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ABSTRACT

The aim of project was to gain an insight into the neural
control of breathing during the development of diaphragm
fatigue.

In phase one, the role of vagal feedback in the control of
breathing during the development of diaphragm fatigue was
examined by comparing the ventilatory responses to
inspiratory resistive loading (IRL) in vagally intact and
vagally denervated rabbits. The results indicate that vagal
inputs probably have no significant role to play in the
control of breathing during the development of diaphragm
fatigue.

In phase two, the effects of IRL on arterial blood chemistry
were examined to identify noxious chemicals generated during
fatiguing IRL. This was necessary to identify potential
chemical stimuli of small-phrenic afferent fibres. Potassium
was 1identified as one such stimulus. The increase in
arterial potassium concentration ([Kiz*]) during IRL was
associated with a combined metabolic and respiratory
acidosis. On the basis of theoretical considerations, the
increase in [K*] could have precipitated diaphragm fatigue.
The effects of metabolic and respiratory acidoses on [Ka*]
were independently assessed. Both produced a rise in [Ki*],
but the sum was less than the rise in [Ki*] produced by IRL.

In the final phase, it was established that activation of
small-phrenic afferents either by electrical stimulation or
by K* applied to the abdominal surface of the diaphragm
caused an increase in minute ventilation and a transient
decrease in mean arterial blood pressure. In addition, K*
was shown to excite phrenic afferents. Two patterns of
discharge were observed; one was rapidly adapting
characteristic of group III fibres, the other was slowly
adapting characteristic of group IV fibres.
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CHAPTER 1

INTRODUCTION

The inspiratory muscles, of which the diaphragm is the major
component, are essential for 1life and must contract
rhythmically throughout 1life. It is important that these
muscles should be able to maintain alveolar ventilation in
face of changing demands imposed by such varied activities
as sleep, speech, singing, playing a musical instrument,
muscular exercise and disease. In such a well-controlled
system, afferent inputs from inspiratory muscles should have
a significant role to play in the control of breathing in

response to a fatiguing workload.

The respiratory system could respond to a fatiguing load in
two possible ways: one is for the inspiratory muscles to be
driven to exhaustion in an attempt to maintain arterial
blood gas tensions within normal limits; the other is for
the respiratory controller to respond by reducing neural
drive to protect inspiratory muscles from failure with a
rise in arterial partial pressure of carbon dioxide as well
as a fall in arterial partial pressure of oxygen. There is
evidence to show that the latter response does occur (Cohen
et al., 1982; Roussos, 1984 & 1990) but there is also
evidence available to indicate that the diaphragm might be

driven to exhaustion.

Stimulation of group III and IV phrenic afferents, which are
sensory fibres arising from the diaphragm, has been shown to
produce an increase in ventilation that could drive the
diaphragm to exhaustion (Road et al., 1987; Revelette et
al., 1988). However, stimulation of these afferents has also
been shown to decrease total lung resistance (McCallister et
al., 1988). These responses combined may ensure adequate
oxygen supply to the 1loaded diaphragm and reduce its
workload, thereby optimizing the overall endurance of the

diaphragm. Experiments of this type provide evidence to
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suggest that before the diaphragm is overtly fatigued,
important interactions between it and the respiratory
controller take place. The nature of the stimulus arising
from the diaphragm remains to be discovered, and the
ultimate aim of this thesis is identify the nature of this

stimulus.

PHYSIOLOGY OF INSPIRATORY MUSCLE FATIGUE

Exercise-induced muscle fatigue has been defined as the
transient loss of force-generating capacity resulting from
preceding physical activity (Simonsen & Weiser 1976,
Asmussen 1979). Alternatively, fatigue has been defined as a
failure to maintain a required force or exercise intensity
(Edward 1983). The latter could be considered as a
definition of exhaustion, which 1s the final stage of
fatigue. The former definition is consistent with the idea
that the muscle is gradually fatiguing from the onset of
exercise, since fatigue is an integral part of exercise
(Bigland-Ritchie et al 1986). In the studying of inspiratory
muscle fatigue, fatigue has been defined as the inability to
develop sufficient pressure for an adequate alveolar
ventilation. In this thesis, inspiratory muscle fatigue is
defined as the inability of the inspiratory muscles to
sustain the required transdiaphragmatic pressure (Pdi) for
adequate alveolar ventilation when repeatedly contracting

near or at maximal Pdi.

The site and mechanism of fatigue have been controversial
for over a century and inspiratory muscle fatigue over the
last two decades. It 1is, however, interesting that the
consensus view emerging about the nature of diaphragm
fatigue was outlined elegantly in the first experiments
studying respiratory muscle fatigue performed by Davies,
Haldane, and Priestly in 1919. They studied the ventilatory
response to respiratory resistance in man. They found the

following:
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(1) Respiratory resistance produced either rapid shallow
breathing or slow deep breathing.

(2) It, also, produced respiratory muscle fatigue, which
was indicated by a substantial decrease in ventilation, and

was usually associated with anoxemia.

(3) Anoxemia hastened greatly the onset of fatigue and the
ease with which it was produced.

However, they attributed respiratory muscle fatigue to
failure of the respiratory centre. This is not surprising as
the prevailing view then was that muscular fatigue was
central in origin and because they had no direct means of

assessing the contractility of the diaphragm.

Some 60 years later, Roussos and Macklem (1977) confirmed
much of Davies and colleagues' findings. In addition,
Roussos and Macklem found that when subjects breathing
through inspiratory resistors generated transdiaphragmatic
pressures (Pdi) at predetermined fractions of their maximal
transdiaphragmatic pressure (Pdipsx) the relationship between
endurance of the diaphragm and Pdi/Pdipayx was curvilinear;
above a Pdi/Pdipax of 40%, the diaphragm fatigued rapidly
with increasing force of contraction. They proposed that
above a Pdi/Pdipax of 40%, the energy demand of the diaphragm

exceeds its energy supply, resulting in contractile fatigue.

The view that muscular fatigue 1is caused by central
inhibition remained unchallenged until Merton showed in 1954
that fatigue in the adductor pollicis muscle was a
consequence of failure in the muscle. The current view is
that muscular fatigue can occur as a result of impairment in
one or more steps of the command chain for muscle
contraction; the site of failure could reside in (1) the
central nervous system, (2) the final motor neuron, (3) the

neuromuscular junction, or (4) the muscle (Fig 1.1). This
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During voluntary effort, Pdi is reduced in all three types
of fatigue. Central fatigue is the only type in which
superimposed phrenic nerve stimulation augments the maximal
voluntary response. Both contractile and transmission
fatigue exhibit a decrease in Pdi response to stimulation at
end-expiration. Only in contractile fatigue 1is Pdi in
response to direct stimulation of the muscle is reduced. A
summary of the methods used to diagnose diaphragm fatigue is
presented in Table 1.1 below.

For the experiments presented in this thesis, the second and
fourth methods were used to diagnose diaphragmatic fatigue
as they are in combination the best methods to diagnose
peripheral fatigue without requiring too much surgical

intervention.
CENTRAL FATIGUE | TRANSMISSION CONTRACTILE

MECHANICAL RESPONSES FATIGUE FATIGUE
(1) Voluntary Pdipax Reduced Reduced Reduced
(2) Voluntary tidal Pdi Reduced Reduced or Reduced or

Normal Normal
(3) Pdi response to phrenic nerve Present Absent Absent
stimulation superimposed on Pdipayx
(4) Pdi response to phrenic Normal Reduced Reduced
nerve stimulation applied at
end-expiration
(5) Pdi response to direct Nbrmal Normal Reduced
stimulation of the diaphragm

Table 1.1. Summary of some of the methods that can be used
to diagnose each of the three types of fatigue.
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Central fatigue

Central fatigue is the reversible decrease in central neural
drive caused by over use of muscle. Edwards (1981) has
described two types of central fatigue: motivational and
non-motivational. In motivational fatigue of inspiratory
muscles, any decrease in respiratory effort can be restored
by voluntary supra-effort; whereas in non-motivational
fatigue, the muscle can be maximally activated by supra-
maximal electrical stimulation but no amount of exhortation
can increase the level of respiratory effort. The mechanisms
responsible for central fatigue are not known.

Both types of central fatigue have been demonstrated in
humans. Bellemare and Bigland-Ritchie (1987) found that
inspiratory resistive loading lead to a reduction in maximal
voluntary Pdi generation. Although a small part of this
reduction in Pdi could be accounted for by contractile
failure, the major contribution to fatigue was apparently
due to inability to voluntarily fully activate the diaphragm
in the fatigue state, as diagnosed by superimposition of
phrenic nerve stimuli on maximal voluntary effort. This
finding suggests that the decrease in Pdi was due to the
development of non-motivation fatigue. Gandevia and Mckenzie
(1985) also showed that central inhibition was a major
contributor to human diaphragm fatigue, but they found that
voluntary efforts were capable of maximally activating the
diaphragm at least once in all subjects, even when the
diaphragm was fatigued. Their study showed that motivational
fatigue occurs in humans. Both these studies provide
evidence to suggest that central fatigue 1is a major
contributor to diaphragm fatigue, at least in healthy

humans.

Central fatigue has also been shown to be a contributor to
diaphragm failure in the rabbit, the animal model used in
this thesis. Aldrich (1988) showed that diaphragmatic effort
decreased in the rabbit despite increased chemical drive and
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despite the diaphragm being able to maximally contract in
response to phrenic nerve stimulation.

A biochemical explanation for the cause of central fatigue
has been provided for by Scardella and others (1986). They
observed an increase in B-endorphin level in cerebrospinal
fluid in the goat, which was associated with a progressive
decrease in tidal volume, during inspiratory resistive
loading (IRL). They also found that administration of
naloxone during IRL increased minute ventilation. Their
results suggest that endogenous opioid may precipitate
central fatigue during IRL. However, peripheral fatigue
cannot be ruled out as Pdipax was not measured. Similar
results were found in a study on humans. In 1981, Santiago
and others documented that some chronic obstructive airway
disease patients have an abnormal compensatory response to
resistive loading and normalize their compensatory response
after receiving naloxone. In view of these reports, it seems
that endogenous opioid can reduce central neural drive to
the inspiratory muscles, and thereby contribute to central

fatigue.

Transmission fatigue

Transmission fatigue 1is a reversible impairment in
transmission of neural impulses through nerves or across
neuromuscular junction as consequence of over use of the
muscles. The idea that the neuromuscular junction fails
during fatiguing contractions is attractive as exhausting
the stores of neurotransmitter ~provides an obvious

explanation.

Studies on 1isolated rat phrenic nerve-hemi-diaphragm
preparations have demonstrated that transmission failure can
occur at three sites, resulting in diaphragmatic fatigue
(Krnjevic et al., 1958; Kurihara et al., 1975). These sites

were axonal branch points, where impulses may fail to



22

conduct down them; the neuromuscular junction, where there
may be insufficient release or re-uptake of
neurotransmitter; or the muscle membrane which may become
relatively inexcitable. Because the isolated diaphragm
preparation is different from an intact diaphragm in terms
of blood supply, metabolism and pattern of neural activation
to produce fatigue, these findings cannot be said to have
established the sites and causes of transmission fatigue in

vivo.

Transmission fatigue, however, has been studied in vivo. In
one such study, Aldrich (1987) showed that inspiratory
resistive loaded breathing (IRLB) produced diaphragmatic
transmission fatigue in the rabbit. He found that the
diaphragmatic compound action potential produced by phrenic

nerve stimulation was reduced during IRLB.

Teleologically, transmission fatigue like the other types of
fatigue could be beneficial in some instances. This has been
suggested by Nasser-Gentina and colleagues (1975) and
Kugelberg and Lindergen (1969) who argued that the muscle is
protected from excessive depletion of its adenosine
triphosphate (ATP) store that would ultimately lead to rigor

mortis.

Contractile fatigue

Contractile fatigue is the reversible impairment in muscle
contractility to neural impulses as a result of over-use of
the muscle. It has been subgrouped into two types: (1)
high-frequency fatigue is characterized by a reduction in
the force generated by a muscle to high frequency
stimulation which is recovered within minutes; (2) low-
frequency fatigue is characterized by a persistent reduction
in force generated by a muscle to low frequency stimulation,
which may not recover for at least 24 hours (Edwards, 1979).
These two types of fatigue have been demonstrated to occur
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in the human diaphragm (Aubier et al., 1981la) as well as in
rabbit diaphragm (Aldrich & Appel, 1985). Both types of
contractile fatigue occur together, but their different
rates of recovery imply that at least two pathophysiological

processes are taking placing.

The causes of the two types of contractile fatigue remain to
be discovered. However, there are several hypotheses
available. High-frequency fatigue is thought to be caused by
accumulation of metabolic products of contraction, by
altered Ca2* or other electrolyte concentrations such as K*
(Sjpgaard, 1986 and 1990), or by a decrease in ATP
concentration at critical sites in the muscle. Low-frequency
fatigue is believed to be caused by minor muscle damage that

must be repaired before full function is restored.

Pathophysiology of high frequency fatigue

Studies with non-destructive nuclear magnetic resonance
technique by Dawson and colleagues (1978) provided evidence
to show that tension decreases in proportion to an increase
in the concentrations of hydrogen ions and free ADP and not
to a decrease in the phosphocreatine concentration. Although
a major increase in diaphragmatic lactate concentration does
not necessarily lead to fatigue (Aldrich & Appel, 1987), an
increase in intramuscular lactate concentration (Mertzger &
Fitts, 1986) and a decrease in intramuscular pH have been
correlated with diaphragm fatigue in vitro in rats (Mertzger
& Fitts, 1987). At pH 6.5, about the lowest wvalue found in
normally fatigued muscle, the reduction in maximal
contractile force is reported to be around 10% to 30%, with
fast fibres more affected than slow ones (Donaldson &
Hermansen, 1978; Fabiato & Fabiato, 1978). Moreover, a
number of studies have shown that increased hydrogen ion
concentrations interfere with excitation-contraction
coupling (Fuchs et al., 1970; Nakamura et al., 1972; Inesi
et al., 1983). Fuchs and colleagues found that an increase
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in H* concentration reduces the affinity of troponin c¢ for
Ca?*. In another study, Nakamura and colleagues showed that
a decrease in pH increased the Ca2*-binding capacity of
sarcoplasmic reticulum. Both mechanisms would, probably,
lead to a reduction in the number of Ca2+* able to bind to

troponin c during excitation-coupling.

Although ATP depletion does not occur in a fatigued
diaphragm, ATP levels may be insufficient to run the CaZ2+*-
pumps or K*-Na*t-pumps efficiently in some parts of the
muscle. Acceleration in the rate of onset of fatigue that
occurs in hypoxia (Jardim et al., 1981) and circulatory
failure (Aubier et al., 1981b), provides evidence to support
this hypothesis. Since in vivo each of these mechanisms may
result in increased production of lactic acid, the
significance of ATP depletion in the development of
contractile fatigue may be obscured. Results, presented by
Dawson and colleagues in 1978, showed that changes in ATP
during fatiguing contractions did not correlate with change
in force. However, it indicated that the changes in ATP were
related to the slowing of the rate of contraction.

It is probable that changes in the concentration of ions in
muscle produced by muscular contraction could result in loss
of membrane excitability leading to a reduced force. During
muscular contraction, there are large fluxes of potassium
from the muscle that can double the extracellular
concentration of K* to 8 or 9 mmol/l (Hnik et al, 1976;
Sjegaard, 1986 and 1990; Friedland & Paterson, 1988).
Friedland and Paterson (1988) reported that 1in renal
patients and healthy volunteers that the rise in arterial K*
during strenuous exercise peaked at the point where the
subjects were unable to continue the exercise. This study
indicates that increased arterial K* concentration may have
a role to play in the development of fatigue. Doubling of
extracellular Kt during exercise 1is believed to be
sufficient to impair membrane excitability and hence
decrease muscle contractility (Sjegaard, 1986 and 1990;
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Friedland & Paterson, 1988). In addition, they argued that
such a rise in extracellular K* would excite group III and
IV afferents with their free endings in the muscle
(Friedland & Paterson, 1988; Sjegaard, 1990).

Pathophysiology of low frequency fatigue

Prolonged contractile failure has been attributed to minor
muscle injury. Injury may occur at the T-tubule membrane
slowing or stopping the propagation of action potentials in
some parts of the muscle (Jones, 1981). A toxic by-product
of muscle contraction could cause such an injury, for
instance free radicals released from the mitochondria. The
free radicals could be responsible for peroxidation of
nearby membranes. Superoxide and other free radicals are by-
products of electron transfer reactions in the mitochondria
(Chance et al., 1978). It could be hypothesized that in a
severely loaded muscle, mitochondrial activity increases,
producing enough free radicals to overcome the intrinsic
antioxidant defences. Evidence in support of this hypothesis
has been provided by Davies and colleagues (1982). They used
electron spin resonance spectroscopy to find higher than
normal levels of free radicals in leg muscle of exhausted

rats.

Effect of diaphragm fatigue on arterial blood gases

During the development of diaphragm fatigue induced by
inspiratory resistive loading in animals (Aldrich & Appel,
1985 and 1987; Watchko et al., 1988) and as consequence of
respiratory disease in humans (Cohen et al., 1982) blood gas
tension and acid-base status are disturbed; that is
decreased arterial pH and Pg, and increased Pcp,. However,
none of these studies reported a change in arterial K+
level. Changes in acid-base status, blood gas tensions or

muscular exercisgse can produce a change in extracellular Kt
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level. The evidence in support of this statement is reviewed
in Chapters 5 to 7. An increase in extracellular K* level,
irrespective of the source or mode of release from muscle,

could alter ventilation.
Ventilatory response to increased extracellular potassium

The first experiments that showed that increased
extracellular K* can alter ventilation were carried out by
Comroe and Schmidt (1943). They observed an increase in
ventilation after K* was injected into a femoral artery of
the dog, and concluded that depolarization of pain fibres in
or near the arterial wall is involved. Twenty-five years
later, Wildenthal and colleagues (1968) showed that the
potassium-induced hyperventilation could be abolished when
femoral and sciatic nerves were cut in vascularly isolated
dog hindleg. It was concluded that potassium activated pain
afferents in the muscle, and the reflexes initiated may be

functional during exercise.

Jarisch and colleagues (1952) were the first to show that
high [K*] of 500 mmol/l injected intra-arterially close to
the carotid bodies increased the discharge of the carotid
sinus nerve. Subsequently, Linton and Band (1985) showed in
the cat that more modest increases in arterial K*, as seen
during exercise, also increased carotid chemoreceptor
discharge. Recently, Nye and Paterson (1987) found that
slowly adapting pulmonary stretch receptors in the
anaesthetized cat were excited also by physiological levels
of extracellular Kt*, but the sensitivity of the stretch

receptors was four times less than that of the carotid body.

The above studies demonstrate that a number of receptors
spread throughout the body can be excited by K*. However, as
far as 1s known, no previous study has shown that
diaphragmatic receptors can be excited by K*. One of the

principal aims of this thesis was to investigate whether K*
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can excite diaphragmatic receptors and whether activation of
diaphragmatic receptors initiates a change in ventilation.

Types of diaphragmatic receptors

The diaphragm is composed of two distinct skeletal muscles,
crural and costal muscles that contain relatively few
proprioceptors. Muscle spindles have been found in the
diaphragm of man (Winkler & Delaloye, 1957), the cat (Duron
et al., 1978; Duron, 1981), dog, guinea pig (Dogiel, 1902),
rabbit (Cuenod, 1961), and rat (Hudson, 1966). In the cat,
only seven to nine muscle spindles were located in crural
portions but none was found in costal portions (Duron et
al., 1978)

Nerve recordings from the cervical dorsal roots indicate
that the majority of proprioceptor afferents arise from
golgi tendon organs (GTO) (Corda et al., 1965). The GTO,
have been found close to the tendinous portion of muscle and
respond to changes in muscle tension. Spindles, on the other
hand, respond to changes in muscle length. In the diaphragm,
GTO are found mainly in the crural portion, few are found
ventrally, and none in the sternal region (Corda et al.,
1965). Rapidly adapting receptors, probably pacinian
receptors, are distributed throughout the diaphragm (Corda
et al., 1965). These receptors are not spontaneously active
and respond to prodding of the diaphragm with rapid

adaptation.

Based on deafferentation studies, 20%-35% of the myelinated
fibres in the phrenic nerve were estimated to be afferents
(Duron et al., 1978; Landau et al., 1962). Duron and
colleagues (1978) have estimated that 12% of the myelinated
afferent fibres innervate spindles (group I and IIa) with a
slightly greater percentage arising from GTO (group IIb),
and according to Hinsey and colleagues (1939), the bulk of
myelinated afferent fibres in the cat is small diameter
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group III afferents. Yasargil (1967) also found in the
rabbit that the majority of myelinated afferent fibres in
the phrenic nerve were group III. Unmyelinated fibres in
phrenic nerve have been reported to be more numerous than
myelinated ones by a ratio of 3:1 in the cat (Duron &
Marlot, 1980; Hinsey et al., 1939) and 2:1 in the rat
(Langford & Schmidt, 1983). Unmyelinated afferent fibres
(group IV) like the small myelinated afferent fibres (group
III) terminate as free nerve endings in muscle.

Free nerve endings are polymodal receptors and respond to
temperature, pressure, and changes in local chemical
environment. Stacey (1969) estimated that 75% of sensory
fibres in the hindlimb of the cat terminate as free nerve
endings. Considering the relative paucity of myelinated
afferents in the diaphragm, the percentage of fibres with
free nerve endings may be higher in the phrenic nerve. Free
nerve endings are known to be excited by local pressure,
hypoxia, isotonic potassium chloride, hypertonic sodium
chloride, ischaemia, and prolong contraction. The essential
role of both group III and IV afferents is the transmission
of pain signals, and their free nerve endings are usually

referred to as nociceptors.
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Classification of muscle afferents

The classification of afferent fibres arising from receptors
in skeletal muscles has been based on size, conduction
velocity and whether they have a myelin sheath or not. Five
main groups of afferent fibres that have been identified
within the phrenic are given in Table 1.2.

Table 1.2. Types of afferents in the phrenic nerve.

Fibre type Fibre diameter Conduction Number in the
(pm) velocity (m/s) phrenic nerve

Ia 12-20 80-120 Rare (6-9)

located in crura

(myelinated)

Ib 12-18 71-110 Few but > Ias

(myelinated) Ib: Ia ~ 47:38

IT 5-11.5 31-70 Rare

(myelinated)

IIT 1-5 2.6-30 Abundant

(myelinated)

v 0.5-2 0.5-2.5 Abundant

(unmyelinated)

(Road, 1990)
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Review of Phrenic nociceptors

The phrenic nerve contains both motor and sensory fibres.
The significance of the sensory component of the phrenic
nerve has been appreciated since the 1840s. Bourgery (1845)
and Luschka (1853 and 1863) described the phenomenon by
which stimulation or irritation of the central part of the
diaphragm in man evokes pain referred to the shoulder
region. It was later shown that electrical stimulation of
the central end of a cut phrenic nerve in the dog induced an
increase in blood pressure (Schreider, 1883), dilation of
the coronary vessels (Greene, 1935) and bronchodilation
(Thorton, 1937). Thorton (1937) also found that
bronchodilation produced in response to phrenic nerve
stimulation was abolished when the vagi were cut, indicating
the efferent pathway for this reflex was the vagus. Because
in these early experiments the stimulus parameters were not
reported, it is not known which groups of phrenic afferents
mediated the responses to electrical stimulation. In view of
the evidence available today, the cardiovascular and
bronchodilatory responses were probably initiated by
activation group of III and IV phrenic afferents.

The first experiments that attempt to show that phrenic
afferents can be excited by noxious stimuli were performed
by Little and McSwiney (1938). They observed pupillo-
dilation on application of acid, alkali, heat, or pinching
of the diaphragm. In addition, they established that the
afferent pathway of the pupillo-dilatory reflex enters the
spinal cord by the dorsal roots of the fifth and sixth
cervical segments. Some years later, Gernandt (1946) showed
by application of noxious stimuli to the diaphragm such as
pinching, heat above 40° C, 6% sodium chloride solution and
acetic acid produced an increase in discharge of the small-
phrenic afferents in the cat and the dog. He concluded that

pain was transmitted in group III and IV phrenic afferents.
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stimulation of the central end of a cut phrenic nerve with
current intensity of 20-60 times twitch threshold. These
authors suggested that this reflex was mediated by phrenic
afferents III and/or IV and it was supra-spinal in nature.

The disagreement between Road's and Jammes's findings could
be partly explained by the difference in preparation. For
example, the spinalized vagotomized cat compared with the
vagi intact dog. In the spinalized vagotomized animal,
important reflexes involved in the control of inspiratory
drive may have been interrupted. Therefore, Jammes and Road
may have studied different afferent pathways. Moreover, cold
block used by Jammes and colleagues may have been
ineffective in blocking conduction in all large afferent
fibres (Franz & Iggo, 1968). In other words, Jammes may have
studied the effect of activation of large-phrenic afferents
on ventilation, while Roads investigated the effect of
activation of small-phrenic afferents. Finally, the stimulus
parameters required to activate group III and IV afferents
also recruit group I and II afferents making it difficult
sometimes to separate the response initiated by group III
and IV afferents from those initiated by group I and II

afferents.

Because of the difficulties of selectively electrical
stimulating small-phrenic afferent fibres, Revelette and
colleagues (1988) selectively excited the small-phrenic
afferents by infusing capsaicin into the phrenic artery of
the anaesthetized vagotomized dog. They observed a short
period of apneusis while tonic activity of the diaphragm and
hypoglossal muscle increased significantly. This was
followed by increased phasic activity in these muscles which
was associated with a reduction in both Ty and Tg. When
capsaicin was re-infused after spinalization at C7, only an
increase 1in tonic activity was observed. In view of these
observations, they concluded that small-phrenic afferent
fibres have an excitatory effect upon inspiratory drive.

These results have been confirmed recently by Hussain and
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colleagues (1990). They also infused capsaicin to activate
small-phrenic afferents but their maximum dose was half that
used by Revelette and colleagues and the arterial supply to
and innervation to the left hemi-diaphragm of the dog was
isolated. The studies using capsaicin as well as electrical
stimulation to activate small-phrenic afferents have shown
that indeed these afferents have a significant effect on

ventilation.

Over the last decade, an interest into the potential role of
the activity of group III and IV phrenic afferent in the
control of breathing during diaphragm fatigue has grown with
many researchers speculating about the role of these small
afferents. Some researchers have speculated that changes in
diaphragm metabolites during fatiguing contractions might

induce ventilatory changes mediated by increased group III

and IV phrenic afferents activities (Hussain et al., 1985;
Jammes et al., 1986; Road et al., 1987 Lockhart et al.,
1988; Roussos, 1990). Two research groups have provided

evidence to give credence to this speculation (Graham at
al., 1985; Jammes et al, 1986). These studies showed that
activity of group III and IV increased when hypertonic
sodium chloride, or when lactic acid was infused into the
phrenic artery. These studies demonstrate that group III and
IV phrenic afferents can be excited by some metabolites
associated with muscle contraction without indicating
whether effect of ventilation would have been excitatory or

inhibitory.

A principal aim of this thesis is to identify a potential
chemical stimulus for phrenic afferents that is generated
during diaphragm fatigue and then investigate whether it can
excite phrenic afferents producing a change in ventilationmn.
This study was carried out on anaesthetized rabbits. The
rabbit was chosen as the animal model because the fibre type
composition of its diaphragm closely resembles that of man
(Faulkner et al., 1979) and the ventilatory response of the
rabbit to diaphragm fatigue induced by severe inspiratory
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load, is similar to that of a patient being weaned off
mechanical ventilation (Roussos, 1984; Aldrich & Appel,
1985). How muscular fatiguing affects the pattern of
breathing is studied in non-vagotomized and vagotomized
rabbits. In addition, the effect of IRLB on arterial blood
chemistry is examined to identify a noxious chemical
stimulus that might initiate ventilatory changes. Finally,
the effect of the noxious stimulus on phrenic afferent
activity is examined. It is anticipated that the findings of
these studies will further the understanding of the
pathophysiology associated with respiratory failure, and
hence may have important implications for the management of
patients with this condition.
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BASIC PREPARATIONS AND METHODS

CHAPTER 2
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CHAPTER 2

MATERIALS AND PREPARATION

Rabbit anaesthesia protocol
Premedi ion

Before the administration of premedication, each animal was
weighed. The following drugs were injected intramuscularly
(i.m) into a hindlimb:

(1) Atropine 0.6 mg

(2) Ketamine 60 mg/kg

(3) Diazepam 5 mg/kg
Premedication was given to some but not all rabbits.
The marginal vein in an ear was then cannulated for

intravenous administration of drugs.

Initial anaesthesia

(1) Boluses of 0.5 or 1.0 ml of pentobarbitone (12

mg/ml) were given intravenously.

Usually 7-15 ml of pentobarbitone administered over 30-40
minutes was required to obtain surgical anaesthesia. The
desired level of anaesthesia was achieved when the hindlimb
withdrawal reflex to pinching was absent. As soon as
anaesthesia was evident or once all major surgery was
completed, a continuous infusion of anaesthetic was

administered via the marginal vein.

Maintenance anaesthesia

To maintain anaesthesia one of two regimes was used:
(1) A continuous infusion of ketamine in isotonic
saline (5 mg/ml) was set at 2 ml/kg/hr. An infusion rate of
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6 to 8 ml/hr was effective in maintaining surgical
anaesthesia for the duration of the experiment.

(2) A continuous infusion of 6 mg/ml of pentobarbitone
in isotonic saline was started at a rate of 4-6 ml/hr and
adjusted as necessary.

Most of the experiments were performed using anaesthetic
regime number (1l); only the experiments in Chapter 8 were

carried out using regime (2).

Throughout an experiment, anaesthesia was verified by the
absence of the hindlimb withdrawal reflex, presence of the
corneal reflex, and by the depth and rate of breathing and
end-tidal CO,; between 4 and 5%.

NECK SURGERY

The rabbit was laid supine with neck extended. A mid-1line
incision, extending from the cricoid cartilage to the
sternal notch, was made by diathermy. The trachea, both vagi
and both phrenic nerves were exposed with minimal bleeding
by teasing connective tissue and muscles apart using a
collection of mosquito forceps. Any bleeding was arrested by
diathermy or ties. The exposed trachea was sliced about 1 cm
below the larynx with a carbon steel surgical size 11 blade
(Swann-Morton), after which a plastic cannula was inserted
into the trachea. The isolated nerves were each identified
by a short piece o0of black cotton thread until cutting.
Before the vagi were cut, they were tied off at two points
with black cotton thread to prevent bleeding, and then they
were cut between the ties. The phrenic cervical nerves 5
(Cg) to 7 (C7) were isolated from surrounding tissue. The
relative position of these nerves in the neck is illustrated
in Figure 2.1. The middle root containing fibres from
cervical nerves 5 and 6 (Cg) was cut. Immediately
afterwards, either the rostral end of the cut phrenic was

mounted on a pair of stimulating electrodes or the caudal
































































































































































































































































































































































































































































































