopharyngeal and accessOory nerves. At
the level of the jugular foramen is located the superior
vagal ganglion which contains the cell bodies of the GSA

fibres.



Below this level, the vagus nerve has an inferior
vagal (Nodose) ganglion which contains the cell bodies
of other afferent fibres. The trunk of the nerve then
descends in the neck in the carctid sheath, first with
the internal carotid artery and then with the common
carotid artery and the internal juguiar vein. The two
nerves enter the thorax and break up into branches
which form anterior and postericor plexuses arcund the
bifurcation of the trachea (Mackay and Andrews, 1983).
Immediately below this point, the left and right vagus
nerves reform from the posterior pulmonary plexus.,

The left vagus nerve, as it descends, passes gradually
to the ventral surface of the thoracic oesophagus,
lving slightly to the left of the midline. The right.
vagus nerve similarly passes to the dorsal surface of
the oesophagus. In these positions, they descend
through the oesophageal hiatus of the diaphragm into
the abdomen. In the lower part of the thorax, midway
between the base of the heart and the diaphragm, there
is a consistent branch which passes supero~-inferiorly
from the left vagus nerve to join the right wvagus nerve,
passing on the dorsal surface of the cesophagus. This
is the "crossing" branch which has no equivalent in man

- {Figure 1.2).

In the abdomen, the ventral trunk gives small
branches to the oesophagus and divides into hepatic and

gastric branches. The hepatic branch further divides
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FIGURE 1.2

Diagram showing the thoracic and abdominal trunks
of the vagus nerve in the ferret. The plexuses

have been left out in order to enhance clarity of

the diagram.
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into a branch to the porta hepatis and ancther one
(the pyloric branch) which descends in the free edge
of the lesser omentum to supply the pyloric antrum,
the pylorus, the first part of the duodenum and the
pancreas (Mackay and Andrews, 1983). The gastric
division, on the other hand, passes along the lesser

curvature to supply the stomach.

The dorsal trunk which lies to the right of the
midline gives numerous small branches of supply to
the oesophagus and then divides into ceoeliac and
gastric divisions. While the coeliac branch passes
to the coeliac plexus and there mixes with sympathetic
nerves, the gastric division passes along the dorsal

surface of the lesser curvature to supply the stomach.

C. GROSS ANATOMY QF THE STOMACH OF THE FERRET

The stomach of the ferret, like those ¢f other
carnivores and man, is a single chamber organ. When
empty, it lies nearly horizontally in the left upper
quadrant of the abdomen. It is J-shaped when full,
The two orifices, cardiac and pyloric, are connected
by a right border or lesser curvature and a left
border or greater curvature (Figure 1.3). The stomach
can be divided into cardiac and pyloric parts by a line
extending from a point on the lesser curvature, the
incisura angularis, to the most dependent part of the

greater curvature. There is a clearly identifiable
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FIGURE 1.3

This diagram is a drawing from the live ferret
stomach to show the gross anatcomical features.
It has been shown in the J-shape position which

it assumes when full.



FIGURE 1.3

Oesophagus —e ) \

Lesser curvature ————m
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Greater curvature

Pyloric antrum
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fundus above the level of the cardia. The mucous

membrane is thrown into folds or rugae which are

predominantly longitudinal.

GASTRIC PHYSIOLOGY

The major function of the stomach is the digestion
of food materials and the passage of the end-product of
digestion tc the small intestine. This function can
be classified into

a. motor functions, and

b. secreteory function.

a. Motor Functions

These functions are three-fold:-

1. The stomach acts as a RECEPTACLE and STORAGE organ
for the food that reaches it from the ocesophagus.
It stores the food for a long enough time to allow

gastric phase of digestion to be completed.

p It MIXES the food with gastric secretions until it

becomes a semifluid mixture called chyme.

3. It slowly EMPTIES the food into the small intestine
at a rate suitable for proper digestion and absorp-

tion by the small intestine.

Embodied in the mechanisms of these functions is
the phenomenon of gastric motility, which has to be
finely controlled and regulated for a proper functioning

of the stomach.
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b. Secretory Function

The mucosal glands and cells of the stomach secrete

a mixture of digestive enzymes and other products which

make up the gastric juice.

The chief cells of fundic (gastric) glands secrete
pepsinogen which is activated to digest protein. They
also secrete rennin (in the calf) which curdles milk,
lipase which splits fat, and gelatinase (in the pig)
which splits gelatin. Other less important digestive
enzymes which have been detected in gastric juice include
lysozyme which splits carbohydrates, urease which
hydrolyses urea, and carbonic anhydrase which is present
in parietal cells (Davenport, 1939), and plays a role in

the process of hydrochloric acid {(HCl) formation.

The parietal cells, which are in abundance in the
body of the stomach, secrete HCl, water, and intrinsic
factor. The HC1l, in addition to its probably insignific=-
ant role (at least in man) of hydrolysing starches and
disaccharides, maintains a pH range of 2-3 which is

essential for protein digestion by pepsin.

The antral mucosa contains Gastrin-secreting (G)
cells which secrete the hormone gastrin which in turn plays
a significant role in the control and regulation of gastro-
intestinal secretion and motility. The pyloric and
cardiac gland cells as well as the mucous neck cells of

gastric (fundic) glands and the layer of mucous cells
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between the mucosal glands, secrete mucus which pro-
tects the stomach wall from digestion by the gastric

enzynes.

CONTROL OF GASTRIC SECRETION

Gastric Secreti0n occurs in various stages from
the moment food is sighted to the time it reaches the
small intestine. A combination of hormonal and neural
factors is responsible for the secretion of gastric
juice at each stage or secretory phase. The phases of

gastric secretion are as follows:-

a. Cephalic Phase

This phase of gastric secretion occurs even before
food enters the stomach, It results from the sight,
smell, thought or taste of food. Neurogenic signals
causing the cephalic phase of secretion may originate in
the cerebral cortex or in the appetite centres of the
amygdala or hypothalamus. They are transmitted through
the DMN of the vagi tc the stomach (Hightower and
Janowitz, 1979). Experiments in dogs with gastric
fistula have shown that the latent period of this phase
of gastric secretion is less than 5 minutes and that
secretion coqtinues for 30 to 120 minutes after sham

feeding.
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. Gastric Phase

Once food enters the stomach, it excites the gastrin
mechanism, which in turn causes a low rate of secretion
of gastric juice that continues throughout the several
hours that the food remains in the stomach. This is as
a result of chemical stimulation of G-cells and the most
potent stimulants are peptides and amincacids in the

partially digested food.

In addition, the gastric distension produced by the

presence of food in the stomach causes

a. local reflexes in the intramural plexus of
the stomach, and
b. vago~vagal relfexes that pass to the brain stem

and back to the stomach.

Both of these reflexes cause cholinergic stimulation of
the gastric glands, and add to the secretion produced by

the gastrin mechanism.

&. Intestinal Phase

This phase of gastric secretion is a result of
chemical stimulation. It has long been observed in dogs
that the presence of certain food substances in the small
intestine stimulates gastric secretion. The following
substances have been observed to excite gastric secretion
when placed in the small intestine:- water, extractive
substances of meat, products of protein digestion such as

peptone and aminoacids, milk, alcohol, histamine, saponin,
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adrenaline, 0.1N HCl, 10% glycerine solution, and
magnesium sulphate. The latent period of this phase
is 2=3 hours but once gastric secretion is initiated,

it may last for 8-10 hours.

The exact mechanism of this chemical stimulation
of gastric secretion is unknown but it is probably

hormonal (Gregory and Ivy, 1941; Sircus, 1953 and 1958).

CONTROL OF GASTRIC MOTILITY

Gastric motility is controlled by, among other

factors,
a. myogenic, and
b. neurogenic mechanisms.
a. Myogenic control of Gastric Motility

Gastric smooth muscle has certain intrinsic pro-
perties which enable it to undergo internal changes that
react with changes in its environment tO cause
"spontaneous" or "myogenic" contractions (Thomas and
Baldwin, 1968). For example, the circular muscle is
functionally an electrical syncytium because of electrical
coupling between the constituent smooth muscle fibres
(Tomita, 1970; Holman and Neild, 1979). This accounts
for the three-dimensional spread of excitaticn and assoc-
iated contraction from the site of stimulation within

the muscle segment after the stimulus has been removed.



18

There are also rhythmic myogenic pacemaker mechanisms
(electrical slow waves) which initiate organised excita-
tion of the network of electrically coupled cells (Wood,
1981). The circular muscle is highly excitable and
responsive to the pacemaker so that in the absence of
neural influence, each slow wave cycle triggers a syn-
chronous circumferential contraction that propagates along
the length of the isolated bowel. But in the intact
bowel, the responsiveness of the circular muscle to the
pacemaker , and the spread of the resulting excitation
within the syncytium, are modulated by excitatory and
inhibitory intrinsic neurons, but probably more so by the
latter (Wood, 1981). Antral peristalsis depends mainly

on the gastric slow wave (Wood, 1981).

Longitudinal muscle on the other hand, is strongly
influenced by excitatory motor neurons and does not appear
to receive any input from intrinsic inhibitory neurons

(Wood, 1981).

b. Neurogenic Control of Gastric Motility

The neurogenic mechanism for the control of gastric
motility may be divided into
(i) Intrinsic, and

(ii) Extrinsic Nervous Systems.

(i) The Intrinsic Nervous System lies between the
longitudinal and circular smooth muscle layers (myenteric

plexus) and in the submucosa (submucosal plexus). 1t
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consists of groups of interconnected nerve cells which
make up the intramural ganglia, Projecting in a com-
plex manner to them by way of collaterals and to the
Central Nervous System are afferent neurons whose
dendritic terminals lie amongst the layers of the gastric
wall (Figure 1.4). Most of these neuron cell bodies lie
mainly in the inferior vagal ganglion (Ranson, 1921;
Mohuiddin, 1953; Evans and Murray, 1954), and are con-
cerned with the regulation of gastrointestinal function.
They are the vagal afferent neurons. Other afferent
fibres travelling with sympathetic fibres (Kuntz, 1953)
have their cell bodies in spinal root ganglia (Head,
1893) and mediate pain sensation (Youmans et al., 1941).
Vagal afferent fibres project mainly to the caudal part
of the nucleus of tractus solitarius which, in the cat and
rat, gives off axons or collaterals to the nucleus ambiguus
and DMN of vagus (Morest, 1967; Cottle and Calaresu,
1975; Norgren, 1978). In this way, with the efferent
vagal fibres, they form a "long reflex arc". The
afferent collateral fibres, together with the intramural
communicating ganglionic neurons and the postganglionic
efferent neurons, constitute a "short" reflex arc.

These complex reflex arcs modulate myogenic motility
patterns and also respond to stimuli from the gastro=-
intestinal lumen and from other sites. The intrinsic
nervous system can function completely independently of
the extrinsic nerves. Hence it has been described as a

"little brain" (Wood, 1981). But like the other reflex
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FIGURE 1.4

This is a simplified schematic diagram of the com-
ponents and connections of the extrinsic and
intrinsic nervous systems of the gastrointestinal
tract in mammals. For the sake of clarity, the
intramural ganglia have been separated from the
smooth muscle, Nerve fibres shown in broken
lines are sympathetic and solid line fibres are

vagal parasympathetic.

Ts Long vagal afferents, with their cell
bodies in:-

2. Inferior vagal (nodose) ganglia and
probably the dorsal root: ganglia

3. Collateral branch from long afferent
neuron

4. Short afferent neurons
5. Interneurons

Ds Final common efferent neuron

Sympathetic afferent fibre which functions in reflex

inhibition of gastric motility is shown.
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arcs elsewhere in the body, the intrinsic nervous system
is subject to facilitation and inhibition by nerve
impulses which, in the case of the stomach, reach it by

way of the vagus and sympathetic nerves (James, 1957).

(ii) The Extrinsic Nervous System

The extrinsic nerves reaching the stomach are post-
ganglicnic sympathetic and pre-gangliconic parasympathetic
(vagal) fibres. vVagal fibres are now considered not to
innervate gastric smooth muscle directly, but rather to
synapse with efferent neurcons in the intrinsic reflex arc
which form the common final path for the innervation of
the gastrointestinal smooth muscle (Kuntz, 1922; Bulbring
et al,, 1958). They may also facilitate or inhibit
local reflexes in which the cells of the myenteric plexus
are involved (Thomas and Baldwin, 1968). The vagus
nerves may thus be regarded as connecting links between
the reflex centres in the Central Nervous System respons-—
ible for regulating gastric functions and the local
reflex centres in the gastric wall through which the

activity of the muscle is co-ordinated and controlled.

The exact relationship of the sympathetic nerves to
the intrinsic mechanism is not entirely clear. While
it is possible that the postganglionic nerves terminate
directly on the smooth muscle, recent findings suggest
that the intramural plexuses are the primary loci for
adrenergic innervation of the gut (Marks et al., 1962;

Norberqg, 1964; Jacobowitz, 1965; Hirst and McKirdy,
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1974), Histofluorometric studies have also shown that
only a sparse number of adrenergic nerves is seen in the
smooth musculature of the gut as compared to the dense

cholinergic innervation (Jacobowitz, 1965).

Sympathetic inhibition may therefore be at any of

the fcllowing sites (see Figure 1.4):-

(i) preganglionic parasympathetic nerve terminal,
(ii) intramural ganglion communicating neurons,
(iii) common final path efferent neuron cell body,
(iv) common final path efferent nerve terminal, or

(v) directly at the neuromuscular junction.

Sympathetic afferents with their cell bodies in
dorsal root ganglia are also believed to play a role in
reflex inhibition of gastric motility (Kuntz, 1938;

Kuntz and Saccomannce, 1944; Schapiro and Woodward, 1859).

Since the end of the last century (Langley, 1898),
it has been known that stimulation of the vagus nerves
may cause contraction or relaxation of the wall of the
stomach. Martinson and Muren (1963) and Martinson (1964)
have further shown that the vagus nerve of the cat has

two groups of fibres:-

A those that mediate contraction of the
isolated stomach, having lower threshold of
excitation than

b. those fibres that lead to relaxation.

The inhibitory fibres are more effective in the corpus
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and fundus of ﬁhe stomach whereas the excitatory ones

are more effective in the pyloric portion. Neuro-
effector transmission from the excitatory fibres of the
vagus 1s cholinergic in the dog (Dale and Feldberg, 1934),
cat {Harrison and McSwiney, 1936; Martinson and Muren,
1963), guinea pig (Greeff and Holtz, 195%6; Paton and
Vane, 1963) and in the mouse (Paton and Vane, 1963).

The neurotransmitter for the inhibitory component is a
subject of continuing research, but it is probably one of
many peptides (Bishop et al., 1981), the most likely of
which is vasoactive intestinal polypeptide (Fahrenkrig et

al., 1978; Costa et al., 1980; Edwards and Bloom, 1981).

Sympathetic efferents to gastric musculature also
consist of low-threshold excitatory fibres which are
cholinergic and high-threshold inhibitory fibres which
are probably adrenergic. The adrenergic fibres synapse
in the sympathetic ganglion, whereas the cholinergic
fibres synapse at some point distal to these (Thomas

and Baldwin, 1968).

VALUE OF VAGOTOMY

Vagotomy has come to be accepted as the definitive
treatment for duodenal ulcer (DU). When it was first
introduced, the vagus nerves were sectioned above the
diaphragm before they divided into their abdominal branches
(Dragstedt and Owens, 1943). This procedure was called

Truncal Vagotomy. It was followed by complications, the
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most debilitating of which was gastric retention. In
order to overcome this, the technique was combined with
gastric drainage procedures which were associated with
equally debilitating side effects. The drainage pro-
cedures included various forms of gastrectomy, gastro-
jejunal anastomoses and pyleoroplasty. The dumping
syndrome that accompanied gastrectomy and gastro-jeijunal
anastomoses was so troublesome that it became necessary
to modify the technique of vagotomy so as to avoid the
need for drainage procedures. At present, the technique
used is either selective vagotomy with drainage or highly
selective vagotomy. Johnson and Reynolds (1979),

classified them simply as follows:-

Toe Selective vagotomy (SV) in which all vagal branches
to the stomach are cut leaving intact the branches
to the hepatic plexus and the pyloric branches that
arise from them. Additional drainage procedure is

of ten necessary.

{7 Highly Selective Vagotomy (HSV), Proximal Gastric
Vagotomy (PGV), Parietal Cell Vagotomy (PCV),
Selective Proximal Vagotomy (SPV), or Proximal
Vagotomy (PV). In this procedure, all vagal branches
to the stomach are cut except the terminal branches of
the anterior and posterior nerves of Latarjet which

are the motor nerve supply to the antral muscle.

The aetiology of duodenal ulceration is multifactorial

but the most known of them, which is also the one most
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amenable to treatment, is excessive secretion of HC1
{Dragstedt, 1956; Lam and Sircus, 1975; Sircus, 1975;

Wormsley, 1975). The excessive gastric acid secretion

may be as a result of

a. direct, cholinergic stimulation of parietal
cells by the vagus nerve, or

b. increased activity of G=cells initiated by
various factors including the vagus nerve.
The G=-cells then excessively oOr incessantly
secrete gastrin which in turn stimulates the
parietal cells to secrete HCl (Arnold et al.,

1974; Fuchs et al., 1974).

The rationale for the use of vagotomy for the treatment
of DU was that it resulted in a decrease in the gastric
acid hypersecretion that was characteristic of the
ulcer (Dragstedt and Owens, 1943; Kennedy, 1974 and

Thompson, 1974).
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CONSEQUENCES OF VAGOTOMY

Most of the early experiments involving the section-
ing of autonomic nerves and studying the effects on the
denervated organs were done on the sympathetic nervous
system especially the superior cervical ganglion,
following transection of the cervical sympathetic trunk.
Following such transections in the cat and rabbit
(Butson, 1950), functional recovery was observed within
2 to 4 weeks as measured by the disappearance of the
operatively produced miosis, ptosis, and vascdilatation
of the face. Also following transection of the cervical
sympathetic trunk above the superior cervical ganglion,
the great majority of synaptic endings in the ganglion
degenerated and finally disappeared while the post-
synaptic neurons in the ganglion showed little change.
Under the electron microscope, the denervated, vacated,

synaptic sites were seen to persist for a long time.
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However when the presynaptic (preganglionic) fibres in
the trunk were allowed to regenerate, synapses began
to reappear after 1 month, and after 2 months, their

numbers reached normal levels (Raisman et al., 1974).

Similar experiments have been done on the vagus
nerve but the results were sometimes conflicting.
The commonly used techniques for assessing the immediate
success of vagotomy and its long-term consequences as a

treatment for DU are:-

1. Clinical assessment of symptoms and signs of

duodenal ulceration.

2. Intra~operative and post-operative measurements of
gastric acidity in terms of its volume or pH either
as base values or following the administration of

secretagogues such as insulin and pentagastrin.

3, Stimulation of vagus nerve and measuring myo=-
electric complexes or intragastric pressure changes
immediately after surgery and at varying times

after the operation.

4, Histological studies of the vagus nerwve and the
stomach wall for evidence of degeneration and

regeneration,.

Truncal vagotomy was believed to be a successful
treatment for ducdenal ulceration because the ulcers
healed, remained healed, and did not recur in the

majority of patients (Kragelund et al., 1973; Roland
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et al., 1974; Moberg and Hedenstedt, 1975). The cases
of recurrent ulcers were believed to be due to failure

to divide all fibres in the vagal trunk. They supported
Dragstedt's theory that if a relatively large branch of
the vagus nerve escaped division at operation, the whole
glandular apparatus cof the stomach could be reactivated
via the intramural plexus, with a return of high acid

secretlon (Dragstedt ¢t al., 1947).

Selective vagotomy and PGV which are techniques of
incomplete vagotomy have become very popular in recent
years. There have been conflicting reports about the
long~term success Of these procedures in the treatment of
DU, By stimulating the incompletely divided cervical
vagus nerves in the cat and measuring intragastric
pressure changes, Clark (1964) demonstrated a functional
recovery of the vagus 4 to 6 weeks after nerve section.
In 1970, Burge et al. reviewed the 700 patients they
operated upon for PU between 1957 and 1969. Selective
vagotomy and gastric drainage were the primary operations
done, using Burge's intra-operative test {see Appendix
1.1) to ensure complete division of all gastric branches,
Nine of these patients were found to have developed
recurrent DU in spite of the completeness of the vagotomy
as determined by the intra-operative test,. At a second
operation in each of these patients, intact vagal fibres
were seen innervating the stomach. Notes recorded at

the first operation indicated that there had been problems
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with using Burge's test in these patients and that the
authors were not satisfied with the negative result of
the test at that time. In this way they showed that
the intra-operative test was not infallible. They also
reaffirmed their support for Dragstedt's theory although
no attempt was made to explain the exact mechanism for

the vagal functional recovery.

Wastell and Zervos (1976) relied mainly on clinical
assessment of their patients after PGV and recorded an
increasing incidence of recurrent ulceration with each
vyear of follow-up. Their result was supported by the
findings of Joffe and Bapat (197%) that following PGV,

the ulcer-producing effects of secretagogues were pre-

vented for only 5 days in the rat.

On the contrary, some workers neither found.an
increase in the area ¢f stomach innervated and in the
amount of acid secreted in rats 1 year after incomplete
vagotomy {Jones and Griffith, 1970; Legros and Griffith,
1970) nor any sign of ulcer relapse or recurrence in
their patients after administration of secretagoques

{Griffith, 1884Q).

In all of the follow-up accounts given above, the
technigues used have been limited to the assessment of
¢linical signs and symptoms, various types of acid test
and studies ©¢f intra-gastric pressure changes in res-
ponse to vagal stimulation. Because of the difficulty

of carrying out acid study procedures under procisely
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repeatable physiological states in different subjects

and in the same subject at different times, the results
are sometimes contradictory. The problem with nerve
stimulation procedures is that the nerves are being
stimulated in a non-physiological manner so that results
from such experiments are difficult to correlate with
physiological events in the subject. It would there-
fore be desirable if less variable indicators of vagal
functional recovery were studied. It was only recently
that Loup et al. (1980) used a histological technique in
addition to gastric acid and motility studies to demon-
strate vagal recovery after truncal vagotomy and proximal
gastric vagotomy. They showed in man and the dog that
whether or not vagotomy was complete, the vagus nerve
proximal to the ligature was capable of sending normal
axons that by-passed the vagotomy ligatures to reach the
denervated stomach. Following a study of gastric secre-
tion after vagotomy for DU in 29 patients, Butterfield
et al. (1982) concluded that there is an incidence of
recurrent ulcer after vagotomy even when an early insulin
test has indicated a complete vagotomy. The recurrent
ulcers occur only in patients whose insulin stimulated

secretion rises with time.

A recent experiment in the ferret which involved
the measurements of changes in intragastric pressure
caused by the stimulation of the vagus nerve by dis-

crete electric square waves via platinum electrodes,
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showed that there is a significant increase in the intra-

gastric pressure 2 weeks after unilateral abdominal trunk

vagotomy (Andrews, Lawes and Bower, 1980).

There is therefore overwhelming evidence, although

mainly physiolegical, that the vagus nerve recovers its

functions after vagotomy.

AIMS OF THE RESEARCH

The tripartite aims of this research were:-

Using ELECTROPHYSIOLOGICAL TECHNIQUES, t0O determine
the Time-Course of FUNCTIONAL RECOVERY of the vagus

nerve in the ferret.

Using AUTORADIOGRAPHIC TECHNIQUES, at light micro-
scope level,; to determine the normal distribution
of the vagus nerve terminals in the stomach wall
and to see if there is any change in the distribu-
tion pattern after unilateral abdominal vagotomy.

This may reveal evidence of any ANATOMICAL RECOVERY.

Using ELECTRCON MICROSCOPE and STEREOLOGICAL
TECHNIQUES to estimate the NORMAL FIBRE COMPOSITION
of each cervical and abdominal trunk of the vagus

nerve.



CHAPTER TWO

THE TIME COURSE OF RECOVERY OF

INTRAGASTRIC PRESSURE RESPONSE

TO VAGAL STIMULATION IN THE

FERRET
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CHAPTER TWO

THE TIME COURSE OF RECOVERY OF INTRAGASTRIC
PRESSURE RESPONSE TOQO VAGAL STIMULATION 1IN
THE FERRET

INTRODUCTION

Gastric function may be studied by means of one of

three parameters, namely:-

Ta acid secretion,
2% electric activity of the smooth muscle, and
3. gastric motility patterns in response to

appropriate stimuli.

The function parameter that was used in this study
was "gastric motility" which was in turn measured by the
amount of intragastric pressure that accompanied it as a
result of electrical stimulation of the vagus nerves in

the neck.

Andrews, Lawes and Bower (1980) measured the intra-
gastric pressure that was developed in response to the
stimulation of cervical vagus nerves in three groups of
ferrets. In the first group (the control), the abdominal
vagus nerves were intact. In a second group, intra-
gastric pressure changes were measured immediately after
alternating unilateral abdominal trunk vagotomy. In
the third group of animals, the pressure changes were
measured two weeks after unilateral abdominal trunk

vagotemy = chronic vagotomy. Their results showed that:-
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a. after acute and chronic ventral abdominal trunk
vagotomies, the intragastric pressures were
neither significantly different from each other

nor from the contrel value,

b. after acute dorsal abdominal trunk vagotomy
(DTV) , stimulation of the cervical vagus nerves
produced a significant fall in the intragastric

pressure,

Ce following chronic DTV, there was a significant
rise in the intragastric pressure towards the

control value.

They have therefore shown a functional recovery of
the stomach two weeks after abdominal vagotomy in the

ferret.

The Aim of this Experiment

The aim of this experiment was to measure intra-
gastric pressure responses to cervical vagqus nerve
stimulation in normal and post-acute vagotomy ferrets
and in other groups of ferrets after unilateral chronic
abdominal vagotomy of varying duration. It was hoped
that it would then be possible to localise the onset
of, and determine possible mechanisms for the functional

recovery of the stomach.
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MATERIALS AND METHODS

d. ANIMAL GROUPING

Sixty=-seven ferrets were used (see Table 2.1). They
were divided into two main groups. In one group, only
ventral abdominal trunk vagotomy (VTV) was done while
fthe other group had only DTV. The animals in each group
were subdivided into groups of 4 to 6, The first subgroup
was used for control and post agute vagotomy experiments,
The remaining subgroups had chronic vagotomy with a survival
period of either 3, 5, 7, 21, ;? or 84 days. The animals
were adults of either sex and ranged in weight between 700 g
and 1800 g. The cross section of these weights was
represented in each group of animals. Any animal which
became ill at any time during the period of the experiment

was rejected.

b. ANAESTHESIA

Prior to doing vagotomy, the animals were anaesthet-
ised with intraperitoneal injections of pentobarbitone
sodium (Sagatal; May and Baker Ltd.) in doses of 60 mg

per kg.

At the end of the survival period, the animals were
given intraperitoneal doses of ethyl carbamate (Urethane;
Sigma Chemicals Ltd.) 1.5 gm per kg in the form of 50%
Urethane in 0.9% sodium chloride {(normal saline).
Supplementary doses of 25% Urethane were given intra-

venously if required to maintain deep anaesthesia.



TABLE 2.1

Period of Survival after Vagotomy

Type Of Control
Vagotomy and 3 5 7 21 28 84

Acute days | days | days | days | days | days
Dorsal
Abdominal 6 6 6 6 6 6 4
Trunk
Ventral
Abdominal 5 Nil Nil 6 5 5 6
Trunk




3%

Preparation of Urethane Anaesthetic

See Appendix 2.1,
C. SURGERY

Two types of surgery were done, namely
(i) abdominal vagotomy, and

{(ii) surgery for intragastric pressure recording.

{i} Abdominal Vagotomy

The animals were deprived of food overnight before the
surgery. The abdomen was opened by a vertical midline
incision. The stomach was exteriorised to improve access
20 the vagus nerves alongside the abdominal oesophagus.

The wventral or dorsal vagus nerve trunk was identified and
carefully separated from surrounding tissues as high up in
the abdomen as possible. Two silk ligatures, 1 ¢m apart,
were placed round the nerve trunk. The nerve was then cut
between these ligatures and the cut ends allowed to retract
from each other. The abdomen was closed in layers with
catgut (size 2/0) and silk (size 2/0} sutures. The

animal was allowed to recover from anaesthesia while being
kept adequately warm under table lamps. The animals were
restricted to a diet of water on the first post-ocperative
day, milk on the second day, and dog meat or dead rats

with fluid thereafter.

(ii) Surgery for Intragastric Pressure Recording

The animals were taken off food for 24 hours prior
to the experiment. Fach animal was laid on its back

and an anterior midline incision made in the neck.



K 74

Tracheostomy was done and a wide-bore tube inserted and
securely kept in place with a silk ligature that went
round the trachea. This tube allowed for unimpeded
ventilation and also permitted adeguate suction of the

trachea to keep it clear of mucus.

The right external jugular vein was cannulated to
provide a route for subsequent doses of Urethane
anaesthetic. The cervical oesophagus was dissected
free from the surrounding tissues and a silk ligature
loosely placed round it. The abdomen was opened by a
midline incision and the distal end of the pylorus was
occluded with a ligature. The stomach was intubated
via the mouth with a wide-bcore, open-ended plastic tube.
Inside this tube was another open-ended tube throcugh
which the intragastric pressure would be transmitted
(Figure 2.1). The lower end of this tube was 0.5 cm
short of the end of the outer tube. This ensured that
the end of the inner tube would not be in contact with
and get blocked by the gastric wall. Having ensured
that the tips of the tubes were lying freely in the
cavity of the body of the stomach, they were kept in
place with the ligature that was previcusly placed round
the cervical oesophagus. The abdominal incision was

then closed with Michel's suture clips.

Each cervical vagus nerve was exposed and carefully
separated from the surrounding tissues. The connective

tissue between the vagus nerve and the carotid artery
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FIGURE 2.1

Schematic diagram to show the connections of the
tubes and apparatus for vagal stimulation and

recording of intragastric pressure changes in the

ferret.
PC = Pressure calibrator
PT = Pressure transducer
PA = Pressure amplifier
D = Digitimer
CR = Chart recorder
ST = 1Isolated stimulator
E = Electrode

3T = 3-way tap



guneby JAd

agn) uoissiusue} ainyeby
ainssaid |EUID| jeBeydosag

AbLIAG ——te-i

anrjou snbep

aqn} (Buaalx3j
yoewols

1€

1d ol
1S 02

w|  YYV

1°'¢ 39mld

L 5




39

was gently peeled off in order to separate the two
structures for a distance of about 1-2 cm. A ligature
was lightly placed round the vagus nerve as rostrally
as possible. The nerve was then sectioned rostral to
the ligature and kept moist with warm liquid paraffin
at 37°C. The body temperature of the animal was kept
at 37°C to 39°C by means of radiant heat which was
achieved by a combinaticon of hot water circulating
through a hollow copper plate on which the animal was

laid, and table lamps.

Each of the cervical vagus nerve trunks, 5 mm
distal to the ligatures, was placed over a bipolar

platinum electrode in a pool of warm liquid paraffin,.

d. INTRAGASTRIC PRESSURE RECORDING

The outer o©f the gastric tubes was attached to a
20 ml syringe, containing 20 ml of normal saline, via
one limb of a Y-junction tube. The other limb carried
the inner tube and by it, the latter was connected to a
Fressure Transducer (SEM 4-88, SE Labs. Ltd,) and the
pressure calibration part of the apparatus by means of
a three-way tap (see Figure 2.1). The Pressure Trans-
ducer was connected to the Pressure Amplifier (EMMA,
SE Labs. Ltd.) which moved the recording pen on a Bryans
chart recorder 28000 to display the pressure signals.,
Vagus nerve stimulation was achieved by means of a
bevices Isolated Stimulator which was precisely timed by

the Digitimer D4030 to which it was connected. The
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Digitimer also timed recording chart movement.

The inner gastric tube was flushed with normal
saline while keeping the outer tube open so that the
whole system of tubes would be free of air bubbles.

The recording chart was then calibrated as follows:-

A vertically placed calibrated glass tube was
connected to the pressure transducer and a 40 ml syringe
by means of a system of two 3-way taps. The syringe
was filled with normal saline. An arbitrary mark was
chosen on the tube and set on the same horizontal plane
as the pressure transducer. This mark was called the
zero mark, The glass tube was filled up to the zero
mark with normal saline from the syringe. The column
of saline thus produced was allowed to exert pressure
on the pressure transducer. This pressure was amplified
by the pressure amplifier and displayed on the chart
recorder. This pressure was called 0 cm H,0 being the
pressure due to 0 cm of saline in the tube. The tube
was then filled to a point 20 cm above the zero mark and
the pressure due to this column of saline was similarly
recorded as 20 cm H,0. This enabled the chart to be

calibrated for pressure in cm H,O0.

The pressure calibrator was turned off and the
cavity of the empty stomach was allowed to be in direct
continuity with the pressure transducer. The pressure
in the empty stomach was therefore recorded. Twenty

millilitres of normal saline was placed in the stomach
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by step inflation through the outer gastric tube, This
gave a new level of pressure which was recorded on the
chart recorder. The stomach was allowed to rest for 30
minutes before nerve stimulation was commenced. This
was to allow the effects of the sudden distension of the
stomach to wear off and the stomach to settle to the

new pressure in it (Dr. I. N. C. Lawes, personal communi=-

cation).

e. VAGUS NERVE STIMULATION

Stimuli of 20 volts and a width of 0.5 milliseconds
were delivered from the stimulator at a frequency of
10 Hz. Periods of stimulation of 10 seconds were used.
An interval of 3 minutes was allowed between two stimuli
in order that the stomach might recover from the effects
of the previous stimulation and also that the intra-
gastric pressure might reach a stable level before a
second stimulus was delivered. These parameters were
found to produce a single gastric contraction of maximal

amplitude (Andrews, Lawes and Bower, 1980).

The cervical vagus nerves were stimulated separately
and together. The sequence of stimulaticon was varied in
order to prevent order effect. The electrodes were
moved caudally at intervals in order to prevent damage to

the nerve by prclonged stimulation at one site.

Following stimulations in control animals in which

the abdominal vagal trunks were intact, the animals were
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immediately subjected to dorsal or ventral vagotomy and
cervical nerve stimulations were repeated to give intra-
gastric pressure changes due to acute unilateral
abdominal wvagotcmy. At the end of the survival period,
the cervical wvagus nerves of animals with chronic

abdominal vagotomy were also stimulated.

f. POST RECORDING CHECKS

At the end of the cervical vagus nerve stimulation
in each animal, the abdominal wvagus nerve trunk that was
not cut at the first cperation, was transected and the
cervical trunks stimulated again in order to check if
the unilateral chronic vagotomy was complete. If it
was complete, stimulation of the cervical vagi would not
give rise to increased intragastric pressure above the

baseline value.

Post mortems were also done to examine the sites of
the chronic vagotomies as well as the sites ©of the sur-
viving nerve trunks that had just been cut for test
Furposes., Animals in which there was evidence of pre-—
viously incomplete chrenic vagotcmy were rejected from

the experiment.

The fluid in the stomach after the pressure record-
ings was drained, measured and compared with the 20 ml
of normal saline introduced into the stomach prior to
nerve stimulation. The stomach was removed, cut open,

c¢leaned out and weighed.
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RESULTS

Intragastric Pressure Response to Cervical Vagal

Stimulation

Figures 2.4 A, B, C, D and E show typical tracings
of amplitudes of intragastric pressure in the presence or
absence of vagal or gastric stimulation. The empty
stomach had a pressure, E, relative to atmospheric zero.
When the stomach was filled with 20 ml normal saline in a
single step (step inflation) the intragastric pressure
increased (S) and fell to a resting level (RP) which was
higher than E. Thirty minutes after step inflation,
intragastric pressure reached a steady level. Stimulation
of cervical vagal trunks resulted in increased intragastric
pressure above resting level (L, R and B). This was
followed by gastric smooth muscle relaxation (RX) as shown
by a fall in intragastric pressure below resting level.
The return of intragastric pressure towards resting level
progressed with time but varied from oOne animal to the

other (Figures 2.4A and 2.4D).

Evoked Intragastric Pressure Changes after Abdominal

Trunk Vagotomy

Tables 2.2a, b and ¢ show the intragastric pressures
resulting from separate and combined left and right cervical
vagal stimulations in control group animals and at varying
periods after dorsal trunk vagotomy. The mean and standard
errors of the mean (S5.E.M) are shown for each group of

animal. See table 2.3 and figure 2.2.
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Tables 2.4a and b show the intragastric pressures
due to separate and combined left and right cervical
vagal stimulations in control group animals and at
varying periods after ventral trunk vagotomy. See

table 2.5 and figure 2.3.
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FIGURE 2,4A

Shows tracings of intragastric pressure in animals with

intact abdominal wvagal trunks (Control).

E = unevoked pressure in the empty stomach at the

beginning of the pressure recording experiment.

S = intragastric pressure due to step inflation
' with 20 ml normal saline.

RP = resting intragastric pressure 30 minutes
after step inflation. !

RX = measure of smooth muscle relaxation following
cervical vagal stimulation.

L = amplitude of intragastric pressure response
to left cervical vagal stimulation,

R = amplitude of intragastric pressure response

to right cervical vagal stimulation,

B = amplitude of intragastric pressure response
te simultaneous left and right cervical
vagal stimulation.

(i) and (ii) are from two separate c¢ontrol animals.
The level of intragastric pressure after relaxation
returned only slewly towards baseline but did not
reach it before the next stimulus was delivered.

(ii) shows that the longer the stomach is allowed to
rest, the more the post-relaxation intragastric
pressure approaches baseline resting value.

Andrews and Scratcherd (1980) showed that the resting
pressure 1is reached in 10 to 11 minutes after the
initial relaxation. Six minutes gap only was allowed

between two stimulations in this experiment (ii).
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FIGURE 2.4B

These are tracings of intragastric pressures from

two animals immediately after dorsal trunk vagotomy.
The post-relaxation pressure is seen to approach the
resting level 9 minutes after the initial relaxation

& 9 1S The amount of reccvery of intragastric pressure
after relaxation did not seem to affect the amplitude

of subsequent evoked intragastric pressure (i).
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FIGURE 2.4C

These are tracings of intragastric pressure in animals
3 days after dorsal trunk vagotomy (i), and 7 days
after ventral trunk vagotomy (1ii). After the left
cervical stimulation in (i), the stomach was still
relaxing and subsequent return of intragastric pressure
towards the resting value is not dramatic. The second
animal (ii) again showed marked spontaneous gastric

contractions.



48

FIGURE 2.4D

These are tracings of intragastric pressure in two
animals 28 days after dorsal trunk vagotomy. They
show marked inter-animal variations. Animal (ii)
shows relatively higher spontaneous gastric con-
tractions right from the beginning of the experiment
and these increased as expected after step inflation.
(ii) shows greater return of intragastric pressure
towards resting value than (i) and has recovered
sufficiently to produce a spontaneous gastric
contraction within two minutes of an evoked gastric

contraction (SP).
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FIGURE Z.4E

These are tracings of intragastric pressure from two
animals 3 months after dorsal (i) and ventral (ii)
trunk vagotomy. The amplitude of intragastric
pressure response to first cervical vagal stimulation
is strikingly higher than subsequent ones. This may
mean that the stomach was in an excited state and
required a longer time than 30 minutes before

commencing cervical vagal stimulation.
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TABLES 2.2a, b and c

Show the amplitudes of evoked intragastric pressure
(in cmH,20) in contrel animals and in different groups of

animals after dorsal vagotomy.

Mean and standard error of the mean (S.M.M) are

shown for each group.
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TABLE 2.2b

Evoked intragastric pressure (in cmiH,0)
after dorsal trunk vagotomy

Site of
Stimulation | 5 Days i
1 2 3 &4 5 6 Mean
!
Left 14,18 | 17.00 1 16,20 | 29,31 | 24.00 | 21.98 20.45;
Cervical x2.33 ¢
Right | 14.00 | 15.50 { 12.00 | 21.02 | 19.25 | 21.35 | 17.19
Cervical ! +1.59
;?ft and 14.20 | 15,50 | 17.10 | 32.88 | 23.67 | 20.35 | 20.60
ight
X +2.58
Cervical
7 Days
1 2 3 ! 4 i 5 6 Mean
Left 20.25 | 16.50{ 17.00 [20.70 26.75 | 18.40 |1 19.93
Cervical ; 1,53
Right 19.69 = 19.55 17.19? 22.501 26.94 | 19,80 | 20.95
Cervical i - +1.38
\ T
Left and 22.701 20.08| 18.38| 25.25| 22.00 | 20.40 | 21.47
Right 40
. +0,98
Cervical
21 Days
1 2 3 4 5 6 Mean
Left 17.80[ 24.75( 18.75| 25.44| 23.17 | 23.50 | 22.24 :
Cervical *1.,30
Right 21.05| 25.75| 18.75| 29.19f 22,00 | 22.70 | 23.24
Cervical 1,51 |
: ; l
Left and 21.701 27.19] 16.25] 28.06] 23.42 { 24.50 | 23.50
Rignt | £1.74
Cervical | ;
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TABLES 2.4a and b

Show the amplitudes of evoked intragastric pressure
(in cmH,0) in control animals and in different groups of
animals after ventral trunk vagotomy, Mean and
standard error of the mean (S.E.M) are shown for each

group.
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TABLE 2.4b

Evoked intragastric pressure (in cmi20)
after ventral trunk vagotomy

Site of !
Stimulation 21 Days !
W |3 | 4 | 5 | Mean |
: : 1 .
Left 21,71 |22.20 [23.42 (23.25 | 28.43 | 21.80
Cervical ! i | | £1.82
Right 21.63 {19.38 [21.58 [22.00| 17.30 | 20.38
Cervical ‘ ; +0.90
Left and 22.81 |22.19 |22.50 24.80 | 18.45 | 22.15
Right £1.03
Cervical -
28 Days ]
1 2 l 3 4 5 ] Mean i
Left 17.38 | 17.10 i21.92 23.15 | 20.21 | 20.02 |
Cervical | *1.25 [
s | 1
Right 16.13 | 18.25 | 23.88 | 24.80 | 18.64 | 20.34 |
Cervical ' | *1.69 j
Left and 16.63 | 18.94 | 26.00 | 22.00 | 21.80 ! 21.27 |
Right i £1.45
Cervical | ' :
| | |
84 Days
1 2 | 3 4 I 5 : 6 Mean
Left 23.28| 27.85 | 26.07| 23.83 | 20.38 [20.00 ' 23.57
Cervical : £1.26
Right 23.08| 28.05 | 24.01! 24.00) 19.75 | 27.20 | 24.50
Cervical | | | +i-.2a
!
Left and 12.95' 27.80 26.57| 24.63| 23.00 | 24.20 | 25.03
Right | 40.73
Cervical o
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= Evoked Intragastric Pressure Changes after Dorsal

Trunk Vagotomy

These experiments showed that immediately after DTV,
stimulation of the cervical vagus nerves, separately and
together, gave rise €0 an intragastric pressure which was
significantly less than the control wvalue (Figure 2.2},
Three days after DTV, the intragastric pressure had
increased from 50% in acute experiments to only about 60%
of the contrcl wvalue, an increase which did not reach a
statistically significant 5 percent level, On the fifth
day after DTV, the intragastric pressure had significantly
risen above the acute value to 80% of the control value
{P<0.02; Table 2.3). This value of intragastric
pressure as well as values for 7, 21, 28 and 84 days after
DTV were not significantly @ifferent from one another and

from the contreol value.

b. Evoked Intragastric Pressure Changes after

Ventral Trunk Vagotomy

Intragastric pressure response to cervical vagus
nerve stimulation immediately after VIV was reduced by
only 16% of the control value (Figure 2.3; Table 2.5).
This reduction did net reach a statistically significant
level. After 7, 21 and 28 days, the intragastric
pressure had still not altered significantly. Three
months (84 days) after VIV, intragastric pressure

increased significantly above the acute value only
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FIGURE 2.2

Histogram shewing intragastric pressure changes
in response to cervical vagal stimulation in
normal animals and after different survival
times following dorsal (abdominal) trunk

vagotomy.

I

Survival time 0 intragastric pressure
change following acute

dorsal trunk vagotomy

1IZ0Z¢
1%0% = Left cervical vagal
1209

lalila

stimulation

= Right cervical vagal

stimulation

= Simultaneous left and

right cervical vagal
stimulaticn

See Table 2.3 for significant levels of intra-

gastric pressure changes.
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TABLE 2.3

The effect of dorsal trunk vagotomy on intra-
gastric pressure response to cervical vagal stimu-
lation is represented by the mean and standard error
of the difference in amplitude between acute post-
vagotomy and normal, and between acute and chronic
post-vagotomy intragastric pressure responses. The
differences are obtained by subtracting the ampli-~
tudes after acute dorsal vagotomy from the amplitudes
in normal animals and the amplitudes after acute
dorsal vagotomy from the amplitudes after chronic
dorsal vagotcmy respectively. Significance levels
from paired sample t—-tests (after acute vagotomy)} and
unpaired sample t—-tests (after chronic vagotomy) are
shown by 82 = P<0.02; S1 = P<0.01; 80.1 = P<0.001;

NS = Not significant.
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FIGURE 2.3

Histogram showing intragastric pressure changes
in response to cervical vagal stimulation in
normal animals and after different survival times

following ventral (abdominal)} trunk vagotomy.

Survival time 0 intragastric pressure
change following acute

ventral trunk vagotomy

200 :

)g%? = Left cervical vagal
¢

) stimulation

= Right cervical vagal

stimulation

= Simultaneous left and

right cervical vagal
stimulation

See Table 2.5 for significant levels of intra-

gastric pressure changes.



FIGURE 23

00202002020 o

(0°H'W2) JIHNSSIHd DIHISVOVHLNI

21

Control

SURVIVAL TIME (Days)



56

TABLE 2.5

The effect of ventral trunk vagotomy on intra-
gastric pressure responses to cervical vagal stimu-
lation is represented by the mean and standard error
of the difference in amplitude between acute post-
vagotomy and normal, and between acute and chronic
post=vagotomy intragastric pressure responses.

The differences are ¢btained by subtracting the
amplitudes after acute ventral vagotomy from the
amplitudes in normal animals and the amplitudes

after acute ventral vagotomy from the amplitudes after
chronic ventral vagotomy respectively. Significance
levels from paired sample t-tests (after acute
vagotomy) and unpaired sample t-tests (after chronic
vagotomy) are shown by S5 = P<0.05; 80.1 = P<0.001;

NS = Not significant.
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(P < 0.05). Examination of the abdominal trunks of the
vagus nerves in each of the animals in that 3-month
subgroup revealed a tissue bridge which by-passed the
ligatures and the ends of the cut to link the proximal
and distal portions of the ventral trunk. Electron
microscopy of the tissue bridge revealed normal, mainly

non-myelinated axons (Plate 2.1).

Because ventral trunk vagotomy did not appear to
nave caused any significant changes in intragastric
pressure response to cervical vagus nerve stimulation, at
least in the first 28 days after vagotomy, experiments
were not done for 3 and 5 days survival periods. For the
same reason, the following results were derived from the

experiments on animals with chronic dorsal trunk vagotomy.

S Relative Effects of Left and Right Cervical Vagus

Nerve Stimulations

The intragastric pressure responses to separate stimu-
lations of the cervical vagus nerve were not significantly
different from each other. The pressure resulting from
combined stimulation of left and right cervical vagus
nerves was not a summated value of the separate pressure
responses. In fact the intragastric pressure responses
to the stimulation of the nerves separately and together
were not significantly different from each other (Tables
2.3 .and 2.53 PFigure 2.4). Therefore, there was a func=-

tional overlap of one vagus nerve by the other.
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PLATE 2.1

Electron micrograph of tissue bridge linking
cut ends 0of the ventral vagal trunk 3 months after
vagotomy . Normal nerve fibres with prominent
neurotubules (Tub), neurofilaments (Fil) and

mitochrondria (Mit) are present.

N-AxX = Non-myelinated axon
col = Cecllagen fibres
End = Endoplasmic reticulum

Magnification = x 24000
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FIGURE 2.5

This shows the effect of vagotomy on intragastric
Pressure modalities. The survival time was
plotted as logarithmic values of the days in order
to give a visual impression of the rate of change
of intragastric pressure responses to cervical

vagal stimulaticn.

A = time-course of intragastric pressure
changes due to step inflation

B = time-course of resting intragastric
pressure changes

C = time-course of pressure in the empty
stomach
D = time-course of relaxation after the

first cervical vagal stimulation.

The thickness of the copper plate on which the
animals were placed (2.2 cm) was subtracted from
the recorded intragastric pressure values of B
and C in order to obtain their true values

relative to atmospheric pressure.
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a. Effect of Dorsal Trunk Vagotomy on Intragastric
Pressure Modalities (Figure 2,5)

(i) Intragastric Pressure due to Step Inflation

The difference between the height of intragastric
pressure due to step inflation with 20 ml of normal saline
and that in the empty stomach was measured and plotted
against the survival time of the animals after vagotomy
(Figure 2.5A). The pressure due to step inflation was
about 17 c¢m Hz20 in control animals (Table 2.6). It rose
to a significantly higher level of 22 cm H20 immediately
after DTV (P < 0.05). It remained high up to the third
day after vagotomy (24 cm Hz20}. By the fifth day, the
intragastric pressure had fallen to 18 cm H20 which is not
significantly different from the value in control animals.
It remained more or less unchanged throughout the remaining

part of the three months covered by the experiment.

(ii) Resting Pressure

This was the stable, baseline intragastric pressure
reached 30 minutes after step inflation and just before
cervical stimulation was begun. The resting intragastric
pressure was about 6 cm H;0 in control animals (Table 2.7;
Figure 2.5B). It rose through the acute phase of vagotomy
to a significant level of about 8 cm H,O on the third day
after vagotomy (P < 0.01). It then fell to about 7 cm H20
which is not significantly cifferent from the control value.
It remained low for the remaining part of the three months

period.
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TABLE 2.6

This shows the intragastric pressure (in cm H:;0)
due to step inflation of the stomach with 20 ml normal

saline. See figure 2,5A.



TABLE 2.6

Intragastric pressure (in cmH,0) due to step inflation

Animal | in different groups of animals
Serial - - -
Number ' Control, Acute, 3 days| 5 days! T days|21 days| 28 days| 84 days
§ 1 | i
1 19.20 | 16.60 i 33.00 | 14.25 | 11.50 | 25.00 8.90 | 8.80
i |
i ' :
2 19.00 | 27.00 ‘ 21.50 | 10.00 i 16.00 | 12.75 12.75 8.80
| |
3 E 14.00 18.75 ' 16.25 | 20.00 i 11.75 | 6.40 | 16.50 | 28.00 |
| !
' |
4 | 13.00 21.25 , 30.20 | 22.25 i 22.25 | 25.00 9.50 | 17.90 |
|
. | | |
5 18.00 | 26.75 i 21.40 | 24,00 © 10.00 | 14.25 41.00 -
; ; :
6 16.25 | 23.00 | 21.60 | 18.00 ' 19.40 | 15.50 8.60 -
Total | 99.45 |133.35 |143.95 | 108.50 = 90.90 | 98.90 | 97.25 | 63.50
; ! ]
Mean 16.58 | 22.23 | 23.99 | 18.08 | 15.15 | 16.48 16.21 15.88
- i




62

TABLE 2.7

Shows the resting intragastric pressure
(in cm H,0) obtained 30 minutes after step inflation

with 20 ml normal saline. See Figure 2.5B.



TABLE 2.7

Resting intragastric pressure (in cmH,0) in different groups

Animal )
SEPIAT of animals
Number Control Acute |3 days | 5 days F? days | 21 days | 28 days |84 days
1 5.40 | 4.40 | 8.50 | 7.80 | 4.80 | 5.30 | 5.00 | 4.60
2 6.80 | 7.20 6.80 5.30 4.30 6.05 5.55 5.10
|
i
3 7.50 . 8.00 7.80 Q9,30 5.05 3.30 6.40 T.20
4 6.00 | 7.75 | 7.80 | 7.30 . 0.05  6.30 3.55 | 8.00
1
5 6.75 | 8.00 7.55 9.30 4,05 5.80 8.05 -
I
6 4.75 i 4,75 8.25 5.06 7.80 5.05 5.00 -
's |
Total 37.20 iac.lo 46.70 | 44,05 35.05% i 31.80 33.55 24.90
Mean 6.20 1 6,68 7.78 T.34 5.84 5.30 5.59 6.23
+S.E.M| 0.41 ;10.68 +0.76 | £0.85 +0.44 +0.62 +(0.82
|

+0.24
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{111y Intragastric Pressure of Empty Stomach

This was the pressure in the empty stomach relative
to atmospheric pressure. It did not change either in
response to acute vagotomy or with increasing survival

time after vagotomy (Table Z.8; Figure 2.5C).

(iv) Relaxation of Gastric Smooth Muscle

After step inflation of the stomach with 20 ml normal
saline, the intragastric pressure returned to the resting
pressure. Stimulation of the cervical vagus nerve was
followed by a rise in intragastric pressure and a fall
below the resting level (Table 2.9; Figure 2.4). This
relaxation which was plotted against survival times (Figure
2.5D), reduced from the control wvalue (2.7 cm H,0) tO a
significantly low level (1.7 cm H,O0; P <0.05) on the
seventh day. It remained low throughout the 3 months

period of the experiment.

e, Effect of Restiﬁg Intragastric Pressure on Gastric

Smooth Muscle Relaxation following Chronic

Dorsal Trunk Vagotomy

The resting pressure in all 34 animals which had DTV
were plotted against corresponding relaxation associated
with the first cervical vagus nerve stimulation (Figure
2.6). The amount of relaxation decreased as the
resting pressure decreased. For a 1T ¢m H,0 decrease in
resting pressure, the relaxation decreased by about

0.4 c¢cm H,0 {Regression coefficient = 0.40). The tested



TABLE 2.8

Intragastric pressure (in cmH;0) in empty stomach of

! Animal different groups of animals
Serial T N
f Number | Control iﬁcute 3 days | 5 days I? days |21 days | 28 days |84 days
| ] } ‘ i
1 | 2.00 1.40 | 2.30 3.80 2.05 ‘ 2.80 3.00 2.60
- , !
2 4,00 3.60 2.80 3.30 1.30 | 2.80 3.30 2.20
i : | [ |
3 l 2.75 2.50 | 4.80 | 3.30 | 2.80 2,60 | 3,40 3.40
| | | I | ',
4 l 2.50 3.00 2,80 @ 3.55 | 3.55  3.30 1,05 | 3.801
5 i 3.00  2.00 4.05 4.30 2,30  2.80 . 1.80 -
! 1
6 | 1.75 2.00 | 4.05 2.05 | 3.60 2.05 2.80 | =
| , |
Total | 1

16,00 | 14.50  20.80 | 20,30 |15.60 | 16.35 15.35 12.00

]

2.56 | 3.
+0,.43

{ | ;
Mean | 2,67 | 2.42| 3.47 | 3.38 | 2.60 | 2,73
+S.E.M ' +0.33 | 40.32 [$0.40 | £0.31 [20.37  20.17

-~ O

l—————ee

=+
o
w o




TABLE 2.9

Gastric relaxation measured as a depressicn in intragastric

Animal pressure (in comH,0) below the resting value in different
Serial | groups of animals
i Number ! . T v
: ‘Contr’ol i Acute |3 days f 5 days {7 days { 21 days |28 days (84 days
b ’ 3.00  1.40 E 3.00 ! 2.25 | 1.5 | 125 | 1.20 | o.80
2 | 240 1.20( 1.40 ¢ 0.50 | 1.50 1.25 75 | 1.50
a ! i =
3 | 3.50 3.00] 2.25 2.75 | 1.25 | 0.30 | 2.00 | 1.90 |
i | L '
A i 2.75  3.00 | 2.30 ; 2.00 { 2.50 | 2.75 | 0.60 | 2.40
5 2.75  2.50| 2.30 | 3.25 | 1.25 1,00 | 3.50 ° - |
| | ’ i
; ; '
6 1.50 1 1.00] 1.70 | 1.75 | 2.40 .25 | 0.80 | -
Total | 15.90 | 12.10]12.95 | 12.50 | 10.15 7.80 ' 9.85 ! 6.60
-
Mean 2.65 | 2.02| 2.16 | 2.08 | 1.69 1.30 1.64 E 1.65
+S,EM| $0.27 | +0.38]£0.23 | 20.39 [0.24 | $0.33  #0.43 ° 20.28
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FIGURE 2.6

Scatter diagram showing the relationship between
resting intragastric pressure and relaxation
after chronic dorsal trunk vagotomy.

The linear regression eguation is

y = =0.78 + 0.40x

Correlation coefficient = 0.84
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TABLE 2.6

This shows the intragastric pressure (in cm H,0)
due to step inflation of the stomach with 20 ml normal

saline. See figure 2,.5A.



TABLE 2.6

Intragastric pressure (in cmH,0) due to step inflation

Animal I in different groups of animals

Serial - . : I
Number | Control, Acute 3 days 5 days! T days|21 days| 28 days| 84 days
E |
1 19.20 } 16.60 I 33.00 | 14.25 | 11,50 | 25.00 8.90 8.80
.
2 19.00 | 27.00 ’ 21,50 | 10.00 | 16.00 | 12.75 12.75 8.80
; i
3| 1400 18.75 . 16.25 | 20,00 i 11.75 6.40 16.50 28.00 |
' {
4 13.00 21.25 | 30.20 | 22.25 | 22.25 | 25.00 9.50 17.90 |
| {
_ | B
5 18.00 « 26.75 | 21.40 | 24.00 ' 10.00 | 14.25 41,00 - |
s : N
6 16,25 | 23,00 | 21.60 | 18.00 = 19.40 | 15.50 8.60 - l
Total | 99.45 |133.35 |143.95 | 108.50 . 90.90 | 98.90 | 97.25 | 63.50
i ?
1 : f '
Mean 16.58 I 22.23 | 23.99 | 18.08 | 15.15 | 16.48 16.21 15.88 |
+S.EM| #1.07 | £1.72 £5.11 4,58 ‘

+2.57 | %2.13 l +2,00 | %2.98
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TABLE 2,7

Shows the resting intragastric pressure
(in ¢m H,0) obtained 30 minutes after step inflation

with 20 ml normal saline. See Figure 2.5B.



TABLE 2.7

Resting intragastric pressure (in ¢mH;0) in different groups

Animal ¢ ‘mal
Serial O animals
Number Control Acute |3 days | 5 days ’7 days 121 days | 28 days |84 dayﬂ
| !
1 5. 40 4,40 8.50 7.80 | 4.80 ! 5,30 5.00 4,60
: |
2 | 6.80 | 7.20 6.80 5.30 | 4.30 6.05 5.55 5.10
: -
3 7.50 | 8.00 7.80 9.30 5.05 3.30 6. 40 7.20
| !
4 6.00 E 7.75 | 7.80  7.30 @ 0.05 6.30 3.55 8.00
%
5 6.75 | 8.00 7.55 i 9.30 4,05 5.80 8.05 -
6 4,75 4,75 8.25 5.05 7.80 5.05 5.00 -
i -
Total 37.20 40,10 | 46.70 ] 44.05 | 35.05 311.80 33.55 24,90
Mean 6.20 6.68 7.78 7.34 5.84 5.30 5.59 6.23
+S.E.M| +0.41 |+0.68 |+0.24 | #0.76 | 20.85 +0. 44 +0.62 +0.82
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(1ii) Intragastric Pressure of Empty Stomach

This was the pressure in the empty stomach relative
to atmospheric pressure. Tt did not change eitherx in
response to acute vagotomy Oor with increasing survival

time after vagotomy (Table 2.8; Figure 2.5C).

(iv) BRelaxation ©of Gastric Smooth Muscle

After step inflation of the stomach with 20 ml normal

saline, the intragastric pressure returned to the resting
Fressure. Stimulation of the cervical vagus nerve was
followed by a rise in intragastric pressure and a fall

below the resting level (Table 2.9; Figure 2.4). This

relaxation which was plotted against survival times (Figure

2.5D), reduced from the control value (2.7 c¢cm H,0} to a
significantly low level (1.7 cm H,0; P < 0.05) on the
seventh day. It remained low throughout the 3 months

periocd of the experiment.

e, Effect of Resting Intragastric Pressure on Gastric

Smooth Muscle Relaxation following Chronic

Dorsal Trunk Vagotomy

The resting pressure in all 34 animals which had DTV
were plotted against corresponding relaxation associated
with the first cervical vagus nerve stimulation (Figure
2.6}, The amount of relaxation decrcecased as the
resting pressure decreased. For a 1 cm H,O0 decrease in
resting pressure, the relaxation decreased by about

0.4 ¢m H,0 (Regression coefficient = 0,40). The tested
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TABLE 2.8

Shows the intragastric pressure in the empty
stomach of different groups of animals before step

inflation with normal saline. See Figure 2,5C.



TABLE 2.8

Intragastric pressure (in cmH,0) in empty stomach of
Animal different groups of animals

Serial T "
Number | Control {Acute 3 days ., 5 days |7 days |21 days |28 days |84 days|

1 | 2,00 | 1.40{ 2.30 @ 3.80 | 2.05 2.80 3.00 2.60
2 4,00 3.60 2.80 . 3.30 | 1,30 | 2.80 3.30 | 2.20
! i E ! | | |
3 ‘ 2.75 | 2.50| 4.80 | 3.30 | 2.80 | 2.60 | 3.40 | 3.40
| | | ! ! ! |
4 I 2.50  3.00 2.80 ' 3.55 | 3.55  3.30 1.05 | 3.80I
5 i 3.00  2.00 4.05  4.30 | 2.30  2.80 1.80 -
] |
| | )
6 | 1.75 2.00 | 4,05 2.05 | 3.60 2.05 2.80 | -
| |
Total | 16.00 | 14.50 ' 20.80 | 20.30 |15.60 | 16.35 | 15.35 : 12.00
| | | ' ' |
. ! } ; 1
Mean | 2.67 ] 2.42 | 3.47 3.38 2.60 | 2.73 2,56 | 3.00
| |
£S.E.M | £0.33 | $0.32 | 0,40 |£0.31 |[£0.37  20.17 | £0.43 | 20.37
[ ' |
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TABLE 2.9

Shows the gastric relaxation following the first
cervical vagal stimulation. This was measured as
the reduction in intragastric pressure below the rest-

ing value in cm H20. See Figure 2.5D.



TABLE 2.9

| Gastric relaxation measured as a depression in intragastric

| Animal pressure (in cmH,0) below the resting value in different
gSerial | groups of animals
‘ Number - ‘ , ,
;Control ' Acute |3 days '5 days |7 days | 21 days |28 days ,8& days !
i I
1 | 3.00 1.40 | 3.00 ! 2.25 | 1.25 1.25 1.20 l 0.80
| } 1
2 2.40 1.20 | 1.40 : 0.50 1.50 1.25 1.75 | 1.50
i |
3 3.50 3.00 | 2.25 2.75 1.25 | 0.30 2,00 | 1.90
i .
& 2:75 3.00 , 2.30 2.00 j 2.50 i 2.75 0.60 2.40
; -1 1
| 5 | 275 2.50) 2.30 | 3.25 | 1.25 1.00 3.50 - ;
!
6 | 1:50 1.00 1.70 1.75 i 2.40 125 0.80 | - [
| i
| | | ‘
| Total 15.90 | 12.10 ] 12.95 | 12.50 | 10.15 7.80 9.85 l 6.60
| Mean 2.65 | 2.02| 2.16 | 2.08 | 1.69 1.30 1.64 ! 1.65
! :
| +S.E.M| $0.27 | 0.38| £0.23 | 0.39 i +0.24 4+0.33 +0.43 +0.28
| |
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FIGURE 2.6

Scatter diagram showing the relationship between
resting intragastric pressure and relaxation
after chronic dorsal trunk vagotomy.

The linear regression eguation is

Y = =0.78 + 0.40x

Correlation coefficient = 0,84
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correlation between resting pressure and relaxation was
highly significant (P< 0.01) with a correlation

coefficient of 0.84.

i Effect of Resting Intragastric Pressure on Vagally

Evoked Intragastric Pressure

It was shown in section c¢ above that intragastric
pressure responses to separate left and right cervical
vagus nerve stimulations were not significantly different
from each other. Therefore in plotting the scatter
diagram in Figure 2.7, the intragastric pressure response
to left and right cervical vagus nerve stimulations were
used against paired resting pressures for each group of
animals so as to obtain a larger number of plotted points,
The figure shows that intragastric pressure response to
cervical vagus nerve stimulation increased as resting
pressure decreased (Regression coefficient = =-2.57).

The inverse relation of the two parameters was significant

at the 1 percent level (Correlation coefficient = -0.83).

g. Volume of Fluid in the Stomach before and after
Nerve Stimulation

Twenty millilitres of normal saline were injected
into the stomach before vagal stimulation. At the end
of the experiment, the fluid volume increased by an

average of 5 percent.

h. Body and Stomach Weights of Ferrets after Chronic
Vagotoemy

The body weights were taken just before the animals

were anaesthetised for the nerve stimulation experiments.

There was no relationship between the two weights.
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FIGURE 2,7

Scatter diagram showing the inverse relationship
between resting intragastric pressure and vagally
evoked intragastric pressure after chronic dorsal
trunk vagotomy. Mean group values of intra-
gastric pressure following separate left and
right cervical vacal stimulations were plotted
against paired mean group resting intragastric

pressures.,

Regression equation is y = 35.40 - 2.57x
Correlation coefficient = 0.83 and is significant

at the 0.1 percent level.
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DISCUSSION

One important short-coming of nerve stimulation tech-
nigques is that the nerves are being stimulated in a com=-
pletely different way from the physiological stimulation
that normally takes place in the animal. For example, as
outlined in the introductory chapter, the vagus nerve res-
ponds to central and peripheral (gastric) stimuli and
stimulates the gastric smooth muscle to undergoe organised
motility patterns which in turn regulate movements that
are involved in gastric digestion and emptying. This
physiological stimulation is understandably different from
that resulting from placing the vagus nerve trunk on an
electrocde and stimulating with electric waves. In spite
of this difference, electric stimulation of neurons is
widely used to obtain information on certain aspects of the
physiological behavicur of the target corgan in response to
stimuli arising in the neurons that innervate it. In so
far as the stimulation parameters are adjusted to produce
a response that is reproduceable, and as long as patho-
logical effects are not produced in the target organ or in
the mammalian subject, the response observed in the target
organ can give an insight into the normal behaviocur of the
animal in response to nerve stimulation within the limits
of the experimental condition. In the present experiments,
the parameters used produced a single gastric smooth muscle

contraction of maximal amplitude. Stimulation at these
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parameters did not cause pathological changes in the vagus
nerve or the gastric smcoth muscle as demonstrated by the
fact that the intragastric pressures returned to pre=-
stimulation levels after only three minutes. Moreover,
subsequent stimulations of the same nerve trunk with the
same parameters produced intragastric pressures of similar
amplitude. Stimulating at a supra-maximal voltage (20
volts in these experiments) has the advantage that all vagal
fibres were being stimulated in all animals so that intra-
gastric pressure response to these stimulations in all
animals were reproduceable and comparable to one ancother.
Reproducibility was also enhanced by the fact that the
cervical vagus nerves were transected and the distal por-
tions stimulated. In this way, central influences were

eliminated.

It is expected that intragastric pressure will vary
with the volume of saline injected into stomachs of
varying sizes. A large stomach containing 20 ml saline
will have a lower baseline intragastric pressure than a
smaller stomach with an equal volume of saline in it.
Unfortunately, there is no direct relationship between
animal weight and stomach weight in post-vagotomy animals.
Therefore fluid volume cannot be adjusted to stomach
weight in order to obtain a constant baseline intragastric
pressure for all animals. In order to minimise the
effect of possible variations in baseline intragastric
pressure on evoked intragastric pressure responses, the

animals were distributed into the different groups so that
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each group contained a cross-section of all weights.
Moreover, 50 ml of fluid is within the physiological range
of the ferret (Andrews, Grundy and Scratcherd, 1980), so
that the presence of 20 ml of fluid should not cause
serious changes in gastric resting tone due to muscle

fibres stretching, even in small stomachs of adult ferrets.

The vagus nerve trunks were stimulated in the neck.
Andrews, Lawes and Bower (1980) observed that animals with
cervical vagotomy displayed ipsilateral ptosis indicating
the intimate relationship between the vagus and the cervical
sympathetic nerve trunks in the ferret. Therefore, apart
from stimulating vagal branches to thoracic organs, the
sympathetic nerves to these organs were probably being
stimulated as well. This could affect the whole physio-
logical state of the animals. During cervical vagal
stimulation, the heart rate slowed but returned to normal
after the stimulation. This indicated that wvagal, rather
than sympathetic, stimulation was predominant. Muren
(1957), suspecting that gastric motor responses to vagal
stimulation in the neck could be due to the pronounced fall
in blocd pressure, transected both vagus nerve trunks above
the diaphragm. After this procedure, the fall in blood
pressure was not accompanied by gastric responses to
cervical vagal stimulation in the dog. It may therefore
be claimed that the general effects per se, produced by
stimulating vagal branches to thoracic organs, cannot be
wholly responsible for the increase in intragastric pres-

sure response to cervical vagal stimulation in the ferret.
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Changes in Intragastric Pressure following Chronic
Abdominal Vagotony

One, three and four weeks after ventral trunk vagotomy,
intragastric pressure response to cervical vagal stimulation
was not significantly different from control or acute values.
This is in agreement with Andrews, Lawes and Bower (1980)
who also found that two weeks after VTV, the intragastric
pressure response to cervical vagal stimulation was not
different from control and acute values in the ferret. it
is reasonable to ask what is the function of ventral vagal
trunk and how much control does it have over gastric function.
If the total number of vagal efferent fibres in the ventral
trunk reaching the intramural plexus is smaller than the
number of efferent fibres from the dorsal trunk, sectioning
these fewer fibres in the ventral trunk will be expected to
produce more limited changes in intragastric pressure res-
ponse to cervical vagal stimulation immediately after
vagotomy. Whatever changes take place in the vagal pathway
for gastric innervation whicn may be responsible for the
increase in intragastric pressure above acute value will be
expected to be minimal after chronic VIV since the number of
denervated postganglionic neurons will probably be few.
Therefore, the recovery that will follow these changes may
also be expected to be minimal. But because of the com=
plexity of neural connections and neurotransmission in the
intrinsic nervous system, the precise degree of the influ-
ence of the preganglionic efferent fibres of the ventral

trunk in the myenteric plexus is difficult to determine.
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Nevertheless, the fact that VIV had so little effect on
intragastric pressure response tO cervical vagal stimulation

will suggest that this influence may be small.

Three months after VTV, intragastric pressure response
to cervical vagal stimulation increased significantly above
acute values. Two factors may be involved in this finding.
Firstly, the changes which may take place soon after vagotomy,
either in the nerve or in the target organ, and which are
responsible for the slight increase in evoked intragastric
pressure after seven days, may also be at work in the third
month. Secondly, the proximal portion of the transected
nerve was seen to have regenerated normal axons which by=
passed the ligatures to reach the stomach three months after
VTV. A proportion of these regenerated axons might have
made functioning synaptic contacts with intramural neurons.
These two factors acting together may be responsible for the
marked increase in evoked intragastric pressure demonstrated

three mconths after VTV.

Acute DTV resulted in a significant loss in evoked intra-
gastric pressure response to cervical vagal stimulation.
After chronic DTV, intragastric pressure response to cervical
vagal stimulation increased to normal value by the fifth day
in the ferret. This value was maintained throughout the
three months period of the experiment, thus agreeing with the
return to normal value observed after two weeks by Andrews,

Lawes and Bower (1980).

A study of intragastric pressure changes in the ferret
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following stimulation of the cervical vagus nerves is an
indirect method of studying the motor functions of the
vagus nerve in relation to the stomach. Although studies
in which intragastric pressure is similarly used are scanty
in the literature, the function of the vagus nerve has been
studied using various other parameters. For example
studies of gross electric activity of gastric smooth muscle
(Kelly and Code, 1969), changes in the inter-digestive
myoelectric complex (Ruckebusch and Bueno, 1977) and gastric
emptying time (Wilbur and Kelly, 1973) have been used.
Vagal secretory function has also been studied by measuring
gastric acid output after vagal stimulation (Basso et al.,
1971; Andrews and Bower, 1977; Loup et al., 1980) or
following administration of secretagogues (Joffe and Bapat,
1979). But vagal function is so intimately related to
gastric function that the two cannot be divorced one from
the other. Therefore, for the purpose of this discussion,

vagal and gastric functions are used interchangably,

Since the latter part of the last century, it has been
known, at least in the peripheral nervous system, that
denervated organs lose their functions only temporarily and
after periods that vary from one animal to the other and
from one nerve-organ system to the other within the same
animal, the denervated organs begin to recover their func-
tions. Recent experiments have shown that recovery after
lesions of the central nervous system is also possible

(Stein et al., 1974; Finger, 1978) and in fact does take
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place. These studies in the CNS have led to the develop-
ment of the theory of "Neuronal plasticity" whereby a
single neuron or a group of neurons is capable of remodel-
ling, both functionally and structurally, in response to
denervation of the target organ with a return of function,
or in response to certain stimuli in the environment of a
developing nerve-organ system. The extent to which
neuronal plasticity takes place in the parasympathetic
division of the autonomic nervous system is still a subject
of continuing research. Far more studies have been done
on the sympathetic division where, for example, re-
innervation of a previously denervated superior cervical
ganglion of the cat and rabbit has been demonstrated

(Butson, 1950; Raisman et al., 1974).

In the clinical realm, selective vagotomy and proximal
gastric vagotomy are now being supplemented with either
Burge's or Grassi's intra-operative tests in order to test
the completeness of the denervation of the parietal cells
(Burge and Frohn, 1969; Grassi, 1975). In some cases
where such tests have confirmed the completeness of
parietal cell denervation, recurrent ulcerations have been
seen several months or years later (Wastell and Zervos,
1976; Storey et al., 1981). The usual explanation given
in these cases is that the vagotomy had inadvertently been
incomplete, but no satisfactory explanations have been
given as to why an incomplete vagotomy that gave a negative
response to intra-operative test gradually gave rise to

recurrent ulceration.
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A number of theories have now been set forth to explain
the functional recovery that has been so consistently
noticed after incomplete peripheral (and central) neurectomy.

These include

(a) hypersensitivity.

(b) nerve sprouting and regeneration,

(c) unmasking of synapses,

(4) increased circulating neurotransmitter,

{(e) target organ hypertrophy.
(a) Hypersensitivity

It has been recognised for a long time that when the
nerve supply to a structure, such as a muscle, is transected,
the immediate response is that of loss of activity in the
muscle. But a few days later (usually within a week), the
muscle becomes excessively responsive to the action of the
neurotransmitter whether this be excitatory or inhibitory
to the organ in guestion (Guth, 1956). The exact mechanism
for this hypersensitivity (supersensitivity) has not been
fully worked out but any of the following either singularly

or collectively, could contribute to it:-

1) increase in the number of receptor sites upon
which the neurotransmitter of the transected
nerve acts,

(ii) widespread distribution of the receptors over the
denervated muscle, contrary to the localised dis-
tribution (at synaptic sites) that characterises

the normal muscle,
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(iii) because of the pathology at the endings of
transected nerves, there may be a defect in
transmitter re-uptake mechanism. This will
lead to hypersensitivity to normal levels of

neurotransmitter.

The phenomenon of hypersensitivity has been observed
not only in adrenergically innervated organs but in
cholinergically innervated organs as well (Hillarp, 1960).
Smooth muscles are most irritable when deprived of their
postganglionic innervation and somewhat less hypersensi-
tive if deprived only of their preganglionic innervation
(Noback and Demarest, 1981). In the present experiments,
preganglionic vagotomy was done, thus denervating post-
ganglionic neurons. It would therefore be expected that
the hypersensitivity of gastric smooth muscle would not
be as profound as it would have been if the postganglionic
fibres were transected. But if hypersensitivity lasts
for only about two to four weeks before it starts to
decline (Murray and Thompson, 1957; Muren, 1959), then it
is unknown, within the limits of this experiment, how much
of it could have contributed to the functional recovery in

the third month.

(b) Nerve Sprouting

There is some confusion in the literature as to what
is sprouting and what is regeneration. For example, some
authors have referred to the growth from the tip of the

proximal segment of a transected nerve as regeneration
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(Guth, 1956), while other forms of nerve growth are called
sprouting. But for the purpcse of this discussion, the
classification by Duce and Keen (1980) as given below will

be used.

Sprouting is used to cover all mechanisms by which a
denervated organ is re-innervated whether or not the grow-
ing nerve fibres pass via the original neurilemmal path to
reach the denervated tissue. When an organ is partially
denervated, the adjacent nerves that survive project some
fibres to the denervated area to compensate for the
neuronal loss. This has been referred to as "reactive"
sprouting (Figure 2.8). This type of sprouting may arise
as a collateral branch high up along the nerve ("collateral
reactive" sprouting), or it may arise from the terminal
branches of the nerve ("terminal reactive" sprouting).

The proximal part of a transected nerve may also react to
the neuronal loss by sprouting. This is called "regenera-
tive" sprouting. When the sprout arises high up along the
nerve, it is a "regenerative collateral" sprout whereas when
it arises from the region of the cut it is a "regenerative

terminal" sprout.

These terminal sprouts may by-pass the ligatures, when
these are present, to reach the denervated organ (Loup et
al., 1980). In myelinated axons, these sprouts arise from
nodes of Ranvier (Keynes et al., 1983) just proximal to the
cut or ligature. In the absence of ligatures, particularly
when the gap between the cut ends of the nerve is small, the

regenerative sprouts may arise as growth cones or filopodia
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FIGURE 2.8

Simplified illustration of classification of

nerve sprouting.

A = Normal dual (or multiple) innervation
of the target organ (muscle)

B = Partial nerve transection

C = Types of sprouting that may take
place in response to partial
denervation
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from the tip of the proximal segment of the nerve, and
grow through the original neurilemmal path to reach the
denervated organ. Another variety of sprouting which
has been observed in the detrusor muscle of the cat and
human bladder arises from intramural ganglion cells
(Dahlstrdm, 1978). Although nerve sprouts have been
shown to actually make synaptic contacts with neurons

in the target organ, not much is known yet about their
functional consequences, In some instances, there is
evidence from electrophysiclogical studies that the

newly formed synapses are indeed functioning (Lynch et
al., 1973; Steward et al., 1974; Murakami et al.,

1976) . One factor that may affect the functional status
of reactive sprouts is the possible acquisition of a
transmitter that is different from that of the degenerated
terminals. Sprouts have been found, particularly in the
autonomic nervous system, which belong to fibres equipped
with a different transmitter from the terminals of the

degenerated fibres (Moore et al., 1971).

If indeed axonal sprouting takes place in the vagus
nerve subsequent upon partial denervation of the stomach,
this phenomenon might have been contributory to the
increase in intragastric pressure reccorded in response
to cervical vagal stimulation in the ferret. How
soon after partial denervation the sprouts make synaptic

contact with denervated intramural neurons and becoOme
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functional, will depend on how soon degenerating vagus

nerve terminals disappear. But delays of up to 20 days
in the rabbit and 13 to 16 weeks in man have been demon-
strated between the formation of the sprouts and the time

they become functional {(Duncan, 1934).

In the series of animals in which VTV was done for
three months, regenerative sprouts were found by-passing
the ligatures to reach the partially denervated gastric
wall, In these animals, intragastric pressure response
to cervical vagal stimulation was significantly greater
than the acute value. The regenerative sprouts might
have made functioning synaptic contacts with intrinsic
neurons, thus increasing gastric response to cervical
vagal stimulation. Such regenerative sprouts were not
seen in the animals in which DTV was done for three months.
This could be because the proximal portion of the vagus
nerve retracted a long way from the stomach. The effect
of this could be that because of this gap, the sprouts
needed a longer time to reach the stomach. It could also
be that the "sprouting factor" which is supposed to bhe
released from denervated cells was, in this instance, not
having sufficient impact on the proximal nerve segment
because of the distance of the latter from denervated

cells of the gastric wall,

The factors that are responsible for neuronal sprout-
ing are still a subject of intensive research, but they

may include the following.
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(i) "Sprouting factor" released by degenerating
target cells stimulates surviving axons to
sprout (Brown et al., 1981).

(ii) Destruction, during degeneration, of normally
occurring facters that suppress the tendency
to sprout which normally exists in neurons
(Diamond, 1979).

(iii) Nerve growth factor (NGF), a protein substance
with a property of enhancing growth and differ-
entiation in sensory and sympathetic nerve
cells. It is a normal constituent of the
embryonic sensory and the embryonic and mature
sympathetic nerve cells, and it is also present
in many organs and tissue extracts. It is
found in trace amounts in the serum of all
mammals including man (Cohen and Levi-Montalcini,
1956} . Its action has not yet been demonstrated

in parasympathetic nerve cells,

(c) Unmasking of Synapses

This theory says that there are some synapses which
are normally dormant or ineffective but which may be
activated to function as a result of anatomical and/or
functional loss of adjacent synapses, for example following
nerve section or nerve block (Wall, 1977). Unlike sprout-
ing which presupposes morpheclogical changes in neural
connectivity and synaptic patterns and correlates these

with functional changes, overt structural alterations are
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not required for functional recovery to be obtained by

way of unmasking of synapses. This phenomenon has been
demonstrated in physiological experiments only. It is
difficult to demonstrate such normally inactive fibres
anatomically. It appears from present-day knowledge

that whereas the main cell groups and major fibre connec-
tions in the nervous system are present at birth, the
finer and more detailed patterns develop largely post-
natally. It is these local neuronal circuits (Schmitt

et al., 1976), which can be influenced environmentally by
proper use and stimulation (partial denervation in this
case). Berman and Sterling (1976) have shown an immedi-
ate unmasking of the effects of certain optic nerve
terminals in the cat superior colliculus which are held
inhibited by a drive from the occipital cortex. Although
this phenomenon has been studied in the brain and spinal
cord afferent systems, unmasking of ineffective synapses
in the myenteric plexus is considered to be one of the
possible explanations for the functional recovery that has
been demonstrated in the vagus nerve. Whether or not

this indeed takes place is an open question.
(d) Changes in the Level of Neurotransmitter

It has been postulated that in response to denerva-
tion, the surviving neurons may release more of the
neurotransmitter (acetylcholine) as a compensatory

mechanism (Schmid et al., 1979}.
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(e) Muscle hypertrophy has also been suggested as a
possible mechanism for the recovery of gastric motility.
Even in the absence of nerve growth, hypertrophic muscle
will contract more to compensate for the effect of

neuronal loss.

Relative Effects of Left and Right Cervical Vagal
Stimulations

It was observed that stimulation of the left and right
cervical vagus nerves separately and together gave rise to
intragastric pressures that were not significantly differ-
ent from one another. Andrews, Lawes and Bower ({1980)
thought that this meant that the two vagal trunks completely
over lapped each other functionally. But recent study by
I. N. C. Lawes (personal communication) revealed that if the
nerves are stimulated with graded voltages beginning with
low values and increasing gradually to supramaximal values,
the intragastric pressure response tc simultaneous left and
right cervical vagal stimulation shows that the two nerves
potentiate one another. Therefore the previously claimed
total functional overlap was purely due to the fact that
the nerves were being stimulated supramaximally. But this
does not explain why the amplitude of intragastric pressure
after separate left and right cervical vagal stimulations

are of similar value.

Effect of Partial Vagotomy on Intragastric Pressure
Modalities

The ferret stomach maintains a certain amount of

pressure in its cavity relative to the atmespheric pressure.
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Under Urethane aneasthesia, this pressure was a constant
value, for each animal, for as long as the stomach remained
empty. Even when spontaneous contractions occurred, the
intragastric pressure always returned to that constant base-
line value. The level of this intragastric pressure was
not changed by acute partial vagotomy. Irrespective of

the survival period after vagotomy, this level of intra-
gastric pressure in the empty stomach remained unchanged.

It would appear that the unstimulated gastric smooth muscle
has a low tonus which is unaffected by partial vagotomy.

But as soon as the gastric wall is stimulated either by
distension or by extrinsic vagal stimulation, the character-
istics of the muscle tone change and become influenced, to
some extent, by events related to acute vagotomy and the
duration of chronic vagotomy. This is evidenced by the
time course of intragastric pressure response to step infla-
tion with normal saline (Figure 2.5A). Distension of the
stomach wall by injecting water into its cavity stimulates
tension receptors in the corpus (Andrews and Scratcherd,
1980) . This reflex is channelled via the vagal cholin-
ervic excitatory, vagal non-cholinergic, non-adrenergic
inhibitory fibres as well as splanchnic nerves (Andrews,
Grundy and Lawes, 1980). Immediately after partial
vagotomy, intragastric pressure response to step inflation
begins to increase and reaches its maximal amplitude by

the third day. It then decreases to the normal value by

the fifth day. It will therefore appear that with
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increasing time after vagotomy, either the tension receptors
become less excitable (decreasing hypersensitivity), or the
interplay of vagal excitatory and inhibitory as well as
splanchnic pathways for the control of gastric motility

results in a net decrease in response to step inflation.

The relationship between resting intragastric pressure
and relaxation is represented in Figure 2.6 and shows that
the two decrease or increase together, The present experi-
ment also shows that although resting lntragastric pressure
temporarily increased up to 3 days after vagotomy, this
pressure and smooth muscle relaxation reduced to control
values 5 and 7 days respectively after vagotomy (Figure
2.5). Decreasing resting pressure facilitates excitatory
" response of gastric smoocth muscle to vagal stimulation.
This is consistent with the finding that if the tone in a
smooth muscle is high, stimulating it produces relatively
small contraction and vice versa. For example, if the
stomach is distended and then stimulated via the vagus
nerves, inhibitory relaxation seems to play a more prominent
role and the amplitude of intragastric pressure is reduced
(Andrews and Lawes, 1982). It has been shcwn in the
present experiment (Figure 2.7) that intragastric pressure
response to vagal stimulation increases as resting pressure
decreases. Therefore one must ask if the vagal functional
recovery demonstrated is completely due to diminishing
resting pressure. This is unlikely to be the only causa-

tive factor because by the third day after vagotomy when
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resting intragastric pressure was at its peak, evoked
intragastric pressure was already on the increase although
this increase had not reached statistically significant
levels, It would therefore appear that other factors may
be at play in addition tc diminished resting intragastric

pressure.

Twenty millilitres of norﬁal saline is within the
physiolecgical limits of the ferret stomach (Andrews, Grundy
and Scratcherd, 1980). The increase in intragastric fluid
at the end of stimulation experiment was about 5 percent -
{1 ml). The total volume is still well within the
physioclogical limits of the stomach and is unlikely to

unduly influence gastric tone and intragastric pressure.
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CHAPTER THREE

AUTORADIOGRAPHIC STUDY OF GASTRIC
VAGAL INNERVATION

INTRODUCTION

a. Development of Autoradiographic Technique

Although the first autoradiograph was obtained in
1867 by Niepce de St. Victor who noticed a blackening
produced on emulsions of silver chloride and iodide by
uranium nitrate and tartrate, and although Henri
Becguerel (1896) repeated and extended Niepce's observa-
tions, a correct interpretation of the phenomenon was
not forthcoming. It was not until 1898 that radio-
activity was first demonstrated. Therefore autoradio=-
graphy is in fact older than the knowledge of radio-
activity itself, and contributed directly to its dis-
covery. In 1924, Lacassagne and Latt®s began to use
this response of photographic emulsions to ionising
radiations in a scientific study of the distribution of

Polonium in bioclogical specimens.

After the Second World War, nuclear emulsicn - a
photographic emulsion with special characteristics, which
recorded the tracks of charged particles with greater
precision and sensitivity - was discovered. Initially,
the sectioned specimen was placed in direct contact with
a lantern plate (Hamilton, Soley and Eichorn, 1940;

Leblond, 1943). Later liguid emulsion was painted on
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the section with paintbrush (Bélanger and Leblond, 1946),
but in 1955, Joftes and Warren described dipping slides
in molten nuclear emulsion, a technique which is the
basis for present-day liquid emulsion methods which have
been used in the experiments described here. In con-
trast to the early days when only a few biologically
related radicactive elements were available, an increas-
ingly wide range of compounds is now available, labelled
with a radioactive isotope, thus opening up new possibil-

ities in the study of living systems.

Three main techniques are available for the detec-
tion of radicactivity. The first is a group of
electrical methods in which the ionisation caused by the
passage of a particle or X-ray through the sensitive
volume of a counter is recorded as an electrical pulse.
The geiger tube, the ionisation chamber, and the gas-flow
counter are all examples of this approach. The second
group relies on the property possessed by a number of
materials which enable them to absorb energy from the
incident radiation and re-emit this in the form of
visible light. These minute flashes of light in a
scintillation counter, are converted into electrical
pulses which are amplified and registered. The main
disadvantage of these two techniques is that they do not
discriminate between areas of the tissue which may have

different concentrations of radioactivity.

Autoradiography, which is the third technique for
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detecting radfoactivity, differs from the pulse counting
techniques in several important respects. Each crystal |
of silver halide in the photographic emmlsion is an
independent detector, isolated from the rest of the emul-
sion by its capsule of gelatin (Bélanger and Lebland, 1946).
Each crystal can respond to the passage through it of a
charged particle, with the formation of a latent image
that persists throughout the counting or exposure period,
and is made permanent by the process of development.

The record provided by the nuclear emulsion is cumulative
and spacially accurate. By responding in this strictly
localised fashion toc incident charged particles a nuclear
emulsion is ideally suited to studies of the distribution
of radicactivity within a sample, a function that the
pulse counters cannct perform. But while the emulsion
can and does respond in a quantitative fashion to radia-~
tion, it is often a slow and difficult process measuring
the overall activity of a sample in this way, by com-

parison to the speed and simplicity of the pulse counters.

b. Axonal Transport

In 1850, Waller discovered that if an axon wés
iﬁterrupted, the portion distal to the lesion degenerated.
Cajal (1928) put forward a concept that the soma of a
neuron constituted its trophic centre for the maintenancel
of its varicus processes. But it was not until 1948
that the explanation for distal degeneration was con-

vincingly given by Weiss and Hiscoe, They demonstrated
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a continuous proximo~distal flow of axoplasm down the
individual nerve fibres, and introduced the term "axonal
flow" for this phenomenon. One of the first definitive
experiments using axonal transport for tracing connec-—
tions in the nervous System was carried out by injecting
a small amount of tritium-labelled amino acid (|°H|Leucine)
into the vitreous body of a series of mice, and subse-
quently following the movement of the labelled protein
autoradiographically (Taylor and Weiss, 1965). In this
way, they clearly demonstrated the central projection of
the retinal ganglion cells and showed the practicability
of this approach for neurcanatomical studies. Droz and
Leblond (1963) had earlier shown that when rats were
given intraperitoneal injections of |H|Leucine, the
label accumulated first in the region of the neuronal
perikarya and then at successively later periods after
the injection, the labkel could be traced out into the
axons and dendrites. It has now been established that
the label is preferentially taken up by the neuron cell
body and incorporated into the protein synthesis system
of the cell (Cowan and Cuénod, 1975). By way of axo-
plasmic flow, the label is transported to the axon and
dendritic synaptic terminals (Hendrickscon, 1969;
Schonbach et al., 1971). The implication of this is
that radicactive - labelled materials taken up by the
neuron cell body can only be transported in the antero-
grade directicn. Although some labelled amino acids

may be taken up by the axon, they are not actively
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transported over any substantial distance in the axon
since in the absence of ribosomes, messenger ribonucleic
acid (mRNA) and other essential perikaryal components,
the uptake ©of the amino acid is not followed by protein

synthesis (Heuser and Miledi, 1970).

c. Axon Transport Systems

There are two, and perhaps three, axon transport
systems classified on the basis of the rate of transport
of axoplasmic contents to the axon terminal (Grafstein,

1975) .

(i) Slow Phase

The materials involved in this phase are transported
at rates between 0.5 and 5 mm/day. The identified con-
stituents of this slow component include microtubule
protein (Grafstein, 1978), soluble enzymes (Karlsson and
§jdstrand, 1971b, Di Giamberardino et al., 19273) and
mitochondria (Hendrickson, 1972; Droz et al., 1973;

Di Giamberardino et al., 1973).
(ii) Fast Phase

The fast phase of axon transport proceeds at the
rate of 400 mm per day in mammalian vagus nerves
{Hendrickson and Cowan, 1971; ZXarlsson and $Sj8strand,
1971a; Grafstein, 1978). The constituents of this
fast component include glycoproteins (Forman et al.,
1972; Bennett et al., 1973), glycolipids (Forman et al.,

1972; Rosner et al., 1973), mitochondria (Kirkpatrick
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et al., 1972), amino acids (Csanyi et al., 1973), amino

sugars (Forman et al., 1971), synaptic transmitter

vesicles and neuro-secretory granules (Grafstein, 1978).

(iii) Intermediate Phase

It seems evident from studies done by Lasek (1970)
Schonbach and Cuénod (1971) and Willard et al., (1974)
that there are one or two components of axon transport
that are of intermediate rates, but their characteristics

have still not been clearly defined (Grafstein, 1978).

It has been established that the fast component con-
sists largely of particulate materials, whereas a large
proportion of the slow component (perhaps as much as 50%)
consists of soluble protein (McEwen and Grafstein, 1968).
It has also been shown that materials carried by the fast
transport are predominantly (though not exclusively)
destined for the nerve terminals whereas the materials
carried by the slow transport tend to be deposited along
the axon trunks (Schonbach et al., 1971 and 1973;
Hendrickson, 1972; Droz et al., 1973). Fur thermore, a
large proportion of the materials transported by the fast
transport system turn over very rapidly, whereas those
transported at the slow rate mostly have a long life time.
As a result of these differences in composition between
the two components, a view has been expressed which regards
axonal transport as a dual process in which the bulk of the
axoplasm becomes displaced at the rate of the slow compon-

ent, while particulate cell structures make their way
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through the slowly moOoving axoplasmic mass at the much
higher rate characteristic of the fast component. The
exact way in which the intermediate component might fit

into this picture is not yet clear.

The availability of the fast axon transport com-
ponent has made it possible for the survival time between
the injection of labelled material and sacrifice of the
animal to be substantially reduced to a few hours rather

than several days.

d. Advantages of Autoradiographic Technique for Tracing

Axon Terminals

Before the autoradicgraphic technique for studying
neuron connectivity was fully developed, the main tech-

niques that were used in such studies included

(i) metallic impregnation method of Camillo Golgi,
and
(ii) selective impregnation of degenerating fibres
(Nauta and Gygax, 1951) subsequent to suitably

placed lesions of nerve processes.

The advantages of the autoradiographic technique over

these methods are as follows:-

1. Autcoradiography uses anterograde axonal transport
which is based upon an essential physiological
property of nerve cells and does not involve the
destruction of neural tissue or the occurrence of
various pathological changes in response to such

an injury.
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There is no retrograde transport of label following
the injection of radicactive-labelled amino acid
into the region of termination ©of a neural pathway.
In this way any label found in a nerve terminal must
have been anterogradely transported there from

specific neuron cell groups.

Axons passing through an area into which a labelled
amino acid has been injected are unable to incorpeor-
ate the label into protein. This adds to the
specificity of the technique in relation to the

pathway being studied.

A further advantage of autoradiographic method is

its suitability for developmental studies. Attempts
to follow the development ©f neural pathways in
embryonic or neonatal material with reduced silver
methods (either in normal preparations or fellowing
the placement of appropriate lesions) have shown that
the fibres are not often consistently impregnated and
traceable over appreciable distances. Autoradio-
graphic method can be applied to the developing
nervous system by labelling selected regions with an
appropriate isotope and following, in embryos of
successively older ages, the growth and development

of the relevant pathways,

Autoradiographic method is, in some situations, more
effective in revealing projections than the degenera-

tion methods. For example until recently, it has
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been extremely difficult to provide convincing
evidence for a direct retino-hypothalamic pro-
jection with the various degeneration methods
(Nauta and Haymaker, 1969). But this proved

to be surprisingly easy with the autoradiographic
technique (Hendrickson et al., 1972; Moore and

Lenn, 1972; Meier, 1973).

Disadvantages of the Autoradiographic Method

for Tracing Axonal Terminals

At light micreoscopic level, autoradiography does not
tell one much about the actual morphology of the
fibres and terminals being studied, since all that
is actually observed is the distribution of silver
grains in the emulsion overlying the section due to
the radicactivity in the most superficial 2-3 um of
the section {Cowan and Cuénod, 1975). This limita-
tion makes autoradiography inferior to the metallic

impregnation technigques.

Autoradiography is not suitable for studying pro-
jections which have a broad or diffuse origin, for
example the spinothalamic tract where it is
impossible to label more than a small proportion of

the total population of contributing neurons.

A third major limitation of autoradiography is that
it is not well suited for studying short axonal
connections. The main difficulty is the spread or

diffusion of the injected isctope. This diffusional
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spread commonly extends over a distance of 100 um
or more and it is impossible to distinguish this,
in an autoradiograph, from the transport of the
label within dendrites or a group of locally

ramifying axons.

4, It is difficult tc trace lightly labelled pathways
over long distances. Silver grains are small (in
the order of 2-3 um) and it is necessary that the
pathway is heavily labelled by injection of a large
amount of radioactive material or with a long post-
injection survival period which enables more slowly
transported proteins to be distributed in the

pathway.

5. It is still not known how heavily labelled a cell
has to be before a significant amount of radio-
activity can be detected in its axon and axon

terminals.

In spite of these limitations, autoradiography is
still the best technique for studying the distribution of
the vagqus nerve in the stomach wall, Firstly, the cells
of origin of vagal efferent fibres that supply the
stomach are fairly well localised to form the DMN of
vagus and can all be labelled with radicactive~-labelled
amino acids. Secondly, it is difficult to selectively
study vagal efferent fibre distribution to the stomach

using silver impregnation or nerve degeneration technigues.
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£. Autoradiographic Background

In autoradiographs, silver grains can appear in the
developed emulsion which are not due to radiation from
the experimental source, but to other causes. Thesze
grains make up the background. In order tc differentiate
genuine radioactivity from background, it is necessary to
compare grains over an experimental source with those
found over a source that is known to be unlabelled

(control}.

The common causes of background include the following:

1. Overdevelcopment of Emulsion

As the strength, temperature and duration of develop-
ment increase, the amount of background also increases
irrespective of the degree ¢of exposure of the emulsicn

(Caro and van Tubergen, 1962).

2, Exposure to Light
Exposure of the emulsion to visible light befcore
development causes the formation of background, the level

of which increases with increasing exposure to light.

3. Background due to Pressure

Pressure due to fingerprints, scratches or other
insults to the emulsion will cause background grains to
develop. If the emulsion is dried rapidly after coating
tigsue sections, the gelatin in the emulsion contracts and

results in the formation of stress (pressure) artefacts.

4. Contamination ¢©f the emulsion with chemicals, either
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at the time of manufacture or afterwards, and with metal
ions such as copper and silver, can result in the forma-

tion of silver grains,

5. Chemography

There are many reactive groups in a bioclogical
specimen, particularly those that are reducing agents,
which are capable ¢f producing a latent image in silver
halide c¢rystals by direct, chemical action. This
Phenomenon is known as positive chemography. Negative
chemography may also occur in which certain reactive
groups in the biological tissue result in very rapid
fading of the latent image in the adjacent crystals.
This results in an area ¢f emulsicon that is unable to
register the passage of a charged particle. Tissues
that have been through the processes of fixation,
dehydration, embedding in paraffin wax, sectioning and
subsequent dewaxing are less likely to give rise to
chemography than fresh tissues secticned, for instance,
on a cryostat. Nevertheless, the presence of this type
of artefact in an autoradiograph is a possibility.
Exposure at low temperatures reduces the rate at which
reactive molecules diffuse from the tissue intc the
emulsion and the rate at which they react with the silver

halide crystals {(Rogers and John, 1969).

When viewed under high magnification, silver grains
due to positive chemography are often large, irregular,
and sometimes c¢lumped together. Their distributicn over

the specimen is often thicker and more even than would be



100

expected from radiocactivity, and are usually not arranged

into definite patterns.

6. Spontaneous Background

The nuclear emulsions used in autcradiography are
highly sensitised products and as a result of this, an
occasional silver halide crystal will develop a latent
image speck spontanecusly. Ilford K5 is an example of
very highly sensitised emulsions and the rate of forma-
tion of spontaneous background is high with this emulsion.
High temperature and increasing age of the emuision tend
to increase the rate of formation of spontaneous back-

ground.

qg. Characteristics of Tritiated Leucine

Leucine is an amino acid which is taken up by neuron
perikarya and incorporated into their protein synthetic
mechanism, The synthetised proteins are transported from'
the cell body to the axon, dendrites and their terminals
either as trophic substances for the growth and mainten-
ance of the axon, or as messengers which play a significant
role in the traffic of information along the axon or tc the
postsynaptic cells (Weiss and Hiscoe, 1948; Cuénod et al.,
1972;: Jeffrey and Austin, 1973). Tritiated leucine is
leucine that has been labelled with tritium which is a
radiocactive isotope ©of hydrogen. In this combination,
tritium is used as a tracer. It is a low energy isotope

of maximum initial energy of 18.5 keV. It has a half life
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of 12.5 years. it releases B particles which have a
range that seldom exceeds 2y in bioclogical specimen or
14y in nuclear emulsion. Tritium can give autoradio-
graphs with very high resolution which improves if the
source of the radioéctivity (tissue section) is thinner

than 2 1.,

The Aims of the Study

The broad aim of this study was tc see if there were
anatomical changes in the distribution of the gastric
branches of the wvagus nerves resulting from chronic
incomplete vagotomy, which might help to explain the
observed recovery of gastric motility after chronic
incomplete vagotomy in the ferret. This aim was attempted

through three sub-aims which were:

1. Using normal animals, to determine, by means of silver
grain distribution, the area of gastric wall inner-

vated by each abdominal trunk of the vagus nerves,

2. in animals that had chronic unilateral abdominal trunk
vagotomy, to determine the area of gastric wall
innervated by the surviving vagus nerve trunk,

and

3. tc compare the two areas of gastric wall innervated
by each abdominal vagal trunk before and after chronic
vagotomy in order to see any change that might be due
to compensatory innervation by the surviving vagal

trunk.
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MATERIALS AND METHODS

2. Principles of the Method

If one or the other of the two abdominal trunks of
the vagus nerve of the ferret is transected (vagotomy) .,
the distal peortion of the transected nerve will degen-
erate. If a radio isotope-labelled amino acid is
injected into the cells of origin of the efferent fibre
component of the vaqgus nerves (DMN of vagus), the label
will be transported anterogradely down both trunks of
the nerve. But because one trunk has been transected,
the label will only reach the stomach wall via the sur-
viving branch. Axon terminals in which radicactivity
is detected in the stomach wall could therefore only
have arisen from the surviving vagal trunk. in this
way, the area of stomach that is innervated by the sur-
viving vagal trunk can be determined. A repeat of this
procedure after vagotomy on the opposite side will make
possible the determination of the area of stomach

innervated by the second vagal trunk.

If DMN is labelled immediately after unilateral
vagotomy, the result obtained will be the normal distri-
buticn in the gastric wall. If labelling is then
carried out several days or weeks after unilateral
vagotomy, the result will show the presence or absence
of changes in the area innervated by one vagal trunk
consequent upon the loss, by vagotomy, of the other

trunk.
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b, Experimental Groups

Fourteen adult ferrets of either sex were used.
These were divided into three main groups. The first
group of two animals was the control group in which the
brainstems and stomachs were processed for autoradio-
graphy without radiocactive isotope injected into the

animals.

In the second group, unilateral vagotomies were
done immediately before injecting radicactive isotope
into the animal. This group (acute experimental group}
was subdivided into two. One subgroup with three
animals had acute V1TV and a second subgroup also with
three animals, had acute DTV. The third group of six
animals was similarly subdivided into the chronic VTV
and chronic DTV subgroups each of which contained three

animals (Table 3.1).

C. Anaesthesia

Prior teo surgery for vagotomy and injection of
radicactive siotope, the animals were anaesthetised with
pentobarbitone sodium {Sagatal; May and Baker Ltd.)
given intraperitoneally in a dose Of 60 mg kg_1. When
the animals were to be sacrificed, they were anaesthet-
ised with intraperitoneal ethyl carbamate {(Urethane;
Sigma Chemicals Company Ltd.) in a dose of 1.5 g kg |
in the form of 50% Urethane in 0.9% saline. This

produced a deeper and longer anaesthesia than Sagatal.



TABLE 3.1

Acute Vagotomy

Chronic Vagotomy

Control
Ventral Dorsal Ventral Dorsal
Trunk Trunk Trunk Trunk
2 3 3 3 3
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d. Tritiated Leucine Stock

Tritiated leucine (Amersham International Ltd.)
was used as the tracer material from which radio-
activity was detected. It was supplied in the Laevo
rotatory form (L -|4,5~%H|Leucine) in 1-ml or 5-ml
ampoules with a radioactive concentration of 1.0 mCi/ml
{37.0 MBg/ml) and a molecular weight of 135 at this

specific activity.

e. Freeze Drying and Ccncentration of Tritiated Leucine

One ml of tritiated leucine was carefully taken out
of the ampoule with a syringe and needle. The leucine
was placed in a small round-bottomed flask which was then
swirled round in a jar of liquid nitrogen so that the
leucine spread onto the side walls of the flask and there
became frozen. The flask was then attached to the freeze-
drying apparatus in a fume cupboard (Figure 3.1), care
being taken to make the apparatus air-tight. The suction
pump was switched on. The content of the flask was
checked after 30 minutes to see if it had become fluid
which would indicate air-leak into the drying system. 1f
it remained frozen, the drying procedure was allowed to
continue and usually in another one hour or so, the leucine
became dry leaving only a small white powder in the flask.
The suction pump was switched off and air gently and slowly
let into the apparatus. A sudden surge of air into the
flask would cause the fine powdery leucine to be blown out

of the flask.
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FIGURE 3.1

Diagram of the freeze-drying apparatus for

concentrating tritiated leucine.

C = Clamp

T = Tritiated leucine in round=bottomed
flask

W = Water extracted from tritiated

leucine during drying and con=
densed in the drying flask unit

N = Liquid Nitrogen in polystyrene jar
P = Vacuum pump

FC = Fume cupboard

3T = 3-way tap
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The flask was then removed and kept in a beaker.
Normal saline (0.02 ml) was taken with a syringe and
needle and introduced into the flask which was gently
rotated to enable the saline to collect and dissolve
the leucine powder. Cne millicurie (mCi) of tritiated
leucine which was formerly in 1 ml of solution was thus
reconstituted (concentrated) into 0.02 ml of normal
saline. The flask was covered with a self-sealing,
transparent film and kept in the freezer compartment of
a refrigerator for a maximum of three days within which
time the tritiated leucine was used. Any |’H|leucine

left was discarded at the end of this period.

£. Surgery and Injection of Tritiated Leucine

Two types of surgery were done.

(i) Surgery for Vagotomy

Each animal was deprived of food for about 18 hours
before vagotomy. After the animal had been anaesthet-
ised, the abdomen was opened by a midline incision and
ventral or dorsal vagotomy was done depending on the
experimental group into which the animal was to be placed.
The appropriate vagus nerve trunk was isolated and two
ligatures separated by a distance of 1 cm were placed
around it. The nerve was sectioned between the liga-
tures. The cut ends were seen to retract from each
other. The rostral ligature was placed as high up in
the abdomen as possible so that no gastric branch would

be missed by the cut. The animals that were to be
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injected with tritiated leucine for the study of normal
vagal distribution in the gastric wall, were immediately
subjected to the next type of surgery. Those that were
to be used to study the effect of chronic vagotomy were
allowed to recover from anaesthesia and survive for 21
days before being subjected to surgery for the injection
of leucine. A survival period of 21 days was chosen
because that was, at the beginning of the experiments, the
time of maximal change in the amplitude of intragastric

pressure responses to cervical vagal stimulation.

(ii) Surgery for Injection of Tritiated Leucine

BEach animal was again starved overnight, anaesthet-
ised with Sagatal, and set up on a stereotaxic frame
(Plate 3.1A). The animal was held face down and the
head fixed above the operating table with metal bars
which were passed into the external auditory meatuses.
The head was then flexed with a third bar lying hori-
zontally in front of the animal, in order that the space
between the basi-occiput and the atlas might be widened.
A midline incision was made on the back of the head and
neck and the muscles of the neck were split down to the
atlanto occipital membrane (Plate 3.1B). The muscles were
retracted tc expose a wide area 0of the membrane which was
carefully nipped away to expose the 4th ventricle and the

surrounding brain tissue (Plate 3.1C).

Cerebrospinal fluid was absorbed with lint. Trie

tiated leucine which had been allowed to melt and warm
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PLATE 3.1

This shows the operative steps leading to the
injection of tritiated leucine into the dorsal motor

nucleus of vagus in the medulla oblongata.

A = Animal (F) set up on stereotaxic frame.
Ear and neck flexing bars are shown,

B = Atlanto-occipital membrane (M) is exposed.

C = The medulla oblongata (Med) is exposed.
Ce = cerebellum
4th vent = 4th ventricle.

D = 1Injection of tritiated leucine with a glass
micropipette (Pip).



PLATE 31
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up to room temperature was taken into a glass micro-
pipette to a height of about 1 cm. By means of a 3-way
tap, a column of air was adnmitted into the syringe with=
out splitting the leucine. The tip of the micropipette
was inserted into the obex of the medulla oblongata on

one side (Plate 3.1D), just deep enough to reach the
location of the DMN of vagus nerve which had been pre-
viously determined with the aid of histological sections
of the medulla oblongata (F:gure 3.4). The plunger of
the syringe was gently and slowly pushed in and the
meniscus of the leucine watched descending as |*H|leucine
was injected into the medulla. Before all of the leucine
had been injected, the plunger of the syringe was given a
pull to prevent air from being pushed into the brain stem.
A rush of air into the brain stem caused immediate death
of the animal, In some cases, as a result of the injection
of |*H|leucine into the medulla, the animals went into
respiratory arrest. Such animals were given artificial
respiration and adequately warmed up with table lamps
until they fully reccvered. Injections were similarly
made into the other side of the obex and bilaterally into
the rostral and caudal portions of the DMN of vagus nerve.
The muscle and skin incision was sutured in layers with
the application of a mixture of neomycin sulphate BP,
Polymyxin B sulphate BP and Bacitracin Zinc BP antibiotics
(Polybactrin powder spray, Calmic Medical Division, The

Wellcome Foundation Ltd., London) to the muscle layer and
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FIGURE 3.4

Light micrograph of the medulla oblongata
illustrating the position of the dorsal motor

nucleus of vagus in the ferret at

A = rostral end of the medulla
B = obex of the medulla, and
C = caudal end of the medulla
DMN = Dorsal motor nucleus of vagus nerve

MLF = Medial longitudinal fasciculus

Il

XIIn Nucleus of hypoglossal nerve
4th.v = 4th ventricle

C = central canal.



FIGURE 3.4
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Plastron (Plastic wound) spray to the skin wound. The
animals were allowed to recover from anaesthesia and
survive for 26 to 30 hours. During this survival period,

the animals were allowed free access to water only.

g. Perfusion Fixation

At the end of the survival period, the animals were

sacrificed by perfusion with Formaldehyde fixative.

Preparation of Perfusion Solution

See Appendix 3.1.

h. Perfusion Apparatus

Two thousand millilitres of normal saline and 3000 ml
of 10% formal saline were placed in separate large bottles
which were connected to each other as shown in Figure 3.2
{Bower, 1981). The apparatus permitted sequential per=-
fusion of tissues with two or more different fluids with-

out interruption of the perfusion pressure.

i. Perfusion Technique

The animal was anaesthetised with Urethane and laid
on its back on a slanting aluminium tray over a sink.
With the aid of the 3-way tap and the mancmeter, the
fixative was driven through the cannula to expel air from
the system. The fixative line was shut off and the
saline was allowed to flow through. The saline line was

then shut off.

A thoraco-abdominal incision was made and the heart

was cleared of surrounding fat. A loose ligature was
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FIGURE 3.2

Diagram illustrating the perfusion apparatus.

F = Fixative fluid

NS = Normal saline

C = Cannula

M = Manometer

P = Manometer hand pump
3T = 3-way tap
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placed round the heart. The apex of the heart was
incised down to the cavity of the left ventricle. The
cannula was passed through the apical incision via the
left ventricle into the beginning of the ascending
aorta. The ligature was tightened to keep the cannula
in place. The superior and inferior vena cavae were
transected close to the heart in order to permit a free
outflow of perfusate. The saline line was opened and
normal saline was driven through, keeping the driving
pressure at B0 mm Hg. A litre of saline was driven
through the wvascular system of the animal in order to
wash out all blcood which might otherwise clot and prevent

an adequate flow of fixative through the tissues,

The saline line was shut off and fixative driven
through in the usual way. Two litres of fixative were
driven through each animal. The first evidence of
rpassage of fixative into the tissues was a twitching of
the legs, tail and incised tissues. The neck and limbs
later became stiff and the tissunes, including the stomach,
were firm to touch, when perfusion was complete, the
cannula was removed. The brainstem and stomach were
removed. The stomach was washed out with fixative and
filled with 10% gelatin in water in ordesr to distend it
but without stretching the wall. The brainstem and
stomach were then placed in fresh fixative in separate
bottles. These were covered and kept in the refrigerator

at a temperature of about 4°C for 1 to 2 days. Post-mor ten
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was done to ascertain the completeness or ctherwise of

vagotomy that was done previously.

8 Tissue Dehydration

The brain stem was the first to be dehydrated. The
midbrain, pons and spinal cord were trimmed off, and the
medulla was placed in a perforated metal tray which was
in turn placed in a 2L Processor (Shandon and Southern).
The processor was programmed to take the tissue through
graded concentrations of alcohol, chloroform and wax in

24 hours as shown below:-

Solution Number of Hours in Solution
70% Alcohol 1
70% Alcohol 2
70% Alcohol 2
90% Alcohol 1
90% Alcohol 2
Absolute Alcohol 2
Absolute Alcohol 2
Chloroform 3
Chloroform 2
Chloroform 2
Wax 3
Wax 2

The medulla was processed for autoradiography and the
sections were studied to see if the injected |’H|leucine

was in all areas of the DMN of vagus. Only if this was
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80 was the stomach placed in the processor for dehydra-
tion. The stomach was cut into rings which were marked
in such a way that the anterior and posterior surfaces
could be identified and the rings re=-arranged to form

the complete stomach. Having removed gelatin from the
rings, they were subjected to a similar 24-~-hour programme

in the processor.

k. Tissue Embedding

Both brain and stomach tissues were embedded in wax.
Filtered molten wax at 60°C was dispensed from a Wax
Dispenser into plastic embedding troughs. The wax was
allowed to stay for a few seconds in order that a thin
film of partially hardened wax might form at the bottom
of the trough. The medulla was orientated vertically
in the wax with the rostral end in contact with the
hardening film of wax. The trough was labelled and
allowed to cool and harden under water, a procedure which
is believed to promote a more uniform hardening which in

turn improves block cutting.

The stomach rings were divided into anterior and
posterior halves. Each half was divided into 3 or 5
blocks of about 5 mm width. Blocks 1, 3, 4 and 6 or
1, 3, 5, 6, 8 and 10 were taken and embedded in a similar
way to the medulla (Figure 3.3}. With this sampling
method, 60 to 70% of the stomach was sampled. The

orientation of the stomach blocks was such that they
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FIGURE 3.3

Diagram of the ventral and dorsal surfaces of
the stomach to illustrate block sampling from
the stomach. The tissue blocks with ringed
numbers were sampled. This method usually
resulted in sampling about 65 percent of the

stomach.



FIGURE 3.3

Dorsal surface

Ventral surface
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could be cut progressively from the lesser curvature all
the way along the anterior and then the posterior surface
of the stomach and back to the lesser curvature. The
blocks were labelled so that they could be reconstructed

into the whole stomach.

1. Tissue Sectioning and Mounting

The tissue sections were mounted on subbed microscope
glass slides; therefore the slides were subbed before
cutting the tissue blocks. The gelatin in the subbing
solution enhances adhesion of both sections and emulsions
to the slide and also helps to reduce pressure artefacts
which result from lateral displacements on drying the

emulsion (Sawicki and Pawinska, 1965).

Preparation of Subbing Solution

See Appendix 3.2.

m. Procedure for Subbing Microscope Glass Slides

Eight hundred to 1000 slides were subbed at a time.
They were individually hand washed into a large bowl of
soap water (diluted Teepol). They were left to soak in
the scap for about 8 hours and were then rinsed ocut 2 to
3 times. They were left under running tap water over-
night and rinsed out again before subbing, A wide table
was chosen for drying out the slides after subbing.
Test tube racks were arranged in double or triple rows on
the table which was lined with a thick layer of tissue

paper. Clean glass rods were arranged horizontally
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across the racks, and held down to the latter with

Sellotape.

About 500 ml of subbing solution at room temperature
was placed in a bowl. A few glass slides at a time were
taken out of the batch, allowed to drain and placed in
the subbing solution. A slide at a time was taken out
of the subbing solution and supported obliguely on the
glass rods so that both sides of the glass slide could
remain coated with subbing solution and get dry free of
dust or other contaminants. Because the subbing solution
got diluted with increasing number of slides transferred
into it from water, the subbing solution was replaced
with a fresh one after about 3 to 4 hundred slides had
been subbed. The slides were allowed to dry overnight,

stored away in packets to be used as required.

T Procedure for Secticning and Mounting the Tissues

The tissue blocks were cut into 10 um thick sections
using a Reichert's microtcme. Transverse sections of the
medulla and longitudinal sections of the stomach were cut
after trimming the block until a complete cross-section of
the appropriate tissue was Obtained. A systematic sampl-
ing technigque was used to obtain sections from the tissue.
Two adjacent sections were taken. The first section was
mounted on glass slide A and the second on slide B. In
the case of the medulla, the next five sections were
rejected and the next two sections were taken and mounted

as above. This procedure was repeated until the whole of
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the medulla had been cut. Four to five sections were
mounted on a silide. The slides were numbered serially.
A and B series were taken so that the loss of one section
or slide could be replaced by an adjacent one which was

nearly identical.

In the case of the stomach, sections were taken and
mounted as for the medulla except that a hundred sections

were rejected in between sanmples.

The sections were expected to adhere to subbed slides,
but this was not the case. Therefore, a small amount of
albumen was spread over the surface on which the sections
were tO0 be mounted. This enhanced tissue adhesion to the
slide. A small quantity of distilled water was placed on
the slides and the sections placed in the water. The
slides were then placed on a Hearson's hot plate at 50°C
for about a minute. The heat enabled the wax and tissue
toc spread and adhere to the glass. Any unyielding
wrinkles were removed before the section was fully set,
with the use of two metal probes. A molst tissue paper
was used to remove excess water from the slide, The
capillary acticon of the tissue paper also removed any air
bubbles and particulate matter from underneath the sections.
The slides were then left on the hot plate for 24 to 48
hours so that the sections could bhe firmly adherent to the
slides. Care was taken to ensure that the bottles con-
taining distilled water and albumen were clean and were

always covered when not in use,
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Qe Procedure for Coating Tissue Sections with Emulsion

This can be divided into
(1) Preparatory stages;

(ii) Coating Technique.

(i) Preparatory Stages

Glassware Treatment

The glassware used had to be washed clean in order to
avoid the introduction of artefacts which would interfere
with the result, They were usually kept in a sclution
of chromic acid when not in use. They were taken out of
the acid cleansing solution and rinsed in running tap
water. They were then left in running tap water for
15=18 hours before allowing them t¢ drain and dry on tissue

paper.

Dewaxing and Rehydration of Sections

The slides were placed in plastic racks and soaked
in xylene overnight in order to dewax the sections. They
were transferred into fresh xylene for another 2 to 3
hours before rehydrating them. Rehydration was achieved
by passing the slides successively through absolute
alcohol, 90% alcohol and 70% alcohol for about 2 minutes
in each solution. They were then washed in running tap

water for 30 minutes and transferred into distilled water.

Preparation of Emulsion

This as well as coating of the sections was done in

the darkroom under safelight (Kodak Safelight filter
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series 2 or Ilford safelight filter 906.1I50, both of
which are dark red). Three types of Ilford Nuclear
Research Emulsions in gel form were used at different
times during the experiment. These were K2, K5 and L4.
The change from K2 to K5 was because the purity of the
batches of K2 that were forthcoming could no longer be
guaranteed. Emulsion L4 was preferred to K5 because
of the higher level of background associated with the
latter. Regardless of the type of emulsion used, the
formulation of the working solution was the same.

Prior to use, the emulsions were stored at 5°C..

Glycerine was used as a plasticiser which would
reduce the shrinkage of gelatin during drying. An
initial 2% aqueous solution of glycerine was prepared as

follows:

Distilled water 24.50 ml

Glycerine 0.50 ml

These were mixed in a 50 ml measuring cylinder and trans-
ferred intc a 50 ml conical flask with flat bottom
(dipping jar). The jar was placed in a thermostatically
controlled water bath at 43°C. The 50 ml and 25 ml marks
were re-marked on a 100 ml measuring cylinder using a
black marker which was visible under safelight. The
cylinder was filled to the 50 ml mark with emulsion gel,
The cylinder was placed standing in the water bath and the
emulsion stirred slowly in a circular motion with a clean

glass rod at a rate of one circle per second. This was
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continued until the emulsion melted down to the 25 ml
mark. The whole of the emulsion was poured into the

- 25 ml of glycerine solution in the dipping jar. These
were mixed to give 50 ml of emulsion with a final
glycerine concentration of 1% (Waller, 1961; Edwards

and Hendrickson, 1981). The emulsion was left standing
~in the water bath for about 10 minutes. During this
time, any bubbles in the diluted emulsion would rise and
be expelled. An empty ¢lean glass slide was dipped into
the emulsion, taken out and examined for bubbles. If
there were bubbles, the emulsion was left standing for a
further 1 ¢r 2 minutes and tested again with & clean
glass slide, Since a bubble might settle on a part or
whole of a section and prevent direct contact between the
section and the emulsion, it was agbsolutely essential
that the emulsion was free of bubbles. Only when this
was sQ, were the experimental slides dipped in the

emalsion.

(ii) Coating Technique

.One slide at a time was dipped into the molten emulsion,.
The dipping was slow and of uniform speed. The sections
were well below the surface of the emulsion. The slide
was withdrawn slowly and excess emulsion was allowed to
drop on tissue paper with which the emulsion on the back
of the slide was wiped off. A uniform movement of the
slides in and out of the emulsion was necessary to produce

as uniform a coat of emulsion as possible on each section.
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The slide was placed flat, with the section=-carrying
surface upwards, on a metal plate which was cooled with
ice packs. This rapid cooling made the emulsion to
gel so that initial drying of the emulsion could be
gentle and so reduce stressing of halide crystals which
would have increased the level of background (Sawicki

and Pawinska, 1965).

After all slides had been similarly treated, they
were left in cardboard trays to dry in the dark. The
trays were then packed one on top of the other in black
cardboard boxes. Some calcium chloride crystals were
placed in an otherwise empty cardboard tray and placed
on the other trays. The calcium chloride was to com-
plete the drying of the emulsion during storage. The
boxes were wrapped in foil, labelled, and kept in the
refrigerator. The medulla sections were thus stored
(exposed) for 3 to 4 days and the stomach sections for
4 weeks, at the end of which they were ready for develop-

ment.

P. Slide Development and Fixing

Kodak D=19 Developer was used. The stock solution
was prepared by dissolving the pre-packed contents of
Kodak D-19 in 5000 ml (final volume) of water at 38°C,
The volume of working solution prepared from the stock
depended on the number of slides to be developed. Four
hundred millilitres of working solution was used to

develop twoc batches of 25 slides. The working solution
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was made up of

Filtered Kodak D=19 Developer Stock 600 ml

Distilled water 600 ml

The temperature of the developer was taken and that of
the distilled water was adjusted so that mixing the two

would give 1200 ml of working developer at 18°C.

The fixer was 30% sodium thiosulphate which was

made of
Sodium thiosulphate 240 g
Distilled water to make 800 ml

Three batches of 25 slides were fixed in each 400 ml of
fixer. The slides were transferred from cardboard trays
into plastic racks each of which contained 25 slides,

The slides were developed, with no agitation, for 8%
minutes when Ilford K2 emulsion was used and for 5 minutes
when K5 or L4 was used. Developing was arrested by
transferring the slides intc distilled water for about

30 seconds. Fixation was complete after 4% minutes with
the racks agitated for 10 seconds in every 30 seconds in
order to completely dissolve the emulsion. The slides

were rinsed in running tap water for 30 minutes to 1 hour.

q. Staining of the Sections

The sections from the medulla were stained with 1
percent cresyl fast violet while stomach sections were

stained with Harris's haematoxylin.
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(i) Staining of Brain Stem Sections

Stain Preparation

See Appendix 3.3.

Staining Procedure

The slides were placed in the stain in a staining
dish for 15 to 30 minutes with some agitation every two
minutes. The slides were then transferred into running
tap water in order to rinse off excess stain. They
were transferred into 95% alcohol and left standing, with
occasional agitation, until the right depth of staining
(Light purple colour) was obtained as seen under the
light microscope. In cases where differentiation with
95% alcohol did not progress, a special cresyl fast

violet differentiator was used. This was made up of:

95% Alcohol 500 ml
Chloroform 10 ml
Acetic acid 0.25 ml

The sections were then transferred into two changes
of absolute alcohol for about 30 seconds to 1 minute, and
then into xylene. They were mounted in DPX mounting

medium and covered with microscope glass cover slips.

(ii) Staining of Stomach Sections

Stain Preparation

See Appendix 3.4.

Staining Procedure

The sections were stained with haematoxylin for
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5 minutes and excess stain was washed off in running tap
water. They were placed in 1 percent hydrochloric acid
for 10 seconds to further remove excess stain. The
sections were rinsed in water and transferred to a dish
containing a few drops of liquid ammconia for one minute
with the dish covered. The ammonia converted the golden
colour of the stained tissue to blue. The slides were
washed in running tap water for about 30 minutes and left
to dry in a dust-free atmosphere. The sections were
mounted in DPX mounting medium and covered with micro-

scope glass cover slips.

T Analysis of Tissue Sections

The brain and stomach sections were examined and
analysed with Vickers M17 Microscope (type E-dual
illumination) and Ortholux 2 (Leitz Wetzlar Germany) as
described by Bower et al. (1975). These microscopes had
incident and transmitted light facilities which permitted
various combinations of darkground and brightfield illum-
inatiocon. All brain stem sections were examined under
darkground illumination in order to see if the rostro-
caudal extent of the DMN of vagus contained silver grains.
The presence of silver grains in the neurons of DMN at all

levels was the criterion for successful injection.

The stomach secticns were also examined under darkfield
illumination. Since the radio isotope travelled to the

preganglionic axon terminals of the vagus nerve in the
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stomach wall, evidence for labelled axons was sought.
There were some background grains which had to be distin=-
guished from silver grains arising from labelled axons.
Whereas the former were uniformly scattered throuchout
the tissue section, the latter could either form rows of
silver grains with the beaded appearance or aggregates of
silver grains located at intervals along the intramural
plexus or a combination of both patterns. The silver
grains were derived from silver halides in the nuclear
emulsion responding to radiations from the radio isotope

in separate loci in one Oor more axons.

s, Criteria for Identification of Labelled Axons

As mentioned above, two patterns of silver grains are
recognised. The aggregates of silver grains are distinct
from the background grains. They overlie tissue structures
that are not smooth muscle fibres and which are situated in
the space between the outer longitudinal and inner circular
smooth muscle layers. These structures, the nature of
which is not clearly seen in longitudinal tissue sections
under light microscope, are presumed to be intramural ganglia.
When background grains are phased out by increasing the
transmitted light, the aggregates of silver grains are still

clearly visible.

Rows of silver grains forming the beaded appearance
have to be further differentiated from scme technical arte-
facts which look like silver grains. The following criteria

were used to identify rows of true silver gains.
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T The rows of silver grains must not be perfectly

straight, a distinguishing factor from a-tracks.

b The silver grains should be distinct and identifi-

able as separate grains.

3. The row of silver grains must overlie a tissue
structure rather than lie in cracks in the tissue

(Edwards and Hendrickson, 1981).

4. The 'shine" of the silver grains should not be

glittering.

5. When background grains are eliminated by slightly
increasing the transmitted light, true silver grains
are still visible as distinct grains, whereas con-
taminants or black specks are seen in the position

occupied by background grains (Rogers, 1973).

The smooth muscle layers and the interspace between
them, the submucosa and the mucosa of each stomach sec-—
tion were examined. Labelled axons seen as rows of
silver grains in the outer longitudinal smooth muscle
layer were recorded as belonging to the myenteric plexus.
Those axons seen in the inner circular smooth muscle
layer were assumed to be on their way to the submucosal
plexus and so were classified with that plexus. A
reconstruction map of the stomach was drawn and the result
of each tissue section examined was recorded on the appro=-
priate part of the stomach from which the section was taken.

In this way, the area of stomach with labelled axons
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after acute or chronic unilateral abdominal vagotomy was

mapped out.

RESULTS

a. Microscopic Examination of Sections from Medulla
Oblongata

Examination of the transverse sections of the medulla
oblongata of the ferret under brightfield illumination
revealed the DMN as a group of neurons situated postero-—
lateral to the hypoglossal nucleus. The two nuclei are
close to one another and maintain this relationship at all
levels in the medulla except that the hypoglossal nucleus
extends more cranially than the DMN while the latter extends
more caudally than the former. As a result of the close-
ness of the two nuclei, the hypoglossal nucleus was almost

always labelled in addition to the DMN.

In control animals, the cells of the DMN had clear
cytoplasm surrounding the nuclei which stained purple.
When examined under darkfield illumination, the cytoplasm
remained clear. But in animals injected with |°H|leucine,
the cells appeared dark under brightfield illumination due
to the presence of dark, grain-like materials within the
cell boundary. Examination of these materials under dark-
field illumination showed that they were silver grains
(Plate 3.2). The concentration of silver grains over each
perikaryon was much higher than over the extra-perikaryal

tissue. Therefore, it was possible to identify each
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PLATE 3.2

Light microscope autoradiograph of dorsal motor
nucleus (DMN) of vagus nerve as seen under the dark-

field illumination.

a - low power autoradiograph of the cross
section of DMN of vagus (black circle)
below the level of the obex.

C is the central canal.
Magnification = x 250

b - high power autoradiograph of a section
of the neurons in "a" showing the silver
grain-filled neuron cell bedies (N).

Magnification = x 1000
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perikaryon which in turn made it possible for the boundary
of the DMN to be defined. In addition to the present of
silver grains over the neuron cell bodies of the DMN,
silver grains were alsc seen in other areas of the medulla.
The area of tissue outside the DMN overlaid with silver
grains varied with the volume of |®H|leucine injected and
the position of the tip of the micropipette. The concen-
tration of silver grains was highest at the site of injec-
tion and gradually decreased towards the periphery. A
fibre tract was seen arising from each DMN and passing
anterolaterally to the surface of the medulla oblongata.
These were the efferent vagal fibres (Plate 3.3). Similar
tracts were seen arising from the hypoglossal nuclei but
these were more medially placed than the tracts from the
DMN . In some sections, the neuron cell bodies of nuclei
gracilis and cuneatus were labelled with silver grains.

In such sections, the fibres of the medial lemnisci which
arose from these nuclei, were also labelled.

b. Microscopic Examination of Sections of the Gastric
wWall

Individual silver grains were not counted. The
identification of silver grains either in the aggregated or
beaded form in a given tissue block, was taken as an
indicator of positive axon labelling in that block (Plates
3.4 and 2.7). The number of such positive indicators of
labelling was entered against the corresponding tissue block
(Figures 3.5, 3.6 and 3.7). The rows of silver grains

varied widely in length, each labelled axon containing from
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PLATE 3.3

Shows a section of the grain-filled fibre
tract (T) of the vagus nerve within the medulla
oblongata. This is evidence that |?H|leucine
is transported from the neuron cell bodies of

the DMN along the nerve fibres.

Magnification = x 1000
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PLATE 3.4

Light microscope autoradicgraph of the myenteric
plexus of the dorsal wall of the stomach after ventral
abdominal trunk vagotomy. Two main patterns of

labelled axons are shown.

a = an aggregate of a mixture of separate
silver grains and the wavy, beaded
appearance.
$ = single silver grains
bd - beaded arrangement of silver grains

b - profile of the beaded pattern of silver
grains between outer longitudinal and
inner circular smooth muscle layers

LM Longitudinal smooth muscle layer.

Circular smooth muscle layer.

]

CM

Magnification = x 1000



PLATE 3.4
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PLATE 3.7

Shows labelled axons in the submucosal plexus
of the dorsal wall of the stomach after ventral
abdominal trunk vagotomy (silver grains between

the arrows in a and b).

CM = Circular smooth muscle layer.
Sub M = Submucosa.

LM = Longitudinal smooth muscle layer.

Magnification = x 1000



PLATE 3.7
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FIGURE 3.5

(i) shows the normal distribution of the wventral
vagal trunk on the ventral wall of the stomach
in 3 ferrets {1, 2 and 3). The numbers are
those of areas of positive labelling in the
sampled blocks which ranged from 3 to 5 mm

square.

{ii) sﬁoﬁs the diétribﬁtion of the.véﬁtrai vagal.
trunk 3 weeks after dorsal trunk vagotomy
in 3 ferrets (1, 2 and 3).
The dorsal wall of the stomach is not shown
because it contains no labelled axons of

ventral origin. -
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FIGURE 3.6

Shows the normal distribution of the dorsal wvagal
trunk in the dorsal and ventral walls of the
stomach in 3 animals. The numbers are those of
areas of positive axon labelling in each 3, 4, or

5 mm square block of stomach tissue.



FIGURE 3.6

| 1
3 1
\a] T/
6 1
a 2
1
e 1
1
Ventral surface Dorsal surface

o T/
T SianD

Y :
] 11

=

5 2
a 1
1
2
Ventral surface Dorsal surface
1
\ 4

N

[
l

o

Ventral surface Dorsal surface

- W
—_.--.
Lo |

N | - NL:J"‘




138

FIGURE 3.7

Shows the distribution of the dorsal vagal trunk
in the dorsal and ventral walls of the stomach
in 3 animals, three weeks after ventral trunk
vagotomy. The numbers are those of areas of

positive axon labelling in each stomach block.
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about 4 to 15 silver grains. The grains were arranged in
wave form and also satisfied the other relevant criteria
listed above. Isolated rows of silver grains were seen at
intervals along the intramural plexus but groups of two or
three rows were sometimes seen (Plate 3.4 b and c¢). Although
most of the axons labelled in this way were seen in the space
between the smooth muscle layers, some were seen overlying

the muscle layers themselves (Plate 3.5).

The labelled axons which were seen as aggregates of
silver grains were limited to the submucosa and the space
between the muscle layers and in relation to intramural
ganglia as described above. The grains in this pattern
were believed to arise from several axons around the

myenteric ganglia, cut head-on.

The silver grains in the two patterns of label were
much smaller in size when the tissue sections were coated
with L4 than with K2 and KS. Patterns of silver grains
similar to those described here were not seen in stomachs
of control animals (Plate 3.6).

Ca Normal Distribution of Abdominal Vagal Trunks in the
Myenteric (Auerbach's) Plexus

These results were obtained from animals which had
| *H|leucine injected into their medulla immediately after
unilateral abdominal vagotomy. A table was drawn in such
a way that every tissue section from every tissue block was
represented by a box. The presence or absence of labelled
axons in each section was entered into the appropriate box.
The number of isolated or groups of beaded silver grains and

of aggregates of silver grains in each section was representecd
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PLATE 3.5

Micrographs a and b show aggregates of labelled
axons overlying the outer longitudinal smooth muscle
layer (LM). These were presumed to belong to the
myenteric plexus. The adjacent border of the
circular smooth muscle layer is just visible at the

right top corner of each micrograph.

Magnification = x 1000
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PLATE 3.6

Light microscope autoradiograph of the myenteric
plexus of the stomach of a control animal. The area
within the circle contains no silver grains. Similar
areas in experimental stomachs contain silver grains.

Compare Plate 3.4a.

LM

]

Longitudinal smooth muscle layer.

CM Circular smocoth muscle layer.

Magnification = X 625



PLATE 3.6
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by a corresponding number of positive (+) signs. Labelled
axons were not seen in each and every tissue section taken
from a tissue block. But the presence of axons in any of
the sections was taken t0o mean the presence of labelled
axons in the whole of the tissue bhlock. If a sampled
tissue block contained labelled axons, this positive result
was extended to include the adjacent halves of the unsampled
area of stomach on either side 0f the sample. The number
Oof positive signs in each tissue block was used to represent
the density of nerve axons in the block. Drawings of the
anterior and posterior surfaces of the stomach representing
the true stomach 0f the corresponding ferret were prepared
and the results were entered onto the appropriate parts of
the drawings. In this way, the stomach and the distribution
of vagus nerve branches in it were reconstructed (Figures

3.%, 3.6 and 3.7).

(i} Distribution of Ventral Vagal Trunk

The three animals in this group had DTV before |3H|
leucine was injected, therefore the axons that were labelled
were those of ventral vagal trunk, In the first stomach
examined, labelled axons were seen in all areas of the |
ventral surface except for a small area of about 5 mm
square at the lower end of the body ¢f the stomach adjacent
to the greater curvature (Figure 3.51i). In the seceond and
third stomachs, the whole of the ventral surface contained
labelled axons. When the three stomachs were taken

together, the positive labelling of all areas of the ventral
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surface in the last two overlapped the area of the first
stomach which contained no labelled axons (Figure 3.5 ii
and iii). Therefore, it was concluded that the ventral
vagal trunk was distributed throughout the fundus, body,
pyloric antrum and the pylorus of the stomach in the ferret.
The number of areas of positive axon labelling in each 5 mm
square of stomach wall was determined (Table 3.2; Figure
3.834). The fundus, the half of thé body nearer the
greater curvature and the pyleoric antrum contained twice

as many areas of labelled axons as the rest of the ventral
surface. Labelled axons were not seen on the dorsal sur=-

face of the stomach in this group cf animals.

{(ii) Distribution of Dorsal Vagal Trunk

Ventral trunk vagotomy was done in the three animals
in this group. Examination of the dorsal surface of each
of the stomachs showed that axons were present in all areas
of that surface. The number of positive areas per 5 mm
square of stomach wall was similarly determined (Table
3.3; Figure 3.8C and D). The half ¢of the dorsal surface
_of the body adjacent to the greater curvature has areas of
positive labelling similar in number to the corresponding
area on the ventral surface supplied by the ventral trunk. -
The fundus, the rest of the body, the pyloric antrum and
the remaining part of the pylorus had lower numbers of

positive areas.
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FIGURE 3.8

This is a summary figure showing the mean number
of areas of positive labelling per 5 mm square

of tissue in different anatomical regions of the

stomach.

A = normal distribution of the ventral
trunk.

B = distribution of ventral trunk after
chronic dorsal trunk vagotomy.

C = nermal distribution of dorsal trunk
on the ventral wall of the stomach.

D = normal distribution of dorsal trunk
on the dorsal wall of the stomach.

E = distribution of the dorsal trunk
on the ventral wall after chronic
ventral trunk vagotomy.

F = distribution of the dorsal trunk on

the dorsal wall after chronic ventral
trunk vagotomy.



FIGURE 3.8
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TABLE 3.2

Shows the number of areas of positive ventral
trunk axon labelling per 5 mm square of different
anatomical regicons of the stomach wall. These
numbers were derived from the raw data in Figures
3.5(i) and (ii) taking intc account the number of

millimetre square of each stomach block.
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TABLE 3.3

Shows the normal distribution of the dorsal
vagal trunk on the dorsal and ventral walls of the
stomach. The numbers are those of areas of
positive axon labelling per 5 mm square of
different anatomical regions of the stomach. The

numbers were derived as for Table 3.2.
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The ventral surface of the pyloric antrum and the
pylorus contained two areas of labelled axons per 5 mm
square of stomach wall (Figure 3.8C). Therefore this
part of the ventral surface of the stomach in the ferret

is innervated by the dorsal vagal trunk as well.

d. Normal Distribution of Ventral and Dorsal Vagal
Trunks in Submucosal (Meissner's Plexus)

Labelled axons were seen amongst the deep layers of
the inner circular smooth muscle or immediately deep to
the muscle, within the submucosa. The characteristic
beaded and wave-like appearance of labelled axons as well
as aggregates of silver grains in relation to submucosal
ganglia were seen (Plate 3.5) but not regularly enough to
permit a detailed reconstruction of the distribution of
the dorsal or ventral vagal trunks in the submucosa. The
number of labelled axons was very few. Labelled axons
were seen only on the ventral surface of the stomach in
animals with intact VT, whereas in those with intact DT,
axens were seen on the dorsal surface of the stomach as

well as on the ventral surface of the pylorus.

e. Innervation of the Gastric Mucosa

Examination of the gastric mucosa did not reveal any
labelled pre-ganglionic efferent axons either in relation
to the muscularis mucosae or the mucosal glands. Pre=-
ganglionic fibres did not reach the mucosa of the ferret

stomach.
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£. BEffect of Unilateral vVagotomy on Gastric
Vagal Innervation

Three weeks after dorsal trunk vagotomy, the distri-
bution of the ventral vagal trunk was not different from
normal. Labelled axons were not seen on the dorsal
surface of the stomach (Table 3.2; Figure 3.8B). The
number of areas of positive axon labelling is essentially

the same as in the normal animal.

Three weeks after ventral trunk vagotomy, the pattern
of distribution of the dorsal vagal trunk was similar to
the normal pattern. Labelled axons were seen throughout
the dorsal surface and on the ventral surface of the
antrum and pylorus. There were no labelled axons on the
ventral surface of the body and fundus of the stomach in
this group of animals (Table 3.4; Figure 3.8E and F).

The number of areas of positive axon labelling per 5 mm

square of stomach wall is also similar to normal.

Labelled axons were scanty in the submucosal plexus
and no detailed pattern of distribution could be made out
for them. They were limited to the areas of the myenteric
plexus in which their corresponding vagal trunks were found,

Preganglionic axons were not seen in the mucosa.
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TABLE 3.4

Shows the distribution of the dorsal vagal trunk

three weeks after ventral trunk vagotomy. The
numbers are those of areas of positive axon labelling

per 5 mm square of different anatomical regions of

the stomach wall.
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DISCUSSION

The method of injecting |*H|leucine into the DMN was
not precise. For example, it was impossible to know pre-
cisely when the tip of the micropipette was exclusively
within the DMN. Therefore leucine was almost always
injected intoc the deeper and more superficial structures
as well as into the DMN. Fortunately, as far as is known,
the cell bodies of vagal efferent neurons to the stomach
are exclusively located in the DMN, Therefore, labelling
other pathways did not invalidate the result. Moreover,
leucine is transported only in the anterograde direction.
Therefore, injecting leucine into the nucleus of tractus
solitarius, for example, would not have labelled GVA
fibres in the vagus nerve. General visceral efferent

fibres only would be labelled.

Since precise injection into DMN was not essential in
order to label vagal efferent fibres to the stomach with
| ’H|leucine, other more precise but cumbersome methods of
injecting tracer materials such as microsyringe (pressure)
injection and iontophoretic injection (Alheid et al., 1981)
were not used. As noted earlier, the animals often went
into respiratory arrest. It was essential therefore that
an injection method which would allow rapid withdrawal of

the micropipette in order to resuscitate the animal was
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used. The manual insertion of the micropipette intc the
brain tissue and the use of an uncomplicated source of
pneumatic pressure in the form of a syringe, made this

possible.

It would have been ideal to block out the whole
stomach in paraffin and prepare all sections from every
block for autoradiography. But even with the use of
light microscope, it would be impractical and too time-
consuming and might not give a better result than a
carefully chosen sampling technique. Hence the stomach
tissue blocks were sampled as described in Chapter Three.
There are two othexy alternative sampling methods. The
sampled blocks could be regularly alternated throughout
the stomach, for example, blocks 7, 2, 11, 13, 15, t7,
19, 21 and so on. The other alternative would be to
take blocks 7, 9, 11, 12, 14 and 16 from the appropriate
stomach ring and then take blocks 18, 20, 23 and 25 from
the next ring. The next ring to that would then be
sampled as in the first ring, giving for example 27, 29,
31, 32, 34 and 36. Although the sampling technique
used in this experiment may have a short~éoming by
leaving a whole vertical strip of tissue unsampled, it
gave the greatest percentage sample. Moreover, the wagal
trunks lie along the lesser curvature and from there give
branches that spread towards the greater curvaturec. By
making blocks from all of the stomach adjacent to the curva-

tﬁres, it was poessible to fellow the spread of each trunk
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either vertically along the curvatures or horizontally

towards the greater curvature.

Tritiated leucine injected into the brain stem has to
travel a distance of over 300 mm to reach the stomach.
It is known that one of the disadvantages of autoradio-
graphic tracing technique is that it is difficult to trace
_ightly labelled pathways over long distances (Kilnzle,
1975) . But it is not known how heavily labelled the
neurons of origin of vagal efferent fibres must be before
the pathway, and particularly the distal parts, can be
sufficiently labelled for easy identification. Therefore
it was quite possible that some nerve fibres would be un-
detectable under the microscope if the efferent neurons

were not heavily labelled.

Longitudinal sections of the stomach wall will only
show the depth of the myenteric plexus which is the gap
between the deep surface of the outer longitudinal smooth
muscle layer and the superficial surface of the inner
circular smooth muscle layer. This gap is very narrow.
The myenteric ganglia are thin and spread, with their
major surfaces parallel to the wall of gastro-intestinal
tract. Therefore the cross-sectional area of ganglion
cells seen in longitudinal sections will be less than
that seen in sections taken parallel to the gastric
surface. This also means that the number of vagal fibres
that can be seen in longitudinal sections is limited.
This may lead to both qualitative and quantitative false

negative results.
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In spite of this short-coming, longitudinal sections
are most suited to the study of the distribution of axons
in the myenteric plexus. Whereas a labelled axon lying
transversely may be missed by sampled sections parallel
to gastric surface, each longitudinal section cuts through
the whole depth of the plexus and so is more likely to
show such an axon. Sections parallel to the gastric sur-
face on the other hand, are most suited to the study of
intramural ganglia and synaptic structure. But since
these are not clearly seen in light microscope autoradio=-
graphy, sections parallel to gastric surface are not

particularly beneficial in the present study.

It has been noted that at light microscope level, it
is only radiocactivity in the most superficial 2 to 3 um of
the tissue section that is recorded in the emulsion layer
(Cowan and Cuénod, 1975). But 10 um sections were used in
these experiments. Therefore whatever radiocactivity there
was in the deeper layers of the tissue section has not been

detected.

Although the myenteric plexus appears as a monolayer
of ganglion cells and nerve processes, the preganglionic
parasympathetic (vagal) fibres approach the ganglion cells
from several directions, Therefore, when a longitudinal
section 1s made, the vagal preganglionic nerve fibres
are cut in various planes.,. Those that are cut at right
angles to the longitudinal axes of the nerve fibres will
give rise to single silver grains which will appear like

dots. Since these are similar to background grains, such
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positive labels may be taken for background grains and so
will not be counted. This is unlikely to affect a quali-

tative analysis of vagal Tfibre distribution in the myenteric

Plexus. But it most certainly will affect gquantitative
estimations. In other words, false negative results are
inevitable.

In the present study, only a rough estimate of the
frequency with which axons were seen in the myenteric plexué
was made. Comparisons of a guantitative nature could not
be made between animals because of the difficulty of inject-
ing equal amounts of |’H|leucine into the DMN of the animals.
Even if this could be done, because of the difference in
length, metabolic rate and transport rate of the vagus nerves
of various animals, the final concentration of |%H|leucine in

the myenteric plexus may vary from one animal to the other.

Distribution of Ventral Vagal Trunk Fibres in the Stomach

In this study, the ventral trunk of vagus nerve was
found to innervate the whole of the ventral surface of the
stomach including the pylorus. The dorsal surface of the
stomach was not innervated by the ventral trunk. These
findings are partly in agreement with some varieties of
gastric vagal innervation in the ferret found by Mackay and
Andrews {(1983). Although these authors found that the
ventral nerve of Latarjet, whether it arose from the ventrai
" or dorsal vagal trunk or both, did not reach the pylorus,
the pyloric branch of the hepatic division of the ventral

trunk was found to consistently innervate the pylorus.
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The presence of this branch could account for the identi-
fication of labelled ventral vagus nerve fibres in the
pylorus. But the limit of distribution of nerve fibres
as defined macroscopically is not necessarily what is
seen in microscopic studies. Within the myenteric plexus,'
the ventral nerves of Latarjet could have descended further
to reach the pylorus. An absolute proof of the extent of
distribution of the wventral nerve of Latarjet can be
obtained by transecting the pyloric branch of the hepatic
division of vagus nerve along with DTV and studying the
distribution of silver grains of ventral trunk origin in

the pylorus.

Distribution of Dorsal Vagal Trunk Fibres in the Stomach

Apart from innervating the whole of the dorsal surface
of the stomach {including the pylorus), the DT innervates
the ventral surface of the pyloric antrum and the pylorus
in the ferret. This is in contrast to the finding by
Mackay and Andrews (1983)_that the distal 1limit of the dis-
tribution of the DT is invariably the posterior aspect of
the pyloric antrum, which corresponds with the distribution
in man. But once again it may be argued that although
gross dissection revealed such a limit, the nerve fibres,
once they have entered the intramural plexus, may proceed
further distally to reach the pylorus. The fact that the
DT innervates the ventral surface of the antrum and pylorus
in the present investigation is partly consistent with the

discovery of a branch that arises from the DT and passes
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cntc the ventral surface of the pyloric antrum in Mackay
and Andrews' (1983} series, Although they found a con-
current innervation of this surface of the pyloric antrum
by branches of VT and DT in less than 10 percent of their
subjects, the finding is significant and the three animals
in the present study may be part of that small percentage.
A large number of animals may have to be used bhefore the

variations can be seen.

The other alternative is that the VTV in the present
series of experiments was done below the origin of the
hepatic division. In that case, the fibres ©¢f the pyloric
branch of this division were labelled and gave the wrong
impression that it was the intact DT that innervated the
ventral surface of the pylorus. This was unlikely because
care was taken to divide the VT as near the diaphragm as
pPossible, Moreover at the time the stomach was removed,
the vagal trunks were examined to ensure that adegquate

vagotomy had been done.

This pattern of innervation by the ventral and dorsal
trunks implies that the stomach receives a greater innerva-
tion from the DT. This is consistent with the finding
that the DT of vagus below the diaphragm is significantly
bigger than the VT at the same level (personal Observation;
Mackay and Andrews, 1983). Although a large branch of the
DT goes to join the coeliac plexus, the area of stomach
innervated by the DT is still wider than that innervated by
the VT. The plexus formation in the thorax by the two

vagal trunks allows exchange of fibres by the two trunks.
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After the reformation of the vagal trunks in the lower part
of the thorax, each trunk still contained fibres from the
other. Moreover, the ventral trunk gave a branch (crossing
branch) to the DT above the diaphragm. Some of the fibres
in this branch may originally be from the LCV. It is pos-
sible that these fibres in the DT pass back to the ventral
surface to innervate the pyloric antrum and the pylorus.

If this assumption is accepted, it may explain why, in the
ferret, stimulation of LCV and RCV separately resulted in
intragastric pressure of equal amplitude in spite of the
difference between the ventral and dorsal trunk size and
fibre counts. In other words, the left and right cervical
vagus nerves send equal numbers of fibres to the ventral
and dorsal vagal trunks respectively. It may also explain
why a cross over of DT branches to the ventral gastric
surface has not been described in other mammalian vagus
nerves with no crossing branch. In order to be able to
show the origin of the DT fibres that innervate the ventral
surface of the pyloric antrum and pylorus, it would be
necessary to combine the injection of |?H|leucine into the
DMN with alternating unilateral acute cervical vagotomy so
that the precise distribution of each cervical vagus nerve

could be determined.

Effect of Chronic Vagotomy on the Distribution of Vagus
Nerves

Three weeks after unilateral abdominal vagotomy, there
was no compensatory spread of the surviving vagus nerve

trunk. This is understandable if the increase in intragastric
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Pressure response to cervical vagal stimulation is entirely
due to hypersensitivity and/or decreased resting tone of
gastric smooth muscle. In both of these situations, there
is no anatomical change in the preganglionic efferent fibres.
Therefore no change in the pattern of innervation will take

place after unilateral vagotomy.

Reactive sprouting from the surviving vagal trunk and
regenerative sprouting from the proximal part of the tran-
sected trunk were advanced as possible mechanisms for the
vagal functional recovery. If these were s0O, compensatory
innervation of the denervated part of the stomach would be
expected. Sprouting has been demonstrated in the brain of
the rat (Lund and Lund, 1971; Lynch et al., 1973; Zimmer
1974), spinal cord of the cat (Liu and Chambers, 1958; 1llis,
1964) , and sympathetic nervous system of the cat (Murray and
Thompson, 1957). It appears that all regions and fibre
systems of the nervous system are not identical with regard
to sprouting. For example, collateral sprouts from a parti-
cular source may invade one synaptically denervated area but
not another (Murray and Golberger, 1974; Lynch et al., 1974).
Therefore, the nature of whatever sprouting may take place in
the vagus nerve may be quite different from what has been
observed in the CNS by virtue of the distance of the stomach
from the latter. Regenerative sprouting has been demon=-
strated in the vagus nerve of the rat, dog and man (Loup
et al., 1980). Joffe et al. (1981) also found normal axons
in the gastric wall of the rat seven weeks after highly

selective vagotomy. Consistent with these findings is the
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observation in the present series of experiments (Chapter
2} that regenerative sprouting from the ventral trunk
took place three months after ventral trunk vagotomy.
From the foregoing, there are four possible events taking
place in the wvagus nerve of the ferret after chronic

vagotomy.

1. It may be that the only type of sprouting which takes
place in this nerve is regenerative from the transected

trunk{

2. Sprouting may require a longer time in the ferret vagus
nerve than the three weeks period allowed in this
exper iment. It is possible that it prodgresses very
slowly in the vagus nerve so that at the end of only

three weeks, no collateral sprouts could be demonstrated,

3. It is not known if heavier labelling of the vagal path-
way will be necessary to ensure adequate labelling of

the axconal sprouts.

4. As mentioned above, another variety of sprouting that.f-ﬁﬁ
has been demonstrated in the detrusor muscle of the ca£
and human bladder arises from the intramural ganglion
cells following transection of preganglionic vagal
fibres. If this were t0 happen in the gastric intra-
mural plexus, the present series of experiments would
héve been unable to detect it since the radiocactive
label was incapable of traversing the synaptic junction
to reach postganglionic neurcons within the short

survival time (24-30 hrs) allowed in these experiments.
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CHAPTER FOUR

ELECTRON MICROSCOPIC ANALYSIS OF VAGUS
NERVE FIBRE COMPOSITION

INTRODUCTION

The first group of experiments in which intragastric
pressure responses to cervical vagal stimulations were
measured after unilateral abdominal vagotomy, revealed

two important findings (see Chapter 2):~-

1. Acute or chronic VTV did not significantly influence
intragastric pressure responses to cervical vagal

stimulation.

2% There was greater gastric functional loss after acute
DTV than after acute VTV as demonstrated by the
significant reduction in intragastric pressure res-

ponse to cervical vagal stimulation after acute DTV.

A knowledge of the fibre composition of cervical and
abdominal trunks of the vagus nerve may help to explain

these findings.

The composition of the vagus nerve has been determined
in the rat (Gabella and Pease, 1973), cat (Foley and
Dubois, 1937; Jones, 1937; Agostoni et al., 1957; Cottle
and Mitchell, 1966; Mei et al., 1980), rabbit (Evans and
Murray, 1954; De Neef et al., 1982), dog (Kemp, 1973),
sheep and goat (Iggo, 1956), and man (Schnitzlein et al.,
1958) . The majority of these studies were done at light

microscope level which usually resulted in underestimation
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of the smallest fibres (Mei et al., 1980). In contrast,
electron microscopy allows a more correct evaluation of
fibre populations (Serratrice et al., 1978). Moreover,
the ferret is becoming increasingly popular in physio-
logical (Pfeiffer and Peters, 1969; Basso et al., 1971;
Watscon et al., 1973; Andrews and Bower, 1979; Andrews,
Lawes and Bower, 1980), anatomical (Pfeiffer, 1970;
Poddar and Murgatroyd, 1977; Mackay and Andrews, 1983),
and pathological (Pfeiffer and Roth, 1970; Florczyk

et al., 1981) studies. But it does not appear that the
composition of the vagus nerve in the ferret has been
determined. Therefore, an electron microscope study of

the fibre composition of this nerve in the ferret would

be desirable.

a. Properties of Mammalian Peripheral Nerve Fibres

The functions ©of nerve cells are the generation,
propagation, and transmission of nerve impulses from one
neuron to another or from a nerve to an effector organ.
The rate at which the generated impulse is propagated or

conducted along the axon of the neurcn depends on

the size of the axon diameter,
2. the presence or absence of myelin around
the axon,
3. the thickness of the myelin sheath,
and

4. the internodal distance.
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(i} Effect of Axonal Diametet on Impulse Conduction

As early as 1939, Hursh provided data to show that in
the peripheral nervous system of the cat, axons above 4 um
diameter have conduction velocities which increase in line
with the axon diameter. Myelinated axcns below 4 uym in
diameter are found to conduct at a rate smaller than
predicted. Rushton (1951) explained that this deviation
from the predicted conduction rate was due to the fact that
the myelin sheath ©f smaller fibres is inappropriately
thick. But recently, Ritchie (1982) explained that the
effect of axon diameter on rate of conduction is also
influenced by the intermodal length and that the critical

axeon diameter is 1 um.

(ii) Effect of Mvelination on Impulse Conduction

Myelination is believed to be closely related to axon
diameter. For example, myelinated axons below 1 ym in
diameter are rare in the peripheral nervous system
(Rushton, 1951; Ritchie, 1932). But guite apart from
the contribution of the axon size to the conduction velocity
of myelinated axons, the mere presence of the myelin around
the axon increases its capacity to conduct impulses at a
faster rate than non-myelinated axons. The myelin sheath,
which is a protein-lipid complex made up of many layers of
unit membrane from the cell membrane ¢f Schwann cells,
envelops the whole length of the axon except at its ending

and at periodic constrictions called the "nodes of Ranvier”.
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Myelin is a relatively effective insulator and current
flow through it is negligible. The axon is presumed to
be in contact with extracellular fluid only at the nodes.
Hence propagated impulses jump from one node of Ranvier
to the next along the axon. This type of conduction is
called "saltatory conduction”. The thickness of the
myelin sheath and the length of the internodal distance
affect the rate of conduction. Internodal distance
increases with the diameter of the axon. Larger axons
also tend to have thicker myelin sheaths. Therefore the
thicker the myelin sheath and the longer the internodal
distance, the greater the rate of conduction of impulses

by myelinated axons.

b. Axon Degeneration

Most experiments on nerve fibre composition involve,
at some stage, the placement of appropriate lesions and
allowing a group of fibres to degenerate while the other
group is analysed. Despite the extremely long axons of
some neurons, it is the cell body that maintains the func-
tional and anatomical integrity of the axon (Cajal, 1928).
If the axon is transected, the part distal to the cut
degenerates. This phenomenon is called anterograde or
"Wallerian degeneration" (Figure 4.1). This degeneration
involves a breakdown of the axon cylinder, the myelin
sheath when present, and the synaptic boutons. The rate
of degeneration is not the same for all fibre tracts or

for fibres of different calibres (Blackstad et al,, 1951;
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FIGURE 4.1

Diagram to illustrate the normal features of
a peripheral nerve fibre and its reaction to

injury.

A = Normal fibre and synaptic junction.
B - Site of injury.

C = PFeatures of degeneration in
response to nerve transection.
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|

:!
Walberg, 1960). Anterograde degeneration may also pro-
ceed to involve the cell body to which the transected

axon conducts impulses. This phenomencn is called

anterograde transneuronal degeneration.

Primary retrograde degenerative changes alsg take
place in the dendrites (Cerf and Chacko, 1958; Grant
and Aldskogius, 1967), perikaryon and the whole length
of the axon proximal to the lesiocn (Cowan, Adamson and
Powell, 1961; Grant and Aldskogius, 1967). But the
changes in the central part of the axon require a somewhat
longer period of time to develop than the anterograde
degeneration in the distal part (Powell and Cowan, 1964).
A second order and even a third order retrograde (trans-
neuronal) degeneration has been observed in the medial
nucleus of the mammillary body and ventral trigeminal
nucleus of the rabbit respectively (Bleier, 1969). when
the central process of a bipolar afferent neuron is trans-
ected, the portion of the transected process on the
cranial side of the cut degenerates. But the peripheral
process is still attached to the neuron cell body and so

it does not degenerate,

c, Aims ©of the Experiment

The aims of this experiment were to cobtain sampled
electron micrographs of the transversge sections of cervical
and abdominal trunks of the vagus nerve, and using these,

t0 determine -



166

(i) the total number of fibres in each trunk,
(ii1) the myelinated:non-myelinated axon ratic

in each trunk, ‘ i

(iii) the axon diameter spectrum for myelinated
axons in each trunk,

{iv) the relationship between axon diameter and
myelination and between the former and myelin
thickness, !

(v) the afferent:efferent ratio in each trunk,
and

(vi) the effect of vagotomy rostral to the inferior
vagal ganglion (supranodose vagotomy) on the

characteristics of surviving fibres.
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MATERIALS AND METHODS

a. Experimental Groups

Twelve adult ferrets of either sex were divided into
three main groups (Table 4.1). The first group consisted
of 6 animals which were used to study the composition of
the complete vagal trunks. Under anaesthesia, the left
cervical vagus (LCVY, right cervical vagus (RCV), ventral
vagal trunk (VT) and dorsal wvagal trunk (DT) were taken
from each of the animals for electron microscopy. The
second group of 3 animals had left supranodose vagotomy
(LSNV) . The third group had right supranodose vagotomy
{RSNV) . The four vagal trunks were removed from each C¢f
these last 6 animals, at a later stage, for electron

microscopy. i
!
b. Anaesthesia !

|
All animals were deprived of food overnight before

the operaticns. The ¢ animals in the first group were
anaesthetised with Urethane in a dose of 1.5 g per kg.
Prior to supranodose vagotomy (SNV), the animals were
anaesthetised with Sagatal in a dose of 60 mg per kg and
later with Urethane before the nerve trunks were removed

for electron microscopy. |

C. Suprancdose Vagotomy |

Supranodcse vagotomy was done in order that the
afferent-efferent characteristics of the vagus nerve
trunks could be analysed (see "Principle for derivation
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of afferent-efferent fibre counts" on page 188 for details).

The animal was laid on its back. A midline incision
was made in the neck. The flexor muscles of the neck
were retracted from the midline and the vagus nerve was
exposed on one side of the neck. The nerve and the carotid
artery were traced cranially until the latter deviated
medially and disappeared from view. Rostral to this point
of deviation of the carotid artery, the inferior vagal
ganglion was seen with the hypoglossal and glossopharyngeal
nerves passing deep to it. The dissecting microscope was
sometimes used to obtain a good view of these structures.
The vagus nerve rostral to the inferior vagal ganglion was
carefully dissected out for a distance of about 5 mm with
minimal handling of the ganglion. The available space
was usually so small that two ligatures could not be placed
round the nerve so as to be able to divide it between
ligatures. Therefore, one ligature was placed as rostrally
as possible and the nerve was transected just distal to the
ligature. The incision was cleosed in two layers. A
mixture of Neomycin sulphate BP, Polymyxin B sulphate BP
and Bacitracin Zinc BP antibiotics (Polybactrin powder
spray; Calmic Medical Division, The Wellcome Foundation
Ltd., London) and Plastron plastic wound sprays were applied.
The animals were allowed to recover from anaesthesia and
survive for 21 days before the nerve trunks were removed for

electron microscopy.
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d. Sampling of Nerve Trunks

i
|
l
|
|

The same sampling procedure was used to obtain nerve
specimens from all animals in the three groups. The
samples were taken when the animal was alive under Urethane
anaesthesia,. The animal was laid on its back. A midline
incision was made in the neck. A téacheostOmy was done
and a wide-bore plastic tube inserted and kept in place
with a ligature. The LCV and RCV nerve trunks were
exposed. Without further dissection, 3% glutaraldehyde
fixative in 0.1M sodium phosphate buffer (see Appendix 4.1
and 4.2 for preparation of phosphate buffer and fixative)
warmed to 37°C, was poured onto the nerves so that both
cervical trunks were soaked in the fixative (Mei et al.,

1980; K. Rapeller, personal communication). The nerve

trunks were dissected out in the pool of fixative and left

in it for 5 minutes. In this way, the nerves were partly
fixed in situ so as to aveid their shrinkage. A small

piece cof each cervical vagus nerve was removed with a pair
of scissors, at the level of the third tracheal ring.

This was laid on a ruler and two or three 1 mm long pieces
of nerve were taken from the middle portion using a sharp
scalpel blade. Dyck and Karnes (1981) have found that
nerve fibre calibre decreases slightly from the proximal

to the distal end and that even in good health, it varies
considerably within one internode. In spite of this varia-
tion, more than one sample per trunk had to be taken seo that

accidental losses could be replaced.
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A thoraco-abdominal incision was made and the trache-
ostomy tube was ccnnected to a ventilator. The ventral
and dorsal vagal trunks were exposed just above the dia-
phragm. Fixative was poured on the nerves to partially
fix them. After about 5 minutes, the nerves were dissected
free of most of the surrounding tissues and 1 mm long
samples taken. It was ensured that the dorsal trunk sample
was taken below the point where the crossing branch (see
page 9 and Figure 1.2) joined it and the ventral trunk
sample taken below the origin of this branch. The animal
was sacrificed and the sample sites examined to ensure

that nerve tissue had been removed.

e. Primary Fixation

Four specimen vials were labelled according to the
samples that were to be placed in them. They were filled
with 3% glutaraldehyde at 37°C and the samples were trans-
ferred into them immediately after trimming them to size
on a ruler. After one hour, the fixative in the vials
was replaced with fresh fixative at room temperature,

This was done because glutaraldehyde fixative is believed
to deteriorate with time especially in the early part of
fixation (K. Kapeller; personal communication). Fixation
was allowed to continue for another 2 hours. The specimen
vials were always filled to ensure a much larger volume of
fixative as compared with the sample size (K. Kapeller;

personal communication).
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f. Washing of the Sample

At the end of the fixation period, the fixative was
poured out and replaced with glucose-~buffer solution (see
Appendix 4.3). Twe changes of glucose buffer wash were
done at 30 minutes interval. This was followed by two
more changes at hourly interwval, giving a total of 3
hours wash in the buffer wash sclution, The specimen
vials were filled with fresh glucose-bhuffer wash solution
and kept overnight at room temperature. The buffer wash
solution was then replaced with a fresh one for one to

two hours before secondary fixaticn.

qg. Secondary (Post) Fixation

Secondary fixation was dcne with 2 percent osmium
tetroxide in 0.1M Phosphate buffer (see Appendix 4.4).
Having removed the glucose~buffer wash sclution, and with
rubber gloves worn, the specimen vial was filled with
about 10 ml of osmium tetroxide fixative in a fume cup-
board. These precautions were necessary because osmium
tetroxide volatalises readily at room temperature and the
vapour 1is harmful to the eyes, nose and throat. It also
stains the skin for a long time. The specimens were
fixed for one hour before dehydrating them. Fixation
over one hour, rather than longer, was done in order to
minimise the morphological effects, such as shrinkage of
nerve myelin (Moretz et al., 1969) and tissue swelling
caused by the cell membrane damaging effect of osmium

tetroxide during fixation.
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h. Dehydration of the Nerve Tissue

Osmium tetroxide was removed from the specimen vial.
The tissues were washed twice with 75 percent ethanol in
quick succession, by pouring the ethanol in and removing
it carefully so that the tissues remained in the vial
throughout the process of washing. %y using the same
procedure, the tissues were dehydrated for 10 minutes in

each of a graded series of ethanol of increasing concen—

tration as follows:

75 percent ethanol
95 percent ethanol

100 percent ethanol

100 percent ethanol

100 percent ethanol dried over copper sulphate.

A rapid dehydration schedule such as the one above, when
carried out at room temperature, is believed to minimise
the l1ipid extraction that takes place in ethanol (Korn and

Weisman, 1968; Stein and Stein, 1271).

|

i. Pre-Embedding of the Specimen ‘

The tissue was taken through a pre-embedding procedure
which gradually introduced it to the embedding medium.
This was necessary in order to facilitate the penetration
¢of the tissue by the embedding medium. The pre-embedding
solvent used was propylene oxide (Epoxy propane; BDH
Chemicals Ltd.} which was placed over the specimen in the

|
specimen vial for 30 minutes. The solvent was removed and

|
|
|
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replaced with a 50:50 mixture of propylene oxide and
Araldite CY¥212, Ciba, (see Appendix 4.5 for preparation of
Araldite). One drop (about 0.02 ml) cof accelerator
{Dodecenyl succinic anhydride; DDSA) for each ml of Araldite
was added to the mixture which was mixed thoroughly before
pouring it into the specimen vial. The vial was covered
and placed on a rotator overnight. The continuous rotation
of the specimen vial exposed the specimen to fresh Araldite
throughout the pre-embedding stage. In the morning, the
pre-embedding mixture was replaced with fresh Araldite to
which a drop of accelerator for each millilitre of Araldite
was added. The vial was placed on the rotator for 5 to 6
hours with the cover removed so that any remaining solvent

could evaporate.

Ja Embedding and Polvmerisation of the Tissue

The tissue was embedded in such a way that it was
possible to orientate the resulting Araldite block on the
microtome and obtain transverse sections of the nerve,
Therefore, instead of embedding the tissue in gelatin
capsule, a shallow plastic pot was used. Fresh Araldite
was taken and accelerator was added in the usual propor-
tion. These were thoroughly mixed in a graduated poly-
ethylene beaker. A small piece of paper on which the
block identification (laboratory) number was typed was
placed at the bottom of the pot. The pot was filled

with Araldite and the specimen was transferred from the
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specimen vial into the embedding pot using orange sticks.
The specimen was laid horizontally on its side in the
Araldite. The pct was then placed in an oven in order
to polymerise the Araldite for 48 hours. The tempera-
ture of the oven was maintained at 60°C throughout the

period of polymerisation. !
i

k. Final Tissue Orientation in Araldite Block

When polymerisation was complete, the pot was removed
from the oven and allowed to cool. The Araldite cast was
removed and the nerve tissue was cut out leaving a tiny
rim of Araldite around it, One end of an Araldite block
moulded in gelatin capsule was flattened. The block was
orientated vertically with the flattened surface upwards.
A 1:1 mixture of Araldite rapid (Ciba-Geigy) and hardener
was placed on the flat top of the block. The specimen
was held vertically in the Araldite. The Araldite block
and the specimen were placed vertically in an oven at 60°C
for about 30 minutes. By the end of this period, the
Araldite had hardened and the block was ready for cutting

on the ultramicrotome. i

1. Procedure for Coating Copper Grids with Formvar

Before cutting the tissue block on the ultramicrotome,
copper grids {200 mesh, unmarked centre, 3.05 mm) were
coated with 1 percent or 0.5 percent formvar in chloroform.
The formvar was prepared by dissolving 1 mg or 0.5 mg of

the powder in 100 ml chloroform in a stoppered bottle. A
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microscope glass slide was dipped briefly in the formvar
and allowed to dry. The thin film of formvar was floated
from the glass slide onto water in a dish. The grids
were individually laid on the £ilm with the dull side of
the grids in contact with it, The film and grids were
lifted out of water with a filter paper, allowed to dry

and kept in a covered petri-dish. :

m. Secticning of the Tissue i

A trapezium—-shaped block face was made by trimming
off Araldite from the sides and surface of the block until
nerve tissue was reached. Tissue sectioning was done on
Cambridge Huxley ultramicrotome or Reichert's ultramicro-
tome "OM-U3". Glass knives were made on the Knife maker
type 7800 (LKB, Burma) or type 7801A. The knives were
converted into water boats intc witich the cut sections
were fleated. The bhocats were made with pressure sensitive
tape (Scotch) in such a way that the edges of the boat were
completed by the knife edge. Semithin (approximately
1.0 ym) sections were taken and stained with toluidine
blue and examined under the light microscope. The initial
examination ¢of a semithin section was essential in order to

see if ;
i
(1Y the whole cross section of the nerve had been cut,

{(ii) there were holes in the section, and

(iii} the cross section Obtained was perpendicular to
|
the long axis of the nerve.

When the above criteria were satisfied, two or three
| .
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semithin sections were cut and carefully floated onto
strips of glass cover slips. The sections were stained,
labelled and kept away so that they could be used later
tc measure the total cross-sectional area of the nerve
trunk. A ribbon of ultrathin sections (60-80 nm) which
appeared gold or silver was cut cnto the surface of the
water in the boat. Depending on the size of the sections,
two or three sections were floated onto the dull surface
of a formvar—-coated copper grid by lowering the grid into
the water, under the sections, using a pair of tweezers,
and gently floating the sections onto the grid. The grid
was placed on a moist filter paper to dry. Two or three
such grids were prepared from a tissue block from each of

the four vagus nerve trunks taken from each animal.

n. Staining of the Sections

(1) GSemithin Sections

|
|

The sections on the supporting gLass strip were dried
by holding the latter in front of a gentle stream of air
from a hair dryer. The drying was completed on a warm
plate. A drop of toluidine blue stain {Appendix 4.8)
was placed on the sections and the glass strip was placed
on the warm plate until the stain was seen to dry along
the edge of the glass strip, leaving a green deposit.
The elevated temperature produced an adequate intensity
of stain (Ito, 1965%). The glass strip was removed
from the pldte and excess stain washed off with distilled

water. The sections were further washed in a stream of

|
|
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50 percent ethanol in distilled water. They were dried
Oon a warm plate. The glass strip was placed on a micro-
scope glass slide, mounted in DPX mounting medium, and
covered with a cover slip. }
i
{ii) Ultrathin Sections |

|
Frasca and Parks (1965) found that double staining

with uranyl acetate and lead citrate produced more contrast
than either stain alone. It has also been found that
alcoholic solutions of uranyl acetate give better pene-
tration of stain into sections than aqueous solutions,
Therefore these sections were stained in uranyl acetate in
50 percent ethanol in water (Gibbons and Grimstone, 1960;

Epstein and Holt, 1963) and secondarily in lead citrate.

The sections were stained in petri-dishes filled with
dental wax. The surface of the wax was cleaned and
separate drops Of uranyl acetate solution (see Appendix
4.7) were placed on it using a Pasteur pipette. In order
to avoid picking up contaminants from the surface of the
stain, the bulb of the pipette was squeezed firmly before
inserting it into the stain. The first two or three
drops of stain were rejected before putting the drops in
the staining dish. A copper grid supporting the sections,
was floated onto the surface of each drop of stain with
the section surface facing downwards. The petri-dish
was immediately covered to protect the photolabile
urényl écetate from light. The sections were stained

for 15 to 30 minutes. The grids were removed one
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at a time with a pair of watchmaker's tweezers. The
sections were immediately dipped several times in & clean
beaker of distilled water andg furthef washed in a stream
of distilled water, from a wash bottle, for about cne
minuvte. Excess water between the prongs of the tweezers
was removed with a piece of filter paper and the grid was

placed on a moist filter paper to dry.

The sections were next stained in lead citrate
(Appendix 4.8) using a separate wax~filled petri~dish
usually set apart for this purpose. Pellets of sodium
hydroxide were placed in the petri-dish in order to rcmove
carbondioxide (CO,) from the air in the dish. A clean
Pasteur pipette was taken and the bulb sgQueezed at a con-
stant pressure. Briefly lifting the stopper from the
bottle containing the stain, the pipette was inserted well
under the surface of the staining solution. The pre-
cautions were taken in corder to aveid introducing CO, into
the staining solution or removing contaminants from the
surface of the stain. The stopper was quickly replaced
and the 1id of the petri-dish was lifted. Having rejected
the first two or three drops of stain, the required number
of stain drops was quickly squeezed onto the dental wax and
the lid of the petri—-dish was replaced. By using a pair
of watchmaker's tweezers, the grids were floated onto the
surface of the stain drops, replacing the lid of the petri-
dish after each grid transfer. The sections were stained
for two to three minutes and washed, initially by dipping

each grid several times in a clean beaker of distilled



180

|

|
water, and then under the jet of a wash bottle for one
minute. Excess water was removed from the space between
the prongs ©of the tweezers with filter paper, before
placing the grids on moist filter paper to dry. The
grids containing sections from each vagus nerve trunk were
stored together in a clean, dry and labelled petri-dish

lined with dry filter paper. i

!

The procedure has been described in more than usual
detail because a preliminary application of the routine
procedure to the vagus nerves of the rat and ferret gave
good sections in the rat but not in the ferret. Modifi~

cations were therefore made as described above.

. Procedure for Obtaining Electron Micrographs of

Nerve Sections

(i) Electron Microscope

The specimens were viewed under Philips 200 electrxon
microscope. The micreoscope had an in-built camera which
permitted the recording of photographs on 35 mm black and
white films. The sections from each trunk 0f the vagus
nerve were first scanned under low power so that the best
section could be selected for micrography. Sections with
contaminants or holes in the formvar coating were rejected.
The photographs were recorded at a "constant” magnification
(position 8 on the magnification dial). But because the
true magnification often fluctuated with the electron beam
in the microscope, a standard copper grid which contained

2160 lines per mm was photographed at the beginning of each



i 181

I
roll of film and photographic session. The printed
micrograph of this grid was used to calculate the true
magnification of the printed micrographs of the nerve

trunk section. i

|

(ii) Sampling Technigue on the Electron Microscope

A preliminary scanning of sections from cervical and
abdcminal vagus nerves in three normal ferrets showed that
the axens were not randomly distributed in terms of their
calibre, For example, small myelinated fibres tended to
aggregate in one area of the section (Plate 4.1). Pegen-
erated fibres in sections from ferrets which had supra-
nodose vagotomy also aggregated in a limited area of the
saction (Plate 4.2). Therefore it was necessary to use
a sampling method that would not bias any fibre group.

A systematic stratified sampling technique was used
(Weibel et al., 1966; Drs. M. A. Williams and G. H. Cope,
personal communications). The 200 mesh grid on which
the sections were supported, was placed randemly in the
specimen holder o¢f the electron microscope s that the
orientation of the section was random with respect to

the microscope screen. But the grids were adjusted so
that the grid lines could lie vertically and horizontally
on the screen and so correspond with the margins of the
rectangle on the screen which represented the actual area
being photographed. A ready-made stratification of

the section was achieved by using the grid bars. Each

stratum was a square between four grid bars {Figure
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4.2)., Top left and bottom right quadrants of each grid
square were photographed in the case of sections prepared
from the cervical vagal trunks. Despite the incomplete
occupation of some quadrants by axoné when the former fell
ocver the peripheral parts of the nerve trunk, photographs
were taken from them, In the case 0f the sectians taken
from abdominal vagal trunks, photographs were taken from
all guadrants since abdominal wvagal trunks were usually so
small that taking only two sample micregraphs from each

grid sguare would result in too small a sample size.

A similar procedure was used to cbtain sampled micro-
graphs from sections of nerves prepared after supranodose

vagotomy. i
|
i
i
|

p. Micrograph Analysis

The true magnifications of the recorded images on the
films ranged between 1100 and 1200, These were magnified
by a factor of about 6.5 to obtain micrographs of final
magnification between 7000 and 800Q. This magnification
was just high enough to make the smallest axons vigible.
Althcocugh a high enough magnification should be used to
avoid oversampling of small fibres, too high a magnifica-
tion would alsc result in cropping of fibres, especially
large ones (Bronson et al., 1978). Data were collected

from the micrographs using ‘
!
1. Commodcore CBM Computer Model 4032 linked to

a. Commodore CBM 5% inch dual drive floppy

disc, model 4040, !

1
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FIGURE 4.2

This illustrates the sampling technique which
was used to obtain photographs on the electron
microscope. The marked top left and bottom
right quadrants were sampled from cervical
vagus nerves. These quadrants as well as the
unmarked top right and bottom left quadrants
were sampled from ventral and dorsal trunks.
Incomplete frames of nerve tissue were also

included.
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" b. Commodore Tractor Printer 4022, and
C. Bit Pad One (resolution = 0.1 mm),

2. MOP - AMO3 (Kontron Messgeraete GMBH) .

(i) bata Collection with Commodore Computer

A programme was prepared and fed into the computer in
" order to count the non-myelinated axons and obtain two
circumference measurements from each myelinated axon - an
external circumference round the outer edge ©f the myelin

and an internal circumference along the inner edge of the

myelin. The mathematical part 0f the programme assumed
that the myelinated axons were circular. The micrographs
were placed on the Bitpad. A predetermined button on the

cursor was pressed while tracing the inner and outer
boundaries of myelin surrounding the myelinated axons.

The perimeters so measured were displayed in millimetres
on the computer screen. From them, myelinated axon
diameters and myelin thickness were calculated and dis-
played in micrometres and individually stored, A cumu-
lative count of myelinated fibres was also displayed and
stored. Another bhutton was selected and pressed in order
to obtain counts of non-myelinated axons. When all
micrographs in the sample had been analysed, the individu-
ally stored data and total non—-myelinated axon counts were
printed out. By selecting and operating appropriate
parts of the programme, the computer calculated and printed

out histogram figures for the size-frequency distribution
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of myelinated axons with respect to axon diameters and

myelin thickness.

(ii) Data collection with the MOP

The MOP was used tO0 measure the total area of the
sampled nerve tissue (Total Sample Area), and the cross-
sectional area of the corresponding vagus nerve trunk.
The area of nerve tissue in each micrograph in the sample
was measured by tracing the boundary of the tissue with a
stylus. All such areas were added together to give the
total sample area from the nerve trunk. The exact final
magnificaticn of each micrograph was used in measuring

these areas.

A light microscope with a drawing side tube was used
in conjunction with the MOP to measure the crogs—sectional
area of each nerve trunk. A graticule was inserted into
the microscope. The lines of the graticule were relaved
through the side tube ¢f the microscope and superimposed
on a graph paper placed on the Bitpad under the side tube.
With the eyepiece of the microscope fixed, an objective
which had been found to allow the microscope field to
contain the whole nerve cross section was cbosen and kept
constant for all measurements. The magnificatican of the
field was calculated from the super imposed graticule and
graph paper lines. This magnification was fed into the
MOP as a factor for measuring the true cross—sectional

areas of the nerve trunks,
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The image of a semithin section of wheole nerve trunk
was projected through the side tube of the microscope onto
the graph paper. The outline of the inner edge of the
e€pinecurium ©f the nerve trunk seen On the graph paper was
traced with a cursor. The area of each nerve trunk was

printed out in square micrometres.

Micrographs and semithin sections of vagal nerve
trunks from ferrets in which supranodose vagotomy was
done were treated in exactly the same way as those from

normal ferrets.

q. Data Analvsis

The axon profiles in the contralateral cervical vagus
nerve of animals which had unilateral suprancdcse vagotomy,
were normal. Axon counts and measurements from such
normal trunks were pooled with those from animals in the

normal group.

(i) Total Fibre Count

The total number of axons in each nerve trunk was
obtained by adding the number of myelinated and non-

myelinated axons together.

{ii} Proportions of Myelinated and Non-myelinated

Axons

The ratio of myelinated to non-myelinated axons was
obtained by dividing the number of myelinated axons in each
nerve trunk by the number of non-myelinated axons in the
same trunk. The percentagesof myelinated and non~myelinated

axons were found.
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(iii) Measurement of Myelinated Axon Diameter

Some axons were partly cut off by the edge of the
micrograph. All non-myelinated axons which had their
centres within the micrograph were counted. Myelinated
axons which had their complete internal circumference
within the micrograph were measured. The missing parts
of the myelin in such axons were added manually with a

pencil before carrying out the measurements.

The myelinated axons were assumed to be circular
for the purpose of these measurements. Therefore, using

the equation for the circumference of a circle,

2nr = p
where p = circumference measurement
r = radius
and 7 = a constant (3.142).

Dividing both sides of the equation by n gives

2r = B
m

But 2r is the diameter, d, of the circle (axon

in this case).

Therefore axon diameter = E mm

(measurements were primarily in millimetres).

The axon diameters were then converted to um.
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(iv) Measurement of Myelin Thickness

Two circumference measurements were oObtained from
each myelinated axon. The external circumference was
around the outer edge of the myelin whereas the internal
circumference was around the inner edge ©f the myelin
(Figure 4.3). From the external and internal circumfer-
ence measurements, corresponding diameters b and a were
obtained.

Subtracing a from b,
b - a
where

Il

2E
myelin thickness

I

Dividing this by 2 gave the myelin thickness.

(v) Afferent-Efferent Counts and Ratio

{I) Principle for Derivation of Afferent-Efferent

Counts

The vagus nerve is a mixed nerve containing afferent
and efferent axons. These axons cannot be differentiated
from one another under the electron microscope without
differential labelling. One way of counting the two
types of fibres separately is to destroy one and count the
other and vice versa. The abdominal afferent neurons
within the vagus nerve have their cell bodies in the
inferior vagal (nocdose) ganglion. If the vagus nerve is
transected rostral to the ganglion, the efferent fibres,
with their cell bodies in the DMN, will degenerate distal
to the cut. But the afferent fibres distal to the cut
will remain intact because they still maintain contact

with their mother cells. If sufficient time is given for
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FIGURE 4.3

Schematic diagram of a myelinated axon assumed

to be circular for mathematical purposes.

W
if

Internal axon diameter
b = External axon diameter

t = Myelin thickness.



FIGURE 4.3

Myelin
sheath

Outer circumference Inner circumference
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the efferent fibres to degenerate, examination of the nerve
trunk below the cut will show degenerated and intact axons.
Transecting left and right vagus nerves simultaneously
above the inferior vagal ganglion will lead to vagal effer-
ent denervation of vital thoracic and abdominal organs such
as the heart and lungs. The animal may not survive for
long enough te allow all efferent fibres to degenerate.
Therefore alternating unilateral supranodose vagotomy is
done in different groups of animals. If a left supranodose
vagotomy is done, for example, efferent fibres in the LCV
will degenerate leaving afferent fibres only. But because
of the mixing of fibres from LCV and RCV in each of the
abdominal trunks, the ventral abdominal trunk, although it
appears to derive more from the LCV (perscnal observation),

will contain normal efferent fibres from the RCV as well.

(ITI) Mathematical Derivation of Afferent-Efferent

Counts

a. Af ferent-Efferent Fibre Counts in Cervical

Vagus Nerve (Figure 4.4)

Suppose
Total number of axons in LCV = A

Number of afferent axons in
LCV after LSKNV = B

Then
Number of efferent axons
in LCV = A -B

The same approach applies for fibre ccunts in RCV.
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b. Afferent=Efferent Fibre Counts in Abdominal
Vagal Trunks (Figure 4.4)

Suppcese
Total number of axons in ventral trunk = Ay
Total number of axons in dorsal trunk = Ap
After LSNV:
Total number of axons in ventral trunk = Ly
Total number of axons in dorsal trunk = Lp

Ay = Ly = Number of efferent axons in
ventral trunk arising from LCV

Ap = Lp = Number of efferent axons in
dorsal trunk arising from LCV

Af ter RSNV:
Total number of axons in ventral trunk = Ry
Total number of axons in dorsal trunk = Rp

Av - RV = Number of efferent axons in
ventral trunk arising from RCV

Ap - Rp = Number of efferent axons in
dorsal trunk arising from RCV
Therefore
Total number ©of efferent axons in
ventral trunk = (Ay = Ly) + (Ay = Ry)
and
Total number of efferent axons in

dorsal trunk = {Ap = LD) + (Ap - RD)

Subtracting each of these efferent axon counts from the
total fibre count in the corresponding abdominal vagal trunk
gives the number of afferents in each trunk. The different
axon counts were expressed as a percentage of the total

number of axon counts in the corresponding vagal trunk.
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FIGURE 4.4

Schematic diagram to illustrate afferent and
efferent fibre components of the vagus nerve in
the ferret. Diagram I shows the normal cervical

and abdominal vagal trunks.

Af = Afferent fibres

Ef = Efferent fibres

NG = Inferior vagal (Nodose) ganglion
RCV = Right cervical vagus
LCV = Left cervical vagus

DT = Dorsal vagal trunk

VI = Ventral vagal trunk

Ap = Total number of fibres in DT

Ay = Total number of fibres in VT

Diagram II shows the four vagal trunks with a
left supranodose vagotomy (LSNV) and degenerated

distal efferent fibres in LCV, DT and VT.

Lp = DNumber of fibres left in DT
after LSNV
Ly = Number of fibres left in VT

after LSNV
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FIGURE 4.4

Schematic diagram to illustrate afferent and
efferent fibre components of the wvagus nerve in
the ferret. Diagram I shows the normal cervical

and abdominal vagal trunks.

Af = Afferent fibres

i

Ef Efferent fibres

NG = Inferior vagal (Nodose) ganglion

RCY = Right cervical vagus
LCV = Left cervical vagqus

DT = Dorsal vagal trunk

VT = Ventral vagal trunk

Ap = Total number of fibres in DT
Ay = Total number of fibres in VT

Diagram II shows the four vagal trunks with a
left supranodose vagotomy (LSNV) and degenerated

distal efferent fibres in LCV, DT and VT.

Lp = Number of fibres left in DT
after LSNV
Ly = Number of fibres left in VT

after LSNV
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RESUL'TS

a. Qualitative Description of Microscopic Appearance

of Vagus Nerve Fibres

(i) Normal Cervical vagal Trunks

The axons seen in most microscope fields varied a
great deal from one another, in their calibre, although in
certain parts of the cross section, small myelinated axons
outnumbered large ones. The myelinated axons were of
varying shapes. Some were oval whereas others had boom-
erang or crenated shape (sce Plates 4.3 and 4.4). The
profile of a single axon is known to depend on the level
along the axon from which the section is taken (Dyck and
Karnes, 1981). The oval-shaped axons are from the middle
portion of the interncde. The crenated shape is obtained
near the node of Ranvier whereas the boomerang shape is
from an intermediate position between the two. In most
of the irregularly shaped myelinated axons, the areas of
indentation were occcupied by Schwann cell cytoplasm or
nucleus, One Schwann cell was not seen to surround more
than one myelinated axon. On the contrary, three or
even five non-myelinated axons could be surrounded by one
Schwann cell (Plate 4.3). Many non-myelinated axons were
seen which were as large as, Or even larger than, some
small myelinated axens and yet the former are not myelin4
ated. The axons contained large number of neurotubules
and neurofilaments, and were surrounded by bundles of

collagen connective tissue fibre, Some blood vessels
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were seen in the perineurium and epineurium of the nerve

trunks (Plates 4.4 and 4.5).

(ii) Normal Abdominal Vagus Trunks

These trunks were much smaller than the cervical vagal
trunks. Their axons wére almost entirely non-myel inated
(Plate 4.6). The non-myelinated axons were mainly in
groups of two to five surrounded by a Schwann cell, but
some single axon profiles were seen surrounded by separate
Schwann cells. Inside the axons were neurotubules and
neurcfilaments. Some large non-myelinated axons were
present. Blood vessels were also present in the abdominal
vagal trunks. A few myelinated axons were present but

they appeared mainly small.

(iii) Cervical Vagqus Nerve Trunks after Unilateral
Supranodose Vagotomy

After a unilateral supranodose vagotomy, the contra-
lateral cervical vagus nerve was normal. The axons were
similar to those of normal cervical nerves described above.
The ipsi-lateral vagus nerve trunk below the vagotomy site
showed areas of degenerated myelinated and non-myelinated
axons, although the latter were by far the majority.

Plate 4.2 shows the tendency for degenerated axons to aggre-
gate in a part of the cross section of the nerve, These
axons had lost their outline and intra-axonal structures
could not be identified. Plate 4.7 shows the broken down

myelin sheath of a degenerated myelinated axon. Schwann
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PLATE 4.1

Light micrograph of a cervical vagal trunk
showing the non-uniform distribution of myelinated
(My-Ax) and non-myelinated (N-Ax) axons. Non-
myelinated axons are seen aggregated along the
epineurium (Ep) in the top right section of the

nerve trunk.

Ves = Blood vessel

Magnification = x 150
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PLATE 4.2

Electron micrograph of left cervical vagal
trunk after left supranodose vagotomy showing non-
uniform distribution of afferent and efferent
fibres. Afferent fibres remained normal after
vagotomy and are seen collected at the top right
corner of the micrograph (normal side of the line).
On the "degenerated" side of the line, degenerated

fibres are predominant.

deg = degenerated axon
Per = perineurium
Nu = Schwann cell nucleus

Magnification = x 10100
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PLATE 4.3

Electron micrograph of a cervical vagal trunk

showing a variety of shapes of myelinated axons

(My-Ax) .
Ov = oval-shaped myelinated axon
Bo = boomerang-shaped myelinated axon

A Schwann cell (Sch5) is seen surrounding up
to five non-myelinated axons (N-Ax) and another one

surrounding only one non-myelinated axon (Schl).

Magnification = x 10700



PLATE 4.3
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PLATE 4.4

Electron micrograph of cervical vagal trunk
showing a crenated-shaped (Cr) myelinated axcn

and a blood vessel (Ves) in the perineurium.

Col = collagen fibres cut transversely and

obliquely.

Magnification = x 9700



PLATE 4.4
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PLATE 4.5

Electron micrograph of cervical vagal trunk
showing a blood vessel (Ves) containing a phago-

cytosed nucleus of a Schwann cell (Nu).

Magnification = x 12500



PLATE 4.5
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PLATE 4.6

Electron micregraph of abdominal vagal trunk
showing predominantly non-myelinated fibres (N-Ax).
One myelinated axon (My-Ax) only is seen in this

field.

Magnification = x 11400



PLATE 4.6
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PLATE 4.7

Electron micrcgraph of cervical vagal trunk
after supranodose vagotomy showing a degenerated

myelinated fibre (Deag.My).

Magnification =x 16000
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PLATE 4.8

Electren micrograph of cervical vagal trunk
after supranodose vagotomy showing a group of
non-myelinated fibres, some of which are degenerat-
ing (deg) while one in the group remains normal
(nor) . An intact nucleus of Schwann cell ({Nu)
is seen when the non-myelinated fibres surrounded
by its cytoplasm have degenerated. Degenerated
axons (deg) are again seen preferentially located

together on the left side of the micrograph.

Magnification = x 9100



PLATE 4.8
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cell nucleil were intact even when the axons which were
surrounded by their cytoplasm had degenerated (Plate
4.8) . But Plate 4.5 shows the nucleus of a degenerated

Schwann cell which was phagocytosed by blocd macrophages.

{iv) Abdominal Vagqus Nerves after Unilateral

Supranodose Vagotomy

They contained normal as well as degenerated axons.
The degenerated axons were scanty and not uniformly dis-
tributed throughout the section. In a group of non-
myelinated axons surrounded by one Schwann cell, one or
more axons might remain intact when others had degenerated

(Plate 4.8).

b. Total Fibre Composition 0of the Vagus Nerve

(i) Cervical Vagal Trunks

Tables 4.2 and 4.3 show that the total number of axons
in the lower part of the LCV is 27,273, and 28,356 at the
same level in the RCV, Although the RCV shows a slight
increase in the number of fibres above the LCV, this differ-

ence dcoes not reach statistically significant 5 percent level.

{(ii) Abdominal Vagal Trunks

The total number of axons in the ventral trunk is 9,457,
and 17,657 in the dorsal trunk. The total number of axons
in the two abdominal trunks is 27,114 which is about: 50
percent of the total number ©of fibres in the two cervical
vagus nerves. The ventral trunk ccntains 35 percent of all

axons in the abdominal trunks (Tabkles 4.2 and 4,b3).
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TABLE 4.2

Shows the normal myelinated and non-myelinated
fibre counts in 9 animals. Fibre counts with an
asterisk are pooled results from six animals with
unilateral supranodose vagotomy - the left cervical
¢c¢ounts from 3 right supranodose vagotomy animals and
right cervical counts from 3 left supranodose vagotomy
animals. Fibres in the ventral and dorsal trunks of
these post-vagotomy animals could not be pooled with
normal fibre counts because they contained degenerated

as well as normal fibres.
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TABLE 4.3

The percentage distribution of myelinated and
non—-myelinated fibres in the vagus nerve trunks of
the ferret. The numbers shown are mean and standard

error of the mean.
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c. Proportion of Myelinated and Non-myelinated Axons

(i} Cervical Vagal Trunks

The ratic of myelinated to non=-myelinated axons in
the LCV is 1:6 (Table 4.3). The myelinated axons are
about 15 percent of all axons in that trunk. The ratio
of myelinated to non-myelinated axons in the RCV is 1:7
and the myelinated axons form only about 12 percent of all
axons in the trunk. The difference seen between the pro-
portions of myelinated and non-myelinated axons in the two
trunks does not reach statistically significant levels.
The myelinated axons in the left and right cervical vagal
trunks form only about 13 percent of all axons in those

trunks.

(ii) Abdominal Vvagal Trunks

The ratic of myelinated to non-myelinated axons in
the ventral trunk is 1:;160 (Table 4.3)}. Myelinated axonsg
in this trunk are less than 1 percent of its total number
0f axons. For every myelinated axcon in the dorsal trunk,
there are also 160 non-myelinated axons. Although the
number of myelinated axons in DT is higher than that in
the ventral trunk, fthe number of non-myelinated axons in
the DT is proportionately higher than the corresponding
number in the VT, Therefore myelinated axons in the
dorsal trunk are also less than 1 percent of the total
number of axons in that trunk. When.the two abdominal
trunks are taken together, myelinated axons form only

0.6 percent of all axons in the two trunks.
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d. Myelinated Axon Diameter Spec¢trum

{i) Cervical vagal Trunks

Figures 45 and 4.6 are histograms showing respectively,
the size-~frequency distribution of myelinated axons in the
LCV and RCV and in both cervical trunks together. They
all show a unimodal distribution with a distinct peak at
2 to 3 um diameter. The distribution of the myelinated
axons on either side of the peak is similar in the left and
right cervical vagal trunks separately, and together,.
Figure 4.6 shows that about 90 percent of all myelinated
axons in the cervical vagal trunks have diameters ranging
from 1 ym to 5 pjm. The largest axon diameter seen was
13 ym but those greater than § ym were only about 0.2 per-
cent of all myelinated axons. A few myelinated axons
with diameters less than 1 uym were seen but they were less
than 1 percent of all myelinated axons in the cervical

vagal trunks.

{(ii) Abdominal Vagal Trunks

The size-freguency distribution of myelinated axons
in the VT and DT is similar to that seen in the cervical
vagal trunks with a unimodal distribution and a peak at
2 to 3 um (Figure 4.7). Ninety-three percent of all
myelinated axons in the ventral trunk have diameters
between 1 and 5 ym whereas 86 percent of myelinated axons
in the DT have diameters between 1 and 5 yum. When both

vagal trunks are taken together, 90 percent of all
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myelinated axons have diameters between 1 and 5 um (compare
90 percent in the cervical trunks). In the VT, the larg-
est axon seen had a diameter of 7 um and those with
diameters below 1 um form 1.7 percent 0f all myelinated
axons in that trunk. There is an increase in the number
of myelinated axons with diameters below 1 um to 8.2 per-
cent of all fibres in the DT, and the largest axon seen in

this trunk had a diameter of about 10 um.

e. Relationship between Axonal Diameter and Myelin

Thickness

Myelinated axons with diameters below 1 um were seen.
The thickness of myelin sheath increased as axon diameter
increased from 1 um (Figqure 4.8). This direct linear
relationship has a correlation coefficient of (0.79. It
appears that an S-shaped regression curve will fit the
Flotted points better so that the direct relationship
between axon diameter and myelin thickness becomes more
emphasised when the axon diameter is abowve 3 um. Wherecas
the latter is true, the regression equation for such a curve
does not give a statistically improved correlation co-
efficient. In absolute terms, myelin thickness in larger
diameter axons is greater than in small myelinated axons.
But in relative terms, the ratio of myelin thickness to
axon diameter is higher in small than in large myelinated

aAxXons.



209

FIGURE 4.5

Size frequency distribution of myelinated fibres

in left and right cervical vagus nerves in normal

animals.
A = Left cervical vagus nerve
B = Right cervical vagqus nerve
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FIGURE 4.6

Size frequency distribution of myelinated axons
in left and right cervical vagus nerves combined.
No previous vagotomy was done in this group of
animals. Therefore the myelinated axons were a

mixture of afferents and efferents.
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FIGURE 4.7

Size frequency distribution of myelinated axons

in ventral (A) and dorsal (B} trunks of vagus

nerve. These data are for afferent and efferent

fibres in normal nerve trunks,
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FIGURE 4.8

Scatter diagram showing the relationship between
axon diameter and myelin thickness in cervical
vagal trunks. The linear relationship with a
regression equation of y = 0.23 + 0.11x has a

correlation ccefficient of 0.79.
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diameter. Supranodose vagotomy did not alter the relation-

ship between axon diameter and myelin thickness.

{ii) Abdominal Vagal Trunks (Figure 4.10)

In the abdominal trunks, the size-freguency distribution
of surviving myelinated fibres in the dorsal trunks after
either left or right suprancdose vagotomy remained similar to
that seen in normal nerves. The peak of these unimodal
distributions remained at 2 to 3 um diameter. The distri-
bution of surviving fibres in the ventral trunks is different
from the normal pattern. But these fibres are very few and
this fact may be responsible for the different pattern seen.
In spite of the mixing of fibres from RCV and LCV in the
thoracic plexus, each cervical vagus nerve seems to have
contributed fibres of similar range of calibre to both

abdominal wvagal trunks.
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TABLE 4.4

Shows the myelinated and non-myelinated fibre
counts in 3 animals with left supranodose vagotomy.
The fibres counted in the left cervical trunk are
all afferent whereas the right cervical and abdominal

trunks contain both afferent and efferent fibres.
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TABLE 4.5

Shows the fibre counts in 3 animals with
right supranodose vagotomy. Whereas the fibres
in the right cervical trunk are afferents, the

remaining three vagal trunks contained afferent

and efferent fibres.
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TABLE 4.6

Percentage distribution of afferent and efferent
fibres in vagus nerve trunks. These results were
obtained by deducting the mean fibre counts in animals
with supranodose vagotomy from the mean fibre counts
in normal animals. The number of efferent fibres in
each trunk could not be derived from a single animal
since unilateral supranodose vagotomy only was done.
Therefore Standard errors of the mean could not be

calculated.
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TABLE 4.7

The percentage distribution of afferent and efferent
fibres within the myelinated and non-myelinated fibre

groups of the vagus nerve.
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FIGURE 4.9

Size frequency distribution of myelinated fibres
in left and right cervical vagal trunks after

supranodose vagotomy. Afferent fibres only are

present.
A = Left cervical vagus
B = Right cervical vagus
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FIGURE 4.10

Size frequency distribution of myelinated fibres
in ventral and dorsal vagal trunks after left

supranodose vagotomy and after right supranodose

vagotomy.

A = Ventral trunk after left supranodose
vagotomy

B - Dorsal trunk after left sypranodose
vagotomy

C = Ventral trunk after right supranodose
vagotomy

D = Dorsal trunk after right supranodose

vagotomy
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DISCUSSION

ELECTRON MICROSCOPIC ANALYSIS OF
VAGUS NERVE FIBRE COMPOSITION

Until recently, the evaluation of fibre populations
of nerves was performed by light microscopy with osmium-
or silver-~impregnated preparations. This technique may be
suitable for the examination of myelinated fibres, but it
is not adequate for the evaluation of the non-myelinated
fibres which are usually underestimated because of their
generally small size (Bronson et al., 1978; Mei et al.,
1980). The use of electron microscope has its own problem
especially when fibre analysis is to be carried out on
micrographs. It is usually impossible to photograph the
whole of the tissue section. Therefore a reliable sampling
technique which will eliminate bias has to be used to obtain
representative micrographs. This is even more important if
the fibres are not distributed uniformly throughout the
section, since an inappropriate sampling technique can lead
to oversampling of certain groups of fibres and under-
sampling of others. When this happens, the result obtained

can have no biological significance.

Nervous tissue, unlike most other tissues in the body,
is highly sensitive to hypoxia. These other tissues may
maintain their normal cytoarchitecture when samples are
taken from them for fixation minutes after the animal has
died. But the nervous tissue has to be fixed as soon as
possible after death. Better results are obtained if
fixation is partly done before the death of the animal.

Two alternative methods are available for partly fixing
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peripheral nerve tissue before the death of the animal,

The animal may be perfused first with the diluted form of
the appropriate fixative, and then with the normal osmolar
concentration cf the same fixative, or the latter may be
laid on the nerve for a few minutes with the animal under
anaesthesia (Mei et al., 1980). One possible problem

with perfusion fixation is that if bloocd is not washed out
of the vascular system before it clots or if the entry of
fixative into the blood vessels causes vasospasm, the ultra-
structure of the tissue may not be well preserved even in
the presence of gross evidence of fixation such as muscle
rigidity and joint stiffness. In order toc prevent clot
formation and vasospasm, the vascular system is first washed
out with normal saline. When fixatives are laid on a nerve
trunk for a few minutes, the nerve is only partly fixed.

If it is not handled with care or not completely submerged
under fixative for the rest of the fixation period, the

tissue may not be satisfactorily fixed.

Nerve tissues are also very sensitive to changes in the
osmolarity of the fixative and especially the buffer solution
(Arborgh et al., 1976). Holland's (1982) study of myelinated
axons in the rat showed that nerve profiles increasingly
deviate from a true circle with increasing concentration of
the buffer solution. He was, Oof course, not suggesting that
choosing the right osmolarity for the animal would give axon
profiles that would be true circles. Myelinated axon pro-

files are only rarely true circles (Duncan, 1%934; Gutmann
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and Sanders, 1943; Karnes et al., 1977; Fraher, 1980).
Dyck and Karnes (1981) further showed that the shape of
axon profiles depends on the level along the axon from
which the section is taken. The nearer the section is

to the node of Ranvier, the more the axon profile deviates

from a circle.

Other factors which may affect the final morphometric
result are the temperature and pH of the fixative solution
(Dyck and Karnes, 1981). At high temperatures (within
the physiological limits of the animal), tissues are more
rapidly and effectively fixed (Carson et al., 1972). The
final pH of the fixative solution should also be within
the physiological range of the animal. Another factor
that affects the morphometric result from myelinated fibres
is whether or not the tissue section is truly transverse.
If it is not, measured axon diameters and myelin thickness
will be greater than their true values. The adverse
effect of measuring oblique axon profiles is of course
minimised if the section is very thin (Dyck and Karnes,
1981). For this reason, ultrathin sections 60-80 nm thick

were used in these experiments.

In summary, the morphometric result obtained from
myelinated axons will depend on the osmolarity, temperature
and pH of the fixative solution as well as on the method of
application of the fixative tO the nerve segment, that is,
by immersion of the tissue in fixative in a specimen bottle,
laying of the fixative on the nerve in situ or perfusion

fixation. If the final effect of the above is to cause a
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shrinkage or swelling of the axons, the axon diameters and
myelin thickness will be under~ or over-estimated respec-
tively. How far the measured axon calibres deviate from
their true values will depend on what calibre estimate is

used. One of several methods may be used,

1 Axon circumference;

2. Axon cross—-sectional area;

3. Hypothetical axon diameters derived from either
axon area or circumference; and

4. Comparison of the smallest diameter of the axons.

Circumference values remain relatively unaffected by altera-
tions in buffer molarity, the major effect of increasing or
decreasing buffer concentration being a change in shape
(Holland, 1982). Bronson et al. (1978) have also argued
that since the circumference of a tube is unchanged when

the area is reduced by compression, circumference is a
better measure of axon size. Since most authors ﬁave used
axon diameters as a measure of axon size, it would be
profitable, for the sake of being able to make useful com-~

parisons, to derive axon diameters from axon circumference.

When computers and other electronic equipment are used
tc measure axon diamters and myelin thickness, care must be
taken to ensure that the machine actually measures what it
is designed to measure and that axons are not counted or
measured twice. Whatever method is used to include or
exclude incomplete axon profiles at the edge of the micro-
graph should be strictly adhered tc throughout the measure-

ments. Inconsistencies can readily invalidate the result.
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The animals in which supranodose vagotomy was done
were allowed to survive for three weeks before being
sacrificed. This survival period was found to be long
enough to permit the efferent fibres to degenerate
sufficiently for them to be readily recognised. A
sufficiently long survival time is essential because any
confusion as to what is degenerated axon and what is not,
will result in inaccurate estimations of afferent and

efferent counts.

The fibre spectrum of the vagus nerve in the ferret
does not appear to have been determined. Comparison can
therefore only be made with results from other animals.
The total vagal fibre count in the ferret varies from one
animal to the other. This is consistent with the observa-
tions in the rat and cat (Mei et al., 1980). For example,
the left cervical vagal fibre counts in eight ferrets ranged
from about 20,000 to 33,000 (Table 4.2). The cervical
vagus nerve in the ferret is unifasciculus, therefore all
fibres can very easily be included in the section. This
means that the variation between fibre counts in different
animals is unlikely to be due to the exemption of some fibres
from one cervical trunk and not from the other. It may be
that total abdominal vagal fibre counts depend on stomach
size such that animals with low fibre counts have small
stomachs with the result that the proportion of nerve to
stomach remains the same. Stomach weights were not recorded in

this group of animals but this study shows that there is no
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correlation between animal weight and total abdominal

vagal fibre counts in the ferret.

The total fibre counts in the LCV, RCV and both trunks
combined are much higher than the corresponding values
obtained by light microscopy for the cat (Foley and Dubois,
1973; Jones, 1973; Agostoni et al., 1957), rabbit (Evans
and Murray, 1954) and man (Schnitzlein et al., 1958).

This supports the claim that underestimation of small fibres
is the rule when light microscope is used. For example by
using light microscope, 34,300 fibres were counted in both
cervical vagus nerves of the cat compared with 55,600 fibres
in the corresponding vagus nerve trunks of the ferret using
electron microscope. The total fibre count in the LCV is
not significantly different from the count in the RCV in

the ferret. This is consistent with the result of stimula=-
tion of right and left cervical vagus nerves which produced

intragastric pressures of egual amplitude.

In the ferret, the total number of fibres in both
abdominal vagus nerves is about 27, 000. This is similar to
the corresponding fibre count in the rabbit (Evans and Murray,
1954) and the cat (Agostoni et al., 1957). Only half of the
fibres in the cervical vagus nerve reach the abdomen. The
remaining half take part in the autcnomic innervation of such
structures as the heart, lungs, larynx and pharynx. Unlike
in the dog where Kemp (1973) using electron microscope
techniques found identical numbers of fibres in ventral and
dorsal vagal trunks, the ventral trunk in the ferret contains

only 35 percent of all fibres in both abdominal trunks.
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This is due to the fact that the VT which derives partly
from the LCV gives the crossing branch to the DT. But
this finding in the ferret is compatible with the observa-
tion that the DT innervates a greater area of the stomach
than the VT. It is recognised that not all fibres counted
in the abdominal trunks at the level of the diaphragm go to
innervate the stomach, Some branches leave the VT to
innervate the liver and its derivatives while the DT sends
the largest of its branches to the coeliac plexus (Mackay
and Andrews, 1983). In spite of this, it is possible that
the number of DT fibres that finally reach the stomach is
higher than the number of fibres from the VT. If this is
true, it could explain the greater responsiveness of the DT
to cervical vagal stimulation as well as the larger area of
stomach innervated by the preganglionic efferent fibres of
the dorsal trunk. The truth will only be known if the
branches of the vagus nerve that finally reach the stomach

can be selectively studied.

The cervical vagus nerve is composed mainly of non-
myelinated fibres. By virtue of the fact that these fibres
are devoid of myelin, their conduction velocity is slower
than it would have been if they were myelinated. This
velocity would of course be influenced by the diameters of
the axons which, although not quantified in these experi-
ments, were observed tc be small. The abdominal vagal
trunks contain an even high percentage of non-myelinated

fibres than the cervical vagal trunks, Whereas 87 percent
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of all fibres in the cervical vagal trunks are non-
myelinated, 99 percent of all fibres in the abdominal
trunks are non-myelinated. This implies that the vagal
trunks give relatively more myelinated fibres to cervical
and thoracic structures than non-myelinated fibres. For
example only 2 percent of myelinated fibres in the cervical
vagus nerve reach the abdomen. This is less than the 6
percent found by Schnitzlein et al. (1958) in the vagus
nerves of man. This large number of small non-myelinated
fibres in the cervical and abdominal vagal trunks explains
why in vivo recording of the compound action potential from
the vagus nerves of anaesthetised ferrets revealed the
presence of a large component with a latency appropriate

to conduction in C-fibres (Mackay and Andrews, 1983).
Similar results have been obtained in the dog (Kemp, 1973).
It also explains previous demonstrations that the abdominal
vagus nerve in the ferret contained efferent fibres with a
conduction velocity of 1.20% 0.29 m/sec (Andrews, Fussey
and Scratcherd, 1980), and afferent fibres, originating
from the stomach, with a conduction velocity of 0.91 *+ 0.21
m/sec (Andrews, Grundy and Scratcherd, 1980). These
figures fall within the range of conducticn velocities
(0.15 m/sec to 3.9 m/sec) of the majority of fibres in the
abdominal vagus nerves of man (Andrews and Taylor, 1982).
This is an added factor in favour of the suitability of

the ferret as a model for studying the structure and

function of the vagus nerve in man.
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The vagus nerve of the ferret, both at cervical and
abdominal levels, ccnsists mainly of afferent fibres. In
the cervical wvagal trunks, only about 12 percent of all
fibres are efferent. This is much less than the corres-
ponding figure of 20 to 35 percent obtained in the cat by
Foley and Dubois (1937). But these authors took their
samples from the upper cervical level and therefore probably
included fibres that were destined for the largely myelinated
recurrent laryngeal nerves (Dubeis and Foley, 19%35; Evans
and Murray, 1954; Murray, 1257). Efferent fibres in both
abdominal trunks form 6 percent of all fibres in those
trunks. This confirms Kemp's {1973) finding in the dog that
the contribution of efferent fibres from the medulla to

abdominal vagal trunks is small.

Although 5 and 8 percent of dorsal and ventral trunk
fibres respectively are efferent, in absolute figqures, both
trunks contain similar numbers of efferent fibres whereas
the DT contains nearly twice the number of afferent fibres
in the VT. But DTV resulted in a greater lcss of function
as shown by the intragastric pressure response to cervical
vagal stimulation. The same trunk was found to innervate
a greater proportion of the stomach wall. If majority of
these afferent fibres reach the stomach, then their role in
the control of gastric motility needs to be explained.
There are two possible explanations for these contrasting
findings. Firstly, the efferent fibres in the DT may branch
more profusely as they approach their target cells in the

myenteric plexus and s0 make synaptilc contacts with more
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intramural ganglion cells than the VT, But there is no
reason why efferent fibres in the DT alone should do this.
Secondly, the effect of afferent, rather than efferent,
denervation may play a greater role in the gastric func-
tional loss that was recorded. This will imply that in

the intact vagus nerve, the afferent fibres from the stomach
play a more important role in the regulation of gastric
motility than efferent fibres, This seems to be a reason-
able proposition because as was explained in the introductory
chapter, the intrinsic nervous gystem is the more important
nervous component for the control of gastric motility, with
the extrinsic parasympathetic (vagal) and sympathetic nerves
serving as mediators of central influence. Much of the
normal stimuli for gastric muscle and glandular activity
arise from within the gastro-intestinal lumen. The affer-
ent fibres are therefore actively involved in mediating the
resulting impulses to the rest of the intrinsic nervous

system and the regqulatory centres in the CNS.

The unimodal distribution of myelinated axon diameters
of the vagus nerve of the ferret is consistent with a
similar pattern of distribution seen in the vagus nerve of
the cat (Burgh K Daly and Evans, 1953). In animals; such
as the rat, with bimodal distribution of wvagus nerve axon
diameters (Bronson et al., 1978), the second peak is usually
in the large diameter range {larger than 10 um). But less
than 1 percent of the myelinated axons in the vagus nerve

0f the ferret have diameters above 8 um,. It could therefore
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be that the second peak is lost as a result of large
myelinated axons forming vagal branches high up in the neck
or such large diameter axons simply do not exist in the
vagus nerve of the ferret and some other mammals. The
latter suggestion is further strengthened by the demconstra-
tion of a unimodal distribution of axon diameters in the
vagus nerve of the cat at suprancdose and infranodose

levels (Mei et al., 1980).

The majority of the myelinated fibres in the vagus

nerve of the ferret, by virtue of their calibre, fall within
the range of Ag fibres (see Table 4.1). Nevertheless, it

is conceivable that compound action potentials with latency
consistent with conduction in C-fibres were obtained from
the majority of vagus nerve fibres in the ferret (Mackay and
Andrews, 1983). This is because these large, Ag, myelin-
ated fibres are very few compared with the generally smaller,

non-myelinated C fibres (Mei et al., 1980).

Myelinated fibres less than 1 pm in diameter are said
to be rare in the peripheral nervous system {(Rushton, 1951)
whereas myelinated fibres as small as 0.2 pm exist in the
CNS (Waxman and Bennett, 1972). But in the vagus nerve
of the ferret, myelinated fibres less than 1 ym diameter
were seen, but they form a very small percentage of all
myelinated fibres. Although non-myelinated fibres were not
measured in this experiment, some of these fibres were
cbserved to be larger than some small myelinated fibres,
hence there is an overlap in the spectrum ©of the non-

myelinated and myelinated fibres (Mel et al., 1980).
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Therefore the size of a fibre is not the only determinant

of whether or not it is myelinated (De Neef et al., 1982).

The relationship between axon diameter and myelin
thickness shows that myelin increases only slowly in thick-
ness with increasing axon calibre up to 2 to 3 um. After
this level, myelin thickness increases more rapidly with
increasing axon diameter. This is in support of Rushton's
(1951) conclusion from Hursh's (1939) data on cat peripheral
nerve fibres that there is a critical level of axon diameter
(1 um) when myelination begins to be of advantage in terms
of nerve conduction. In other words, in the lower part of
the myelinated axon spectrum, the calibre of the axon plays
greater role in conduction than the myelin thickness. In
fact in myelinated fibres less than 1 ym diameter, the
presence of myelin becomes a disadvantage and will conduct
less rapidly than a non-myelinated fibre of the same calibre
(Waxman, 1983). The explanation for this comes from the
studies by Brill et al. (1977) and Ritchie and Stagg (1982)
in which they found that there is an optimal ratio between
internodal distance and axon diameter in terms of maximizing
conduction velocity at any given diameter. Ratios higher
than the optimum value result in decreased conduction velo-
city. Ritchie (1982) noted that there is a minimal inter-
nodal length of no less than 200 uym in the peripheral nervous
system (compared with 10 uym in the CNS). This means that
internodal length is not entirely related to axon diameter

in a linear fashion. Thus at the minimal internodal length,
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axon diameters less than 1 um will give a higher inter-
nodal length/axon diameter ratio which will result in

reduced conduction velocity.



CHAPTER FIVE

GENERAL DISCUSSION
AND CONCLUSIONS




234

GENERAL DISCUSSION

Intragastric pressure changes in response to cervical
vagal stimulation were used as an indirect method of study-
ing gastric motility changes in response to acute and
chronic abdominal trunk vagotomy. Acute and chronic ventral
trunk vagotomy did not have significant influence on gastric
motility whereas chronic dorsal trunk vagotomy resulted in a
significant recovery of acutely diminished gastric motility.
This may be due to the fact that the ventral trunk efferent
fibres innervate a smaller area of the stomach than the
dorsal trunk, so that the functional loss following VTV is
minimal. If this is true, then gastric motility does not
have much recovery to undergo. The finding of equal num-
bers of efferent fibres in both ventral and dorsal trunks
does not support the differential distribution of these
fibres in the gastric wall. But this may be because the
number of efferent fibres is so small and so varied from
one animal to the other that a large number of animals will
be needed in order to obtain more reliable figures. It is
also true that the fibres counted at the level of the dia-
phragm do not all reach the stomach. In which case, if
the fibres that reach the stomach are selectively counted,
the differential distribution of the two abdominal trunks
may be supported by the number of fibres they contain, On
the other hand, the afferent fibres may be playing a more
important role than has hitherto been realised. It has
always been assumed that when the distal end of an acutely

transected cervical vagus nerve 1is stimulated, the efferent
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fibres only are contributing to the gastric response. BUL
it may in fact be that there is antidromal stimulation of

the afferent fibres as well,.

It appears that an initially marked vagal functional
loss is essential if a good level of recovery after chronic
vagotomy 1is to take place since it was only after chronic
DTV that there was a significant degree 0f recovery. The
stimuli which initiate functional recovery must be closely
related to the end-products of vagotomy or gastric denerva-
tion. Following vagotomy, the distal portion of the nerve
degenerates and the appropriate portion of the stomach loses
the efferent bombardment which it normally receives from the
vagus nerve. The stomach then undergoes appropriate
changes which will enable it t0 recover the lost function.
The greater the loss, the greater the changes the stomach
underqoes. It beccmes hypersensitive to normal levels of
circulating neurotransmitter and may release sprouting
factor which will stimulate the proximal part of the tran=-
sected nerve and other surviving, adjacent nerves to sprout.
The transected nerve, on the other hand, loses its power to
suppress the normal tendency to sprout that resides in the
adjacent intact nerves. A combination of these factors

among others probably leads to recovery of gastric motility.

One of the main aims of this study was to relate the
possible factors which are contributory to the recovery of
gastric motility to different periods in the time course of

this recovery. Although no definite cause-effect has been
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Proved, the following relationships are proposed (see

Figure 5.1).

The recovery that was noted from the third day to the
fourth week might be partly due to hypersensitivity of
gastric muscle. But it is not known precisely when it
stops being effective in the ferret. It might have con-
tributed, to a limited extent, to the recovery in the third
menth, Regenerative sprouting contributed to the recovery
of gastric motility three months after VIV, If the cut
ends ¢of the DT were approximated, this form of sprouting
might have been seen after DTV, Reactive sprouting was
not demcnstrated in these experiments. It may be that the
experimental technique failed to detect it, or it may
require a lconger time than three weeks for it to be com-
plete. But if reactive sprouting does take place and as
guickly after vagotomy as it does in some areas of the CNS,
then it could have contributed to the full recovery noticed
from the seventh day on. Also contributing to the recovery
from the fifth day on is the decreased smooth muscle resting
tone which has been shown to0 have an inverse relationship
with vagally evoked gastric smooth muscle contraction, The
muscle fibres themselves may be hypertrophic, a mechanism
which can make the stomach contract more than it wouald have

done in response to the surviving vagal fibres.

Estimates of fibre counts are at best an approximation
to the true values in s0 far as only sampled porticons of

the nerve trunks are counted. If computer-based image
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FIGURE 5.1

Schematic illustration of possible mechanisms
which may be contributory to the recovery of
gastric motility at various times after partial
vagotomy in the ferret. The broken lines
indicate periods when it is most uncertain how
much the corresponding mechanism contributes to

the recovery. Three months equal 84 days.
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analysis methods (Dyck and Karnes, 1981) are used in place

of expensive and time=-consuming micrograph analysis, it may
be possible to count all fibres. The vagal efferents are
very few and slowly conducting. This is probably because
gastric motor control dees not depend exclusively on the
extrinsic efferent nerves. The intrinsic nervous systen
appears to be the main control centre and structural changes,
such as reactive sprouting, which may be contributory to the
functional recovery may be at the level of the intrinsic

nervous system. ' :

As pointed out in the introductory chapter, the vagus
nerve is very important to man because of its involvement in
the pathophysiology of duodenal ulcer. It is cut frequeﬁtly
in ducdenal ulcer patients. But in spite of adeqguate
vagotomy at the time of operaticn, ducdenal ulcgr recurrences
are seen. If the transected vagus nerve of maﬂ recovefs
structurally and re-innervates the parietal cells, then the
long term value of selective vagotomy in the treatment of
ducdenal ulcer is put in doubt. But since ulcer recurrence
does not take place in all patients, it may be that the rest
that vagotomy glves to the gastric mucosa enables the majority
of ulcers to heal and become less susceptible to the effects
of subsequent increases in gastric acid and of other factors
contributory to the causation of duodenal ulcers. In the
absence of better, more permanent and acceptable forms of
treatment, selective vagotomy remains the definitive treatment,

especially of ulcers that do not respond tc drug treatment.
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But conscious efforts must at least be made when vagotomy
is done, to discourage regenerative sprouting which has
been shown to take place in the ferret. This may be done
by removing long segments of gastric branches of the vagus

nerves. IR - o i

A ccnsiétentufinding in the distributioﬂ of the ﬁagal
branches in the wall of the stomach is that the innervation
of the ventral and dorsal walls nearer the lesser curvature
is.less than the greater curvature. If this pattern is
confirmed by a more detailed quantitative study of vagal
gastric innervation, it c¢ould mean that some of the fibres
seen tc go to the lesser curve pass through to distal
structures without entering the myenteric plexus. Such
fibres of passage have_been described by Odekunle (personal

. . |
communications). ' o
o o I
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CONCLUSIONS

.
. b
The main aims of this work were as follows:-

1. tc see if there is vagal functional recovery following

chronic unilateral abdominal vagotomy in the ferret;
2. to determine the time course of such a recovery:

.3. to see if there are any changes in the distribution
of the surviving wvagal trunk in the stomach wall

o
following unilateral abdominal vagotomy, and

4. te determine the afferent-efferent and myelinated-
non~myelinated axon ratios in cervical and abdominal
trunks of the vagus nerve and correlate these with

relevant findings in the above objectives.

g ) i
“to. 1

Thé first twolaims wére attemptéd using physiological

E techniques which measured intragastric pressure responses
to cervical vagal stimulation. The ventral vagal trunk

was found not to significantly influence evoked intra-

' gastric pressure. But acute dorsal trunk vagotomy produced
a marked loss of evoked intragastric pressure, Five days
_after dorsal trunk vageotomy, the intragastric pressure

| returned te normal. Vagal functional recovery was there~
fore shown to occur five days after dorsal trunk vagotomy

in the ferret,

Using autoradicgraphic techniques at light microscope
level, the ventral vagal trunk was found to innervate the

whole of the ventral wall of the stomach whereas the dorsal
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vagal trunk innervated all of the dorsal wall as well

as the ventral wall of the antrum and pylorus. This
pattern of distribution suggests that the widespread
distribution of the dorsal trunk may be responsible for
the greater loss of vagal function after acute dorsal
trunk vagotomy. But a detailed enough quantitative

study of tritium labelled axons was not done to permit
any conclusive statement on the density of ventral and
dorsal vagal preganglionic fibres in the myenteric plexus.
Three weeks after unilateral abdominal vagotomy, there was
no change in the pattern of distribution of the vagal
trunks. Regenerative sprouting was demonstrated follow-
ing chronic ventral trunk vagotomy but not after chronic
dorsal trunk vagotcmy. Therefore no explanation could

be given for the vagal functional recovery that has been
demons trated. Reactive sprouting was not demonstrated in

vagal preganglionic fibres.

The electron microscope study of fibre ratios in the
vagus nerve of the ferret showed that the numbers of
afferent and efferent fibres in the cervical trunks are
similar. This supports the fact that intragastric
pressures of equal amplitude were obtained in response to
left and right cervical vagal stimulations. The total
number of fibres in the dorsal trunk was twice those in
the ventral trunk. The number of efferent fibres in the
two trunks are equal. Therefore the dorsal trunk is

overwhelmingly afferent. Although the fibre counts were
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done at the level of the trunk rather than within the
stomach wall, it is most probable that these ratios
reflect the position in the stomach wall. If the vagus
nerve is so predominantly afferent, the only explanation
that can be given for the relative ineffectiveness of
the ventral trunk as compared to the dorsal trunk is
that probably the afferent fibres play a greater func-
tional role in gastric innervation than has hitherto

been recognised.

From the above account, it is clear that certain

questions remain unanswered:-
Te Why is the ventral vagal trunk relatively ineffective?

. In the absence of regenerative sprouting, what is
responsible for vagal functional recovery after

chronic dorsal trunk vagotomy?

3 Why is it that the dorsal trunk innervates the ventral
wall of the antrum and pylorus?
and
4. Why is it that only the antrum and pylorus have

double innervation?

Recommendations

In pursuance of attempts to answer the above questions,

the following experiments are recommended:=-

. Quantitative study of vagal innervation of the
stomach by autoradiographic techniques at light

and electron microscope levels.
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Autoradiographic study, at electron microscope

level, of synaptic morphometric changes in response

to chronic abdominal trunk vagotomy.

Combined autoradiography and unilateral cervical
vagotomy to determine the vagal distribution of

each cervical vagal trunk. This can be extended

to determine the origin of the fibres that innervate

the ventral wall of the antrum and pylorus.
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APPENDIX 1.1

Burge's Intra-operative Electrical Stimulaticn Test

Burge and Vane (1958) developed, first in cats and later
in man, a technigque of electrical stimulation of the vagal
nerves around the oesophagus. They measured the rise in
pressure inside the stomach which had been filled with water
and isolated by a pyloric clamp and an oesophageal balloon.
After the surgeon had cut all the vagal nerves he could find,
the electrodes were stimulated supramaximally by 40-50 volts
at 10 Hz for 1-2 minutes. If there was a rise in intra-
gastric pressure, the surgeon searched for persisting vagal
fibres. These were then cut and the electrical tests
repeated until a negative result was obtained. A ring
electrode allowed each of four quadrants to be stimulated
separately. The water in the stomach was later replaced by
air and the kymograph by water manometer (Burge and Clark,
1958). The test was further modified by the use of a
transistorised stimulatcr (Burge, 1960). The Mark 2 model
used air pressure gauge (Burge, 1964) and the Mark 3 instru-
ment was built into a standard sphygnomanometer box (Burge
et al., 1969). A written record could be obtained with a
transducer and pen recorder. The disadvantages of this test
included prolongation of the operation by 15 to 20 minutes,
and the need to omit atropine cor hyoscine from the premedica-
tion. Occasionally, it is difficult or impossible toO pass
the tube, and there has been at least one death from perfora-
tion of the ocesophagus (Coupland and Cumberland, 1972).
Persisting fibres may be missed if they are within the ring
electrode but not stimulated or outside the electrode some

distance from the oesophagus (Baron, 1978).
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APPENDIX 1.2

The Grassi Test

This is based on measuring acid secretion to an
intravenous infusion of pentagastrin since it is known
that denervated parietal cells become unresponsive to
a standard concentration of circulating gastrin. The
stomach is opened through a small gastrotomy and care=-
fully washed out to remove acid and musus. By means
of a pH probe, the pH of the mucosa is mapped out,

A denervated area has a pH greater than 5.5, (See

Grassi, 1975.)



246

APPENDIX 2.1

Preparation of Urethane Anaesthetic

Yo Normal Saline

100 ml of normal saline was prepared as follows:

Sodium chloride (NacCl) 0.9 g
Distilled water to make 100 ml

The mixture was hand-shaken or stirred on a magnetic

stirrer until the sodium chloride was completely dissolved.

24 50% Urethane

100 ml of 50% Urethane was prepared as follows:

Urethane powder 50 g
Normal saline to make 100 ml
. T 25% Urethane

100 ml of 25% Urethane was prepared as follows:
Urethane powder 25 g

Normal saline to make 100 ml

The mixtures were warmed and stirred on a magnetic
stirrer until the urethane was completely dissolved. The

sclutions were stored in tightly stoppered bottles.

Precaution

Urethane is believed to be carcinogenic. Therefore
gloves were worn and great care was taken in its handling
to avoid contact with the skin, oro~-nasal mucosa and the

eyes.
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APPENDIX 3.1

Formulation and Preparation of Perfusion Solutions

1. Normal Saline

Sodium chloride 45 g
Distilled water to make 5000 ml

The sodium chloride was stirred into the distilled

water to give 5 litres of normal saline.

Z2, 10% Formal=-Saline Fixative

Normal saline 2700 ml
Formaldehyde 300 ml

These were mixed to give 3 litres of 10% formal-

saline fixative.

APPENDIX 3.2

Preparation of Subbing Solution

1. Recipe
Gelatin 5.0 g
Chromic Potassium Sulphate
(Chrom alum) 0.5 g
Distilled water to make 1000 ml
24 Procedure

Seven hundred and fifty millilitres of distilled
water was placed in a 2-litre conical flask and warmed on
a hot plate/magnetic stirrer unit. Gelatin was stirred
into the water. When this had fully dissolved, Chrom alum
was added. The mixture was stirred until a uniform colour
was obtained. More distilled water was added to make
1000 ml. The solution was allowed to cool to room tempera-
ture and filtered. The solution was usually prepared just

prior to use.
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APPENDIX 3.3

Preparation of One percent Cresyl Fast Violet Stain

Recipe
Cresyl Fast Viclet powder 5 g
Distilled water 500 ml
Procedure

The distilled water was placed in a 1-litre conical
flask and warmed on a hot plate. The cresyl fast violet
powder was stirred into the water. The solution was
allowed to cool. It was filtered and kept in tightly

stoppered bottle.
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APPENDIX 3.4

Preparation of Harris's Haematoxylin Stain

1. Recipe
Haematoxylin 5.0 g
Absolute Alcohel 50.0 g

Aluminium Ammonium Sulphate
{Ammonium Alum) OR

Aluminium Potassium Sulphate 100.0 g
{Potash Alum)

Distilled Water 950.0 ml

Mercuric Oxide 2,5 g

Glacial Acetic Acid 40.0 ml

2. Procedure

The distilled water was warmed up and the alum added

and stirred until all dissolved. The haematoxylin was
dissolved in absolute alcohol. The two solutions were
mixed together in a 5-litre flask,. It was necessary to

use a flask of much larger volume than the contents on
account of the frothing that took place on adding mercuric
oxide. The neck of the flask was blocked with cotton wool
and the mixture was allowed to beoil for 1 to 2 minutes.
Mercuric oxide was added and the flask was cooled rapidly

in a bowl of cold water under running tap water. The

stain was covered and left standing for several hours before
it was filtered. Four millilitres of glacial acetic acid
per 100 ml of stain (40 ml) was added befcre use. The acid
enabled the stain to keep for some time - usually a maximum

of 4 days in these experiments.

One percent hydrochloric acid in water was prepared
from a 2N stock solution by adding 55 ml of the stock solu-

tion to 3245 ml of distilled water.
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APPENDIX 4.1

Preparation of 0.1M Phosphate Buffer

This was prepared in three stages as follows:

1. 0.2M solution of monobasic sodium phosphate

(SOLUTION A) was prepared with

(sodium dihydrogen orthophosphate)
Distilled water to make 100 ml

2. 0.2M solution of dibasic sodium phosphate

(SOLUTION B} was prepared with

Na,HPD, .12H,0 6.16 g
(disodium hydrogen or thophosphate)
Distilled water to make 100 ml

3. 0.1M phosphate buffer was prepared with

Solution A 23 ml
Soluticon B 77 ml
Distilled water 100 ml

200 ml

The pH of this buffer was usually about 7.2 and the

molarity was about 226 mosmQls.
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APPENDIX 4.2

Preparation of 3 percent Glutaraldehyde Fixative

Recipe Glutaraldehyde stock (25 percent

in water) 12 ml
0.1M Phosphate buffer sclution 88 ml
1700 ml

Method

Eighty=-eight millilitres of 0,1M Phosphate buffer
solution were placed in a measuring cylinder. Twelve
millilitres of stock glutaraldehyde solution were measured
in a fume cupboard and added to the buffer solution. The
two were mixed and stored in a c¢lean, glass—stoppered
bottle. The osmolarity of this sclution was usually about

400 mosmols.

It is generally accepted that the osmolarity of the
vehicle (phosphate buffer in this case} determines the
effective osmolarity of the fixative. Nevertheless there
are differences ©f opinion as to whether cor not glutaralde=-
hyde contributes to the effective osmolarity at all, and if
it does, how much. Whereas Beone and Denton (1271) and
Bone and Ryan (1972) believed that glutaraldehyde contri-
butes little to the osmotic effect of the fixative, Arborgh
et al. (1976) said it does not. Barnard (1976¢) on the
other hand, suggested that the osmotic effect due to
glutaraldehyde is only a half of the value of osmolarity

obtained using osmometers. Therefore the osmclarity con-

tributed by glutaraldehyde to the fixative solution
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in the present experiment was calculated by subtracting
the osmolarity of the buffer solution from that of the
fixative solution. This value was divided by two to
obtain the effective cosmolarity of glutaraldehyde alone.
This was added tc the osmolarity of the buffer solution

to give the effective osmolarity of the fixative solution,
The value was adijusted to between 350 and 400 mosmols

by adding sucrose (usually 0.1M sucrose).

The fixative solution was prepared fresh for use
within 24 hours but if it needed to be kept for a longer

period, it was stored in a refrigerator at 4°C.
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APPENDIX 4.3

Preparation of Phosphate Buffer Wash

Recipe
Sucrose 6.84 g
0.1M Phosphate buffer to make 100 ml
Method

The sucrose was measured out intc a conical flask.
About 80 ml of the buffer was added. The mixture was hand
shaken until the sucrose dissolved. Sufficient buffer was
added to bring the final volume to 100 ml. The osmolarity

of this solution was usually in the region of 400 mosmols.

APPENDIX 4.4

Preparation of 2 percent Osmium Tetroxide

Recipe
Osmium tetroxide crystals
(1 g per ampcule) 2 g
0.1M phosphate buffer 100 ml
Method

One hundred millilitres of 0.1M phosphate buffer was
placed in a clean coloured bottle. Two ampoules of osmium
tetroxide with ready-scored neck were broken and dropped
into the bottle which was firmly stoppered. The bottle
was shaken vigorously and intermittently over several hours
until the crystals dissolved. The fixative was usually
prepared the day before it was to be used because osmium
tetroxide takes a long time to dissolve. The preparation
was carried out in the fume cupbcard and the fixative stored

in a refrigerator at 4°C.



254

APPENDIX 4.5

Preparation of Araldite Embedding Medium

Recipe
Araldite Resin (CY212) 400 ml
Hardener (DDSA) 400 ml
Di-butyl phthalate (plasticisor) 40 ml
840 ml
Method

The three components were measured into a bottle of
ample size. This bottle was placed on a magnetic stirrer
and the contents thoroughly mixed until there was uniformity
in their colour and texture. This araldite required the
addition of one drop of accelerator per ml of araldite

before use.

APPENDIX 4.6

Preparation of 1% Toluidine Blue in 1% Borax

One percent beorax was first prepared from

Sodium Tetraborate (Borax) 14
Distilled water to make 100 ml

After the borax had been completely dissclved, it was used
in the preparation of the toluidine blue as follows:
Toluidine blue 1 g
1 percent borax to make 100 ml
The soluticon was filtered and stored in a stoppered

bottle.
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APPENDIX 4,7

Preparation of 3 percent Uranyl Acetate Stain

The solvent used was 50 percent ethanol rather than

water.
Recipe
Uranyl acetate pcwder 0.3 g
50 percent ethanol in distilled
water 11.0 ml
Me thod

The uranyl acetate was placed in a narrow specimen
bottle and ethanol added. The bottle was shaken until the
uranyl acetate dissolved. The resulting solution was
centrifuged. Care was taken not to shake the bottle after
centrifugation so as not to mix the precipitate with the
clear supernatant. The bottle was wrapped in foil and

either covered on the bench or stored in a refrigerator.
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APPENDIX 4.8

Preparation of Reynold's Lead Citrate Stain

Analar materials were used to ensure their purity.

Recipe
Lead nitrate 1.33 g
Tri-sodium citrate 1.76 g
CO,~free distilled water 30.00 ml
One Normal Sodium hydroxide
{N,NaQH) 8,00 ml
Additicnal CO,-free distilled
water to make 50.00 ml
Method

The glass-distilled, COx—-free water was placed in a
50 ml flask, The lead nitrate and tri=-sodium citrate
were added and the contents shaken vigorously for about
one minute. The solution was allowed t¢ stand for 30
minutes, shaking intermittently. Eight millilitres of
N.NaOH was added to clear the solution of its turbidity.
Sufficient distilled water was added to make a final
volume of 50 ml. The sclution was then mixed by inver-
sion, Any remaining turbidity was remcved by centri-
fugation. The stain was stored in a tightly stoppered

bottle to prevent CO, from dissolving in it.
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