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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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will depend upon the type of exercise being performed and

the muscles used.

(A) Central fatigue

1f

Phrenic (B) Transmisson
nerve fatigue

Diaphragm

A
(C) Contractile fatigue

Fig. 1.1. Types of diaphragmatic fatigue. A schematic
diagram showing the potential sites of fatigue. The letters
A, B, and C denote the site where electrical stimulation can

be applied to assess the function of the chain.
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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
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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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After a hundred years of investigation into the physiology
of phrenic sensory fibres, it was established that the

phrenic afferents can be activated by noxious stimuli,

transmit pain signals, and the noxious responses are
manifest by changes in cardiovascular status,
bronchodilation, and referral pain. Surprisingly, perhaps

the role that phrenic afferent inputs on ventilatory
control were not investigated over this period. Over the
next fifty years to address this gap in knowledge, research
has concentrated wupon the effect of phrenic afferent
activation on ventilation. 1In 1940, Hinsey and Philips
reported hypernea in the cat in response to electrical
Stimulation of %:he diaphragm, and demonstrated that!afferent
pathway of reflex was the phrenic nerve by sectioning?®,
combination of afferent pathways. Seven years later, Kohram
and others (1947) found that electrical stimulation of the
central cut end of the phrenic nerve of the anaesthetized
cat and dog increased minute ventilation. These studies in

1940s demonstrate that phrenic afferent activity can

influence breathing.

After a 40 year-gap, the ventilatory response to activation
of small-phrenic afferents was again studied intensively. 1In
1986, Jammes and colleagues showed in vagotomized, Cg
spinalized cats that electrical stimulation of the central
end of cut phrenic nerve produced a reduction in discharge
frequency of the contralateral phrenic efferent fibres and a
reduction in inspiratory duration. These responses to
stimulation of the phrenic afferents occurred both when the
conduction of action potentials in the 1large fibres was
blocked by nerve cooling (circa 6°C) or when procaine was
applied to the nerve to interrupt conduction in the small
afferent fibres. They concluded that activation of phrenic

afferents in general depressed ventilation.

In contrast. Road and colleagues (1987) reported that in the
anaesthetized dog diaphragmatic activity, tidal volume, and

breathing frequency increased in response to electrical
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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
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end was placed on a pair of recording electrodes.
Desiccation of the phrenic nerve was prevented by either
immersing it in a pool of mineral oil or by covering it with
a piece cotton wool soaked in the same o0il. The pool was
formed between the cervical skin flap and vertebrae by

retracting the skin flaps.

HEAD

CV5

CVb

C7
CV7

TV
LR

THORAX

Fig. 2.1. Schematic diagram of the cervical phrenic nerve
roots. The letter C refers to cervical nerve root. MR and LR
denote middle root and 1lower root respectively. The
abbreviations CV and TV refer to cervical vertebra and

thoracic vertebra respectively.
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CANNULATION OF VESSELS AND LUMENS

General cannulation for all experiments

The external marginal vein in both the left and right ears
were cannulated with Venisystem 20 G abbocath cannulae (32
mm long, external diameter 1.1 mm, internal diameter 0.7 mm)
to access veins for the administration of intravenous drugs.
A tracheostomy was performed and the trachea cannulated with
a 2 mm internal diameter tube. Either a femoral or carotid
artery was catheterized with a Portex polyethylene catheter
so that blood pressure could be monitored and arterial blood
could be obtained for the determination of blood gas
tension, acid-base, and potassium analysis. The cannula used
had an internal diameter (ID) of 0.58 mm and an external
diameter (ED) of 0.98 mm or occasionally ID of 0.76 and ED
of 1.22, depending upon the size of arterial vessel.

Specific cannulations for Chapters 3 to 6

Gastric and oesophageal pressures were measured by balloon
catheters coupled to Gaeltec 2b pressure transducers
(Gaeltec, Isle of Skye, Scotland). The pressure transducers
were calibrated over the appropriate pressure ranges. An
oesophagostomy was performed for the insertion of two
balloon-tipped catheters. Each thin-walled latex balloon was
3 cm in length mounted on a 50 cm polyvinyl catheter (see
Photo. 2.1). The catheters were inserted so that the
deflated balloon of one was within the stomach and that of
the other was in the lower half of the oesophagus. Half a
millilitre of air was added to the gastric balloon while 0.4
ml was added to the oesophageal balloon. The balloon volumes
were checked frequently during the experiments. The position
of the catheters was secured with ties placed around the

oesophagus and catheters.
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In a few experiments, tracheal pressure from the side port
of the tracheal tube was measured instead of oesophageal
pressure. The two pressure signals were electronically
summed to give transdiaphragmatic pressure (Pdi = Pg - Po or

Pt) using a differential amplifier.

2 3 4 5 6 7 8 9 10 M1 12 13 14 15 16 17 18 19 20 21

Photo. 2.1. Thin-walled 1latex balloon catheter (PK Morgan,
Rainham Kent) used to monitor gastric and oesophageal

pressures.
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For transvenous stimulation of phrenic nerves

In the rabbit, the right and 1left phrenic nerves are
attached to the right and 1left anterior vena cavae
respectively for about two thirds of the length of the vena
cavae. Because of their close proximity, the phrenic nerves
can be electrically stimulated by the electrodes inserted

into the anterior vena cavae (Wanner et al., 1973).

A 90 cm long Swan-Ganz size SF bipolar pacing catheter (see
Photo. 2.2) was inserted into either the internal or
external branch of both jugular veins. They were advanced
into the upper chest while monitoring the gastric or
transdiaphragmatic pressure response to 1 Hz stimulation at
20 V. They were positioned to achieve maximal stimulation of
the phrenic nerves. At autopsy, the tips of the stimulating
catheters were found within the anterior vena cavae 2-4 cm
below the lower border of the ipsilateral clavicles.

'llll|lIII]II“{IIlI'mI'nn,||n|lm’ulI(IIII'IIII|IIII,ml|llll’llll|lllllllll|llll|Im]uIllllII||m’ull|Im|IIll|llIllllII|IIIl,ml|lllllIm|lll|||ll||lmll||||IIIIIIIDI|IIII|I|
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Photo. 2.2. A Swan-Ganz bipolar pacing catheter used for

transvenous stimulation of the phrenic nerve.



42

SURGTICAL_PRECEDURE TQO EXPOSE THE DIAPHRAGM

With the rabbit supine, a horizontal incision through three
layers of tissue was made below the costal margin to open
the abdominal cavity. The diaphragm was exposed by tearing
the connective tissue between it and the liver. The liver
and the gut were covered with gauze soaked in warm saline
(37-40 °C) and then with a plastic sheet. This ensured that
the abdominal content was kept moist and isolated from the

diaphragm.

The diaphragm of the rabbit is divided clearly into left and
right muscular digits (see Fig. 2.2). Each side has one
sternal digit, six costal digits, and a crural digit from
the central tendon (CT) to the lumbar vertebrae. The
muscular digits were numbered anteroposteriorly: sternal
digit (s) 1, costal digits (co) 2-7, and crural digit (cr)
8.

Anterior

Right

£

)

Posaterior

Fig. 2.2. A schematic diagram of the abdominal surface of the
diaphragm. See text above for detail explanation.
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TIME ALTOWED FOR STABILIZATTION

To allow each preparation to stabilize, no measurement was

made within 30 minutes following the completion of surgery.

MONITORT AIRFT A PRE RE

Inspiratory airflow was measured from the tracheal tube
using a Gould pneumotachograph (Fleisch size 0). In Chapters
3 to 6, the other end of the Fleisch head was attached to a
miniature unidirectional value (Hans Rudolf no. 2384). This
valve had a dead space ofV€.6 ml. The pneumotachograph
integrates the airflow signal to derive tidal volume and
respiratory rate. Tracheal gases were continuously sampled
and analyzed by an Airspec MGA 2200 mass-spectrometer for
CO2 and 0. Oesophageal or tracheal pressure from a side
port of tracheal cannula and gastric pressure were monitored
continuously wusing Gaeltec 2b pressure transducers.
Transdiaphragmatic pressure was derived using a differential
amplifier (constructed by University College London
interdepartmental electronic workshop) from gastric and
oesophageal or tracheal pressure signals. Arterial blood
pressure was monitored using a Gould pressure transducer.
All signals were recorded on either a Gould ES 1000 or ES

2000 electrostatic recorder.

Before each experiment, a two-point volume calibration was
performed with a 100 ml syringe. In a study carried out by a
G. Smith, a research technician at UCL, expired volume was
simultaneously measured with a spirometer and found to be
within 10% of the integrated pneumotachograph wvalue. To
ensure that the volume did not change with the attachment of
the inspiratory resistor (IR), the pneumotachograph was
calibrated on three separate occasions with or without the
IR attached to the Fleisch via the Hans Rudolf wvalve. The
volumes measured with IR were within 10% of that without IR.

All pressures were measured relative to atmospheric
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pressure. Both tidal and inspired minute volumes were
corrected to body temperature, pressures and saturated with

water vapour (BTPS).

METHOD OF ARTERTAL BLOOD SAMPLING

0.1 ml of warm isotonic heparinized saline (circa 38° C) was
drawn up into a 2 ml sampling syringe. Any visible air
bubbles in the syringe were expelled. Immediately before
each blood sample, 0.5 ml of fluid was withdrawn from the
arterial catheter into a flush syringe containing
heparinized normal saline to remove the dead space
containing heparinized saline from the catheter. Each 0.5 ml
blood sample was collected anaerobically and immediately
analyzed using a Radiometer ABL4 to determine the acid-base
and blood gas status.

ABDOMINAL BINDER

The abdomen of the rabbit needed to be bound with an
inelastic binder to minimize alteration of abdominal volume,
ensuring that the resting diaphragmatic length remained
constant. If the resting diaphragm fibre length is altered,
the pressure generated by the diaphragm would vary and any
loss of diaphragmatic tension could not then be attributed
with confidence to inspiratory resistive loading. Orthoplast
(Johnson and Johnson), an inelastic material at room
temperature, is usually used to immobilize broken bones and
joints. A sheet of this material was supplied by the
Middlesex Hospital Occupational Therapy Department.

The abdominal binder was constructed from an Orthoplast
sheet of 30 cm by 50 cm. To make the sheet pliable, it was
immersed in a bucket of hot water above 65 °C. Once pliable,
it was removed from hot water and allowed to cool. The sheet
cooled rapidly and within 2 minutes could be handled. It was
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then moulded around the abdomen and 1lower third of the
thorax of a 3.0 kg rabbit and cut to size. Once cooled to
room temperature, the Orthoplast set hard, forming an
inelastic abdominal binder (Photo 2.3). If required, the
cold sheet could have been remodelled by immersing in hot

water.

The binder constructed from Orthoplast was placed snugly
around the abdomen and lower third of the thorax throughout
each experiment. There was no clear evidence that breathing
was obstructed by the binder as there was no obvious change
in respiratory rate or tidal volume on application of the
binder. However, tidal Pg increased by as much as 200% on

application of the binder.

Photo. 2.3. Abdominal binder constructed from Orthoplast. The
abdominal binder had an external circumference of 45.5 cm and internal
one of 36.5 cm. Its length was 26.8 cm. This binder was used in all
inspiratory resistive loading experiment.

ADDITIONAT, PROCEDURES AND TECHNIQUES

Additional techniques and methods will be given at the start

of the relevant chapter.
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CHAPTER 3
DIAPHRAGMATIC FATIGUE IN THE RABBIT

Introduction

When skeletal muscles contract above a certain threshold of
tension and duration their force declines because their
energy demand exceeds their energy supply. This process of
muscle fatigue can be defined as the loss of muscle strength
or force exerted by the muscle that is recoverable with
rest. It can be distinguished from muscle weakness which is
the loss of muscle strength that cannot be recovered with

rest.

The muscle strength can be assessed independently from the
effort of the subject or animal by electrical stimulation of
the muscle. The force-frequency relationship can be
established by stimulating with a supramaximal voltage at
various frequencies, usually from 10 to 100 Hz. Immediately
after fatiguing contractions, the force-frequency curve is
shifted downward with the loss of force at all frequencies.
The force generated at high frequencies (30-100 Hz) recovers
within minutes, whereas the force generated at 1low
frequencies (10-20 Hz) takes hours or even days to recover.
This highlights the existence of two types of peripheral
fatigue, high frequency and low frequency fatigue.

Before some of the neural and humoral factors related to
diaphragm fatigue are investigated, three things must be

established:

(1) that the 1loss of diaphragmatic force during
inspiratory resistive loading (IRL) is due to fatigue rather

than muscle weakness;

(ii) the nature of diaphragm fatigue induced by IRL;
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(iii) whether pressure changes are due to a fatiguing or

deteriorating preparation.

Methods

The methods to be outlined apply to the studies in this
chapter and Chapters 4 and 5. Any additional procedures
relevant to a particular chapter is given in the protocol of
that chapter. The basic preparation for these studies 1is

shown in Figure 3.1.

In these studies, 10 New Zealand white rabbits of both
sexes, weighing 3.0-3.5 kg, were used. A plastic splint was
placed snugly around the abdomen and lower half of the
thorax to minimize changes in abdominal wvolume. Gastric
pressure and oesophageal or tracheal pressure were measured
as outlined in Chapter 2. To assess contractility of the
diaphragm, the phrenic nerves were stimulated using bipolar
pacing catheters while monitoring gastric pressure and
oesophageal or tracheal pressure.

Induction of diaphragm fatigue

To induce diaphragm fatigue, an inspiratory resistor was
applied to the inspiratory port of the Hans Rudolf valve as
shown'in Photo. 3.1 while the rabbit was spontaneously
breathing. The inspiratory resistor (IR) was a three-way
tap. Preliminary studies showed that the three-way tap could
be adjusted to give four resistances. The lower two
resistances had no significant effect on ventilation. The
highest resistance caused asphyxia. The middle resistance
affected ventilation without causing asphyxia. Therefore,
the middle resistance was used in the studies presented in
this thesis. The wvalue of the middle resistance was
calculated to be 23.4 cmH;0/1/min (Appendix C).
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stimulating electrodes PdH

*Stimulation:
supramaximal
voltage

Anaesthetic

Abdominal
binder

Blood sample

Blood pressure

Fig. 3.1. Diagram of the experimental preparation
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cm 1 2 3 4 5 06 7 8 9

Photo. 3.1. Inspiratory resistor attached to Hans Rudolf

valve.
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Assessment of diaphragmatic function

Before determining the pressure-frequency relationship, the
lowest voltage required to produce maximal
transdiaphragmatic (Pdi) or gastric pressure (Pg) was
determined. To do this, both phrenic nerves were stimulated
for 1 or 2 seconds with trains of 0.2 ms impulses at 50 Hz
and from 10 to 40 V while monitoring Pdi or Pg. A voltage of
1.2 times the lowest voltage required to produce maximal
transdiaphragmatic or gastric pressure was considered
supramaximal voltage. This voltage (25-40 V) was used for
all further stimulation. Both nerves were stimulated in
sequence at 10, 20, 50 and 100 Hz. Each stimulation train
was 2 ms and each stimulation was started at the end of
expiration during momentary occlusion of the inspiratory
valve. Occlusion at the end of expiration maximized the
opportunity of activating the diaphragm at its optimal
resting fibre length. The stimulations were performed at
intervals of two seconds or longer. The data were collected
in triplicates. Baseline pressure-frequency curve for

diaphragmatic contraction was determined from these data.

After the baseline pressure-frequency curve was measured,
the resistor was applied to the inspiratory limb of the Hans
Rudolf valve. After 5 minutes, 10 minutes, and then at 10
minute intervals thereafter, both phrenic nerves were
stimulated at 100 Hz during inspiratory valve occlusion at
the end of expiration. When the response of gastric or
transdiaphragmatic pressure to 100 Hz-stimulation was less
than 75% of that obtained before loading, the resistor was
removed and pressure-frequency curve measurements were

repeated.
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Protocol

To find out whether the loss in diaphragmatic strength was
reversible, four animals were monitored during recovery from
fatigue. The pressure-frequency relationship of the diaphragm
was determined before IRL, at diaphragm fatigue, and then at

recovery.

Recovery from diaphragm fatigue was deemed to have occurred
when the Pg induced by supramaximal stimulation of the
phrenic nerves at 100 Hz was within 5% of that induced before
loading. Stimulation was performed at 10 minute intervals for
the first three rabbits, and at 30 minute intervals for the
last rabbit.

Control experiment

Time-control experiments were conducted in two of the 10
rabbits to verify the stability of a preparation over a
comparable time-course to that employed during severe
inspiratory resistive loading. Before IRL in rabbit 160 and
following recovery from diaphragm fatigue in rabbit 76,
tidal Pdi and ventilatory variables were monitored
continuously for 90 minutes while the rabbits breathed
spontaneously without added resistance. Supramaximal
electrical stimulation at 100 Hz was performed at intervals
of 30 minutes while recording Pg to assess contractility of

the diaphragm.

Data for the pressure measurements at each frequency were
collected in triplicate. The mean of each triplicate was
expressed as a percentage of the preload value obtained at
100 Hz-stimulation. Pressure measurements obtained preload,

during loaded breathing, and at recovery are all presented
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as means * standard error (SE). A simple linear regression
analysis was performed to determine whether there was a
significant correlation between Pdipax and Pdpax. A

correlation was deemed significant when P < 0.05.

Results

Relationship between Pdi and Pg

Sometimes, transvenous stimulation caused contraction of the
oesophagus as well as diaphragmatic contraction, which made
it impossible to determine transdiaphragmatic pressure from
oesophageal and gastric pressure. For this reason, tracheal
pressure was monitored instead of oesophageal pressure in
four of the ten rabbits. In addition, gastric pressure in
response to supramaximal stimulation was used to assess

diaphragmatic contractility.

To determine whether Pgpax in response to supramaximal
stimulation at 100 Hz was as good an index of diaphragmatic
contractility as Pdipax, the relationship between Pgpax and
Pdipayx was examined in three rabbits, in which no oesophageal
contractions were induced. In these rabbits, Pgmax and Pdipax
were simultaneously recorded before and during loading. A
simple linear regression analysis revealed a highly
significant correlation between Pdipax and Pgpax for the

pooled data from the three rabbits (Fig 3.2).
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Fig. 3.2. Relationship between transdiaphragmatic pressure
(Pdipax) and gastric pressure (Pgmax) produced by stimulation
of the phrenic nerves with a supramaximal voltage at 100 Hz.
Each point is an average of three observations from one of
the three rabbits.
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Rate of recovery from diaphragm fatigue

An example of chart recordings from one rabbit is shown in
Figure 3.3. This figure shows that gastric pressure induced
by supramaximal stimulation at 100 Hz decreased during and
recovered after inspiratory resistive loading. Figures 3.4
and 3.5 show the time course of the development of and
recovery from diaphragmatic fatigue in the four rabbits. The
gastric pressure generated with high frequency stimulation,
an index of diaphragmatic contractility, was steadily lost
during IRL. Once the load was removed, gastric pressure
induced by 100 Hz-stimulation returned to its preload value
after 20 to 50 minutes (Table 3.1). There was no correlation
between the time taken for the diaphragm to be fatigued and
time taken for the diaphragm to recover from fatigue (Table
3.1).

Table 3.1. The time taken for IRL to induce high frequency

fatigue and to recover from fatigue.

Time taken Recovery
Rabbit to induce time
fatigue

(min) (min.)
245 45 40
56 40 50
76 5 20
1110 60 30
Mean 37.5 35.0

(+ SE) (11.6) (6.4)
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Fig. 3.4. The time course of the development of diaphragm
fatigue and recovery 1in two rabbits. Pgpax 1S gastric
pressure expressed as a percentage of pressure induced by
100 Hz stimulation made before inspiratory resistive loading
(IRL) .
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Fig. 3.5. The time course of the development of diaphragm
fatigue and recovery in two rabbits. Pgpax 1S gastric
pressure expressed as a percentage of pressure induced by
100 Hz stimulation made before inspiratory resistive loading
(IRL) .
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Effect of IRL on frequency-pressure curves

The force developed with low frequency stimulation at
control, end of loading and recovery is considerably smaller
than that induced by high frequency stimulation (Fig. 3.6).
The gastric pressure induced by both high and low frequency
stimulations decreased in response to inspiratory resistive
loading. The force induced by a 100 Hz-stimulation decreased
by an average of 45%. The reductions in force at 50 Hz and
the lowest frequencies were 33% and 30% respectively. The
force at all frequencies recovered within 50 minutes of

removing the load (Fig 3.7).

Effect of the abdominal binder on ventilation before IRL

During the application of the abdominal binder, ventilation
was altered; once the binder was in position, ventilation
returned to normal. However the presence of the binder did
increase tidal Pg and tidal Pdi in most rabbits, indicating
that the work of the diaphragm increased. Whether the
presence of the abdominal binder influenced the ventilatory
response to IRL was not determined.
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Fig. 3.6. Gastric pressure generated by supramaximal voltage at high
and low frequencies before, during, and after inspiratory resistive
loading (IRL) for rabbit 76.
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Fig. 3.7. Pressure-frequency curve of the diaphragm based on
gastric pressure response to 100 Hz-stimulations before
inspiratory resistive loading (IRL), at fatigue produced by
IRL, and at recovery. The results are averaged data from
four rabbits. Each point represents a mean of 12

observations.
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Time-control studies

In the two rabbits in which control studies were performed,
tidal Pdi remained <constant while Pgpax 1increased
insignificantly over the 90 minutes of unloaded breathing
(Table 3.2). This result indicates that the reductions in
tidal Pdi and Pg induced by supramaximal electrical
stimulation observed during IRL was associated with a
fatiguing diaphragm and not due to a time-dependent
deterioration in the preparation.

Time POmax

(min) (mmHg)
0 18 0 £ 3.0
30 21.2 + 4.4
60 21.5 £ 5.0
90 23.2 £ 7.2

Table. 3.2. Changes in Pgpax induced by supramaximal
stimulation at 100 Hz during the control study. The wvalues
are mean maximal gastric pressure * SE for the two rabbits.

Discussion

The time-control study indicated that the decrease in induced
Pg during IRL resulted from diaphragm failure. This loss in
diaphragmatic force occurred at both high and low frequency
stimulations and was recoverable with rest. These
observations indicate that IRL produced peripheral

diaphragmatic fatigue.

Time-control study

Neither changes in chest wall geometry nor changes in
diaphragmatic resting fibre length were assessed. However,
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since the changes in Pgpax during the time-control
experiments were insignificant, it was 1likely that any
changes in chest wall geometry and diaphragmatic fibre
length were minimal. Therefore, the decrease in pressures
that occurred during inspiratory resistive loading was a

consequence of diaphragmatic failure.

Relationship between Pgpmax and Pdipax

In this thesis, Pg induced by supramaximal stimulation at
100 Hz was used instead of Pdi to assess diaphragmatic
strength. Transvenous stimulation of the phrenic nerves
sometimes caused the oesophagus to contract. Contraction of
the oesophagus was detected by the oesophageal balloon.
Consequently, the recorded Pdi did not reflect strength of
diaphragmatic contraction. Since Po generated is affected by
the activity of both rib cage muscles and the diaphragm, any
change in Pdi, a sum of Po and Pg, could have been the
consequence of changes in the activity of rib cage muscles
and not diaphragmatic activity. In contrast, Pg generated is
determined by the actions of the diaphragm and abdominal
muscles. As the abdomen was bound with an inelastic binder
keeping the abdominal volume relatively constant, the effect
of abdominal muscle contraction and relaxation on Pg was

negated.

The results from the rabbits demonstrated that Pgpax was on
the whole representative of Pdipax. The outlier in Fig 3.2 was
caused by a substantial decrease in oesophageal pressure,
which was greater than would be predicted from the slope. The
decrease in Pocould be attributed to rib cage muscle fatigue.
Evidently, in view of this observation, Pdipax could be
influenced not only by changes in contractility of the
diaphragm but also by changes in contractility of the rib
cage muscles. Therefore, it could be argued that Pg is a
better index of the strength of diaphragmatic contraction
than Pdi or at least as good an index of diaphragmatic
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strength. Aldrich (1985), studying diaphragm fatigue in the
rabbit, has provided evidence to support this argument.

Recovery from high and low frequency stimulation

The effects of fatigue and recovery on diaphragmatic force-
frequency relationship in the rabbit were not totally
consistent with the prevailing view. Diaphragm fatigue was
indicated by a marked decrease in force generated at high and
low frequency stimulation; this result is consistent with the
prevailing view. During recovery the force generated at high
frequency stimulation returned to non-fatigued levels within
an hour, as would be expected, but unexpectedly the force
generated at low frequency stimulation also recovered within
the hour.

Previous studies have also shown that severe inspiratory
resistive loaded breathing can induce diaphragm fatigue
characterized by a decrease in Pdi generated at both high and
low frequency electrical stimulations. However, they have
found that loss in force at high frequencies recovers within
an hour whereas the force generated by loss at low frequency
stimulation may remain depressed for hours or days (Edwards,
1979; Aubier et al., 198la; Aldrich, 1987). These findings
would suggest the development of two pathophysiologically
distinct forms of fatigue. Since the muscle recovers slowly
from low frequency fatigue, this type of fatigue is believed
té occur as a result of damage to contractile proteins,
requiring a 1long time for repairs to be completed. 1In
contrast, because muscles recover from high frequency fatigue
rapidly, some researchers believe that it results from
alteration in intracellular and extracellular ion
concentrations (Fuch et al, 1970; Mertzger & Fitts, 1986)
Changes in the distribution of K* across cell membranes are a
cause of muscle fatigue (Friedland & Paterson, 1988;
Sjpgaard, 1986 & 1990). In Chapters 8 to 10 changes in
extracellular K* and their effects on diaphragm will be

examined.
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The most probable explanation for the apparent recovery in
the loss of force at low frequency stimulation presented here
relates to the difficulty in discriminating small changes in
Pg in response to low frequency stimulation. The induced Pg
could be measured to an accuracy of 0.5 mm. This level of
discrimination was not important during high frequency
stimulation, where it constituted 1less than 10% of the
measurement of Pg. However, with low frequency stimulation,
0.5 mm could account for more than 10% of Pg measurement. It
is conceivable then that what appeared to be a complete
recovery may have been incomplete recovery. In retrospect,
the gain of Pg should have been increased to facilitate more
accurate determination of Pg induced by 1low frequency

stimulation.

Conclusion

The conclusion that can be drawn from the data in Table 2 is
that the loss of diaphragmatic strength induced by IRL is
reversible in the rabbit, thereby showing that the 1loss of
strength was due to fatigue. These results also showed that
diaphragm fatigue was peripheral in nature, since force was
lost at both high and 1low frequency stimulations during
inspiratory resistive loaded breathing. The precis nature of
the fatigue was not determined. However, a combination of
neuromuscular transmission failure and contractile failure
is believed to have contributed to diaphragmatic fatigue in

these rabbits (Aldrich & Appel, 1985; Aldrich, 1987).
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CHAPTER 4

EFFECT OF VAGAL FEEDBACK ON VENTILATION DURING
INSPIRATORY RESISTIVE LOADING AND DIAPHRAGM FATIGUE

Introduction

The effect of diaphragm fatigue on the pattern of breathing
has been studied extensively. The development of diaphragm
fatigue 1is characterized by rapid shallow breathing and
overt diaphragmatic fatigue is exhibited by bradypnea% There
are probably neural and humoral factors responsible for
producing these patterns of breathing. The respiratory drive
to the inspiratory muscles is believed to be predominantly
controlled by central and peripheral chemoreceptors and
vagal afferents (Sant' Ambrogio et al., 1985). Changes in
vagal afferent activity, and alteration in arterial blood
gas composition during diaphragm fatigue might be
responsible for both tachypnea and bradypnea. A third
mechanism for these patterns of breathing may arise from the
diaphragm itself. The purpose of this study was to assess
whether vagal inputs have any major influence on ventilation

during the development of diaphragm fatigue in the rabbit.

(Cohen et al., 1982; Roussos, 1990)1
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Protocol

This study was carried out in six non-vagotomized (Non-VGX)
and four vagotomized (VGX) rabbits. Diaphragm fatigue was
induced by severe inspiratory resistive loading (IRL) and
diaphragmatic contractility was assessed as described in
Chapter 3. Ventilation and Pdi were monitored continuously
before and during IRL. For Non-VGX rabbits, arterial blood
samples for blood gas and acid-base analysis were taken
before IRL and at fatigue. For VGX rabbits, arterial blood
samples for analysis were in addition taken at intervals of

20 minutes during IRL.
Data analysig

Respiratory variables were analyzed in the following manner.
The control value of each respiratory variable was an
average of 10 consecutive breaths measured before IRL. The
period of inspiratory resistive loading was divided into
four bins: 0 minutes, 5 minutes, 10+ minutes, and fatigue.
The first ten breaths immediately following the imposition
of the IRL were averaged and represented by 0 min. After
five minutes of IRL, ten consecutive breaths were analyzed
and averaged. Subsequently, ten consecutive breaths were
analyzed every fifth minute until fatigue. Because the
diaphragm fatigued at different rates for each rabbit, all
data obtained after the first 5 minutes of IRL and before
fatigue were averaged. This average is denoted by 10+ min.
The ten consecutive breaths analyzed and averaged at fatigue
constituted the final bin. All results are expressed as mean
+ SE. The difference in a respiratory variable between Non-
VGX and VGX rabbits for each bin was assessed using a one
factor analysis of variance (ANOVA). To determine whether a
variable changed significantly from control (unloaded) value
during inspiratory resistive loaded breathing, ANOVA test
was also performed. A difference was deemed significant in

all cases when P < 0.05.
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Results

Changes in respiratory variables during IRL and at diaphragm
fatigue

Diaphragm fatigue was induced in all six Non-VGX rabbits
after an average of 27.5 * 5.9 minutes of IRL. In contrast,
diaphragmatic fatigue was induced in only two of the four
vagotomized rabbits, with an average endurance of the
diaphragm (Tlim) of 50 * 10 minutes. The non-fatiguable
rabbits breathed through an inspiratory load for one and a
half hour before IRL was aborted. Subsequent analysis was
performed only on the data from fatigued rabbits.

Cutting the vagus nerves produced the predictable slow deep
breathing. As a result, control measurements of tidal volume
(Vr) and respiratory frequency (fr) were significantly
different between VGX and Non-VGX (see Table 4.1 and 4.2). A
slower fr for VGX was achieved by a prolonged inspiratory
(Tr) and expiratory time (Tg) (see Table 4.1 and 4.2); but
only T1 was significantly different from the Non-VGX control
value. Inspired minute wventilation (Vi) was on average
higher for VGX rabbits than for Non-VGX rabbits. This higher
Vi in VGX rabbits was reflected in their significantly lower
end-tidal CO;. Averages of the duty cycle (Ty/T7) and mean
inspiratory flow (Vp/T1) were not significantly different
between the VGX and Non-VGX rabbits during the control
period (Table 4.1 and 4.2).

On imposition of the inspiratory resistive load, Vg
decreased in both groups of rabbits. fr decreased for Non-
VGX rabbits and remained unchanged for VGX (Fig. 4.2; Table
4.1 and 4.2). As a consequence of the changes in Vg and fg,
Vi decreased below its control value on imposition of IRL
(Fig. 4.3). In both groups, tidal volume stabilized after
the first ten breaths until fatigue in the Non-VGX group

whereas it progressively decreased after 5 minutes of IRL in
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the VGX group (Fig. 4.2). Both T; and Tg increased during
inspiratory resistive loading for Non-VGX rabbits. 1In
contrast, T increased for part of IRL and Ty decreased for
VGX rabbits (Fig. 4.4). The increase in fg at five minutes
in Non-VGX rabbits had the effect of increasing Vi slightly
above the value for the first ten breaths (Figs 4.2 and
4.3). Subsequently Vi progressively decreased in these
rabbits during IRL. Over the same period, Vi for VGX rabbits
remained relatively constant (Fig. 4.3). End-tidal Cozirose
progressively throughout IRL in both groups, although the

rise was steepest for the Non-VGX group (Fig. 4.3). During
the early phase of IRL (0 and 5 min), T1;/T7 increased above
control values while Vp/T1 decreased in both (Tables 4.1 and

4.2).

At diaphragmatic fatigue, average fgr and Vp decreased below
the previous measurement for both groups (Fig. 4.2). The
reduction in fgr was achieved by both Ty and Tg being
prolonged substantially. The reduction in Vi was gJgreatest
for the VGX rabbits (Fig. 4.3). End-tidal CO; peaked at
fatigue in both Non-VGX and VGX rabbits (Fig. 4.3). The
average duty cycle decreased in response to fatigue in both
groups. Mean inspiratory flow remained unchanged at fatigue
in Non-VGX rabbits. In contrast the VGX rabbits decreased
their mean inspiratory flow at fatigue (Table 4.1 and 4.2).
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Table 4.1. Changes in respiratory variables during severe
inspiratory resistive loaded breathing in non-vagotomized
rabbits. Values are means * SE for six rabbits at control
and fatigue but only five rabbits at 5 and 10+ minutes as
one animal's diaphragm became fatigued after 5 minutes.

* Value is statistically different from control.

N4 £R Vr/T1 TJ/TT VI T1 TE ErC02
(ml) (breaths (ml/sec) (ml/min) (sec) (sec) %)
/min)
Control 23.6 61 60.3 0.43 1625 0.40 0.57 3.87
+ 2.7 5 + 6.9 + 0.03 + 174 + 0.02 + 0.10 + 0.22
0 min 13.6* 56 28.5% 0.47 743%* 0.48 0.60 4.54%*
+ 0.9 + 7 + 2.8 + 0.05 + 89 + 0.03 + 0.15 + 0.21
5 min 15.1%* 60 35.1%* 0.45 907* 0.44 0.59 5.93*
+ 1.4 + 7 + 3.1 + 0.04 + 108 + 0.03 +0.12 + 0.34
10+ min 14.0%* 59 32.1%* 0.45 789* 0.44 o~ 6.61*
+ 1.9 + 8 + 3.7 + 0.04 + 100 + 0.03 + 0.13 + 0.45
Fatigue 14.1* 56 33.3* 0.46 729* 0.49 0.67 7 .48%*
+ 2.1 + 4 + 4.7 + 0.04 + 146 + 0.06 + 0.10 + 0.77



72

Table 4.2. Changes in respiratory variables during severe
inspiratory resistive loaded breathing in two vagotomized

rabbits.

Rabbit 1110

v fR Vr /TI T1/TT VI T1 TE Era>2
(ml) (breaths (ml/sec) (ml/min) (sec) (sec) %)
/min)
Control 40.8 39 60.0 0.44 1591 o’m o~ 3.0
0 min 25~ 38 34.0 0.49 984 0.76 o’m 3.4
5 min 24.7 44 36* 0.49 1086 o+rJ 0.71 3.5
10+ min 20~ 46 33~ 0.47 952 0.61 0.70 5.8
Fatigue 17. 5 32 24~ 582 0.70 1.16 8.3
Rabbit 249
VT £R Vr /T1 T1/TT Vi TI TE ETCO2
(ml) (breaths (ml/sec) (ml/min) (sec) (sec) (%)
/min)
Control 40.0 37 51.9 o~ 1480 0.77 0.85 2.7
0 min 30.5 37 32+ o”m i*m 0~ 0~ 3.8
5 min 28~ 37 30.9 0.57 1062 o~ 0.71 3.8
10+ min 23~ 43 33.7 o~ 1019 o~ o’“m 4.1

Fatigue 23~ 31 28% 0.41 713 o’m 1.13 4.6
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Fig. 4.2. Changes in tidal volume (Vyp) during severe IRL in non-
vagotomized (Non-VGX) and vagotomized (VGX) rabbits. Control is the
period before IRL. 0 and 5 min denote respiratory changes during first
ten breaths and after 5 minutes of IRL respectively. 10+ min denotes
changes in respiratory variables from 10 minutes of IRL to immediately
before fatigue. Fatigue denotes changes in respiratory variables at

diaphragm fatigue. Dashed line for rabbit 76 is to signify that values
for 5 min and 10 + min are not available.
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Fig. 4.3. Changes in inspiratory time (T;) during severe IRL in non-
vagotomized (Non-VGX) and vagotomized (VGX) rabbits. Control is the
period before IRL. 0 and 5 min denote respiratory changes during first
ten breaths and after 5 minutes of IRL respectively. 10+ min denotes
changes in respiratory variables from 10 minutes of IRL to immediately
before fatigue. Fatigue denotes changes in respiratory variables at
diaphragm fatigue. Dashed line for rabbit 76 is to signify that wvalues
for 5 min and 10 + min are not available.
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Fig. 4.4. Changes in expiratory time (Tg) during severe IRL in non-
vagotomized (Non-VGX) and vagotomized (VGX) rabbits. Control is the
period before IRL. 0 and 5 min denote respiratory changes during first
ten breaths and after 5 minutes of IRL respectively. 10+ min denotes
changes in respiratory variables from 10 minutes of IRL to immediately
before fatigue. Fatigue denotes changes in respiratory variables at
diaphragm fatigue. Dashed line for rabbit 76 is to signify that values
for 5 min and 10 + min are not available.
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Arterial blood gas composition before, during IRL, and at
diaphragm fatigue

The results of arterial blood analysis for both Non-VGX and
VGX rabbits are summarized in Table 4.3 and 4.4
respectively. Both groups of rabbits had normal arterial pH
and Pg, values before IRL. Control values of arterial pH and
Po, for Non-VGX and VGX rabbits were not significantly
different. Before IRL, Pacp, for VGX rabbits was
significantly lower than Paco, for Non-VGX rabbits. The VGX
rabbits were hypocapnic resulting from an elevated alveolar
ventilation.

During IRL of VGX rabbits, arterial pH and Pg, decreased
progressively, and Pcg, stabilized after an initial fall. At
fatigue, both Non-VGX and VGX rabbits were severely acidotic

and hypoxic. Non-VGX rabbits were more acidotic and hypoxic
than VGX rabbits. However, arterial pH and Pgp, for Non-VGX

were not significantly different from arterial pH and Py, for
VGX rabbits. Arterial Pcg, rose sharply at fatigue for VGX
animals. Both groups of animals were hypercapnic with Paco,

being insignificantly higher in Non-VGX rabbits.
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Table 4.3. Arterial blood gases and pH for five Non-VGX
rabbits before IRL and at fatigue. Values are means * SE.
* Value is significantly different from control.

Control Fatigue
PH 7.45 £ 0.05 7.04 £ 0.05 *
Paco; 29.6 £ 1.7 77.4 £ 9.0 *
Pag, 114.5 + 9.8 48.0 * 10.8 *

Table 4.4. Arterial blood gases and pH for two VGX rabbits
before, during IRL, and at fatigue. Values are means * SE.

* Value is significantly different from control.

Control 20 min 40 min Fatigue
PH 7.49 £ 0.02 7.34 £ 0.07 7.29 £ 0.09 7.22 + 0.16
Paco; 21.4 + 1.7 35.9 £ 5.0 35,2 £ 2.1 * 52.8 £+ 16.4

Pag,; 99.0 % 8.5 63.9 + 22.8 58.2 * 19.1 54.8 * 19.5
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Discussion

The immediate response to inspiratory resistive loading in
Non-VGX and VGX rabbits was a reduction in Vp. Non-VGX
rabbits also decreased their fg in response to the load
whereas VGX maintained their fr. The net effect in both
groups of rabbits was a substantial reduction in Vi. After
five minutes of inspiratory resistive loading, there was
some recovery in Vi in Non-VGX and VGX rabbits but Vi
remaining well below control levels. This partial recovery
in Vi was solely due to an increase in fr. In VGX rabbits, fgr
rose above control values. At fatigue, breathing slowed in
both Non-VGX and VGX rabbits.

In two of the four VGX rabbits, inspiratory resistive
loading did not induce diaphragm fatigue whereas it did in
all Non-VGX rabbits. It is tempting to conclude that in the
absence of wvagal activity, the onset of diaphragm fatigue
may be postponed or even prevented. However, evidence
obtained from this study indicates that the failure of IRL
to induce diaphragm fatigue in two VGX rabbits was
fortuitous. Although diaphragm fatigue was induced in only
two of the four VGX rabbits, there was no obvious difference
in the pattern of breathing adopted by the four during IRL.
Moreover, although the average Tlim was 1longer for VGX
rabbits, two of the Non-VGX rabbits had a Tlim that was
either equal to or longer than the Tlim of one of the VGX
rabbits.

Mechanisms of ventilatory response to load

FEarly phase (0 min). Over the first ten breaths of
inspiratory resistive loading, the two principal changes

were a reduction in Vo and an increase in T1 for both Non-VGX

and VGX rabbits.
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An increase in Tr in response to loading occurred in both
the absence and presence of vagal feedback, indicating that
the response was not vagally mediated. The increase in Tg
may have been mediated by afferent feedback from the chest
wall and the loaded inspiratory muscles. Evidence 1is
available to indicate that afferent information from
mechanoreceptors arising from the chest wall and diaphragm
can alter respiratory timing. It has been reported that Tr
prolongation in quadriplegic subjects was about half the
magnitude observed in normal subjects (Hof et al., 1986).
Since these gquadriplegic subjects were devoid of afferent
feedback from intercostal muscles and, with cervical
lesions, feedback from a portion of the diaphragm, this
result suggests that activity of receptors in the
intercostal muscles and/or diaphragm may have participated
in this response. Furthermore, medullary inspiratory-
neuronal activity has been shown to increase in response to
tracheal occlusion in anaesthetized vagotomized cats. This
response was abolished following cervical (C3-C7) and
thoracic (T1-Tg) dorsal rhizotomies (Shannon et al., 1985).
The nature and location of receptors influencing brainstem

activity were not determined by Shannon and colleagues.

In the present study, it is difficult to attribute the T3
response to inspiratory muscle spindle activity; the
activity from these receptors would increase during loading
and 1increased activity from these receptors would be
expected to decrease T; instead of increasing it (Remmers &
Marttila, 1975). There are three other types of muscle
receptors, tendon organs, free nerve endings and pacinian
corpuscles whose role in the control of respiratory timing

is unclear (Duron, 1981).

Because there was averaging of the first ten breaths, any
recovery in respiratory timing and tidal volume initiated by
increased chemical drive to breathe, occurring within the
first ten breaths, could have been obscured. In the rabbit,

information 1s not available about how soon changes in
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chemoreceptor activity occur after ventilation is decreased
in response to loading. However, studies in the cat have
shown that significant changes in chemoreceptor activity
occur as soon as 12-15 seconds after initial decrease in
ventilation (Bruce et al., 1974) or after changing the
inspired gas from air to air plus 4-5% CO; (Biscoe & Purves,
1967). Assuming a similar time-course for a significant
increase 1in chemoreceptor activity in the rabbit,
chemoreceptor activity would have started to have an affect
on ventilation on the 11lth-14th loaded breath in Non-VGX
rabbits, and on the 8th-10th loaded breath in VGX rabbits.
Therefore, for the first ten breaths in Non-VGX rabbits at
least, chemoreceptive feedback probably had minimal if any

effect on ventilation.

Mid phase (5 and 10+ min). During the mid phase, f£fgr
increased towards control in Non-VGX rabbits and above
control in VGX rabbits. The increase in fr was produced by a
reduction in both Ty and Ty in both groups of rabbits (Figs.
4.2 and 4.4). Although the chest wall and diaphragm
afferents may still be active during this phase, the
increase in fr in both groups of rabbits probably occurred

as a result of increased chemical drive.

Inspiratory resistive loading in Non-VGX rabbits and VGX
rabbits produced both hypoxia and hypercapnia, thus
increasing the chemical drive to breathe. There is evidence
to suggest that the hypercapnia and not the hypoxia might
have been responsible for the increased chemical drive
during IRL. Adams and colleagues (1988) have shown that non-
fatiguing IRL can produce tachypnea in vagal intact
anaesthetized dogs. This change in pattern of breathing was
not abolished if hypoxia was prevented. However, it was

abolished if hypercapnia was prevented.

Hypercapnia has been shown to reduce Tg in both Non-VGX and
VGX cats (Gautier et al., 1973) and to a lesser extent T1 in

Non-VGX goats and dogs (Isaza et al., 1976; Phillipson,



81

1974). In both groups of rabbits, Tg decreased during the
mid-phase in respect to the initial phase of 1loading.
However, VGX rabbits decreased their Tg below control value
whereas the Non-VGX did not. This difference in response
cannot be explained by the absence of vagal activity in the
former and the presence in the latter. This 1is because
increased vagal activity would have resulted in a decrease
in Tg rather than an increase in it.

Fatigue. When the diaphragm became fatigued, both hypoxemia
and hypercapnemia became more pronounced and breathing
became slower in both Non-VGX and VGX rabbits. Tidal volume
decreased and both T; and Tg increased in the absence of
vagal feedback (Figures 4.2 and 4.4). It 1is, therefore,
reasonable to argue that the resulting slowing of breathing
at fatigue is not mediated by activity of the wvagal

afferents.

The modest reduction in Vp probably occurred because the
diaphragm failed to generate sufficient pressure to maintain
it (see Chapter 3). The increase in Tg and Tr at fatigue
could have resulted from a decrease in central neural drive.
The resultant hypoxemia and hypercapnemia at fatigue may
have produced such a reduction in central neural drive and
accelerated diaphragm fatigue (See Chapter 5). Because these
changes in arterial blood gas tensions may have been
precipitated by bradypnea, hypoxic and hypercapnic central
depression may not be responsible for bradypnea. Indeed,
bradypnea may have been produced by non-vagal reflexes.

One such reflex might involve sensory information arising
from the fatigued inspiratory muscles. Hussain and
colleagues (1985) have reported the effect of sepsis on the
development of diaphragmatic fatigue in the anaesthetized
vagotomized dog. In their study, the dogs became bradypnoic
in the absence of hypercapnia and hypoxia. Hussain and
colleagues (1985) proposed that the response occurred as a
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result of reflexes initiated by activation of type III and
IV phrenic afferent fibres

Conclusion

The results in this chapter indicate that tachypnea is not
always produced in response to IRL but when contractile
diaphragm fatigue occurs slowing of breathing invariably
ensues. Because these changes in breathing pattern during
IRL cannot be attributed to vagal activity, the simplest
explanation is that they were brought about by changes in
arterial blood chemistry. Although there is no direct
evidence to implicate non-vagal afferents, the role of these
afferents in the control breathing during IRL in this study
cannot be ruled out. Future neural investigations in this
thesis will concentrate on the possible role played by
phrenic afferents in the control of breathing during the

development of diaphragm fatigue.
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HUMORAL FACTORS RELATED TO
DIAPHRAGM FATIGUE

CHAPTERS 5 TO 7
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CHAPTER 5

EFFECT OF SEVERE INSPIRATORY RESISTIVE LOADING ON
ARTERIAL BLOOD GASES, ACID-BASE, AND POTASSIUM

Intr ion

Severe inspiratory resistive loading (IRL) produces
alterations in arterial blood gases, and acid-base (Aldrich
& Appel, 1985; Watchko et al., 1988). However, no study has
reported the effect of IRL on arterial potassium. Plasma
potassium (K*) has been shown to increase from 4 mmol/l to 9
mmol/l during limb muscle exercise (Hnik et al, 1976; Linton
at al., 1984; Sjepgaard, 1986; Medbp & Sejersted, 1990). An
increase in plasma [K*] during exercise results from a net
efflux of Kt from the exercising muscles (Hirche et al.,
1980; Linton at al., 1984; Sjegaard, 1986). Exercise-induced
hyperkalemia is believed to contribute to the development of
limb muscle fatigue (Friedland & Paterson, 1988; Sjegaard,
1986 and 1990). Therefore, it 1is reasonable to assume that
an increase 1in extracellular K* may also contribute to
inspiratory muscle fatigue. The aim of this chapter is
twofold: to investigate whether IRL can induce hyperkalemia;
and to assess whether any rise in arterial [K*] would be
sufficient to precipitate diaphragm fatigue based on

theoretical considerations.
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Protocol

Details of the methods and preparations are given in
Chapters 3 and 4. All rabbits except one breathed room air
throughout the study. This one rabbit breathed 40% 05 before
inspiratory resistive loading and thereafter breathed room
air. Arterial blood samples were taken before IRL and when
diaphragm fatigue was induced by IRL. These samples were
analyzed by Radiometer ABL4 for blood acid-base status, gas
tensions, and [K*]. The ABL4 potassium potentiometer
measured arterial ([K*] to an accuracy of 0.1 mmol/l. Its
accuracy 1in measuring potassium was assessed as outlined in
Appendix A. The results presented here are from six rabbits.
Statistical comparisons between blood variables measured
before IRL and those at fatigue were made using a paired t-
test unless otherwise stated. Differences between means were

considered significant when P < 0.05.

Calculations

(i) Determination of arterial hydrogen ion concentration.

The pH of the blood is the negative of the logarithm to the
base 10 of its hydrogen ion concentration ([H*]).

PH = -log [H*]

Therefore, [H*] can be expressed as nmol/l by using
[H*] = antilog (9-pH) (1)
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(ii) Estimation of diaphragmatic Resting Membrane Potential
(RMP) .

Changes in [K*] within intracellular and extracellular
fluids can contribute to changes in RMP. Because the
excitability of muscle membrane 1is essential for
contraction, alteration of RMP may precipitate muscular
fatigue. To assess whether the magnitude of the changes in
arterial [K*] was sufficient to induce diaphragm fatigue by
altering RMP, diaphragmatic RMP before IRL and at fatigue
were estimated. It was calculated using the Hodgkin and
Horowicz equation (1959):

RMP = 61.5 x log _[K*e] +0.01 [Natel (2)
[K*i] + 0.01 [Na*il

For equation 2, interstitial potassium concentration is
denoted by [K*e] and intracellular potassium concentration

by [K*j]l. Interstitial sodium and intracellular sodium
concentration are signified by [Nate] and [Nati]
respectively.

In order to calculate diaphragmatic RMP, three assumptions

were made:

(1) Arterial [K*] is representative of [K*el

(2) [K*i] remained constant at 150 mmol/l before and at
fatigue.

(3) The effect of [Na‘*e] and [Nat*j] on the RMP was

negligible.
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Results

Effect of inspiratory resistive loading on arterial blood

gases, acid-base and potassium.

Arterial blood gases, acid-base status, and K+ are shown in
Table 5.1. At fatigue, all the measured blood chemistry
variables except bicarbonate changed significantly. Arterial
[K*] increased on average by 81%, and Pacp; by an average of
171%. The reduction in Pag, was 58%. Both pH and base-excess
decreased. Bicarbonate increased insignificantly by 5.9%.
With a rise in Pacg; and a fall in both pH and base-excess,
the overall picture presented by this data at fatigue was a
combined respiratory and metabolic acidosis.

Table 5.1

Mean changes in blood chemistry produced by IRL. Results are
expressed as mean values + SE for the six rabbits.

—

Control Fatigue Change (A) P
K* (mmol/1) 2.9 £ 0.1 5.2 + 0.8 2.3 <0.05
pH (units) 7.45 £ 0.04 7.04 £ 0.04 -0.41 <0.05
Papy (mmHg) 110.5 £+ 8.9 46.1 £ 9.1 -64.4 <0.01
Pacoz (mmHg) 28.0 % 2.2 76.0 * 7.5 48.0 <0.01
BE (mmol/1) -2.8+ 1.8 -11.8 + 2.3 -9.0 <0.05
HCO;* (mmol/1) 20.4 £ 1.4 20.6 + 1.38 1.2 NS
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Figure 5.1 shows arterial [K*] data in each rabbit during
the control and at fatigue. Arterial [K*] measured before
inspiratory resistive loading in each rabbit ranged from 2.4
to 3.2 mmol/l. In contrast, arterial [K*] measured at
fatigue ranged from 2.7 to 8.3 mmol/l. In two rabbits [K*]
increased by less than 1 mmol/l, and by approximately 2.5
mmol/l in three others. In a sixth animal, [K*] increased by
5 mmol/1.

Arterial [K* ] (mmol/l)

2 L LN
Control Fatigue

Fig. 5.1. Effect of IRL on arterial potassium in each
rabbit. Each pair of points represents potassium
measurements in one animal before and at the end of IRL.
Inspiratory resistive loading ended when diaphragm fatigue

was 1indicated.
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Examining the relationship between the increased arterial
potassium and acid-base disturbances

The rise in [K*] at fatigue was associated with a combined
metabolic and respiratory acidosis. The increase in arterial
potassium induced, however, did not correlate with either
the magnitude of the changes in blood gas tensions or to the
duration of loading (see Fig. 5.2). The rabbit with greatest
rise in [K*] 5.1 mmol/l at fatigue did not have the greatest
change in either Pacg; or Pag,. In two rabbits, the rise in
[K*] at fatigue was of the same magnitude (2.6 mmol/1l).
However, the magnitude of the changes in their Pacgo; and
Pag;, and Tlim were dissimilar. Moreover, the rise in [K*]
appears not to be time dependent. Although the animal with
the shortest Tlim had also the smallest rise in [K*], the
animal with longest Tlim had the second smallest rise in
[K*] and one with greatest rise in K* had a short Tlim.

A multiple linear regression analysis between AK* and the
changes in the other blood variables (ApH, ABE, APacoz, and
APagp,;) was performed to quantify the relationship between AK*
and the changes in other blood chemistry variables. The
results of this analysis showed a strong correlation between
the changes in K* and acid-base (see Figures 5.3 and 5.4)
and a poor correlation between K* and blood gases (Paco; r =
0.01; Papg, r = 0.09).
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Ap02 (mmHg)
ApC02 (mmHg)
Tlim (min)

-200
0.3 0.9 2.4 2.6 2.6 5.1

A[K ] (mmol/1)

Fig 5.2. Histogram showing how changes in arterial [K+

relate to changes in Paco2, Pao2, and Tlim in each rabbit.
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Fig. 5.3. Relationship between changes in arterial potassium
ion concentration ([K*]) and hydrogen ion concentration
([H*]) resulting from severe inspiratory resistive loading.

Each point represents values measured in one animal.
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Fig. 5.4. Relationship between changes in arterial potassium
concentration ([K*]) and base-excess ([BE]) resulting from
severe inspiratory resistive loading. Each point represents

values measured in one animal.
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Effect of increased plasma potassium concentration on

resting membrane potential (RMP).

The RMP was calculated for each rabbit. The results are

shown in Table 5.3.

REST [K] FATIGUE REST RMP FATIGUE ARMP
RABBIT no. (mmol/l) [K] (mV) RMP (mV)
(mmol/1) (V)
76 2,4 2.7 -110.4 -107.3 3.1
245 3.1 4.0 -103.6 -96.8 6.8
247 2.8 5.4 -106.3 -88.8 17.5
267 3.2 8.3 -102.8 -77.3 25.5
28 3.1 5.5 -103.6 -88.3 15.3
1110 2.7 5.3 -107.3 -89.3 18.0
mean -105.7 -91.2 14.4
+ SE + 1.2 + 4.1 + 3.3

Table 5.3. A summary of the calculations of resting membrane
potential of the diaphragm at rest and overt fatigue.
Arterial potassium concentrations ([K*]) were assumed to be
equivalent to interstitial [K*]. The intracellular [K*] was
assumed to be 150 mmol/l at rest and fatigue. The effects of
[Nat] on the RMP were ignored.

Discussion

The present study has shown that a fatiguing inspiratory
resistive loading can induce a rise in arterial [K*]. This
rise in arterial [K*] was associated with a combined
metabolic and respiratory acidosis. The increase in arterial
K* correlated well with changes in arterial pH and BE. In
contrast, changes in blood gas tensions appeared to be
unrelated to arterial [K*].

Effect of hypercapnia and changes 1in serum bicarbonate

levels on diaphragmatic function

Studies have shown that hypercapnia alone can produce a
significant reduction in the force of diaphragmatic

contraction in isolated rat diaphragm preparations and in
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intact dogs (Fitzgerald et al., 1984; Schnader et al., 1985
and 1988). Moreover, Fitzgerald and colleagues showed that
even when pH was kept constant, an increase in Pcg, still
precipitated a decrease in diaphragmatic force. The level of
Pco, that impaired diaphragm contractility in the above
studies ranged from 46 to above 102 mmHg. Arterial Pco,
measured at fatigue in the present study ranged from 55 to
100 mmHg. The severity of hypercapnia induced by IRL in the
present study falls within the range of Pcp, known to reduce
diaphragmatic contractility. Presumably, therefore, it 1is
possible that increased arterial Pcg, reported in this
chapter could have contributed to a decrease in force of
diaphragmatic contraction. How hypercapnia induces
diaphragmatic contractile depression is not known, but one
possible mechanism has been proposed by Lade and colleagues
(1963) and Fitzgerald and colleagues (1983). Both groups of
researchers showed that hypercapnia could produce a decrease
in intracellular [K*] in limb muscles of man (Lade et al.
1963) and the rat diaphragm (Fitzgerald et al. 1983). Since
most of the intracellular K is ionized, a decrease in its
concentration would reduce the resting membrane potential.
Such a change in RMP 1is known to reduce the force of

contraction of a muscle.

Changes in intracellular [H*] could alsc explain the loss of
diaphragmatic force of contraction induced by hypercapnia.
Fitzgerald and <colleagues (1986), studying the rat
diaphragm, demonstrated a fall in intracellular pH secondary
to hypercapnia using 3!P nuclear magnetic resonance
technique. The effect of intracellular acidosis on muscle

contractility will be outlined later in this discussion

In the present study, no relationship was found between
changes in arterial bicarbonate concentration and arterial
potassium concentration induced by diaphragmatic fatigue.
Plasma bicarbonate rose on average by 1 mmol/l. A possible
explanation for the increase in plasma bicarbonate is that
increased Pacg, vielded an increase in plasma carbonic acid,
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which would dissociate into H* and HCO,~. There is evidence
to show that extracellular bicarbonate must be lowered

rather than raised to precipitate diaphragm fatigue.

An in vitro study on the rat diaphragm has shown that
extracellular bicarbonate needs to be lowered by 17 mmol/1l
to produce a reduction in diaphragmatic force of contraction
(Fitzgerald et al., 1984). Thus the minor changes in
bicarbonate levels observed in the rabbit could not have

induced diaphragmatic contractile failure.
Effect of hypoxia on diaphragmatic function

In four rabbits, Pap, ranged from 30 to 38 mmHg. These Pg,
values have been reported to have reduced diaphragmatic
tension in spontaneously breathing pigs (Watchko et al.,
1986) and isolated rat diaphragm (Shee & Cameron, 1990). At
present, how hypoxia induces contractile failure is not
understood. However, 1t has been demonstrated that
contractile failure in isolated rat diaphragm cannot be
attributed to hypoxia-induced intracellular acidosis (Shee &

Cameron, 1990).

The current view is that the reduction in diaphragmatic
force of contraction during severe hypoxia results from a
reduction in ATP production. Clearly if hypoxemia occurred
during intense diaphragmatic activity, the decreased oxygen
supply to the diaphragm and increased diaphragmatic energy
demand would precipitate peripheral diaphragmatic fatigue.
In support of this hypothesis, it has been shown in humans
that the diaphragm, working against a severe IRL, fatigued
sooner during hypoxic gas breathing (Jardim et al., 1981).

The reduction in Pag, observed in this study is severe enough
to produce changes in [(H*] (Shee & Cameron, 1990), and

perhaps secondary changes in [K*] in the extracellular
compartment. A low Pap, indicates the present of tissue

hypoxia. Tissue hypoxia, induced by ventilatory or

e
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circulatory dysfunction or increased oxygen consumption,
stimulates lactic acid production. Plasma lactate
concentration and [H*] are increased as they are released
from the active muscles. An increase in extracellular [K*]
may result as extracellular hydrogen ions are exchanged for
intracellular potassium ions. Alternatively and probably
more likely, an increase extracellular [K*] could have been
achieved by a reduction in Na*-K*-adenosine triphosphatase
(Nat-K+-ATPase) activity, resulting in a net loss of K* from
active muscles. The activity of Na*-K*-ATPase is reduced
when insufficient ATP is produced by anaerobic metabolism.

Hypoxia like hypercapnia can stimulate the release of
catecholamines from the adrenal glands (Cunningham et al.,
1965; Claustre & Peyrin, 1982). Increased levels of
catecholamines will increase the oxygen consumption of
tissues further exacerbating the severity of tissue hypoxia.
Studies have shown that within the first 10 minutes after
the injection of noradrenaline, plasma K* increases rapidly,
followed by a much longer hypokalemic response (Brewer et
al., 1939; Todd & Vick, 1971). The initial hyperkalemia
results from an o-adrenoreceptor-mediated release of K*

release from the liver (Craig & Honig, 1963; D'Silva, 1936).
In contrast, hypokalemia results from B-adrenoreceptor-
mediated net uptake of K* primarily by skeletal muscles but
probably also by the heart and liver (Craig & Honig, 1963;
Clausen, 1986). A reduction in ATP synthesis induced by
hypoxia could have prevented an increase in Na*-K+-ATPase
required for the net uptake of K* in muscles and liver, and
thus hyperkalemia would be maintained. This explanation for
the observed hyperkalemia in the six rabbits, although
attractive, must be viewed with caution as catecholamine
levels were not measured in this study and therefore it is

known not whether they increased during IRL.
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Effect of pH on diaphragmatic function

Substantial evidence has accumulated to indicate that
intracellular acidosis can produce muscular fatigue
(Hermansen & Osnes, 1972; Metzger & Fitts, 1987). The
extracellular acidosis in the present study was both
metabolic and respiratory in nature. This means that the
changes in both Pacg, and Pag, reported here could have
contributed to the changes in plasma pH. In the present
study, arterial pH decreased to values of 6.91 to 7.19 at
fatigue. For the intracellular pH to have fallen,
extracellular pH must have decreased below 7.15 (Heisler,
1975). In five rabbits pH measured at fatigue was lower than
7.15. In these rabbits at least, the [H*] in the diaphragm
should have increased. An increase in intracellular [H*] may
have contributed to the development of diaphragm fatigue in
these rabbits.

Possible mechanisms, by which increased intracellular [H*]
may interfere with diaphragmatic force of contraction, will
be outlined. Intracellular acidosis inhibits
phosphofructokinase activity, resulting in a reduction in
ATP synthesis (Trivedi et al., 1966). An increase 1in
intracellular [H*] can prevent the interaction between
contractile proteins. Hydrogen ions have been shown to
increase Ca2* binding to the sarcoplasmic reticulum (SR)
(Nakamaru & Schwartz, 1972) and inhibit SR adenosine
triphosphatase (Inesi & Hill, 1983). Both effects would
reduce the availability of Ca?* on excitation. Moreover, H*
has been shown to compete with Ca?* for the binding site on
troponin C (Fuch et al., 1970). Intracellular acidosis may
induce a net efflux of K* from myocytes. An efflux of K+ from
the diaphragm may result in alteration in its RMP which

would reduce its excitability.
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Effect of K* on RMP and diaphragm contractility

Inspiratory resistive loading in the six rabbits induced a
rise in plasma [K*]. There are several mechanisms that could
explain this rise in plasma [K*] during IRL. These include
the following: (1) a shift in water from extracellular to
intracellular compartment; (2) hypercapnia and increased
lactate production by exercising inspiratory muscles; (3) o-
adrenergic stimulation resulting from raised catecholamine
levels; (4) an increased number of action potentials
generated by exercising inspiratory muscles with incomplete
re-uptake of K*; (5) an inhibition of Nat-K* pump caused by a
reduction in available ATP. All or some of these factors may
have contributed to the rise in plasma [K*] observed at

fatigue.

To assess whether the changes in arterial K+ reported here
could have altered diaphragmatic RMP, RMP was calculated.
The calculation of RMP was based on three assumptions.

(1) Diaphragmatic blood flow can increase substantially
during severe IRL (Rochester & Bettini 1976). With a high
perfusion rate and rapid diffusion of K* from interstitial
fluid, venous [K*] should be close to [K+] in interstitial
fluid. Sahlin and Broberg (1989) reported that a femoral
venous-artery arterial [K*] was within 0.2 mmol/l at
fatigue. These findings indicate that arterial [K*] at end
of exhaustive exercise is at best representative or at worst

an underestimate of interstitial fluid K* concentration.

(2) Intracellular [K*] was assumed to have remained
constant at 150 mmol/l. This value for diaphragmatic
intracellular [K*] may have been inappropriate for the
preparation used in this study. During IRL intracellular
[K*] would have decreased as K* leaves the cells. Therefore,
it is likely that intracellular [K*] at fatigue may have
been overestimated. A more accurate picture of the changes
in 1intracellular K* concentrations as a consequence of
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loading could have been achieved if biopsies from diaphragm
were taken before and at fatigue.

(3) The effect of distribution of Na* across the
membrane on the RMP was ignored. Sjggaard (1986) has shown
during exhaustive exercise of leg muscles in humans that
extracellular Nat* concentration does not change and only
increases modestly during recovery. Besides the effect of
[Nat] on diaphragmatic RMP would be negligible as indicated
by the Hodgkin & Horowicz equation (see equation 2 in this

chapter) .

The predicated RMP at rest ranged from -102.8 to -110.4 mv.
These values are higher than those measured in the isolated
diaphragm of the rat by Creese and colleagues (1958). Their
diaphragmatic RMP ranged from -60 mV at the periphery to -80
mv in the centre of the muscle. Esau (1991) measured
diaphragmatic RMP in the hamster; her control RMP was -74
mV. In the limb muscles of the rat, RMP was -63 or -64 mVv
(Sjegaard, 1986). The probable explanation for disagreement
between the predicated RMP and measured RMP reported by
others is that intracellular [K*] was probably overestimated
for the calculation of RMP both at rest and at fatigue.
Sjpgaard (1986) measured intracellular K* of rat extensor
digitorium longus (EDL) and soleus (SOL) using
microelectrodes. In the fresh muscles, intracellular [K*]
was 131 mmol/l1 for SOL and 142 mmol/l for EDL. Moreover, he
found that intracellular [K*] decreased by more than 35
mmol/1l at fatigue in both EDL and SOL.

The predicted RMP of the diaphragm at fatigue ranged from
-77.3 to -91.3 mvV. In contrast, RMP measured in fatigued
limb and respiratory muscles were around -43 mV (Sjgpgaard,
1986; Esau, 1991). Although the predicated wvalues for
diaphragm RMP may not be accurate, the estimated changes in
RMP induced by hyperkalemia are of a magnitude reported by
other researchers. It has been reported that doubling of

extracellular [K*] would depolarize the membrane of a cell
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by 18 mv (Medbep & Sejersted, 1990). In Table 5.2, it can
bggﬁ seen that a near doubling of [(K*] at fatigue in
experiment 247 increased RMP by an estimated 17.5 mV.

Based on calculations of RMP, the RMP of diaphragm in each
rabbit decreased at fatigue. The average decrease in RMP was
14.3 mvV. A decrease in RMP of such a magnitude is thought to
be able to precipitate muscular fatigue (Sjggaard, 1986).
The largest predicted decrease 1in diaphragmatic RMP
presented in this study was by 25.5 mV. Such a decrease in
RMP would surely have hastened the onset of diaphragmatic
fatigue in that rabbit. A constant depolarization of the
muscle by 20 to 30 mV inactivates 50% of the Na* channels
(Hodgkin & Huxley, 1952), making the membrane completely
inactive. Because interstitial [K*] was probably higher than
that in venous and arterial circulation during IRL, a much
larger depolarization of diaphragmatic RMP might have

occurred than predicted from [K*] in the blood.
Conclusion

Inspiratory resistive loading induced a combined metabolic
and respiratory acidosis which was associated with a
significant rise in arterial potassium concentration. All
these changes occurred when diaphragm fatigue was indicated.
Theoretically at least, the increased arterial [K*] was of a
magnitude to induce fatigue. Because of the design of this
experiment, the effect of K+ and other blood chemistry
variables on diaphragm contractility cannot be separated. In
all probability, the effects of hypercapnia, hypoxia,
increased Kt and increased diaphragmatic exertion in
response to IRL on diaphragm contractility may be additive
or synergistic, and together may have hastened the onset of

contractile failure.

This study has not provided any direct evidence to identify
the source or sources responsible for K* secretion. Since
the only muscles probably being fatigued were the
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inspiratory muscles, the increase in K* could be attributed
to K* secretion from these muscles. Obviously, further study
will be required to test this hypothesis. Because this
question was periphery to the thesis, it was not
investigated. However, “in ’t:he subsequent two chapters an
assessment is made of the relative contribution made by a
metabolic and respiratory acidosis to the rise in arterial
K* noted during IRL.
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CHAPTER 6

EFFECT OF AN ACUTE METABOLIC AND RESPIRATORY ACIDOSIS
ON ARTERIAL POTASSIUM CONCENTRATION

Introduction

This study was undertaken to investigate the independent
effects of an acute metabolic and an acute respiratory
acidosis on potassium secretion. It is anticipated that this
investigation would give an insight into how each type of
acidosis may have contributed to the rise in arterial [K*]

reported in the previous chapter.

Methods

In this study six male New Zealand white rabbits were
anaesthetized with pentobarbitone (60 mg IV) followed by a
continuous infusion of ketamine (12.5 mg/kg/hr). Each animal
was paralysed with flaxedil (4 mg/kg) and then mechanically
ventilated. During the control, the inspired 03 was
increased to 50% Oz in Ny to prevent hypoxia, and
respiratory rate and tidal volume were adjusted to give Paco,
and acid-base values similar to the mean control values

reported in the rabbits in Chapter 5.

Hypoxia-induced metabolic acidosis (HMA) and
hypoventilation-induced respiratory acidosis (HRA) were
compared in each rabbit. The order in which they were
administered was varied in case one form of acidosis
influenced the response to the other. In three rabbits HRA
preceded HMA (Protocol 1) and in two rabbits HMA preceded
HRA (Protocol 2). Details of the two protocols are given on
subsequent pages. In a sixth rabbit (241), only a

respiratory acidosis was induced for 30 minutes with
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arterial blood samples taken before and at intervals during

acidosis (5, 10, 20 and 30 minutes).

An arterial blood sample was taken immediately before
induction of respiratory acidosis to determine control
values for acid-base status, blood gases composition, and
[K*]. To induce a respiratory acidosis the tidal volume was
halved from 28.8 = 0.9 ml to 14 * 0.6 ml while ventilatory
frequency was kept constant at 67 * 1.6 breaths/min.
Inspired O was also keep constant at 50% in N. The level
of ventilation was maintained for 30 minutes while arterial
blood samples were taken at five minute intervals for
potassium, blood gases and acid-base analysis. Tidal volume
was returned to control value after 30 minutes. Arterial
blood samples were taken at 5 minute intervals to determine
when blood chemistry variables had returned to a control
level. Variables were considered to be at a control level
when arterial [K*] was within * 0.5 mmol/l of the pre-
control value. If arterial [K*] did not return to control
levels within 30 minutes, the experiment was stopped. Once
an animal had recovered from the effects of a respiratory
acidosis, a metabolic acidosis was induced by reducing the
inspired 0O to give an end tidal oxygen of 7% to 9%. This
level of end-tidal 0O, was chosen to produce an arterial Pg,
similar to that observed at diaphragm fatigue (see Chapter
5). The low inspired O3 gas mixture was maintained for 30
minutes and once again arterial blood samples for analysis
were taken at five minute intervals. For an outline of

Protocol 1 refer to Table 6.1.
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Protocol 2

Arterial blood samples were taken to establish control
values for pH, blood gases, base-excess and arterial [K*]. A
metabolic acidosis was induced as outlined in Protocol 1.
Arterial blood samples were taken at 5 minute intervals for
analysis during acidosis, and then at 5 minute intervals
during recovery. Variables were considered to be at a
control level when arterial [K*] was within * 0.5 mmol/1l of
the pre-control value. If arterial [K*] did not return to
control 1levels within 30 minutes, the experiment was
stopped. A respiratory acidosis was produced as described in
Protocol 1 once a new control 1level for [K*] was
established. During respiratory acidosis blood samples were
withdrawn at intervals of five minutes for analysis. For an
outline of Protocol 2 refer to Table 6.1.
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Table 6.1.
Protocols to determine the contribution made by an acute respiratory
acidosis and an acute metabolic acidosis to an increase in arterial
potassium concentration ([K*]). HMA denotes hypoxia-induced metabolic
acidosis and HRA, respiratory acidosis. SV represents spontaneous
ventilation and MV, mechanical ventilation.

Protocol 1

Condition Control 1 | HRA Control 2 | HMA
Manoeuvre | SV MV 1/2MV MV MV
+50% O3 +50% 02 +50% O3 +50% O3 +<21% O3
to give to give to give
ETCO2 4% ETCO2 ETO2 8%
+0.5% 4%+0.5% +1%
Duration 30 min. K+ +0.5 30 min.
mmol/1l of
control 1
K+ at least |at least |5 min- 5 min- 5 min-
analysis 1 2 intervals | intervals | intervals
Protocol 2
Condition Control 1 | HMA. Control 2 | HRA
Manoeuvre | SV MV MV MV 1/2MV
+50% O3 +50% 02 +<21% 03 +50% O3 +50% O3
to give to give to give
ETCO2 ETO2 8% ETCO2
4%+0.5% +1% 4%+0.5%
Duration 30 min. K+t +0.5 30 min.
mmol/1l of
control 1
K+ at least Jat least |5 min- 5 min- 5 min-
analysis 1 2 intervals | intervals | intervals
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Control experiment

Two of the six rabbits were mechanically ventilated with 50%
Oz in Ny for 30 minutes at a tidal volume of 28 ml and rate
of 60 breaths/min. Arterial blood samples were taken for
measurements of pH, actual base-excess, blood gas tensions,
and [K*] at ten minute intervals. This experiment was
carried out to determine whether there was any time-
dependent variation in arterial acid-base status, blood gas
tensions, or [K*] with mechanical ventilation in the absence
of hypoventilation or hypoxia. The control experiments were

performed before the induction of HMA and HRA.

Analvsi f

For HMA and HRA data for analysis were obtained from four
and five rabbits respectively. Data from both protocols were
pooled to assess the mean effects of HMA and HRA on arterial
acid-base, blood gases, and ([K*]. All data were considered
when averaging changes in wvariables. All results are
expressed as means * SE. Changes in variables were assessed
by analysis of wvariance. In addition, the correlation
between HMA and HRA data was analyzed by linear regression
using the method of least squares. For simple linear
regression analysis, pH values were converted to [H*] as
described in Chapter 5. A change in a variable and the slope
of the regression line were deemed significant at P < 0.05

level.
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Results

Control arterial blood variables before induction of a
metabolic and respiratory acidosis

There was no significant difference in mean control pH
between HMA and HRA (7.41 £ 0.04 units vs 7.40 * 0.02 units
respectively). The control arterial [K*] for HMA was 2.4 &
0.03 mmol/l whereas the control value for HRA was 2.9 * 0.5
mmol/l. This difference was not statistically significant.
No significant difference was found in values of either
arterial Pco, (HMA, 27.0 * 1.3 mmHg vs HRA, 29.8 £ 1.0) or
base-excess (HMA, -5.78 * 1.7 mmol/l wvs HRA, -4.52 * 0.7
mmol/1) .

Effect of an acute metabolic and respiratory acidosis on
arterial acid-base, blood gas tensions, and potassium

The effect of HMA on arterial blood chemistry is summarized
in Table 6.2. During HMA, arterial pH decreased steadily.
Arterial Pcg, remained fairly constant whereas Pagp, decreased
substantially after five minutes of ventilation with a
hypoxic gas mixture before stabilizing. Arterial [K*]
increased steadily before peaking at 20 minutes. Base-excess
decreased sharply after five minutes and then continued to
decrease at a reduced rate. All variables except Pacp, and
Pag, were statistically different from control throughout.
The change in Pag, was significant after 10 minutes whereas

Paco, changed insignificantly.
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The effect of HRA on arterial blood chemistry is summarized
in Table 6.3. During the first 20 minutes of HRA, arterial
pH decreased progressively before stabilizing. Arterial Pcog,
almost doubled after five minutes of HRA, and then continued
to increase at a slower rate. Both arterial pH and Pco, were
significantly altered throughout HRA. Base-excess was
significantly different from 5 minutes onwards. In contrast,
Pag,, and K+ were not significantly altered. Arterial Po,

remained relatively constant whereas [K*] fluctuated.
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Time pH Paco: Pag, K* Base-excess
(rain) (units) (mmHg) (mmHg ) (mmol/1) (mmol/1)
0 7.41 27.0 307.8 2.4 -5.8
(0.03) (1.3) (76.6) (0.1) (1.7)
5 7.36 24.6 43.7 3.1 -10.4
(0.02) (1.9) (2.3) (0.2) (1.3)
10 7.30 24.3 42.3 3.2 -12.6
(0.01) (1.9) (2.6) (0.2) (1.2)
15 7.27 26.0 41.7 3.5 -14.2
(0.00) (1.8) (3.2) (0.2) (0.5)
20 7.22 25.7 39.9 3.6 -15.9
(0.02) (1.9) (3.6) (0.2) (0.7)
25 7.18 23.8 41.5 3.4 -18.5
(0.03) (2.6) (3.4) (0.2) (0.2)
30 7.14 22.9 42.3 3.6 -20.1
(0.02) (2.9) (4.2) (0.2) (0.5)

Table 6.2. The effect of hypoxia-induced metabolic acidosis
on arterial blood wvariables. Results are expressed as means

of four rabbits with SE in brackets.
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Time pH Paco; Pao; K* Base-excess
(min) (units) (mmHg) (mmHg) (mmol/1) (mmol/1)
0 7.40 29.8 326.5 2.7 -4.5
(0.02) (1.0) (51.6) (0.3) (0.7)
5 7.19 59.0 339.5 2.6 -6.7
(0.01) (1.6) (43.5) (0.3) (0.5)
10 7.22 66.6 348.0 2.8 -7.6
(0.08) (3.5) (53.2) (0.4) (0.7)
15 7.11 73.3 345.5 2.8 -7.6
(0.01) (3.5) (66.8) (0.5) (0.6)
20 7.09 74.4 329.3 2.8 -8.8
(0.02) (5.9) (57.6) (0.3) (1.4)
25 7.09 79.6 352.3 3.0 -8.2
(0.02) (8.1) (87.4) (0.7) (1.5)
30 7.09 78.3 299.2 3.2 -8.7
(0.02) (8.2) (44.8) (0.4) (1.4)
Table 6.3. The effect of hypoventilation-induced respiratory

acidosis on arterial blood variables.

as means of five rabbits with SE in brackets.

Results are expressed
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Relationship between (H*] and determinants of acid-base
balance

During HMA, there was a strong negative and highly
significant correlation between [H*] and base-excess (see
Fig. 6.1). However, there was no correlation between [H*]
and Pacp, (r = 0.008, P = 0.969) during HMA. During HRA,
there was a highly significant positive correlation between
arterial ([H*] and Pacgp, (see Fig. 6.2). There was also a
significant correlation between [H*] and base-excess during
HRA (r = 0.61, P = 0.004)

_ y = 24.6 - 2.21x
90 r =001
] P = 0.0001
80 A
= 70-
=
g )
£ 60 1
—_— 50 1
. ]
L, 40
30 -
20 T T v T T T v T v T T -1
-24 -20 -16 -12 -8 -4 0

BE (mmol/l)

Fig. 6.1. Relationship between arterial [H*] and base-excess
(BE) during an acute metabolic acidosis. All control
measurements and measurements obtained during hypoxia from

four rabbits are presented.
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Fig 6.2. Relationship between arterial [H*] and Paco, during
an acute respiratory acidosis. All control measurements,
made during normocapnia, and measurements made during

hypercapnia from five rabbits are presented.
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Comparison of the effects of HMA and HRA on arterial
potassium

Arterial [K*] rose steadily during HMA whereas it fluctuated
during HRA as shown in Fig. 6.3. The peak rise in [K*]
produced by HMA occurred 20 minutes into hypoxic gas
breathing and the peak rise produced by HRA occurred earlier
at 10 minutes of HRA. The maximum rise in arterial [K*]
induced by a HMA averaged 1.3 mmol/l whereas the maximum
rise in {[K*] induced by a HRA averaged only 0.3 mmol/l.
Interestingly, mean arterial [K*] fell below control twice
during a HRA.

HRA produced a greater reduction in arterial pH than a HMA,
Arterial pH decreased by an average of 0.31 units for HRA
while it decreased by an average of 0.27 units for HMA.
Despite having a smaller reduction in arterial pH, HMA
produced a mean increase in arterial [K*] of 1.2 mmol/l
which was significantly greater than an average rise in
arterial K* of 0.2 mmol/l produced by HRA.

In addition, there was a highly significant positive
correlation between arterial [K*] and arterial [H*] for HMA
(see Fig. 6.4). In contrast, this was not the case for HRA
(see Fig. 6.5).
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Fig. 6.3. The time course of changes in arterial [K#] (AK+)
produced by a metabolic (MA) and respiratory acidosis (RA)

The values are means changes + SE of control value. The MA
represents data from four rabbits and the RA from five

rabbits. Time 0 minutes is control.
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Fig. 6.4. Relationship between arterial [H*] and [K*] during
an acute metabolic acidosis. Both control wvalues and those
measured during a metabolic acidosis for four rabbits are

presented.
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Fig. 6.5. Relationship between arterial [H*] and ([K*] during

an acute respiratory acidosis.

Both control wvalues and those

measured during a respiratory acidosis for five rabbits are

presented.
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Control experiment

During the control study, arterial pH decreased by 0.04
units at 30 minutes. The changes in the other wvariables
showed no obvious trends. Both arterial Pco, and base-excess
were lower by 1.4 mmHg and 2.9 mmol/l respectively after 30
minutes of mechanical ventilation; whereas Pag, was higher by
19.1 mmHg. Arterial [K*] remained constant. None of the
measured blood chemistry variables changed significantly
during the 30 minutes of mechanical ventilation. The results
of the control study are summarized in Table 6.3.

Time pH Pacoj Pagy Kt Base-
(min) (units) (mmHg) (mmHg) (mmol/1) excess
(mmol/1)
0 7.44 26.2 328.7 2.5 -5.0
(0.01) (0.4) (21.7) (0.1) (0.6)
10 7.41 25.1 310.9 2.5 -7.00
(0.01) (4.3) (9.9) (0.3) (3.2)
20 7.39 25.8 340.5 2.6 -6.85
(0.02) (0.7) (12.5) (0.2) (1.7)
30 7.40 24.8 347.8 2.5 -7.90
(0.01) (0.6) (20.7) (0.1) (0.8)

Table 6.3. Arterial pH, Kt and blood gases in two animals
during 30 minutes of continuous mechanical ventilation with
50% O3. Results are presented as means with SE in brackets.
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Discussion

Both HRA and HMA produced changes in arterial blood acid-
base composition and [K*]. HRA was characterized by
hypercapnia, low pH, and a modest rise in arterial [K*]. In
contrast, HMA was associated with a low pH, low base-excess,
and a substantial rise in arterial [K*]. For HMA, arterial
[K*] was related to the severity of acidosis. This was not
the case for HRA.

Control experiment

The control study indicates that there were no time
dependent changes in arterial acid-base status, blood gas
tensions, or [K*] associated with mechanical ventilation in
the absence of hypoventilation or hypoxia. It is worthy of
note that arterial [K*] was not influenced by administration
of flaxedil. Any changes observed during HMA and HRA were
therefore due to these interventions.

Effect of HRA and HMA on K* release

Despite only a small difference in pH between HMA and HRA,
the average rise in arterial [K*] produced by HMA was six
times that produced by HRA. The body of evidence available
indicates that the rise in [K*] per change in pH during an
acute respiratory acidosis is lower than that during mineral
acid acidosis but higher than that during organic acid
acidosis (Adrogue & Madias, 1981). In this study, a
metabolic acidosis was probably induced because of increased
production of organic acids. Therefore, the rise in arterial
[K*] during HRA should have been greater than a rise in
arterial [(K*] induced by HMA.

Although lactic acid concentrations were not measured in the
present study, it is highly probable that the production of

this acid increased in response to tissue hypoxia. A number
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of studies have shown that infusion of lactic acid does not
raise the plasma potassium concentration (Oster et al.,
1978; Oster et al., 1980; Tobin, 1958). In view of these
studies, the progressive increase in arterial potassium
observed during HMA was probably not induced by increased

lactic acid concentrations alone.

In previous studies, an organic metabolic acidosis was
induced by infusion of lactic acid, acetic acid, or B-
hydroxy-butyric acid (Oster et al., 1978; Oster et al.,
1980; Tobin, 1958). In contrast, a metabolic acidosis was
induced by hypoxia in this study. There is evidence to show
that hypoxia can produce an increase in plasma [K*]
(Estavillo et al., 1988). Estavillo and colleagues reported
that in artificially ventilated cats a reduction in end-
tidal O3 to around 40 mmHg produced an increase in arterial
K* by as much as 2 mmol/l. During HMA, Pag, averaged 40 mmHg
and arterial [K*] increased on average by 1.2 mmol/l. They
did not report the effect hypoxia had on the acid-base
status of their cats. However, it is highly probable that a

metabolic acidosis was induced.

Both this study and the investigation by Estavillo and
colleagues (1988) have indicated that severe hypoxia may
induce an appreciably increase in arterial [K*] in the
rabbit and the cat réépéétively. The mechanisms responsible
for hypoxia-induced hyperkalemia have not been elucidated.
However, possible mechanisms might involve increased
production of metabolic acids induced by tissue hypoxia or
hypoxia-induced release of catecholamines from the adrenals.
Both mechanisms could increase plasma [K*]. But the
hyperkalemic response to organic metabolic acidosis is at
best small (Oster et al., 1980; Tobin, 1958) and that
induced by increased catecholamine levels is short 1lived
less than 10 minutes (Brewer et al., 1939; Todd & Vick,
1971). It would appear, therefore, that other mechanisms may
have been responsible for hyperkalemic response to hypoxia.



120

The consensus is that an acute respiratory acidosis results
in an 1increase 1in plasma potassium concentration, and
evidence in support of this view is presented in an
excellent review by Adrogue and Madias (1981). A number of
studies have reported no increase in extracellular [K*]
during a respiratory acidosis (Kilburn, 1965; Poole-Wilson &
Cameron, 1975). Interestingly, 1in the present study,
arterial [K*] fell below control value twice during HRA.

It is not certain whether the second hypokalemic response
was a real phenomenon as it only occurred in two rabbits
with the decrease in arterial [K*] in one rabbit being
within the error of measurement of K*. However, the initial
hypokalemic response is probably a real phenomenon as it
occurred in four of the five rabbits. In two of the four
rabbits, arterial [K*] decreased by more than 0.1 mmol/l.
Furthermore, the control study indicates that changes in
arterial [K*] which occurred during HRA are a consequence of
this intervention, and Hughes and colleagues (1990) have
also observed a significant hypokalemic response after 5
minutes of HRA in the cat.

This present study and that of Hughes differed from others
in terms of the method used to induce a respiratory acidosis
and the time that plasma K+ was first measured during a
respiratory acidosis. In other studies, respiratory acidosis
was produced by getting the subject or animal to breathe
COz-enriched gases and the first blood sample was not taken
until 10 minutes to an hour following the start of CO;
loading (Adrogue & Madias, 1981; Burnell et al., 1956;
Bracket et al., 1965; Held et al., 1971; Javaheri et al.,
1989). Why the methods of CO; loading and mechanical
hypoventilation should have produced different responses
cannot be readily explained. The hypokalemic response may
have been missed by other researchers because they did not
measure plasma K* within the first five minutes of CO;
loading. This explanation is supported by the results in
this study where plasma [K*] generally increased after 5
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minutes of HRA and that of Hughes and colleagues who also
noted a rise in arterial K* when HRA was continued beyond 5

minutes (unpublished results).

In conclusion, hypoventilation-induced respiratory acidosis
produced a more substantial decrease in arterial pH than
hypoxia-induced metabolic acidosis. However, HRA resulted on
average in a modest and insignificant rise in arterial [K*]
compared to a significant rise in arterial [K*] produced by
a HMA. There was a strong positive correlation between
arterial [H*] and [K*] during an acute metabolic acidosis.
This is in contrast with a poor correlation between arterial
[H*] and [K*] during an acute respiratory acidosis.

All the evidence provided by this study indicates that the
metabolic component of the acidosis may have contributed
substantially more than the respiratory component of the
acidosis to the rise in arterial [K*] reported in the
previous chapter. The next chapter will investigate: (1)
whether a simple arithmetic sum of the response to a
metabolic acidosis and a respiratory acidosis can completely
account for the rise in arterial [K*] observed during IRL
(see Chapter 5); (2) whether interaction between a metabolic
acidosis and a respiratory acidosis is more complex; (3)
whether a third factor, such as release of K* from active

muscles, may have also contributed to that rise.
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CHAPTER 7

COMPARISON OF THE EFFECT OF A METABOLIC AND
RESPIRATORY ACIDOSIS, AND INSPIRATORY RESISTIVE
LOADING ON POTASSIUM RELEASE

Introduction

It has been well documented that exercising limb muscles
release potassium (Hnik et al., 1976; Hirche et al., 1980;
Linton et al, 1984, Sjpgaard, 1986). At present no
information is available about whether inspiratory muscles,
in particular diaphragm, release K* during inspiratory
resistive loaded breathing. Unlike limb exercise, exercising
the diaphragm by applying an inspiratory load to breathing
invariably produces a systemic hypoxemia and hypercapnemia
resulting in an acidosis (Chapter 5). These changes in blood
acid-base status during IRL could induce hyperkalemia. To
determine the effect of hypoxia and hypercapnia-induced
acidosis on arterial [K*], the experiments in Chapter 6 were
carried out. The results of those experiments indicate that
hypercapnia-induced acidosis had minimal effect wupon
arterial [K*] whereas hypoxia-induced acidosis caused a
significant rise in arterial [K*]. In this chapter, the
results from the previous two chapters will be compared in
order to determine the relative contribution made by a
metabolic and a respiratory acidosis to the rise in arterial
[Kt] observed during inspiratory resistive loaded breathing,
thereby estimate the possible contribution made by the

loaded inspiratory muscles.
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Analvsis

The results obtained in Chapters 5 and 6 were used to
compare the effects of inspiratory resistive loading-induced
acidosis (IRLA) with hypoxia-induced metabolic acidosis
(HMA) and hypoventilation-induced respiratory acidosis (HRA)
on arterial [K*]. Sometimes, the methods employed to induce
an acidosis in the three groups of rabbits will be referred

to as treatments.

mparison of bl hemi n IRL nd HR

Control values of arterial pH, Paco,, Pagp,, base-excess, and
[K*] were averaged for each of the three treatments. For HMA
and HRA, peak arterial [K*] was averaged and values for
arterial pH, Paco,:. Pagp,, base-excess coinciding with peak
[K*] were also averaged. In the case of IRLA, the
measurements of the these variables at fatigue were
averaged. In two experiments, serial samples of arterial
blood were taken at 5 minute intervals throughout IRL. In
these experiments, arterial {[K*] peaked when the diaphragm
fatigued. In view of this finding, it is probable that
arterial [K*] at fatigue represents the peak value for the
other rabbits.

Estimating potassium secretion

To allow a fair comparison of the rate of potassium released
by the three treatments, only rabbits whose arterial pH did
not decrease by more than 0.4 units during IRLA, HMA or HRA
were selected for the analysis. Peak arterial [K*] values
for HMA and HRA while wvalues measured at fatigue for IRLA
were used to estimate the rate of potassium release. To make
allowances for differences in body weight, and duration of
the treatment, potassium released by active muscles or the
liver or both will be expressed as umol/min/kg.
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To do this, all animals were weighed and total plasma volume
of the rabbit was assumed to be 50 ml/kg of body weight
(Courtice, 1943). The net gain or loss of arterial [K*] was
determined by subtracting arterial [K*] measured before
treatment ([K*]lpp) from that measured during treatment

([K*]7). This value was multiplied by total plasma volume to
give the net change in plasma [K*]. The net gain or loss of
arterial potassium was expressed as potassium change per
total body wet weight (wwt). This was done because it was
not clear which muscles were releasing or taking up K+. The
rate of change in net plasma [K*] was calculated by dividing
the duration of the treatment into net change in plasma K.
This result was then divided by body wet weight to relate
the net change in plasma [K*] to total body muscle mass,

i.e. body size.

The formula used to calculate the rate of change of plasma
[K*] per total body wet weight is as follows:

50 x wwt X ([K*]p - [K*]pp)

wwt X ¢

The rate of change of plasma [K*] per total body weighy was/l

then averaged for each treatment.

Unless otherwise stated, the means of the different
treatments were compared by a one factor analysis of
variance (ANOVA) to assess whether there was a difference
between them. A post-hoc Scheffé F-test was performed to
identify which treatments were different (Hicks, 1990). A
difference between treatments was deemed significant when P
< 0.05.
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Results

Comparison of control arterial blood variables of IRLA with
HMA, and HRA

HMA versus IRLA controlg

There was no significant difference in mean control pH
between IRLA and HMA (7.45 * 0.04 units vs 7.41 * 0.04
units). Similarly, there was no significant difference in
control arterial Pc¢p; (IRLA, 28 = 2.2 mmHg; HMA, 27 * 1.27
mmHg), or base-excess measurements (HMA, -5.78 = 1.72; IRLA,
-2.8 * 1.8). The only variable that showed any significant
difference was arterial potassium which was significantly
higher (P = 0.003) for IRLA (2.88 * 0.12 mmol/l) than HMA
(2.35 £ 0.03 mmol/1).

HRA versus TRLA controls

The control pH values were significantly different (HRA,
7.40 %+ 0.02 units; IRLA 7.45 % 0.04 units; P = 0.031). The
control arterial K* for HRA (2.9 * 0.5) was not
significantly different from that of IRLA. No significant
difference was found in values of either arterial Pcgp, (HRA,
29.8 £ 1.0 vs IRLA, 28.0 * 2.2 mmHg) or base-excess (HRA, -
4.52 * 0.7 mmol/l vs IRLA, -2.8 £ 1.8 mmol/1l).

Comparison of acid-base status and blood gas tensions
between IRLA, HMA, and HRA

IRLA produced the biggest fall in pH value followed by HRA
then HMA (see Table 7.1). However, the differences in pH
between the treatments were not significant. HRA and IRLA
produced comparable degrees of hypercapnia. In contrast, HMA
was associated with hypocapnia. Arterial Pg, values for IRLA
and HMA were not significantly different, both were less
than 50 mmHg. For HRA Pag, was six times greater. Base-excess
measurements for IRLA and HRA were not significantly

different. For HMA\was significantly lower.

i

/Y



126

pPH Paco; Pao, Base-excess

(units) (mmHg) (mmHg) (mmol/1)
IRLA 7.04 + 0.04 76.0 + 7.5 46.1 + 9.1 -11.8 + 2.3
HMA 7.14 + 0.02 22.9 * 2.9 42.3 * 4.2 -20.1 + 0.5
HRA 7.07 £ 0.02 86.4 * 3.9 308.2 + 69.8 -7.8 + 1.0

Table 7.1. Comparison of the effects of IRLA, HMA, and HRA on arterial
blood acid-base and blood gas tensions. Measurements for IRLA were
made at fatigue (n = 6). Those for HMA (n = 4) and HRA (n = 5) were

made at peak arterial potassium concentration.
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Comparison of changes 1in arterial potassium

The peak values for arterial [Kt] produced by HMA and HRA
were 1.27 * 0.14 mmol/l (n = 4) and 0.43+* 0.07 (n= 5)

mmol/1l respectively. In contrast, the rise in arterial [K+]
at diaphragm fatigue in response to IRLAwas 2.31 +0.68
mmol/1 (n = 6). A significant difference in the rise of

arterial [K+] was found between the following: HMA vs HRA, P
< 0.001; IRLA vs HRA, P < 0.05. These results are
graphically presented in Fig. 7.1.

3.01

2.5"

0.0
HRA HMA IRLA

Fig. 7.1. Effect of hypoventilation-induced respiratory
acidosis (HRA), hypoxia-induced metabolic acidosis (HMA) and
inspiratory resistive loading-induced acidosis (IRLA) on
arterial [K+] . The results for a metabolic and respiratory
acidosis are mean peak values * SE in 4, and 5 rabbits
respectively. Those for IRLA are means of arterial [K+]

measured at diaphragm fatigue * SE in 6 rabbits.

Excluding data where pH changes were greater than 0.40

units, the average increase in [K+] was reduced to 1.27 %
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0.70 mmol/l and 0.43 £ 0.07 for IRLA (n = 3) and HRA (n = 3)
respectively. The average increase in [(K*] remained the same
at 1.27 £ 0.14 mmol/l for HMA. An unpaired t-test revealed
that the difference existed between HMA and HRA, and between
HRA and IRLA.

Comparison of weight of rabbits and duration of treatments

The weights of the three groups of rabbits were similar;
2.78 * 0.21 kg for IRL group, 2.70 * 0.35 kg for HMA group
and 2.99 * 0.08 kg for HRA group. The average time at which
arterial blood [K*] measurements peaked during HMA and HRA
were 30 minutes and 28.3 * 1.67 minutes respectively. The
average endurance of the diaphragm to inspiratory resistive
loading (IRL) for the three rabbits was 34.2 % 9.26 minutes.
Difference in weight and duration between groups were not

statistically significant.
Estimate of potassium secretion

The rate of rise in arterial [K*] induced by IRLA was 1.95 *
0.58 umol/kg/min for three rabbits. By contrast, it was 2.12
+ 0.45 pumol/kg/min and 0.76 * 0.13 umol/kg/min for HMA (n =
4) and HRA (n = 3) respectively. An ANOVA showed no
significant difference between each treatment. However, an
unpaired t-test indicated a difference between HMA and HRA.

Discussion

The severity of the acidosis produced by IRLA, HMA, and HRA
was similar. Furthermore the degree of hypoxia and
hypercapnia observed during IRLA was very much the same as
peak changes observed during HMA and HRA respectively. The
mean rise in arterial [K*] during IRLA was higher than would
have been predicted from the sum of the rise in arterial
[K*] resulting from HMA and HRA (HMA + HRA = 1.1 vs IRLA =
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2.3 mmol/l). However, when data from rabbits with pH changes
greater than 0.40 units were excluded, the rise in arterial
[K*] produced by IRLA was less than the sum of the rise in
[K*] produced by HMA and HRA.

By taking the magnitude of pH fall into consideration, four
rabbits were eliminated from the analysis. In case of IRLA,
the three observations used in this analysis might not have
been representative of the effects of IRLA on arterial [K*]
and thus the contribution of exercise-induced K* release to
the rise in plasma K* may not have been expressed in the

results.

The hyperkalemic response observed during IRLA, HMA and HRA
may have resulted from release of K* not only from active
muscles but also from other sources. Increased arterial [K*]
from haemolyzis»is improbable because there was no overt
evidence of Eﬁgwbresence of haemoglobin in blood samples and
because measured arterial [K*] remained constant during the
control experiments. Release of K* from erythrocytes in
response to changes in pH, Paco, and Pagp, is also unlikely to
have been responsible for hyperkalemic responses reported in
this chapter. During an acute respiratory acidosis 1in
humans, Kilburn (1965) found that K* content in erythrocytes
remained relatively constant. Rolett and colleagues (1990)
measuring K* content of erythrocytes, also, found that it

remained constant during limb exercise.

In this thesis, cell damage as a result of surgery or IRL
can be ruled out as a cause of the hyperkalemia. During the
control periods, arterial [K*] remained fairly steady not
changing by more than 0.1 mmol/l. Furthermore, increased
arterial [K*] observed during IRLA, should have been
maintained following stopping inspiratory resistive loading
but arterial [K*] decreased to control levels after

inspiratory resistive loaded breathing

NS
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Undoubtedly, the liver could have contributed to the rise in
arterial [K*] observed in IRLA and HRA. It has been shown
that hypercapnia and asphyxia can induce release of K* from
this organ as a consequence of activation of sympathetic
efferent and increased catecholamine output from the
adrenals (Fenn & Asano, 1956). Since the results presented
in this chapter showed that HRA produced a rise in arterial
[K*] by no more than 0.5 mmol/l, it could be argued that
only a fifth of the total rise in arterial [K*] observed
during IRLA, averaging 2.3 mmol/l, can be attributed to Kt

release from the liver.

On the basis of the discussion so far, the probable source
of K* release was the skeletal muscles which include the
inspiratory muscles. For both HMA and HRA, the net efflux of
K* from these muscles cannot be attributed to contraction
of muscles as all skeletal muscles were paralysed, and
therefore could be attributed to an exchange of
extracellular H* for intracellular K*. However, it is not
totally clear whether the release of K* from skeletal
muscles during IRLA occurred as result of an exchange of
extracellular H* for intracellular K* or increased

neuromuscular activity.

Based on experimental evidence, it 1is clear that a net
efflux of [K*] from exercising limb muscles is responsible .
for the rise in plasma [K*] during exercise (Hnik et al.,
1976; Hirche et al., 1980; Linton et al, 1984, Sjpgaard G,
1986, Medbp & Sejersted, 1990). Two studies showed while
exercising leg released K*, the contralateral resting leg
would take up K+ (Sjpgaard, 1986; Rolett et al., 1990). In
view of this observation, it could be argued that the only
muscles that could have lost K* during IRLA eXxperiments
presented in this thesis were the loaded inspiratory muscles
as all other muscle groups were inactive. Electrical
stimulation of phrenico-diaphragm preparation has been shown
to induce a substantial movement of K* out of the diaphragm
(Lade & Brown, 1963). This indicates that, like other
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skeletal muscles, the diaphragm may release K* during
intense diaphragm activity such as severe inspiratory

resistive loading.

In conclusion, this chapter present evidence that indicates
that hyperkalemia observed durinngRLA may be due to the
additive effect of an acute metabolic and respiratory
acidoses. Although the contribution of the exercising
inspiratory muscles to the rise in arterial [K*] was not
demonstrated, the possibility that exercising muscles did
contribute cannot be ignored. The source of the increased
plasma [K*] cannot be identified with confidence. However,
regardless of the source of K* release, the studies
presented in the last three chapters have indicated that
potassium and hydrogen ions could be potential stimuli of

diaphragmatic chemoreceptors.

Potassium and hydrogen have been shown to activate group IV
afferents in nerves arising from limb skeletal muscles
(Rybicki et al., 1985; Kaufman & Rybicki, 1987). Sjsgaard
(1990) has proposed that Kt release from exercising muscles
may initiate reflexes that would control the pattern of
contractioq of the muscle. Since the diaphragm is a skeletal
muscle andf%ienty of small afferents arising from it, the
increased"\extracellular K* observed during inspiratory
resistive loading may have excited type III and IV
diaphragmatic receptors, initiating a reflex, which
regulated the activity of the diaphragm, and in so doing
influenced ventilation. This hypothesis 1is tested in

Chapters 9 and 10.
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CHAPTER 8

THE EFFECT OF ELECTRICAL STIMULATION OF PHRENIC
AFFERENTS ON VENTILATION IN RABBITS

Introduction

Very 1little is known about the possible role played by
phrenic afferent activity in the control of breathing. The
number of group I and II diaphragmatic receptors is few
(Duron, 1981) and it is believed that feedback from these
receptors does not participate in the control of breathing.
However, compared to other skeletal muscles, the diaphragm is
relatively rich in type III and IV receptors (Duron et al.,
1980). The group of afferent fibres that innervate them have
been studied extensively in the last few years (Jammes et
al., 1986; Road et al., 1987; Marlot et al., 1987; Revelette
et al., 1988; Hussain et al., 1990).

In these recent studies either electrical stimulation or
capsaicin was used to activate the small-phrenic afferents.
The ventilatory responses reported varied, even with the same
stimulus. Jammes et al. (1986) have reported inhibition of
phrenic efferent activity, whereas Road and colleagues (1987)
indicated that activation of small-phrenic afferents enhances
the activity of phrenic efferent. 1In contrast, Marlot and
colleagues (1987) reported both an initial inhibition and a

subsequent excitation in neural output to the diaphragm.

The studies, investigating the role played by activation of
small-phrenic afferent fibres in the regulation of breathing,
have concentrated on either the cat or the dog. Furthermore,
Sant' Ambrogio and Widdicombe (1965) have speculated that in
the rabbit activation of phrenic afferents has no significant
influence on the control of eupneic breathing. However,
activation of phrenic afferents in this animal might have a

part to play during development of diaphragm fatigue. If this
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is true, then the likely candidates would be group III and IV
phrenic afferents; in limb skeletal muscles, afferents of
these types are activated by metabolites of muscle
contraction (Kaufman & Rybicki, 1987; Rotto et al., 1988).
Moreover, group III and IV phrenic afferents in the cat have
been shown to be excited by metabolites of muscle contraction
(Graham et al., 1986; Jammes et al., 1986). The purpose of
this study was to determine whether electrical stimulation of
group III and IV in the phrenic influence neural output to
the diaphragm in the rabbit and whether the effect 1is
excitatory or inhibitory.

Methods

Five male New Zealand White rabbits, weighing 2.3-3.0 kg,
were anaesthetized with pentobarbitone. They were

bilaterally vagotomized. All rabbits breathed spontaneously
40% O in Njy. The experimental set-up is shown in Fig. 8.1.

The right phrenic nerve was isolated in the neck and
dissected away from connective tissue as previously
described in Chapter 2. A bipolar stimulating electrode was
placed under the middle root of the phrenic nerve, which
contains fibres from Cg and Cg. The electrode was encased in
perspex to prevent spread of stimulus current to other
tissues. The twitch threshold was determined as the minimal
voltage to visibly twitch the diaphragm. Due to limitations
of the stimulator, the twitch threshold voltage was measured
to an accuracy of 0.1 volts. Thus the minimum voltage ranged
from 0.1 to 0.2 volts. The nerve was cut distally to the
stimulating electrode. The portion of nerve on the electrode
was then covered with a piece of cotton wool soaked in

mineral oil to prevent it drying out.
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To assess the effects of activation of group I-IV afferents
on minute ventilation, the different group of fibres were
selectively recruited by electrical stimulation. Arterial
blood pressure, end-tidal CO3;, and ventilation were recorded
before stimulation for at least ten breaths. The proximal
end of phrenic nerve was electrically stimulated
continuously for one minute in four of the rabbits. The
stimulus parameters were set at a pulse width of 2 ms, a
discharge frequency of 40 Hz, and variable voltages. The
voltage studied included 1, 4, and 10 volts. These voltages
equated to on average 8, 32, and 80 times twitch threshold.

Pr 1B

A close examination of the effects of activation of group
IIT and IV phrenic afferents on the components of
ventilation was also carried out. For this study, the
stimulus strength 80 times twitch threshold was used: a 10 V
rectangular pulse of 2 ms at 40 Hz. Further recordings of
the ventilatory and cardiovascular variables were made
before and during phrenic nerve stimulation, and at least
for 10 breaths 2-4 minutes after the end of stimulation. In
each case, near-control state, as judged by respiratory rate
and tidal volume, was reached within a minute after
stimulation. A period of 4 to 10 minutes was allowed between
stimulations. This manoeuvre was performed twice or three

times.
Protocol C

On one occasion, the electrical stimulation was continuously

applied for two minutes while recording ventilation.
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Fig. 8.1. Diagram of the experimental preparation used in

neurophysiological studies.
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D nalvsi

The data from protocol A experiments were analyzed to give
minute ventilation (Vi) before and during stimulation. Minute
ventilation was averaged for each stimulus strength and then

expressed as a percentage of their control value.

The data from protocol B were analyzed to give tidal wvolume
(Vr), respiratory frequency (fr), minute ventilation (V1),
expiratory time (Tg), inspiratory time (T1), mean inspiratory
flow (Vp/Tr), and respiratory duty cycle (Tr/Tror). A mean of
10 breaths measured immediately before stimulation was the
control. To assess the ventilatory response to continuous
stimulation of a phrenic nerve for one minute, the minute
period was divided into 4 bins of 15 seconds, each bin
contained about 6-16 breaths. The respiratory variables of
each bin were averaged and expressed as percentages of
control wvalues. The variables for ten recovery breaths
measured two to four minutes after stimulation were also

averaged and expressed as a percentage of control.

All results are expressed as mean * SE. To assess the
significance of the changes in respiratory variables over the
period of stimulation for both sets of data, the wvariables
were averaged over the minute of stimulation and then
compared with pre-control wvalues using a paired t-test. P <
0.05 was accepted as the level of significance.

Results

Initial ventilatory response to stimulation

Electrical stimulation at 32 or 80 times twitch threshold of
the central end of a cut phrenic nerve resulted in a
substantial reduction of tidal volume and prolongation of
breathing cycle for the first two to six breaths.

Subsequently, ventilation was increased. If the stimulation
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started during inspiration, inspiration was stopped abruptly
(see Fig 8.2). The 1initial ventilatory response to
stimulation was not quantified on a breath-by-breath basis as
the primary interest was to assess the longer term effect of

stimulation of phrenic afferents on ventilation.
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Fig. 8.2. Initial effect of stimulation of phrenic afferents on ventilation. Trace showing

pneumotachogram, end-tidal CO2, and mean arterial blood pressure. The black marker
corresponds with the point at which the electrical stimulator was switched on.
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Effect of varying stimulus strength on ventilation.

Using a stimulus voltage eight times twitch threshold

resulted in an insignificant decrease in inspired minute

ventilation (1029 vs 1016 ml, P = 0.59,n = 6). A stimulus

voltage of 32 times twitch threshold produced a highly
significant increase in minute ventilation (1054 vs 1112
ml/min, P = 0.003, n = 6). A significant increase in
ventilationwas also obtained at voltages of greater than 80

times twitch threshold (996 vs 1264 ml/min, P = 0.05,n = 6).
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Fig 8.3 Histogram showing changes in inspired minute
ventilation induced by electrical stimulation of right
phrenic nerve afferents at 8, 32, and 80 times twitch
threshold. Values are means * SE for 6 observations in four

rabbits
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Effect of stimulation of group III and IV afferents on

ventilation

Continuous electrical stimulation of phrenic afferents at
10 v for one minute invariably altered the pattern of
breathing. Average changes of respiratory variables,
expressed as percentages of the control values are summarized
in Table 8.1. The response to electrical stimulation was an
increase in Vi achieved by a significant increase in fg, The
increase in fgp was achieved by a decrease in both Tg and Tg
in every rabbit. Vo changed inconsistently; in three rabbits
it decreased whereas in two it increased. The mean change in
Vo was not significantly different from control (Table 8.1).
During stimulation, end-tidal CO; decreased as a result of

hyperventilation. Both Vg/Tr and Tr/TToT increased whereas ™.

"\

T1/TroT remained constant. The tachypnea induced by phrenic'z

nerve stimulation started after a delay of an average of six
stimulated breaths (Fig. 8.3). By 30 seconds of phrenic nerve
stimulation, all respiratory variables had changed maximally
(Fig. 8.4 to 8.6). All respiratory variables recovered
rapidly to control values within 20 seconds of stopping

stimulation.

The cardiovascular and ventilatory responses to continuous
electrical stimulation for two minutes are shown in Figure
8.7. Over the first minute of stimulation, the pattern of the
response is typical of that observed when the phrenic nerve
was stimulated only for a minute. It is noteworthy that end-
tidal CO, remained below the control level for the duration
of the stimulation. Although not readily apparent from the
pneumotachogram, this would indicate that ventilation

remained above control level during stimulation.
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TABLE 8.1.

Changes in respiratory variables induced by phrenic nerve
stimulation in spontaneously breathing rabbits. Values are
means * SE for 12 observations in 5 rabbits before (control)
and during one minute of electrical stimulation with 10 Vv, 2
ms at 40 Hz. Electrical stimulation induced (P < 0.05) or did

not 1induce (NS) a significant change in a respiratory

variable.
VI Ve fr T TE Vr/T1 T1/TTOT
(1/min) (ml) (b/min) (sec) (sec) (ml/sec)
Control 0.935 31.8 29.9 0.72 1.35 44 .8 0.35
SE + 0.388 5.74 2.60 0.06 0.13 8.59 0.02
Stimulation 1.150 30.8 38.6 0.60 1.03 51.5 0.37
SE + 0.046 0.49 1.92 0.03 0.05 2.38 0.003
A% 23 -3 29 -17 -24 15 7

P <0.05 NS <0.05 <0.05 <0.05 <0.05 NS
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Fig. 8.4 Changes 1in inspired minute ventilation (V1) ,
respiratory frequency (fr), and tidal wvolume (Vg), expressed
as percentages of their control values, during phrenic nerve
stimulation (10 VvV, 2 ms at 40 Hz) and 2-4 minutes after
stimulation (post-control). Values are means * SE for 12
observations in 5 rabbits
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Fig. 8 5. Changes in expiratory time (Tg), inspiratory time
(Ty), duty cycle (Tr/Tp) and mean inspiratory flow (Vqp/T71),
expressed as percentages of their control values, during
phrenic nerve stimulation (10 Vv, 2 ms at 40 Hz) and 2-4
minutes after stimulation (post-control). Values are means =+

SE for 12 observations 1in 5 rabbits
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Fig. 8.6. Changes in end-tidal CO;, expressed as percentages
of their control values, during phrenic nerve stimulation (10
V, 2 ms at 40 Hz) and 2-4 minutes after stimulation (post-
control). Values are means * SE for 12 observations in 5
rabbits
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Fig. 8.7. Effect of electrical stimulation (10 V, 2 ms at 40 Hz) of the central end
of the right phrenic nerve on tidal volume, mean arterial blood pressure, and end-
tidal CO2 in a spontaneously breathing rabbit. The trace shows changes in the

variables over two minutes of stimulation.
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Cardiovascular Response To Phrenic Afferent Stimulation

In all rabbits, electrical stimulation of phrenic afferents
at 10 V caused a maximum reduction in mean arterial blood
pressure (MABP) by 26.74% (* 2.51%). More detailed analysis
of cardiovascular variables in two rabbits revealed that
systolic pressure of both animals decreased maximally by
23.98% (+ 9.36%) and diastolic by 34.59% (* 7.77%), whereas
heart rate decreased from 360 beats/minutes to 300
beats/minutes. The decrease in MABP always followed the
alterations in breathing pattern. The dip in ABP occurred
within 10 seconds of the onset of stimulation, and reached a
maximum fall by 17.5 sec (£ 5.59 sec). Arterial blood
pressure recovered within 50 seconds of the onset of

stimulation.

Table 8.2. Maximum changes in mean arterial blood pressure,
systolic and diastolic arterial blood pressure in response to
10 V electrical stimulation of the middle cervical root of

the phrenic nerve.

Control Stimulation P
MABP (mmHg) 100.0 £ 1.2 73.7 £ 2.5 < 0.05
SABP (mmHg) 117.5 £ 12.5 90.5 * 20.5 NS
DABP (mmHg) 83.5 % 1.5 54.5 % 5.5 NS

Values are means * SE of mean arterial blood pressure (MABP)
in four rabbits (n = 7), systolic arterial blood pressure
(SABP) and diastolic arterial blood (DABP) for two rabbits (n
= 2). Stimulation induced a significant change when P < 0.05.
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Discussion

The main wventilatory effect of stimulation of phrenic
afferents with 10 V in this study was an increase in minute
ventilation as a result of an increase in respiratory rate.
Minute ventilation increased in all five vagotomized rabbits
anaesthetized with pentobarbitone. The increase 1in
respiratory rate was due to a reduction in both T; and Tg.
This increase in minute ventilation was associated with a
decrease in gpCO; and a transient decrease in mean arterial
blood pressure. An increase in ventilation was also observed
at high intensity electrical stimulation at 32 times
threshold.

Electrical stimulation was chosen for use in this study
because different groups of afferents fibres can be
selectively recruited by using the appropriate stimulus
parameters. The threshold of an afferent fibre to electrical
stimulation varies inversely with its diameter; progressive
increase in stimulus strength applied a nerve activates
progressively thinner fibres. For example, all group I and II
afferent fibres are recruited at 10 times twitch threshold,
whereas group III afferents are activated at 10-34 times
(Eccles et al., 1954) and group IV afferents are activated at
intensities greater than 45 times the threshold (Gasser,
1950). Thus any reflex elicited by weakest stimuli can be
attributed to large diameter fibres and any new response
appearing with increased stimulus strength may be attributed
to smaller fibres. A high electrical stimulus threshold was

required to evoke an increase in ventilation in this study.

The portions of the diaphragm containing receptors innervated
by afferent fibres travelling in roots Cs and Cg of the
phrenic nerve is not known. If the afferent fibres in these
roots innervate the same portion of the diaphragm as their
corresponding efferent fibres, then these afferent fibres

would arise from diaphragmatic receptors in the ipsilateral
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costal and crural regions. The two muscles of the diaphragm,
costa and crura, have separate segmental innervation. In the
dog, efferent fibres in Cg innervate anterior and part of the
posterior portion of the diaphragm, digits 1, 2, and 8. Those
in Cg, on the other hand, innervate middle and posterior

portion, digits 3 to 8 (Landau et al., 1962).

Several studies have shown that activation of phrenic
afferents III and IV can influence respiratory drive in the
cat and the dog (Jammes et al., 1986; Marlot et al., 1987;
Road et al., 1987; Revelette et al., 1988; Hussain et al.,
1990). In the cat, Jammes and colleagues (1986) measured the
phrenic motor response to electrical stimulation of phrenic
afferent fibres with either nerve cooling to block the
conduction of large diameter fibres or the application of
procaine to interrupt the conduction in small diameter
fibres. Stimulation of the afferent fibres under either
condition evoked a reduction in phrenic efferent discharge
frequency and a decrease in the inspiratory time. Jammes and
colleagues (1986) proposed that activation of the phrenic
afferents depresses diaphragm activity. In contrast, most
other studies reported an increase 1in ventilation or
diaphragmatic electromyogram activity (dEMG) in response to
electrical stimulation of small-phrenic afferents in the cat
and the dog (Marlot et al., 1987; Road et al., 1987).

The difference in ventilatory response to stimulation of
small-phrenic afferents between Jammes and colleagues (1986)
and other researchers has been attributed to interruption of
group III fibres by procaine (Marlot et al., 1987) and
ineffective blocking of conduction in large fibres by cooling
(Road et al., 1987). It has been argued that if conduction of
impulses in group III fibres were not blocked by procaine or
the impulses in the large afferents were more effectively
interrupted by cooling, Jammes and colleagues would have
observed an increase in ventilation in response to electrical
stimulation of the cut central end of the phrenic nerve. In

support of this view, Revelette and colleagues (1988) showed
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an increase in ventilation when the small-phrenic afferents
were selectively stimulated by capsaicin injections into the
phrenic artery. The results presented here also support the

prevailing view.

Minute ventilation in this study increased because of
increased respiratory frequency (fg). In studies by Marlot
(1987) in cats and by Road (1987) in dogs, an increase in
ventilation in response to activation of small-phrenic
afferents by electrical stimulation was also achieved by an
increase in fr. The increase in fr reported in this study
resulted from a decrease in both Ty and Tg in all rabbits. In
Marlot's cats, the increase in respiratory rate induced by
stimulation of phrenic afferents was mainly due to a
shortening of T1 in all animals. In ten cats, Tg was
prolonged and in the other five cats it was reduced. Road
and colleagues, studying the effect of electrical

stimulation of the phrenic nerve on ventilation in dogs
anaesthetized by either 0o-chloralose or pentobarbitone,

found a significant reduction in Tg while T; remained
unchanged during stimulation in both groups of dogs. The
results presented here and by Marlot are different from
results reported by Road. In Road's experiments, the animals
were not vagotomized, whereas in this study and that of
Marlot, they were vagotomized. Thus presence of wvagal
activity may have predominated over phrenic afferent
activity in the control of Tr.

The increased minute ventilation evoked by activation of
small-phrenic afferents in the cat and the dog was also
achieved by increased tidal volume (Marlot et al., 1987;
Road et al., 1987). In contrast, tidal volume remained
constant during hyperventilation induced by electrical
stimulation of phrenic afferents in the rabbit. Unlike the
cat and dog, the tidal volume of the rabbit at rest is
greater than its functional residual capacity (Crosfill &
Widdicombe, 1961). This means that resting tidal volume is
closer to vital capacity in the rabbit than in cats and



151

dogs. Therefore, the rabbit can only increase its minute

ventilation substantially by breathing at a faster rate.

The present study was not designed to determine whether the
reflex initiated by phrenic afferent activation was
supraspinal or spinal. The first response to stimulation of
phrenic afferents in this study, was an immediate reduction
in tidal volume for the first 2-3 breaths. This response has
been observed in cats with stimulation of phrenic afferents
(Marlot et al., 1987) and limb muscle afferents (Kumazawa et
al., 1983). Both research teams attributed the observed
ventilatory response to activation of group III afferent
fibres. Such an inhibitory response is believed to be due to
direct spinal inhibition of phrenic motoneurons (Eldridge et
al., 1981). There is also indication that the reduction in
tidal volume for the first couple of breaths during phrenic
nerve stimulation may have a supraspinal component involving
medullary respiratory related neurons. Marlot and colleagues
(1987) observed a slight reduction in activity in medullary
respiratory related neurons when tidal volume was reduced.

Because stimulation of the phrenic afferent in the rabbit
produced an increase in breathing frequency, these afferents
probably project to the brain. Areas in the brain to which
phrenic nerve afferents projections have been located include
the cerebellum (Marlot et al., 1984), dorsal and, lateral
reticular formation (Macron et al., 1985), medullary
respiratory areas (Macron et al., 1986; Speck & Revelette,
1987) and sensorimotor cortex (Davenport et al., 1985).

In the rabbit, both arterial blood pressure and heart rate
decreased during electrical stimulation of phrenic afferents.
Results published by other researchers so far on the subject
are contradictory. For example, electrical stimulation of
phrenic afferents has produced a decrease, an increase, oOr no
change in blood pressure (Kohram et al., 1947; Road et al.,
1987). Kohram and colleagues occasionally observed an

immediate decrease 1in blood pressure 1in response to
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stimulation of the central ends of both phrenic nerves in the
cat. This decrease 1in blood pressure was not always
associated with a slowing of the heart. These responses are
the same as those reported in the rabbit. Despite using
similar stimulation parameters as Road, Kohram and colleagues
found that stimulation of phrenic afferents in the dog caused
a 17% increase in blood pressure. They deduced that the
pressor response was due to activation of group III and IV

phrenic afferents.

In a recent study, injection of capsaicin into the phrenic
arteries of anaesthetized dogs evoked an increase in arterial
blood pressure and heart rate (Hussain et al., 1991). Since
capsaicin specifically activate group III and IV afferent
fibres, Hussain and colleagues attributed this pressor
response to activation of thin-fibre phrenic afferents. The
clearest evidence that ventilatory responses induced by
stimulation of afferent fibres were mediated by group III and
IV fibres has been provided by Waldrop and colleagues (1984).
They showed that chemical activation of group I and II
afferents by succinylcholine produced no significant change

in blood pressure and respiratory drive.

Other studies on the influence of group III and IV arising
from limb muscles on cardiovascular system have revealed the
following. Electrical stimulation of 5-20 Hz and intensity
less than 15 times the threshold of muscle afferents produces
a decline in blood pressure and heart rate (Gordon, 1943;
Katz & Perryman, 1965; Johansson, 1962). This depressor
response has been attributed to group III afferents and a few
group II afferents (Johansson, 1962). Whereas stimulation at
frequencies 40-100 Hz and at intensity of greater than 15
times threshold (Fell, 1968; Johansson, 1962) or intra-
arterial injection of capsaicin induces an increase in both
blood pressure and heart rate. This pressor response has been
attributed to group IV afferents (Johansson, 1962). With
stimulation parameters (10 VvV, 40 Hz, and 2 ms) used in the

present study, a pressor response was anticipated
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Failure to evoke a pressor response could be attributed to
insufficient activation of group IV afferents as the stimulus
current was too weak. Since the stimulus current was not
measured in this or in Road's experiment, it is not known
whether the stimulus current delivered to phrenic nerve was
the same. Although stimulus voltages were the same, higher
resistance of the nerve or electrode in the present study
could have given a smaller stimulus current according to
Ohm's law. As the wvagi was cut, the cardio-inhibitory
response could only have been mediated by central inhibition
of sympathetic tone to the heart.

In conclusion, electrical stimulation of phrenic afferents at
more than 32 times stimulus threshold produces a transient
decrease 1in ventilation followed by an increase in
ventilation and a transient decrease in blood pressure. The
increase in ventilation suggests a positive reflex which
under non-experimental conditions might be initiated by
changes in concentration of metabolites in the loaded
diaphragm. The decrease in blood pressure could be a
nociceptive response rather than a specific cardiovascular
adjustment to meet the needs of the diaphragm.
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CHAPTER 9

EFFECTS OF POTASSIUM-INDUCED ACTIVATION OF
DIAPHRAGMATIC RECEPTORS ON VENTILATION

Introduction

In Chapter 8, it was shown that electrical stimulation of
phrenic afferents caused a reflex increase in ventilation
and transient decrease in mean arterial blood pressure
(MABP) . Such changes in ventilation and blood pressure may
occur when the phrenic afferents are physiologically
activated. This thesis has shown that arterial potassium
concentration increases during inspiratory resistive loading
(see Chapter 5). The purpose of this investigation,
therefore, was to determine whether K* can activate
diaphragmatic receptors, initiating reflex changes 1in

ventilation and MABP.

Protocol

Four male New Zealand White rabbits were used in this study.
They were anaesthetized as described in Chapter 2. The
abdominal surface of their diaphragm was exposed by
retracting and covering the abdominal contents with moistened

gauze and a plastic sheet.



155

The test potassium concentrations were made by diluting a
stock solution of 20% (2 M) potassium chloride (KCl) in 0.9%
sodium chloride (NaCl). These KCl solutions were made up as
tabulated below.

Test [KC1] Stock 2% KC1 0.9% NacCl
(M) (ml) (ml)

Table 9.1. Dilution of 20% KCl to give KCl concentrations of
0.5, 1.0, and 1.5 M.

The test potassium solutions were in turn applied to the
right sternal and right costal digits using a cotton bud.
Because the right crural digit was inaccessible, potassium
solutions were not applied to it. The order, in which the
three potassium concentrations were applied to the diaphragm,
was randomized. A recovery period of a minimum of four
minutes was allowed between applications. Ventilation, end-
tidal CO; and MABP were continuously recorded for 30 seconds
before and for 60 seconds after applications. For each
rabbit, the number of applications ranged from 6 to 9.

ntrol experimen

A control test was carried out either two minutes before
potassium was applied to the diaphragm or after recovery. The
control test involved touching or brushing the diaphragm with
a dry cotton bud or one soaked in normal saline while

recording ventilation and MABP.
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D nalysi

Only the data for successful potassium applications were
analyzed. A successful application is defined as one
producing a perceptible change in ventilation. Respiratory
variables were averaged over 10 breaths immediately before
the application of potassium, and 10 consecutive breaths
during which the maximum response to potassium was
indicated. Results are presented as means * SE.

Because blood pressure measurements from rabbit Cl4 were
unreliable, only measurements from rabbit Al9 is reported.
The peak measurement in mean arterial blood pressure over a
bin of the ten control breaths was taken as the control
value. The maximum fluctuation in MABP over a bin was no
more than 5 mmHg. To assess the maximum cardiovascular
response to potassium application, the maximum reduction in

mean arterial blood pressure was determined.

To determine whether mean arterial blood pressure or a
respiratory variable had changed significantly in response
to potassium, the values measured before and those measured
after application of potassium were compared by analysis of
variance. A change in mean arterial blood pressure or a

respiratory variable was deemed significant when P < 0.05.

Results

Potassium applied to the diaphragm did not produce any
respiratory or cardiovascular changes in two rabbits. For two
others, rabbits Al9 and Cl1l4, there were 9 out of 9 and 2 out
of 9 successful applications respectively. The success of an
application was not dependent upon the concentration of
potassium used nor the site of application in rabbit Al9.
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MABP and ventilation started to change simultaneously in
response to potassium. However, the maximum change in MABP

occurred before ventilation peaked in rabbit Al9.

Successful applications

In rabbits Al19 and Cl4, brushing or touching the diaphragm
with a cotton bud soaked in potassium solution produced
changes in tidal volume (Vp), respiratory rate (fgr) (Table
9.1 to 9.3), and MABP (Fig. 9.1). Tidal volume increased by
13.8% £ 1.5% while fRr increased by 6.9% * 1.2%. This increase
in fr was achieved by decrease in both expiratory time (Tg)
and inspiratory time (Ty) by 7.5% * 1.3% and 6.2% * 1.5%
respectively. The net effect of changes in Vp and fgr was an

increase in inspired minute ventilation by 21.7% * 2.0%.
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Fig. 9.1. Comparison between the effect of 1 M KCl (A) and the effects
of normal saline (B) on ventilation and arterial blood pressure in the
same rabbit. The test solutions were applied to the same site on the
diaphragm and for the same duration. The black marker indicates the

start of application.



VT Ti TE fp (breaths/ Vi £1C02

min)
(ml) (s) (s) (ml/min) %)
Rabbit Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
Al9 1 22.8 26.7 0.80 0.76 orn 38.5 40.7 877.5 1087.5 4.2 4.2
+ 0.1 + 0.1 + 0.0 + 0.0 + 0.02 + 0.03 + 0.4 + 0.03 + 7.4 + 26.1 + 0.0 + 0.02
*0
Al9 2 22.2 24 .4 0.84 0.79 37 .5 40.6 832.5 991.2 4.4 4.3
+ 0.6 +0.2 + 0.02 + 0.01 + 0.02 + 0.02 + 0.0 + 0.7 + 21.9 + 15.7 t0 + 0.02
* kK * x o« *
Al9 3 21.0 23.0 0.80 0.77 0.80 0.77 37.5 40.1 787.5 924 .1 4.4 4.2
+ 0.15 + 0.0 + 0.02 + 0.01 + 0.02 + 0.01 + 0.0 + 0.89 | 0.0 + 20.5 +0.02 +
* % % 0.0
Al9 4 22 26.4 0.80 0.77 0.80 0.74 37.5 39.8 825 1051 .1 4.5 4.3
+ 0.4 + 0.0 + 0.01 + 0.0 + 0.03 + 0.0 + 0.6 + 0.0 + 22.6 + 0.02 + 0.02
* * [ * * *

Table 9.2, Changes in respiratory variables corresponding to maximum increase in minute ventilation induced by
potassium application to the diaphragm. Respiratory variables were averaged over 10 breaths before the
application of potassium (Pre), and the changes in these variables in response to potassium were averaged over
10 consecutive breaths (Post). Results are presented as means + SE. * denotes that the change respiratory
variable was significantly different at P < 0.05 1level. ** and *** denote highly significant changes in
variables at P < 0.01 and P < 0.001 level respectively.



o1 TE (breaths/ Vi £1402

min)
(ml) (s) (s) (ml/min) (%)
Rabbit Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
Al9 5 21.0 24.0 0.81 0.75 0.72 0.69 39.2 41.7 831.7 1001 .1 4.5 6.2
+ 0.1 + 0.0 + 0.01 + 0.02 + 0.01 + 0.01 + 0.4 + 0.5 + 5.3 + 11.2 + 0.02 + 0.02
%] * % % []%]
Al9 6 22.0 * 24.9 0.80 % 0.74 0.69 0.67 40.3 42.6 887.1 1060 4.3 4.2
0.2 + 0.2 0.01 + 0.02 + 0.02 + 0.01 + 0.6 0.3 + 12.1 + 11.6 + 0.02 + 0.02
Oo* 00
Al9 7 21.6 23.9 0.75 0.74 0.73 0 .68 40.6 42.3 876. 5 1012.8 4.2 4.2
+ 2.0 + 0.5 + 0.02 + 0.02 + 0.01 + 0.01 + 0.5 + 0.4 + 8.0 + 10.6 + 0.0 + 0.0
:j: * %k %k
Al9 8 22.1 23.2 0.82 0.78 0.74 0.69 38.6 40.8 851.2 952.4 4.5 4.3
+ 0.2 + 0.2 + 0.02 + 0.01 + 0.02 + 0.02 + 0.7 + 0.4 + 9.4 + 15.9 + 0.0 + 0.02

Table 9.3. Changes in respiratory variables corresponding to maximum increase in minute ventilation induced by

potassium application to the diaphragm. Respiratory variables were averaged over 10 breaths before the
application of potassium (Pre), and the changes in these variables in response topotassium were averaged over
10 consecutive breaths (Post). Results are presented as means % SE. * denotes that the change respiratory
variable was significantly different at P < 0.05 1level. =+ and *** denote highly significant changes in

variables at P < 0.01 and P < 0.001 level respectively.



vT TI TE fp (breaths/ VI EMC?2

min)
(ml) (s) (s) (ml/min) (%)

Rabbit Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post

Al9 9 21.6 25.1 0.72 0.61 0.71 0.60 42.0 49.6 906.6 1247.5 4.3 4.3
+ 0.3 + 0.1 + 0.02 + 0.01 + 0.02 + 0.0 t 0.4 + 0.4 + 9.4 + 7.9 + 0.02 + 0.02

* %k oog * K% * Kk *

Cl4 1 25.5 29.1 0.47 0.42 0.51 0.50 61.3 65.8 1566.3 1912.3 3.5 3.3
+ 0.2 + 0.5 + 0.01 + 0.02 + 0.01 + 0.02 + 0.9 + 2.0 + 19.4 + 61.9 + 0.0 + 0.06

RN 4 ] O+

Cc14 2 20.0 24.5 0.42 0.42 0.61 0.59 58.3 59.1 11166.7 1449.5 4.2 4.0
+ 0.15 + 0.15 + 0.01 + 0.01 + 0.02 + 0.00 + 1.0 + 0.6 1t 21.9 + 15.7 + 0.0 + 0.04

1 * k k * k k * *

Table 9.4. Changes in respiratory variables corresponding to maximum increase in minute ventilation induced by
potassium application to the diaphragm. Respiratory variables were averaged over 10 breaths before the
application of potassium (Pre), and the changes in these variables in response to potassium were averaged over
10 consecutive breaths (Post). Results are presented as means * SE. * denotes that the change respiratory
variable was significantly different at P < 0.05 level. ** and *** denote highly significant changes in
variables at P < 0.01 and P < 0.001 1level respectively.

ON



Mean arterial

blood pressure

(mmHg)
Trial Pre Post
number
1 110 70
2 110 95
3 107 95
4 105 70
5 107 88
6 105 83
7 108 79
8 100 85
9 100 75

Table 9.5. Maximum changes in mean arterial blood pressure

162

induced by potassium application to the diaphragm.

pressure measured before application is denoted by Pre and
measured after application is denoted by Post.

are from rabbit Al9.

The results
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Control experiment

Generally, brushing or touching the diaphragm with either a
dry cotton bud or one soaked in normal saline did not induce
a change in ventilation or MABP. On two occasions in rabbit
Al9, however, brushing the diaphragm with saline did produce
ventilatory and cardiovascular responses which were less
pronounced than that produced in response to potassium
application (Fig. 9.1). The changes in ventilation and blood
pressure only occurred while saline was being applied. This
indicates that these changes were caused by the applied

pressure.

Discussion

This study demonstrates that potassium applied to the
diaphragm can initiate respiratory and cardiovascular

responses similar to those associated with nociception.
Technical considerations

Potassium was applied topically to activate diaphragmatic
receptors for several reasons. In the rabbit, the arteries
feeding the diaphragm were too small to cannulate
successfully. In preliminary studies, attempts were made to
cannulate a phrenic artery or the internal diaphragmatic
circular artery but this usually resulted in haemorrhage
from a torn vessel or a dislodged cannula. If KCl was
injected into a main artery, it would travel to anywhere in
the body. The circulating K* would activate nociceptors in
limb muscles (Wildenthal et al., 1968) or carotid
chemoreceptors (Linton & Band, 1985). Therefore, any changes
in ventilation in response to intra-arterial injection of K+
could not be attributed to phrenic afferent activation
alone. To ensure that only the diaphragmatic receptors were
exposed to potassium, K* was applied topically to the

diaphragm.
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Control experiment

Although firm pressure applied to the diaphragm did produce
ventilatory and cardiovascular responses, these responses
were less pronounced than those produced in response to
potassium application and were only evident for the duration
of the application of pressure. It is conceivable that firm
pressure activated high threshold pressure receptors,
innervated by group III phrenic afferents resulting in
ventilatory and cardiovascular changes. Anyway, K* was
usually applied to the diaphragm by gently brushing or
touching its surface with a cotton bud socaked in potassium
solution. While light brushing or touching of the diaphragm
surface with a.- cotton bud socaked in potassium produced
ventilatory and cardiovascular changes, repeating the same
manoeuvre with a dry bud or one soaked normal saline did not
produce any changes in ventilation or MABP. The ventilatory
and cardiovascular responses to K* are unlikely to have been
initiated by activation of extra-diaphragmatic receptors as
the abdominal contents were protected under a plastic sheet
and the cotton buds applied to the diaphragm were not
dripping wet but damp. In view of the evidence outlined here,
it is apparent that K* activated diaphragmatic receptors,
initiating an increase in ventilation and a decrease in MABP.
Two interrelated questions arise when attempting to interpret
the physiological significance of this result: first, is K*
the normal physiological stimulant of this reflex, and
second, are the reflexes active during the development of

diaphragm fatigue?
Physiological significance

It was shown in Chapter 5 that loaded inspiratory resistive
breathing resulted in an increase in arterial K*.
Furthermore, potassium release from contracting limb muscles
has been established. Acute hyperkalemia during exercise and
perhaps acute respiratory failure is a normal physiological
response. Teleologically, therefore, changes in K* should act
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as a natural stimulant. The following works provide evidence
in support of the notion that K+ is a natural noxious
stimulant. Rybicki and colleagues (1985) found that
increasing interstitial potassium concentrations to levels
similar to those seen during static contractions excited
group III and IV afferents in the gracilis nerve of the dog.
Infusion of KCl into the femoral artery of the dog has also
been shown to increased ventilation, heart rate, and blood
pressure (Wildenthal et al, 1968) . The potassium
concentrations (0.3 to 1 M) infused in the study of
Wildenthal and colleagues were similar to those used Rybicki
and colleagues (1985) and the experiments presented in this

chapter.

Unlike the aforementioned studies, in the rabbit experiments
K+ was applied topically to the diaphragm instead of being
injected into an artery. Because K+ was applied topically,
the amount reaching the receptors varied. This wvariation in
amount of K+ applied to the receptive field may partly
explain the lack of consistency in ventilatory and
cardiovascular responses to K+ application. There are two
other plausible explanations for the lack of response and the
variability of the response to K+ observed in the rabbit.
First, either diaphragmatic receptors were not activated or
an insufficient number was activated when potassium was
applied to the diaphragm. Second, the level of anaesthesia
may have influenced the ventilatory and cardiovascular
response to K+. In support of the second explanation,
wildenthal and others (1968) found that if the dog was deeply
anaesthetized, subcutaneous and intracutaneous KCl injections

would not produce changes in ventilation and circulation.
Conclusion

In the anaesthetized rabbit, potassium produces an increase
in ventilation as well as a decrease in MABP. The vent;:_—ilatory
and circulatory responses to K+ are probably dependant upon

the 1level of anaesthesia. These responses could therefore
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have been mediated by pain and are likely to be supra-spinal
in nature. The final set of experiments in Chapter 10 will
try to establish whether diaphragmatic receptors were
activated and whether the afferent limb of these reflexes is
the phrenic nerve.
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CHAPTER 10

RESPONSE OF PHRENIC AFFERENT FIBRES TO POTASSIUM
Introduction

The consensus view is that muscle afferents participate in
the neural regulation of the cardiovascular and respiratory
responses to muscular exercise. These responses are mediated
by activation of group III and IV afferents (McCloskey &
Mitchell, 1972; Alam & Smirk, 1937). Recent studies have
shown that activation of the phrenic afferents, arising from
the diaphragm muscle, can alter cardiovascular and
respiratory functions in the cat and the dog (Jammes et al.,
1986; Hussain et al., 1991). In the preceding two chapters,
it was shown that activation of group III and IV phrenic
afferents evoked an increase in ventilation and transient

decrease in mean arterial blood pressure in the rabbit.

The natural stimuli to these muscle afferents are not known
but believed to be mechanical deformation of their receptive
field or metabolites produced by contracting muscles or both.
Potential metabolites are lactic acid, phosphates, and
adenosine; these metabolites have been reported to activate
group III and IV afferents arising from limb muscles and the
diaphragm (Rotto & Kaufman, 1988; Thim & Baum, 1987; Graham
et al., 1986; Jammes et al, 1986). Another potential chemical
stimulus, although not strictly speaking a metabolite, 1is
potassium. Recent studies have shown that group IITI and IV
afferents arising from gracilis muscle could be excited by
potassium (Rybicki et al., 1985; Kaufman & Rybicki, 1987).
The effect of K* on phrenic afferent fibres is not known.

During exercise K+ 1s released from active muscles,
increasing extracellular K* levels. In Chapter eight, it has
been established that severe inspiratory resistive loading
induces an increase in arterial K* concentration. This study
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indicated that K* might be a potential stimulus of small-
phrenic afferents. The purpose of this chapter is to examine
the effect of K* on the activity of phrenic nerve afferents.

Methods

Three rabbits were anaesthetized with pentobarbitone.
Anaesthesia was maintained with ketamine infusion. They were
tracheostomized. One femoral artery was cannulated for
monitoring blood pressure and arterial blood sampling. All
rabbits received 50% O3 in 50% N3. The diaphragm was exposed

as outlined in Chapter 2.

The skin of the neck was incised and tied to the table with
ties passed over a metal bar to form a pool. The pool was
filled with mineral oil at room temperature; mineral oil
protects the nerve from desiccation. The middle root of the
right phrenic nerve, containing fibres from Cg and Cg, was
isolated as previously described 1in Chapter 2. The
peripheral end of the nerve was cut and desheathed to
minimize the noise to signal ratio. The cut nerve was then
divided into several filaments. Each filament, in turn, was
placed on one hook of a pair of stainless steel electrodes
to record phrenic afferent activity. The other hook was
earthed by attaching connective tissue or adipose tissue to
it. The nerve was prepared for recording of afferent
activity on a dental mirror 12.5 mm in diameter while
viewing through a Zeiss binocular microscope at 25 or 40

times magnification.

The AC preamp (NL 105) was set at gain 5K and the AC amp (NL
106) at x 10: the total amplification of the signal was
50K. The NL filter was set at high cut off 900 Hz and low
cut off 65 Hz. A pulse height analyzer (PHA) was used to
discriminate between action potentials of varying
amplitudes. The upper and lower windows were adjusted to

select action potentials of a particular amplitude for
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counting. The action potential impulses were counted by a
frequency counter set at 1 or 2 sec bins. The raw phrenic
afferent activity, discriminated signal, frequency count
signal, mean arterial blood pressure and pneumotachogram
were recorded on a Gould ES 2000 electrostatic recorder.

Each filament consisted of many fibres. Some of the
filaments had spontaneous activity. Others did not. The
spontaneously active filaments were classified as being
either tonic or phasic units; tonic units discharge randomly
whereas phasic ones discharge in phase with either
expiration or inspiration. Group III and IV afferents are
reported to discharge tonically whereas group I and 1II
phasically (Graham et al, 1986; Jammes et al., 1986). Only
filaments that displayed tonic activity or no spontaneous
activity were studied. Those with phasic activity were
discarded. The right hemi-diaphragm was probed with a cotton
bud to identify the receptive field of the fibres under
investigation. When the receptive field was identified, the
activity of the fibres increased momentarily. '

The test potassium concentrations were made by diluting
stock solution of 20% (2 M) potassium chloride (KCl) in 0.9%
sodium chloride (NaCl). These KCl solutions were made up as

tabulated below.

Test [KCl] Stock 2% KCl1 0.9% NaCl
(M) (ml) (ml)
0.25 1.25 8.75
0.5 2.5 7.5
1.0 5.0 5.0

Table 10.1. Dilution of 20% KCl to give KCl concentrations
of 0.25, 0.5, and 1.0 M.

Control afferent activity in the phrenic nerve was recorded
for 30 to 60 seconds. To determine the effect of K* on tonic

afferent activity, test KCl concentrations were applied to
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the diaphragm with a cotton bud or a paint brush. Latency of
response was determined. It was the time interval between
the onset of application of test solution and the onset of
the burst of afferent activity. The activity of phrenic
afferents was recorded until it had returned to its control
level or stabilized at new low level of activity.

The discharge frequency of a fibre was obtained by manually
counting either the action potentials of the same amplitude
or the recorded output from the PHA. All results are
expressed as means * SE. Control discharge frequency was
averaged over 30 seconds immediately before the application
of KCl to the diaphragm. Peak discharge rates of the
afferents were averaged over a 2 second period. One-way
analysis of variance was used to determine the statistical
significance of changes in discharge frequency induced by
K*. P < 0.05 was accepted as the level of significance.

Control experiment

Sometimes a control test was carried out two minutes before
the application of potassium to the diaphragm. The control
test involved touching or brushing the diaphragm with a dry
cotton bud or one soaked in normal saline while recording

phrenic afferent nerve activity.

Results

Effect of diaphragmatic probing

The receptive fields of only three of the fifteen filaments
were located by probing the diaphragm. A firm pressure to
the receptive field was required to activate fibres in these
filaments (Fig. 10.1). The receptive fields were located in
the middle segment of the diaphragm, digits 4 or 5. Light
probing, which did not produce deformation of the surface of
the diaphragm, did not induce a burst of activity in the
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phrenic afferents. The increased activity of the phrenic
afferents in response to firm pressure was not produced as a
result of muscle damage as the activity of the fibres
returned to basal 1level as soon as the pressure was
released. Because firm pressure was needed to activate the

fibres, they were probably group III and/or IV afferents.
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Fig. 10.1. Trace showing the effect of firm pressure on the activity
of phrenic afferents. The black marker at bottom of the trace
corresponds with the duration of the applied pressure to the
diaphragm.

Effect of potassium on phrenic afferents

A total of 15 filaments was studied, which were either
tonically active or quiescent before the application of K+
to the diaphragm. Six of these showed no change in activity
in response to K+. The rest were excited by K+ and from
these twelve individual fibres were selected according to
the amplitude of their action potential impulses. Eight of
the fibres activated by K+ had no spontaneous activity. The

four others were tonically active with an average discharge
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frequency of 0.76 £ 0.41 impulses/2 seconds over thirty
seconds immediately before the application of Kt*.

Because the receptive field of many of the filaments was not
located, latency of response to K* could not be determined
with confidence for these filaments; the receptive fields of
only three filaments were identified by probing digit 4 or
5. The latency for these units was 0.4 seconds in each case.

The fibres, excited by K*, displayed two patterns of
response. The first pattern, displayed by five fibres,
consisted of a low-frequency burst of impulses, remaining
above control levels for 3.7 * 0.6 seconds. Two of these
five fibres were quiescent before the application of K*. The
next pattern, exhibited by seven fibres, consisted of low-
frequency burst, which remained above control for 28.3 %
5.09 seconds. Two out of the seven fibres were spontaneously
active before the application of K*. For all twelve fibres,
the peak discharge frequency was 3.92 * 0.45 impulses/2
seconds occurring after 4 + 1.23 seconds the start of the
change in fibre activity in response to K*. The peak
increase in activity was highly significant (P < 0.01) when
compared to control discharge frequency (0.32 * 0.18
impulses/2 sec). The pattern of response exhibited by all
fibres appeared not to be dependent upon the KC1
concentration applied to the diaphragm.

For three filaments, the firing rate increased initially
then partially adapted but never returned to control levels
even after half an hour. Because there was much nerve
activity in these filaments, individual fibres could not be
identified with confidence. Inability to identify individual
fibres meant that assessment of discharge frequency 1in
response to potassium was not possible for these three

filaments.
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Fig. 10.2. Stimulation of phrenic afferents by topical
application of potassium to the diaphragm. (8) Histogram

showing rapid response to potassium by an individual fibre.
Time o0 sec is the onset of stimulation. (8) Recording of
action potentials of rapidly adapting afferent fibres from a
different preparation: neurogram (bottom) and airflow signal
(above) . The arrow indicates the point of application of

potassium.
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Fig. 10.3. Stimulation of phrenic afferents by topical
application of potassium to the diaphragm. (&) Histogram
showing a prolonged response to potassium by an individual
fibre. Time 0 is the onset of stimulation. (B) Recording of
action potentials of slowly adapting afferent fibres from a
different preparation: neurogram (top), frequency counter
output (middle) and PHA output (below). The arrow indicates

the point of application of potassium.
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Control experiment

The potassium solutions used in this study were made up with
isotonic saline. To investigate the effect of saline or
light pressure on the activity of afferent fibres, the
receptive field of the afferent fibres was brushed with
normal saline. In every case, no change in afferent fibre
activity was seen as a consequence of saline application to
the diaphragm. Evidently, therefore, neither the application
of saline nor light pressure to receptive field was able to
excite the phrenic afferent fibres studied.

Discussion

This study has shown that potassium can activate phrenic
afferents. The time course of the two sets of fibres based
on amplitude of action potential varied. Those with large
impulses adapted more rapidly than those with small

impulses.

Some of the filaments could not be excited by either probing
or potassium. It is not clear whether the sensory endings
were chemically inexcitable for technical reasons, such as
damage or failure to locate their receptive field or for the
physiological reason that their endings were specialized to
receive a different form of stimulus. Failure to identify
the receptive field may be the main reason for not exciting
many of the fibres. For three filaments whose receptive
fields were not located by probing, application of potassium
over the whole ipsilateral hemi-diaphragm evoked an increase

in their activity.

Attempts were made to measure conduction velocities for some
of the nerve fibres. However, electrical stimulation of the
cut phrenic nerve caused the diaphragm to twitch, pulling
the fibres off the electrode and occasionally the fibres
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were damaged. With a multi-fibre preparation, the recorded
compound action potential would identify the group of
afferents in the preparation; the compound action potential
could not, however, identify the group of fibres excited by
potassium unless the preparation contained one group of
afferent fibres. For these reasons, recording of action
potential and measurements of conduction velocities,
necessary to identify groups of afferent fibres studied,

were not obtained.

The tonic pattern of afferent discharge is characteristic of
phrenic fibre groups III and IV. Jammes and colleagues (1984
& 1986) showed that the afferent tonic activity recorded in
the phrenic nerve of a cat arose from small fibres with low
conduction velocities (group III and IV), whereas phasic
afferent activity arose from 1large fibres with high
conduction velocities (group I and II). The small afferent
fibres in the phrenic nerve are more numerous than large
afferents; about 65% of the afferents in the phrenic nerve
are group III and IV fibres (Duron, 1981). It is therefore
probable that the fibres studied were small afferents.
Furthermore, unlike group III and IV muscle afferents, group
I and II are not usually excited by algesic substances such

as potassium (Mense, 1977).

The concentration of K* applied to the diaphragm was similar
to concentrations used by Rybicki and colleagues (1985). The
design of the current experiment was such that the
concentration of Kt reaching diaphragmatic receptors could
not be determined. The minimum increase in interstitial K*
concentration required to activate group III and IV
afferents in the gracilis nerve is on average 1.3 and 1.1
mmol/1l respectively (Rybicki et al., 1985; Kaufman &
Rybicki, 1987). Therefore it is reasonable to assume that
application of K* to the diaphragm resulted in an increase
in interstitial K* concentration to at least 1.1 mmol/1l.
Since the increase in activity of phrenic afferents was not
concentration dependent, each K* concentration must have
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resulted in maximal activation of these afferents. The
amount of increase 1in interstitial [K*] required to -
maximally activate the afferent fibres in a nerve has not
been determined. However, Rybicki and colleagues (1985) have
shown that group III and IV afferent in gracilis nerve
increased their peak firing rate progressively with
increasing interstitial potassium concentration, with peak
firing rate occurring when interstitial potassium

concentration was increased by about 5 mmol/l.

The latency of response of 0.4 seconds reported here is
short compared to that reported by others which averaged 6
seconds (Rybicki et al., 1985; Kaufman & Rybicki, 1987). The
difference in latency is related to the mode of application
of K*. In the studies by other researchers K+ was injected
intra-arterially. Their latency includes injection and
circulatory time. In contrast, in this study K* was applied
directly to muscle and as a consequence potassium had a
shorter distance to travel. It had to diffuse across the
abdominal surface of the diaphragm into the interstitial
space before reaching a sufficient local concentration to

excite the sensory endings.

An important question that should be answered is what types
of diaphragmatic receptors were excited by potassium. The
pattern of discharge seen and the fact they were activated
by K* suggest that group III and IV fibres were studied.
Sensory endings of these phrenic afferents have been shown
to be activated by noxious chemical and mechanical stimuli
(Mense, 1977; Graham et al., 1986; Jammes et al., 1986).
Some of the chemical stimuli were metabolites of muscle
contraction such as lactic acid. These observations indicate
that sensory endings of group III and IV phrenic afferents
may be metaboreceptors sensitive to chemical and mechanical
stimuli. Such receptors may have been excited by K* in this

study.
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For most fibres, the increase in frequency of discharge
persisted for less than 30 seconds. This finding agrees with
those of Rybicki and colleagues (1985) and Kaufman and
Rybicki (1987). Both research groups reported that group III
and IV afferents exhibited a burst of activity to potassium
stimulation which lasts up to 40 seconds. In this chapter,
three filaments responded differently, a burst of activity
in response to K+ stimulation was not followed by a rapid
decrease in activity to control levels. For these
preparations, the increased frequency of discharge continued
for several minutes. To explain this, the type of
preparations used here and by other researchers must be

considered.

In both Rybicki and Kaufman's studies, the activities of
single afferent fibres were investigated. In contrast, the
activities of multi-fibre preparations were investigated in
this study. With a multi-fibre preparation, recruitment of
previously quiescent fibres will be recorded on application
of the stimulus to the receptive field. In this study, it is
possible that fibres of similar diameter were recruited at
different times. An explanation for this would be that
receptors of some of the afferent fibres may have been
located deep in the diaphragm or on its thoracic surface and
therefore not readily exposed to K+ on abdominal surface;
over time K+ may penetrate the muscle reaching previously

inaccessible sensory endings, exciting them.

The possibility that the receptive field of these three
preparations may have been damaged cannot be ignored.
Increased neural activities in these preparations may have
been prolonged by noxious chemicals released by damage
tissue exciting their sensory endings. An example of a

noxious chemical released by damage tissue is K+.

To conclude, the diaphragm possesses free sensory endings
identical to those of other skeletal muscles, which are

sensitive to changes in extracellular K+ concentration. A
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third of the diaphragmatic receptors showed rapid adaptation
to Kt whereas the remainder took a long time to adapt to the
stimulus. The group of afferent fibres transmitting the
sensory information from the diaphragm to CNS appear to be
ITT and IV.
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CHAPTER 11

Implications and future Research

This thesis has raised more questions than it has answered.
However, some important questions related to diaphragmatic
nociception were answered. Moreover, potential models to
explain the role played by phrenic afferent activity and
changes in extracellular potassium concentration ([K*]) in
the control of breathing during diaphragm fatigue and

exercise have emerged.

In the rabbit, the cause or causes of diaphragm fatigue were
not established. Diaphragm fatigue may have been
precipitated by increased arterial K* concentration, changes
in blood chemistry during IRL as reported in Chapter 5 or
because of a mismatch between the energy supply to the
diaphragm and its energy demand. Indeed, the effects of
hypercapnia, hypoxia, increased plasma K+ concentration and
increased diaphragmatic activity on diaphragm contractility
may be additive or synergistic, and together could
precipitate a rapid onset of contractile fatigue. Clearly,
research will be required to establish whether these
combined changes in blood chemistry and diaphragmatic
contraction can accelerate diaphragm fatigue. The mechanisms
responsible for diaphragm fatigue remain as elusive as ever.
The elucidation of the mechanisms underlying diaphragmatic
fatigue was not;@im of the thesis. The purpose of the thesis
was to gain an insight into the role played by phrenic
afferents in the control of breathing during diaphragm

fatigue.

The increased arterial [K*] which occurred during severe
inspiratory resistive loading (IRL) was associated with a
combined metabolic and respiratory acidosis. In Chapters 6
and 7, it was shown that bulk of this rise in arterial [K*]
was probably due to the metabolic component of the acidosis.

\/
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However, a contribution made by Kt secreted from the active
inspiratory muscles cannot be ruled out. If [K*] in the .
arterial and venous circulation from the diaphragm had been
measured, a release of K+t from the diaphragm may have been
identified. A rise in arterial [K*] during IRL raises
important medical questions. Does a rise in arterial [K*]
occur during a severe asthmatic attack, and if so could it
precipitate diaphragm fatigue in asthmatic patients?

To answer the first part of the gquestion, an investigation
into the effect of severe asthmatic attack on arterial
potassium will be required as no data is available (Prof. A
Dornhorst, personal communication). In case of the second
part of the question, there is evidence to indicate that
indeed an increase in arterial [K*] could precipitate
diaphragm fatigue (Sjegaard, 1986 & 1990). In Chapter 5, it
was shown that based on theoretical considerations the
magnitude of the rise in arterial [K*] during IRL for each
rabbit was sufficient to induce diaphragm fatigue by
lowering the resting membrane potential. Here, there is a
need to establish whether hyperkalemia can reduce the

diaphragmatic resting membrane potential.

Because the rise in arterial [K*] in the rabbit occurred
with an acid-base disturbance similar to that of patients in
respiratory failure, K* could be a natural stimulus of
diaphragmatic nociceptors. Chapters 9 and 10 showed that the
diaphragmatic receptors can be excited by K* and that K+*-
induced activation of the phrenic afferents, innervating the
diaphragmatic receptors, can produce an increase in

ventilation.

Interestingly, both electrical and potassium stimulation of
phrenic afferents produced tachypnea. This ventilatory
response was probably mediated by group III and IV phrenic
afferent fibres because only the electrical stimulation

parameter that is known recruit group III and IV afferents
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produced a ventilatory response and only group III and IV
afferents are excited by K* (Mense, 1977).

The pattern of breathing associated with both increased
phrenic afferent activity and inspiratory resistive loaded
breathing in the vagotomized rabbit was characterized by
tachypnea. However, it is not possible to conclude that the
increase in breathing frequency in the vagotomized rabbit
was initiated by K*-induced activation of phrenic afferents.
To investigate whether tachypnea was produced by K*-induced
activation of phrenic afferents during IRL, will require
complex experiments involving the elimination of the phrenic
afferents alone or all other afferent inputs that could
influence breathing. Indeed, the pattern of breathing
adopted during IRL may have been due to the activity of
afferents other than those of the phrenic nerve.

According to Hussain and colleagues (1985), tachypnea, as
observed during IRL and when the phrenic afferents were
stimulated, could minimize the work of breathing during the
early stages of IRL. More generally, it has been reported
that for a given minute ventilation the work of breathing
decreases as frequency increases (Otis et al., 1950). It is
tempting to conclude that responses to both IRL and
stimulation observed in this thesis minimize the work of
breathing. However, it should be realized that deviation
from resting minute ventilation would make ventilation less
economical, and furthermore, when the phrenic afferents were
stimulated, minute ventilation increased, indicating an

increase in the work of the diaphragm.

The hyperventilation produced by electrical and chemical
stimulation probably does not minimize the work of
breathing. Such a ventilatory response mediated by phrenic
afferents could ensure that alveolar ventilation increases
in exact proportion to CO; production during exercise.
Indeed, hyperventilation produced by K*-induced activation
of phrenic afferents may provide a model to explain how
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ventilation is increased at a constant Pacgo, during exercise.
During limb muscle exercise, K* is released from the active
muscles and it may be that the resultant hyperkalemia may
initiate reflexes arising from the diaphragmatic nociceptors
and mediated by phrenic afferents, which elicit an increase

in ventilation. ¥/////,

In conclusion, from this investigation into neural and
humoral factors related to diaphragm fatigue, a model has
emerged which could explain the roles of phrenic afferent
activity and hyperkalemia in the development of diaphragm
fatigue. During fatiguing IRL, arterial K* concentration is
increased because of a metabolic acidosis and perhaps as a
result of K* release from the fatiguing diaphragm.
Initially, the resultant hyperkalemia initiates reflexes
arising from the diaphragmatic nociceptors and mediated by
phrenic afferents. This reflex culminates in an increase in
inspiratory drive to overcome the obstruction and/or to
prevent central fatigue. If the phrenic afferent feedback to
the respiratory controller predominates, the diaphragm could
be driven to exhaustion. However, in time, the hyperkalemia
may become severe enough to impair diaphragmatic function,
thereby preventing the diaphragm from being driven to
exhaustion; that 1is exhaustion of diaphragmatic ATP 1is
prevented which could have resulted in rigor mortis. This

model provides the basis for future investigations.

Because the rabbits were anaesthetized, the contribution of
noxious sensation arising from the diaphragm on the pattern
breathing could not be assessed. However, circumstantial
evidence in Chapter 9 indicates that rabbits may sense
noxious stimuli applied to the diaphragm. In conscious
humans, sensations arising from the diaphragm have been
suggested to influence both the drive to breathe and the
pattern of breathing (Guz, 1977 and 1979). Future
investigations, therefore, could be directed at determining
whether noxious sensation does arise from the diaphragm

during fatiguing of the diaphragm.
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APPENDIX A

CALIBRATION OF ACID-BASE LABORATORY 4 POTASSIUM
ELECTRODE- A COMPARISON BETWEEN POTENTIOMETRY (ABL 4)
AND FLAME PHOTOMETRY.

Introduction

The Acid-base laboratory 4 (ABL 4) is designed to measure
and calculate pH, blood gases tensions and concentration of
potassium on a single sample of whole blood or plasma. It
measures these parameters by electrodes. The ABL 4 has also
a photometer which measures haemoglobin concentration. This
blood-gas machine automatically calibrates its electrodes
using two calibration solutions, carbon dioxide from a

cylinder and from air at predetermined intervals.

The accuracy of the ABL 4 oxygen and carbon dioxide
electrodes were checked monthly using blood tonometered with
gas whose CO, and O, concentrations were predetermined by
Lloyd Haldane gas analysis. The electrodes measure oxygen
and carbon dioxide accurately. Repeatability of oxygen
electrode is reported to be * 0.7 at 30 mmHg and * 4.0 at
376 mmHg. For carbon dioxide electrode, it is reported to be
+ 0.3 at 40 mmHg and 1.0 at 144 mmHg.

The K* electrode reportedly can measure potassium to an
accuracy of 0.1 mmol/l over a range of 4.4 to 10 mmol/l (ABL
4 user's manual, Radiometer Copenhagen, Feb. 1985). However,
it was necessary to check that the K+t electrode was
measuring potassium concentration accurately and
consistently. To this end, values of [K*] measured by the
ABL 4 was compared with those obtained from flame

photometry.
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Methods

Four calibration solutions of potassium were made by serial
dilution of a stock solution of 2 mmol/ml potassium
chloride. Before using the flame photometer to analyze the
calibration solutions, the flame photometer was calibrated
against commercially prepared potassium solutions of 5
mmol/l and then 100 mmol/l. The lower [K*] is normally used
to calibrate the flame photometer for plasma [K*] analysis,
and the higher [K*] calibrates the flame photometer for
urine [K*] analysis. The concentration of each calibration
solution was measured twice by the flame photometer. These
were then used to check the accuracy of the ABL 4 potassium
electrode. The concentration of each calibration solution
was then measured by the ABL 4. Each measurement of [K*] was
duplicated. The results are presented below.

The sensitivity, S, of the ABL K* electrode was calculated
from ABL 4 and flame photometry measurements:

S (%) = ABL 4 [K*] * 100 (A.1)
FP [K*]

where

ABL 4 [K*] = potassium concentration measured by the ABL 4
electrode.

FP [K*] = potassium concentration measured by a flame

photometer
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Results

Table A.l. Potassium measurements for four calibration
solutions. Plasma and urine denote when the flame photometer
was calibrated for low (with 5 mmol/l [K*]) and high (with
100 mmol/1 [K*]) potassium concentration respectively.

Flame Photometer Flame Photometer ABL 4
(plasma) (urine)
[K*] (mmol/l) [K*] (mmol/1l) [K*] (rmmol/1)
1 14.4 + 0.1 12.9 + 0.3 13.0 + 0.05
2 6.6 + 0.08 5.9 + 0.1 6.2 £ 0.05
3 3.3 £ 0.02 2.6 £ 0.05 2.9+ 0.0
4 1.6 £ 0.01 1.0 £ 0.05 1.5 + 0.0
Calibrated for Plasma
16 1
1 y= -0.05+ 091x
149 r-10
1 A
Famy 12 -
=
g -
10
E ]
T 8
X,
6-
O ]
o
a < 7
S8 o .
2-
= < |
o v T v T L v T LA | v L |

Measured [K+] (mmol/l)
Flame Photometer

Fig. A.l. Relationship between potassium concentrations measured using
ABL 4 and concentrations measured using a flame photometer. The flame
photometer was calibrated for measuring plasma [K*]. The straight line
is the line of identity but the equation refers to the line of best
fit. The equation indicates a strong positive correlation between [K*]
measured by flame photometry and that measured by potentiometry.
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Calibrated for Urine

14 7
1 = 0.41 + 0.98x
124 r = 1.000

<
I

Measured [K+] (mmol/l)

ABL 4

0 v 1 v Ll v ] M { 1 v 1

0 2 4 6 8 10 12 14

Measured [K+ ] (mmol/l)
Flame photometer

Fig. A.2. Relationship between potassium concentrations measured using
ABL 4 and concentrations measured using a flame photometer. Flame
photometer was calibrated for measuring urine [K*]. The straight line
is the line of identity but the equation refers to the line of best

fit. The equation indicates a strong positive correlation between [K*]
measured by flame photometry and that measured by potentiometry.

Conclusion

The relationship between potassium measurements made by the
ABL 4 and by a flame photometer is linear over the range of
1 to 14 mmol/l. This covers the physiological range for
potassium concentration. The ABL 4 K+ electrode was either
81% or 98% as sensitive as the flame photometer depending on
whether the flame photometer was calibrated for measuring

plasma or urine potassium concentrations respectively.
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APPENDIX B

CALIBRATION OF GAELTEC PRESSURE TRANSDUCER

Introduction

The manufactures of Gaeltec transducers report that the
transducers behave linearly over the pressure range of 0 to
+300 mmHg. To ensure the Gaeltec pressure transducers
linearly covered the range of inspiratory pressure ranged in
rabbits, they were calibrated against a water manometer over
a range of -60 to +50 cmH,O.

T Principl f Th =T Man r

A simple manometer can be used to measure pressure both
above and below atmospheric pressure in a container. In this
study, a manometer consists of water in a U-tube opened on
one side to the atmosphere, with the other side closed to
the atmosphere (see Fig. B.l). Some dry gas (D) 1is trapped
in the closed end. The pressure of D is equal to the liquid
pressure (p) at C. This in turn is equal to A + Pp, where A
is the atmospheric pressure and Pp is the head of pressure

of water above B.

D = A + Pp (B.1)
where Pp=hpg

h is height of the column of water above or below C, p is
the density of water and g is the acceleration of the column
of water due to gravity. Because both p and g are constants,

they can be ignored to simplify equation B.1l to give thus:
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nstr lon of U- r manom r

The manometer was constructed from two glass tubes 51 cm
length and a rubber tubing 120 cm in length. The glass tubes
had an internal diameter of 0.45 cm and an external diameter
of 0.60 cm. The rubber tubing internal and external
diameters were 0.65 and 0.80 cm respectively. The tubes and
tubing were fitted together as shown in the figure below.
The joints between them were sealed with strips of
waterproof elastoplast. The total length of the manometer
was 215 cm. The manometer was carefully filled with water to

ensure a continuous column of water.

Protocol

Before checking whether Gaeltec transducer can measure sub-
atmospheric pressure, it was calibrated against pressure
generated by a mercury sphygmomanometer.

One end of the manometer was connected to a Gaeltec pressure
transducer while the other end was open to air. The closed
column was fixed whereas the open column was moved up or
down with respect to the closed column. To increase pressure
in D, the opened column was raised so that B was above C.
The pressure in D was decreased by lowering the opened
column. This opened column was moved so that B was from 50
cm above to 60 cm below C. The h was measured using a metre
rule. The pressure of D was measured by the Gaeltec
transducer and recorded on electrostatic recorder (Gould ES

2000). The recorded deflections were measured.

The results of this investigation have been tabulated in
Tab. B.l as well as presented graphically below in Fig B.1.
The head of pressure measurements (h) are presented below as
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gauge pressures (pressures above and below atmospheric

pressure) and not as absolute pressures.

----------- Metre
<-- Ruler
______4 ] Eb A
" l
o c
’ ]
A
Géeltec
Pressure h
Transducer
vB N
< | A 4
o B Opened
L Column
Closed
Column

Fig. B.1l. Diagram of the experimental set-up used to
calibrate the Gaeltec pressure transducer. Figure is not

drawn to scale.
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Results

TABLE. B.l. Gaeltec Pressure transducer calibration at

various pressures.

Pressure Head of
in D pressure h
(mmHg ) (cmH,0)

38 50
30 39
24 31.5
15 20
10

0 0
-3 -4
-4 -5
-5 -7
-7 -9
-15 -20
-24 -32
-31 -41
-35 -45
-40 -52
-44 -57
-47 -61
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Head of pressure (cmH >0)

Fig. B.2. Gaeltec pressure measurements over a range of
pressures. The graph shows strong positive correlation

between head of pressure and measured Gaeltec pressure.

Conclusion

The Gaeltec pressure transducers behave linearly over the

range of inspiratory pressures studied in this thesis.
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APPENDIX C

CALIBRATION OF INSPIRATORY RESISTOR

Introduction

The pressure difference due to laminar flow in a straight,

rigid tube is described by Poiseuille's law:
AP = 8 1 u f/m rt (C.1)

where AP = pressure drop in the tube (P1-P2), 1 = length of
the tube, r = tube radius, B = viscosity of the fluid, f =
volume flow through the tube.

Resistance to laminar flow 1is given by equation C.2.
Dividing through by f, C.1 becomes AP/f = 8 1 u /m r4.
Resistance (R) is equal to 8 1 M /m r4. Hence

R = AP/f (C.2)

Methods

The ends of the resistor were each connected to a T-piece
(Fig. C.1l). Gaeltec pressure transducers were connected to
each T-piece. An air cylinder was attached to one end of the
set-up. Airflow between rates of 0.5-2.0 1l/min was passed
through the resistor. The flow meter of the air cylinder was
previously calibrated by measuring air collected by
spirometer over a minute at three flow settings.
Measurements for each setting were made three times and

there was no variation among the three measurements.

The order of the airflow rates was randomized. The pressure

either side of the resistor was measured by Gaeltec pressure
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transducers. Pressure signals were electronically summed to
give pressure difference across the resistor. Both the
summed and the individual pressure signals were recorded on
Gould ES2000. Pressure measurements at each airflow rate
were duplicated. The results are presented graphically below

in Fig C.2.

P2 P1

<- A -

Fig. C.1l. Diagram of the experimental set-up for determining
the resistance of the resistor. Dotted arrow indicates
direction of airflow. Pl and P2 are pressures measured by
separate Gaeltec transducers. R represents the stopcock
resistor. The resistance of R 1is measured by this

experimental set-up.
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Results
60 -
AP = -526 + 23.4f
r = 1.00
50 -
Q,
T 40
£
Ch
0— 30 -
<
20
10 T T T 1
0.0 0.5 1.0 1.5 2.0
f (/min)

Fig. C.2. Relationship between airflow (f) and pressure
gradient (AP) across the resistor. Each point represents the
mean of two pressure measurements. The plot shows a good
linear correlation. This indicates that airflow through the
resistor was laminar over the flow range studied. From slope
of the graph, the resistance of the resistor to airflow was
determined. The resistance was 23.4 cmH20/1/min.

Conclusion

The resistor had a resistance of 23.4 cmH30/1/min. Air flow
through the resistor appeared to be laminar over range of

ventilation in the rabbit.
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APPENDIX D

CALIBRATION OF THE CONTROL DIALS OF THE ALEC
ELECTRICAL STIMULATOR

Introduction

Practical requirements for a good stimulator include: a
defined shape stimulus, independently variable parameters,
and low internal impedance. Another important requirement is
that rise and the fall of the stimulus should be independent
of the amplitude and frequency of the pulse. With a harmonic
stimulus, a change in amplitude and frequency will alter the
shape of the slopes Moreover, the effect of the stimulus
may depend upon the phase of the wave at which stimulus is
switched on and off. In contrast, the slopes of rectangular
pulse are affected by changes in amplitude or frequency.
Consequently a rectangular stimulus is preferred to harmonic
or more complex or indefinable stimuli. The Alec stimulator
was built with these requirements in mind by Alex Birkett
(University College London Medical Physics Dept.). Besides
the above requirements, this stimulator needed to have two
identical, independently controlled output amplifiers.



212

0Q/P VOLTAGE ADJ.

f ? QUTPUT AMPS.
OUTPUT VOLTAGE
e-32v

BATTERY & OuTPUT
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CHARGER CCT. REGULATORS oUTPUT
_] T
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TRIGGER SOURCE B
l SELLECTOR SWITCH !
CLOCK|— f ,
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N SE—

GATE INPUT —I

EXTERNAL CLK.

MANUAL TRIGGER
PUSH BUTTON

Fig. D 1. Schematic diagram of the Alec stimulator.

Explanation of the diagram is given in the text below.
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The Alec stimulator generates rectangular pulses. A train of -
rectangular pulses is determined by four parameters: the
amplitude, the width of each pulse, the repetition
frequency, and the duration of the train. A pulse or train
of pulses 1is generated when triggered by internal clock
oscillator, gating device, external clock, or manual
trigger. The manual switch causes a single pulse to be
generated. Each rising edge of logic signals greater than 3
vV and less than 15 V arising from an external clock causes a
single pulse. Pulses generated by internal clock are
produced at a fix rate determined by the pulse repetition
frequency control. Internal clock oscillator has a range
control and a x1, x10, and x100 multiplier switch. The width
of each pulse is defined by the pulse width control (Mono-
stable). Mono-stable is triggered by the rising edge of a
pulse. It has a range control and a xl1 and x10 multiplier

switch.

Power is supplied by four 9 V nickel cadmium rechargeable
batteries or mains power supply. When the mains power supply
is used, the batteries are charged. The stimulator can be
used as an isolated pulse generator when the mains charger
head is removed and external power supply is not in use. The
output voltage to amplifiers A and B can be controlled
independently at the output regulators (10 turn
potentiometers). The output voltage ranges from 0 V to 36 V.
It can be amplified to a maximum of a 100 V by an electrical
mains powered pulse amplifier. Both the pulse generator and
amplifier were designed to give an output current between 0
and 25 mA.



Power requirement
Width

Depth

Height

Total weight

including batteries

Description of front panel

Power switch
Mode selection
Frequency
Pulse Width
Output A and B
Yellow LED

Red LED

Photo. D.l1l. Gating de
and pulse amplifier
dials A and B are

stimulator

right and 1left
is the Tektronix storage oscilloscope.

Technical specification

220 volts
22 cm
23.5 cm

* 11%),

10 cm
3075 g

214

50-60 Hz

: on/off
: Internal, External,
: Range + x1, x10, x100 Hz

: Range + 0.01, 0.1,
: Voltage control
: Power on indicator

: Battery indicator

vice (top), Alec electrical
(bottom) . On the
respectively.

1 ms

stimulator

To

and Manual

front panel of Alec

the

triggers

(middle),

stimulator,

right

of the
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Methods

The dials on Alec electrical stimulator regulating pulse
width, pulse amplitude (volts), and frequency were
calibrated. Both outputs were displayed on a four channel
storage oscilloscope (Tektronix) to verify that the outputs
were 1identical. The potentiometer controlling pulse
amplitude was also calibrated with either the attenuator or

pulse amplifier connected to its output.

To measure amplitude of pulse, the signal amplitude of the
oscilloscope was set as follows: calibrating the
potentiometer with attenuator connected, it was 0.1 volts per
vertical divisions and with pulse amplifier connected 5 or 15
volts per vertical division; when calibrating stimulator
without attachments, it was 5 volts per division. The time
base was set at 1 milliseconds per horizontal division. To
calibrate the potentiometers, they were adjusted while the

number on them and the pulse amplitude were noted.
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CALCULATION OF PULSE AMPLITUDE AND WIDTH

To measure the pulse width, the time base was set at 0.1 to
5 ms/division, and the dials moved positions noted and width
of pulse measured. The signal amplitude of the oscilloscope
was kept constant at 5 V/division and pulse amplitude at 10
V. Sometimes the storage facility of the oscilloscope was
used to facilitate measurements of pulse width, and pulses

per second.

Calibration

A
I

_ I

10 v/div Pulse
Amplitude
I
Y -e-Pulse Width -]
1 ms/div

Fig. D.2. Determination of pulse amplitude and width.
1 mpli
The pulse amplitude was calculated using this formula:
A = h x caly (1)
The symbol A denotes pulse amplitude in volts and h denotes
the high of the rectangular pulse in millimetres. Caly is

the vertical calibration of the oscilloscope in volts per

millimetre.

The pulse width was calculated using this formula:

W =d x calg (2)



217

The symbol W denotes pulse width in ms and d denotes the
width of the rectangular pulse in mm. Caly is the horizontal

calibration of the oscilloscope in ms/mm.

CALCULATION OF PULSE FREQUENCY

To measure frequency of the pulses, the time base of the
oscilloscope was set at 1 second per division for low
frequencies through to 1 millisecond per division for high
frequencies. The position of frequency control adjusted and
the number of pulses per unit time recorded.

Fig. D.3. Determination of pulse frequency. Two pulses are

counted between distance t.
Pulse freqguency
The pulse frequency was calculated using formula (3):
H = n/t (3)
The frequency of pulse (H) is measured in pulse per seconds

(Hz) . The symbol n denotes the number of pulses counted in a

unit time (t) in sec.
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For example

If the number pulses counted in 50 ms is two, n will equal 2
and t will equal 50/100 sec.

Thus from equation (3) H = 2/0.05

The calculated frequency is 40 Hz.

DETERMINATION OF RISE AND FALL TIME OF THE RECTANGULAR PULSE

The rise and fall time of the rectangular pulse generated by
Alec stimulator was measured by Alex Birkett.

CALIBRATION

20v

2us

g |

1 e

Fig. D.4. Schematic diagram of a rectangular pulse. The
slopes are exaggerated to show how the rise time (tr) and
fall time (tf) are determined. A pairs of dotted 1lines
transecting the slopes mark the 10% and 90% rise and fall

time.
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Results

Pulse amplitude (volts), frequency, and width settings on

dial A and B

Table D.1l. Showing the range of frequencies, pulse width,
and voltage generated by the Alec electrical stimulator.

PARAMETER RANGE

Frequency 2-370 Hz

Pulse width 0.1-12 ms

Voltage 0-36 V (without pulse amp.)
0-100 Vv (with pulse amp.)
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Fig. D.5. Calibration of the potentiometer of the Alec

electrical stimulator.

120 -l ¢ DialA
13.46 x Arb. Units
= O Dial B
100 . 0.991
80 -
B
D
g 60 -
[o]
>
40 -
3
Q.
3 20 -
(o)

0 1 2 3 45 6 7 8 9 1 0

Dial settings (Arb. Units)

Fig. D.5. Calibration of the potentiometer of the Alec

electrical stimulator when connected to pulse amplifier.
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Dial A and B settings with attenuator connected

Because of the design of the dials, it was not possible to
have consistent set for voltage outputs less than one volt.
The attenuate was built to ensure that stimulator could
consistently deliver one or fewer volts at a particular
setting. The attenuator has three settings 0, 20 decibel
(dB), and 40 dB. At setting 0, the wvoltage is not
attenuated. Settings of 20 and 40 dB reduce the voltage to a
tenth and hundredth respectively of the voltage output from

the pulse generator.

The calibration curve when the attenuator was set at 40 dB
shows a better correlation between voltage output and step
changes in dial settings than calibration performed when it
was set at 20 dB (see figs D.7 and D.8). For this reason,
the attenuator was set at 40 dB when twitch thresholds were
being determined in Chapter 8. However, when one volt output
was required the attenuator was set at 20 dB and the dial at
2.3 Arb. Units. These results were identical for both dials
A and B.
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Fig. D.7. Calibration of the potentiometer of the Alec

electrical stimulator when connected to attenuator set at 20

dB.
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Fig. D.8. Calibration of the potentiometer of the Alec

electrical stimulator when connected to attenuator set at 40

dB.
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Rise and fall time of the rectangular pulse

The rise time and fall time were calculated to be < 1 us and
were independent of the amplitude and stimulation frequency.



