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Abstract

The respiratory muscles play a role in respiratory faiIure when the efficient performance

of the work of ventilation and/or their supply of metabolic substrates is disrupted. In this report

a model of inspiratory muscle action is presemed. The inflationary pressure applied to the lungs

and tlIe lung apposed rib cage is partitioned into IWO parts. One compcnent is attributable to

the action of rib cage muscles and the other is due to the interaction between upper and lower

rib cage compartrnents. These contributions were found to be equal.

The role of afferent impulses travelling in the phrenic nerve in the control of respiratory

muscle activity was investigated by electrical stimulation of its central cut end. Activation of

these fibres exerts a non-uniform effect on the activities of the upper airway, rib cage and

abdominal muscles and may influence respiratory muscle recruitment.

The roles of blood flow and oxygen delivery in determining diaphragm function was

investigated. The rate at which diaphragmatic fatigue develops is diminished at high rates of

blood flow and this effect is not related to the associated increase in oxygen delivery. The

critical oxygen delivery at which oxygen consumption becomes supply dependent is the same for

the resring diaphragm as for the rest of the body tissues. Activation cf the diaphragm results

in a higher critical oxygen delivery. however. this effect is mitigated by an increase in the

critical oxygen extraction ratio.

The role of nitric oxide in regulating diaphragmatic blood f10w and oxygen uptake was

investigated by infusion ofNG-nitro-L-arginine. This treatment increased diaphragmatic vascuIar

resislance, reduced the duration and magnitude of reactive vasodilation and increased the oxygen

consumption and critical extraction ratio in the contracting diaphragm.
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Résumé

Les muscles respiratoires jouent un rôle dans l'insuffisance respiratoire lorsque la

performance du travail de ventilation et(ou) l'approvisionnement en substrats métaboliques sont

perturbés. Ce rapport présente un modèle d'action du muscle inspiratoire. L::. pression

dilatatrice appliquée aux poumons et au gril costal apposé aux poumons est divisée en deux

parties. Un composant est attribuable à l'action des muscles du gril costal et l'autre à

l'interaction entre les compartiments inférieurs et supérieurs du gril costal. Leurs contributions

sont apparemment égales.

Le rôle des impulsions afférentes traversant le nerf phrénique dans le contrôle ùe

l'activité des muscles respiratoires a été étudié par stimulation électrique de son extrémité

centrale. L'activation de ce~ fibres exerce un effet non uniforme sur les activités de voies

respiratoires supérieures, du gril costal et des muscles abdominaux et semble influencer

mobilisation des muscles respiratoires.

Les rôles du débit sanguin et de l'apport en oxygène dans la détermination de la fonction

diaphragmatique ont été étudies. Le seuil d'apparition de la fatigue diaphragmatique diminue

lorsque le débit sanguin est élevé, phénomène qui n'a aucun rapport avec l'augmentation connexe

des apports en oxygène devient dépendante de l'apport est comparable pour le diaphragm au

repos et le reste des tissus organiques. L'activation du diaphragme entraine un apport critique

d'oxygène supérieur, phénomène néanmoins mitigé par une augmentation du quotient

d'extraction d'oxygène critique.

Le rôle de l'oxyge nitrique dans la régulation du débit sanguin diaphragmatique et de la

fixation d'oxygène a été étudié par infusion de NG-nitro-L-arginine. Ce trainement augmente la

résistance vasculaire diaphragmatique, réduit la durée et l'ampleur de la vasodilation réactive

et augmente la consommation d'oxygène et le quotient d'extraction critique dans le diaphragme

contracté.
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Preface

The McGiIl Faculty of Graduate Studies and Research pennits the choice of two options

in the submission of a thf:sis. OptIon A is the conventional fonnat known to ail universities

whereas option B is in the fonn of published or publishable papers. This work is submitted i!1

the fonnat of option B according to the thesis guidelines:

"Candidates have the option, subject to the approval of their Department, of
including as part of their thesis, copies of the text of a paper(s) submitted for
publication, or the clearly duplicated text of a published paper(s), provided that
these copies are bound as an integral part of the thesis. If this option is chosen,
connecting texts, providing logical bridges between the different papers are
mandatory. The thesis must still confonn to ail other requirements of the
"Guidelines Concerning Thesis Preparation" and should be in a Iiterary fonn that
is more than a mere collection of manuscripts published or to he published. The
thesis must include as separate chapters or sections: 1) a Table of Contents, 2)
a general abstract in English and French, 3) an introduction which clearly states
the rationale and objectives of the study, 4) a comprehensive general review of
the background literature to the subject of the thesis, when this review is
appropriate, and 5) a fmal overall conclusion and/or summary. Additional
material (procedural and design data as weli as descriptions of equipment used)
must he provided in sufficient detai! (e.g. in appendices) to allow a clear and
precise judgement to he made of the importance and originality of the research
reported in the thesis. In the case of manuscripts co-authored by the candidate
and others the candidate is required to make an explicit statement on who
contributed to such work and to what extent; supervisors must attest to the
accuracy of the claims at the Ph.D. Oral Defense. Since the task of the
examiners is made more difficult in these cases, it is in the candidates interest to
make perfectly clear the responsibilities of the different authors of the co-authored
papers."

Seven published papers are presented in this thesis. These include the following:

1. Analysis of human chest wall motion using a two compartment rib cage mode!. M.E.
Ward, J. Ward and P.T. Macklem, Journal of Applied Physiology 1992 72: 1338-1347

•
2. Effect of phrenic afferent stimulation on pattern of respiratory muscle activation in dogs.

M.E. Ward, A. Deschamps, C. Roussos and S.N.A. Hussain, Journal of Applied
Physiology 1992 73(2): 563-570



• 3.

VI
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5. Regulation ofbaseline vascular resistaIlce in the canille diaphragm by nitric oxide. M.E.
Ward and S.N.A. Hussain. British Journal of Pharmacology 1994 - ln Press

6. The role of endothelium-derived relaxing factor in reactive hyperaemia in the canine
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7. Effect of inhibition of nitrie oxide release on the diaphragmatic oxygen delivery­
consumption relationship. M.E. Ward and S.N.A. Hussain. Journal of Critieal Care
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INTRODUCTION

Spontaneous ventilation depends on the continued action of the respiratory musculature.

It follows that failure of these muscles must play an important role in the pathophysiology of

respiratory failure. ATP production for the continuance of muscle contraction is largely

dependent on Oz availability (23,78). The respiratory muscles in particular are limited in their

ability to function anaerobically (107). The ability of their contractile apparatus to continue to

generate the force required to sustain ventilation, therefore, is even more higWy dependent on

oxidative phosphorylation than other skeletal muscles. This means that imbalance between

oxygen availability and the metabolic requirements of these muscles will eventually lead to their

dysfunction, manifested clinically by respiratory insufficiency and death. This situation may

arise if the metabolic demand of the respiratory muscles exceeds their capacity to augment

oxygen availability by decreasing the resistance to blood flow or by increasing the capillary

surface for oxygen diffusion. Alternatively, systemic oxygen delivery may be limited or the

ability of the muscle to extract the available oxygen may be impaired.

These precepts are intuitively attractive, and are supported by sorne experimental

evidence. During the application of inspiratory resistive loads in humans, McCool et al. (lIS)

found that the lime to failure of a breathing task is closely related to the increase in respiratory

muscle oxygen consumption (VOzresp) and suggested that a critical rate of energy utilization

determines the endurance of the inspiratory pump. In normal humans, breathing hypoxic gas

mixtures shorœns the time for which breatldng against high inspiratory resistances may he

voluntarily sustained and hastens the development of electromyographic features predictive of

diaphragmatic fatigue (34,158). In addition, Watehco et al. (194) and others (5) have reported
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that diaphragm strength and endurance are reduced when arterial oxygen tension falls below 45

mmHg.

It is weil known, however, that hypoxia tonically increases end-expiratory lung volume

and alters the distribution of respiratory muscle activation (18,166,200). It is possible that the

reported reductions in diaphragm strength during hypoxia reflect changes in diaphragm length

and mechanical advantage rather than an effect of hypoxia on diaphragm contractility per se.

In preparations in which this variable is eliminated, the effect of hypoxia is much less

pronounced. Bark et al. (9) found that in perfused canine diaphragm strips, even severe levels

of hypoxia produced no adverse effect on the contractility of the resting diaphragm or following

a period of rhythmic contraction at low levels of tension. At high levels of tension development,

hypoxemia accelerated the development of fatigue, but this required arterial oxygen tensions less

!han 35 mmHg.

Direct evidence supporting a role for tissue hypoxia in the development of diaphragm

fatigue ha. also been elusive. Bazzy et al. (13) found no decrease in phrenic venous P02 during

the application of fatiguing inspiratory resistive loads in non-anesthetized sheep. Pope et al.

(137) found that during diaphragmatic fatigue induced by suprarnaxirnal phrenic nerve

stimulation in dogs, phrenic venous P02 remained above 30 mmHg and biochemical evidence

of anaerobic metabolism was absent. Similarly, Manohar (164,191) found that, in ponies, the

phrenic arterio-venous O2 content difference remained unchanged during exhaustive exercise.

Biochemical evidence of failure of aerobic metabolism to meet the energy requirements

of the respiratory muscles (lactate accumulation, glycogen depletion and depletion of high energy

phosphate stores) during the application of inspiratory loads is similarly lacking. In intact
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spontaneously breathing dogs, moderate increases in work of breathing are not consistently

associated with increased lactate release by the diaphragm (149,155). Bazzy et al. (13)

demonstrated that inspiratory flow resistive loads did not result in increased lactate produ~tion

even though respiratory failure was present by usual criteria (decreased minute ventilation and

elevated arterial PC02 > 70 mmHg). In spontaneously breathing rabbits whose respiratory

pattern was unrestricted, Ferguson et al. (44) found that progressive inspiratory threshold loading

to the point of respiratory failure resulted in no increase in diaphragmatie lactate concentration.

In rats, Fregosi and Dempsey (49) found exhaustive exercise to produce an increase in

diaphragmatic lactate concentration which is similar to the increase in arterial blood and plantaris

muscle lactate concentrations except at maximum V02tot when the increase in respiratory muscle

lactate concentration is less than !hat in blood or non-respiratory skeletal muscle. In ponies,

Manohar et al. (106, 107) demonstrated !hat extreme exertion was not associated with lactate

evolution by the diaphragm.

Depletion of glycogen in the diaphragm is correlated with the development of fatigue

during direct nerve stimulation, as it is in peripheral skeletal muscles (44). The role which

glycolytic depletion of intramuscular carbohydrate stores contributes to respiratory muscle

fatigue in vivo, however, is disputed. In rats, glycogen concentration in the diaphragm falls

after prolonged exhaustive swimming (60) and treadmill running (121) and slowly returns to

normal over the subsequent 12 hours. This suggests !hat endogenous glycogen is needed by the

respiratory muscles during physiologie tasks and !hat depletion of these stores may contribute

to their failure. Evidence cocllicting with this view, however, bas been presented by Fregosi

and Dempsey (49). These investigators reported a lack of significant glycogen utilization in rat
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respiratory muscles during normoxic exercise. Only under conditions of extreme metabolic

demand coupled with reduced O2 transport did glycogen utilization increase in the diaphragm and

intercostal muscles. In contrast to this report, lanuzzo et al. (77) carried out studies in which

rats were exposed to a similar normoxic exercise regimen and found a significant reduction (43 %

of control values) in glycogen content in the diaphragm and intercost:.l muscles. The reduction

occurred in both Type 1 and II fibres. The reason for the discrepancy in the results of these two

studies remains unclear. Ferguson et al. (44) studied the effects of incremental inspiratory

threshold loads on the biochemistry and function of the diaphragm in ketamine anaesthetized

rabbits. They found no evidence of either glycogen depletion nor of contractile failure despite

inability of the animais to continue to initiate inspiratory airflow.

No direct evidence is available, furthermore, which supports failure to maintain

intramuscular high energy phosphate concentrations in the respiratory muscles during the

development of respiratory failure induced by inspiratory loaèing. In the dog diaphragm, ATP

and phosphocreatine concentrations were found to average 3.8~mol!g and 1O.2~mol!g

respectively during quietbreathing and 3.3 ~mollg and 12.2 ~mol/g respectively during resistive

loading (153). Similarly, Fregosi and Dempsey (49) found that ATP concentration in rat

diaphragm and intercostal muscles was rnaintained at rest levels during exhaustive exercise under

both normoxic and hypoxic conditions.

These results suggest that common assumptions about the processes leading to failure of

the respiratory muscles to maintain ventilation are oversimplifications. The cause of respiratory

failure is multifactorial. Although exhaustion of biochemical substrate may contribute to loss

of force under sorne conditions (44), other factors, particularly impairment of muscle activation
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(15) may account for failure to generate an adequate inflation pressure. Neural inputs arising

at the cerebral (199) cerebellar (198) or spinal (48) level may influence respiratory motor output,

as may failure of transmission at the neuromuscular junction (12,83,177). Furthermore, the

respiratory system adapts as a whole to being loaded so as to avoid supply-critical conditions

developing in any given respiratory muscle. Thus, although a pump perfused diaphragm will

exhibit the biochemical and electromechanical derangements associated with fatigue when

stimulated to near maxiIDum contraction for a prolonged period, similar changes do not occur

when the normal adaptive mechanisms are available to protect this muscle (44).

The process of 'ldaptation occurs at a number of levels. Mechanically, the ventilatory

load is borne not by a single muscle but by several groups of muscles interacting in a complex

and changing manner to inflate the lungs and chest wall. Therefore, the load placed on a given

muscle group is determined by the linkage between it and ail other elements in the system.

Reflex and voluntary adjustments of the pattern of activation of the respiratory muscles

(192,200,201) alter the distribution of the load so that groups most able to produce the necessary

pressures may be recruited to unload those in which metabolic demands are about to exceed the

capacity for oxidative energy production. The effect of such a change in neural activation on

the contribution of a specific muscle depends on the nature of the mechanical linkage among

muscle groups. The arteriolar network responsible for delivery of oxygen and plasma bom

substrates to the respiratory muscles responds to increased metabolic demand by vasodilation,

thereby increasing the available blood flow. This improves both the extracellular milieu by

removing metabolic byproducts detrimental to the contractile apparatus as weil as bulk oxygen

delivery. Even before these changes can be detected, the capacity of the muscles to extract the
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available oxygen is enhanced, prt;sumably by redistribution of intl'amuscular blood flow so as

to maximize the capillary surface for oxygen diffusion (188).

Respiratory Muscle Actions and Interactions

The normal mechanisms which protect the diaphragm from exposure to loads which

exceed its capacity to endure May be defeated by directly activating the phrenic nerve or by

mechanically altering the chest wall (44). Under these conditions, electromechanical and

biochemical clulDges associated with fatigue occur and are weil correlated with each other in

their severity (44). In the absence of such measures, however, respiratory failure may develop,

during the application of ventilatory loads, without impinging on the limits of diaphragmatic

oxygen extraction, accumulation of lactate, depletion of glycogen stores or alteration of the

diaphragmatic force-frequency relationship (176, 155). The efficacy of the compensatory

mechanisms responsible for distribution of the ventilatory load among respiratory muscle groups,

therefore, determine the extent to which failure of diaphragmatic contractility contributes to the

development of respiratory failure.

Of particular importance to the process of adaptation is the manner in which the

respiratory muscle groups are linked mechanically. For examp1e, using a hydraulic analogue,

two pumps of different capacity linked mechanically in series will experience equal volume

translations but may contribute in vastly differing proportions to the total pressure change across

the system. Conversely, the same pumps coupled in parallel will experience the same pressure

change from upstream to downstream locations while contributing different amounts to the total

rate at which volume is exchanged. Any process which modifies the nature of these mechanical
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interactions will, impact on the l'ole any one component plays in the overall ability of the system

to sustain the load imposed. In the respiratory system, the respiratory muscles are Iinked

through their attachrnents to the bony and cartilaginous elements of the chest wall. A change

in chest wall configuration during inspiration alters the energy required for respiratory system

inflation (2,59) and the manner in which the ventilatory muscles interact with each other (202).

The chest wall, therefore, plays a central role in conversion of respiratory muscle shortening to

ventilation of the lungs. The importance this concept is illustrated by the fact that failure of the

chest wall to efficiently perform its function, due to trauma or skeletal disease, may result in

ventilatory failure even if the lungs and respiratory muscles are completely normal.

In patients with pulmonary disease, the derangement afflicting the respiratory system is

far more complex than is represented by the simple addition of added inspiratory resistive or

elastic loads. Morphologic and biochemical changes in the re:spiratory muscles may result from

systemic effects of the underiying disease (25,55) or from its treatment (45). In addition,

changes in the length and orientation of these muscles (eg: as a result of chllnges in end­

expiratory lung volume) may place these muscles at a mechanical disadvantage and alter their

mechanicallinkage. It is generally recognized that alterations in chest wall function contribute

to the impairment of ventilation in patients with respiratory disease (390). A complete

understanding of the role these factors play and how they may be corrected bas been impeded,

however, by the inability to quantify the contributions of thl: cliaphragm and rib cage muscles

to the inspiratory pressures generated and the degree to which these muscle groups are linked

by the chest wall. In order to address this problem, a progressive series of models bas been

developed, which allow the char..c:e:;c'ics of the system to be analyzed in a stepwise fashion .
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The simplest model, and the flfst exploited. is a two compartment system, whereby,

volume changes must involve expansion of the rib cage compartment or of the abdominal

compartment. The rib cage and abdomen are assumed to move with OIÙY a single degree of

freedom (ie: to conform to their relaxation characteristic). Although this appears to be gross

oversimplification, if the ribs are constrained to conform to the path which results in the

minimum degree of misfit at the costovertebral joints, the abdomen remains relaxed and the

spinal attitude is fixed, the use of this model is not unreasonable. Konno and Mead (93)

demonstrated that, in fact, these conditions are met over a limited range of voiume changes

during spontaneous breathing. This observation allowed the measurement of the elastic

properties of rib cage and abdomen, and has formed the basis of most models proposed to

explain the actions of the respiratory muscles and their contributions to changes in lung volume.

The limitations of this approach, however, have long been recognized. Crawford et al.

(29) found the cross-sectional areas of the upper (axilla) and lower (lower costal margin) rib

cages to move during quiet breathing in close, but not exact, approximation to their to their

relaxation relationship. McCool et. al. (114) used linearized magnetometers to monitor the

relative anterior-posterior displacements of the upper (angle of Louis) and lower (5th rib) rib

cages. They found that, although the relationship between these two diameters described a curve

close to the relaxation characteristic during quiet breathing, the system was easily distorted by

changing the muscle groups recruited during inspiration. Isolated contraction of the diaphragm

during diaphragm paciog does not drive the rib cage on its passive characteristic (30,31).

Recently, electromyographic studies have confrrmed that the parasternal intercostal muscles

become active during all but the smallest volume changes and that the absence of rib cage
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muscle activation alters the inspiratory configuration of the rib cage (35,36,43,57,161). h dogs,

Jiang et al. (81) demonstrated that during isolated diaphragm contraction the relationship between

the motion of the upper (Jung apposed) rib cage and esophageal pressure fell close to its

relaxation line. This finding indicates that in dogs there is little resistance to bending between

upper and lower (abdomen apposed) rib cage compartments. The loose mechanical coupling

between pulmonary and abdominal rib cage compartrnents in dogs was confirmed by Krayer et.

al. (94) using dynamic spatial reconstruction of computed tomographic images. Such evidence

suggests that unitary behaviour of the rib cage is the result of the highly coordinated action of

the inspiratory muscles rather than ÎIÙlerent rigidity.

Primiano (139) developed a model of the chest wall which incorporated a factor to

account for changes in the action of the diaphragm on the rib cage due to varying degrees of rib

cage flcxibility. Although this permitted description of normal and paradoxical breathing

patterns, no estin1ates of the flexibility of the rib cage or any method of determining it was

proposed. The concept of a two compartrnent rib cage was also incorporated into a

mathematical model by Ben-Haim and Saidel (102) in order to account for the flexibility of the

rib cage observed in infants. Their analysis of chest wall mechanics in adult humans, however,

assumed a rigid linkage between rib cage compartrnents.

In chapter 2 the characteristics of a model of chest wall function which incorporates a

two compartment rib cage are explored. This model is then exploited in order to quantify the

degree to which motion of one part of the rib cage rnay influence the action of the respiratory

muscles on the other components. In this way the pressures generated by the costal and crural

parts of the diaphragm and the rib cage muscles are calculated.
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Phrenic Afferent Modulation of Respiratory Muscle Activation

The distribution of a ventilatory load among respiratory muscle groups may also be

influenced by voluntary and reflex changes in their level of activation. The importance of this

mechanism as an adaptive response is illustrated by the fact that if it is defeated during resistive

loading, either by directly stimulating the phrenic nerves (44) or by requiring target

transdiaphragmatic pressures to be achieved (192), biochernical and electromechanical changes

characteristic of muscle fatigue occur in the diaphragm. If the level of respiratory muscle

activation is not artificially constrained these changes are not observed (12,44).

Phrenic motoneuron activity is controlled by efferent drive emanating from pontine and

medullary respiratory controllers. The activity of these controllers is influenced by inputs from

higher centres as weil as by afferent inputs from various periphera! effectors. This peripheral

afferent input provides the respiratory controllers with essential feedback concerning the

functional status of these effectors to aid the respiratory controllers in modulating their output

in accordance with the metabolic needs of the peripheral organs. Although severa! of these

inputs such as vagal and skeletal muscle afferent sources had received considerable attention in

the past, the functionai significance of afferent inputs originating from the respiratory muscles

in the modulation of central respiratory output has received much less attention. Moreover, the

available data on physiological and morphological properties of phrenic afferents have been a

source of considerable debate.

Early studies dismissed reflex feedback from the diaphragrn as an important factor in

determining respiratory motor output. Sant'Ambrogio and Widdicombe (162) investigated the

role of phrenic afferent in anaesthetized rabbits and found that, after sectioning the cervical vagi,
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phrenic motor activity was not affected by lung inflation or deflation or in response to airway

occlusion. Corda and coworkers (28) in a subsequent study showed that phrenic motor activity

was not augmented when phrenic afferents were activated by airway conclusion. In accordance

with these fmdings, morphological studies have documenting the paucity of proprioceptors in

the diapmagm (39).

In contrast, Green et al (64) have proposed a role for activation of phrenic afferents in

the decline in diaphragmatic activation in response to positive-pressure breathing. In addition,

there is increasing evidence that phrenic afferents are involved in respiratory load compensation.

Banzett et al. (8), demonstrated that negative pressure applied to the lower body was associated

with augmentation of diaphragmatic activation in paraplegic patients and Fryman and Frazier

(52) found that the ventilatory response to lower-body negative pressure application was

eliminated by sectioning of the cervical dorsal roots in cats. Recently, Teitelbaum et al. (182)

showed that selective paralysis of the diaphragm enhances respiratory motor output and that this

reflex is lost when the phrenic nerve is sectioned. The responses to changes in diaphragm length

result primarily from activation of large fibre (fast conducting myelinated, group 1 and II)

afferents serving golgi tendon organ and to a lesser extent muscle spindle type receptors

(26,142,144). These appear to play an important role in the modulation of ventilatory drive

during eupnoeic breathing.

Small diameter myelinated and unmyelinated group III and IV afferent fibres (40) are

even more abundant in the phrenic nerve, although their importance in the control of breathing

has been more difficult to establish. In striated mammalian muscles, the majority of such fibres

end as free nerve endings (82,173) which may be activated by a variety of stimuli. Low-
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threshold units (ergoreceptors) are activated by non-noxious touch, pressure and routine muscle

contraction. High-threshold units (nociceptors) are sensitive to chemical stimuli, noxious agents

and ischemia. Sustained muscle contraction is usually associated with activation of about one

third of group III and 40% of group IV fibres in limb muscles (SS). Small fibre phrenic

afferents have been shown to become active in response to similar stimuli in the diaphragm.

Jammes and coworkers (79), for example, studied 44 group IV afferent fibres from the cervical

branches of phrenic nerves in cats. These fibres were strongly activated in response to intra­

arterial injections of lactic acid, hypertonie saline or phenyl diguanide. In a similar experiment,

Graham and colleagues (62) recorded spontaneous phrenic afferent activities from 50 fibres in

the phrenic nerves of cats. Half of these units were thin-fibres with slow and tonie activity. A

sigiÙficant increase in the activity of these fibres was evident when lactic acid and hypertonie

saline were injected intra-arterially and in response to a reduction of diaphragmatic blood flow

induced by aortic occlusion.

Most thin fibre afferents enter the spinal cord through the dorsal raots. The ventral raots

may he the pathway of spinal cord entry for sorne thin-fibre phrenic afferents, however, since

residual ventilatory responses to selective activation of thin-fibre phrenic afferents with capsaicin

have been noted in dogs following dorsal rhizotorny (143). The rnajority of evidence points to

an inhibitory influence on ventilatory motor output at the spinallevel. Goshgarian (61) reported

ipsilateral diaphragm paralysis in rats following spinal cord hernisection at C2. When the dorsal

raots of contralateral C6 to CS were then sectioned, the paralysed diaphragm recovered partially

indicating that phrenic afferents exert an inhibitory effect on the contralateral phrenic

rnotoneurons. Subsequent physiological recordings of Gill and Kuno (56) and Rijlant (145) have
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documented segmental phrenic motoneuron inhibition by electrical stimulation of phrenic nerve

afferents. More recently, Speck and Revelette (172) described a short-latency inhibition of

ipsilateral motor discharge combined with a relatively long-latency inhibition of contralateral

phrenic motoneurons in response to electrical stimulation of upper cervical roots of the phrenic

nerve in cats. Marlot and coworkers (112) also recorded phrenic motor activity in response to

ipsilateral and contralateral phrenic nerve stimulation and found that the duration of inhihition

was shorter in response to contralateral than ipsilateral afferent stimulation.

Supraspinal projections from phrenic afferents travelling through the dorsal spinal column

extend to the external cuneate nucleus (99), laIerai reticular nucleus (104) and dorsal and ventral

respiratory neurons (6,103). The types of afferent fibres involved in these projections were not

clearly identified in these studies. Based on the latencies of dorsal and ventral neuron and

reticular formation activation in response to electrical stimulation of the phrenic nerve, however,

it is probable that group III afferents are involved. In cats, potentials may be evoked in the

sensorimotor cortex in an area located medial to forelimb and lateral to hindlimb afferent

projections by activation of phrenic afferents (32). Marlot and colleagues (110) reported that

phrenic afferent activation elicits evoked potentials on the cerebellar cortex as weil.

The contribution of supraspinal structures to the inhibitory phrenic-to-phrenic reflex is

still debatable. Jammes et al. (79) selectively stimulated group IV phrenic afferents in

vagotomized cats and noticed a moderate inhibition of contralateral phrenic motor discharge

associated with a 17%reduction in the inspiratory time. These authors argue that the observed

changes in respiratory timing favour a supraspinal component. This is also supported by the

report of Duron and coworkers in which the transient inhibition of phrenic motoneuron by
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phrenic afferent activation was elimiJ:~ated by decerebration (38). Contradicting these fmdings

is the observation of Speck and Revelette (172) who showed that the short-Iatency inhibition of

phrenic motor discharge by group III phrenic afferent activation persists after decerebration and

decerebellation. These fmdings were reconciled by Speck (171) in a later study which confmned

the existence of two separate reflel<.es, a short-Iatency ipsilateral inhibition mediated by a

segmental circuits, whereas the long-Iatency contralateral inhibition of phrenic motor discharge

requires the presence of intact supraspinal pathways.

A significant number of investigators have reported that stimulation of phrenic afferents,

in intact animais, elicits augmentation rather than inhibition of ventilatory drive. Kohrman and

colleagues (148), found an increase in tidal volume and breathing frequency during stimulation

of the central end of the cut phrenic nerve in dogs and Marlot et al. (1l1) reported increased

breathing frequency and tidal volume in response to prolonged repetitive stimulation of group

ID phrenic afferents in vagotomized cats. In addition, Road and coworkers (148) showed that

the increase in ventilation during electrical stimulation of the central cut end of the phrenic nerve

required stimulation intensities greater than those required to activate large fibre afferents. Since

sectioning C5 to C7 dorsal roots abolished the response whereas cold blockade of group 1 and

II fibres did not, these authors concluded that the ventilatory resp0115e is mediated by groups III

and IV afferents. In support of this contention Revelette and coworkers (143) observed an

increase in the phasic activity of diaphragm and hypoglossal muscles combined with an increase

in breathing frequency during selective small fibre affel. nt activation elicited by injection of

capsaicin into the phrenic artery of vagotomized dogs. Hussain et al. (74) subsequently

confmned this fmding in a vascularly isolated diaphragm preparation in which stimulation of
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afferents in other vascular beds by contamination of the systemic circulation was avoided.

Establishment of the function of these reflex pathways is further complicated by the

observation of biphasic ventilatory responses during phrenic afferent activation in sorne

preparations. Marlot and colleagues (Ill) showed that a biphasic ventilatory response (a short
1

inhibition followed by prolonged excitation) was observed when phrenic afferents are activated

in vagotomized cats. Moreover, roughly 25 % of dorsal respiratory group neurons have been

found to be activated at the same time that phrenic motor discharge is inhibited by ipsilateral

stimulation of group III phrenic afferents (103). A biphasic ventilatory response has also been

to shown to occur in response to limb muscle afferents stimulation (42).

To reconcile these apparently contradictory fmdings, Speck and Revelette (172) have

proposed the existence of two separate reflexes mediated by small fibre afferents. A short-

latency inhibitory phrenic-to-phrenic reflex is transient in nature (initial one or two breaths

following stimulus onset) and may be manifested as ipsilateral and contralateral inhibition of

phrenic motor discharge. As discussed above, this reflex is likely to be mediated maiIùy tlrrough

segmental networks. The second reflex is a more prolonged, longer-Iatency, supraspinal reflex

which results in increased inspiratory motor drive to the diaphragm and other respiratory

muscles. Since the process of respiratory load compensation, at least as it applies to patients

with respiratory disease generally occurs over a relatively long time frame (hours to days), il

is this second stimulatory reflex which is of greatest relevance to the pathophysiology of

respiratory failure.

During inspiratory resistive loading in normal human volunteers, the development of

diaphragmatic fatigue is associated with a progressive increase in activation not ooly of the
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diaphragm but also of the rib cage and accessory muscles (192). Reflex compensation for

diaphragmatic failure was proposed to explain this fmding, although voluntarily activation of

other muscle groups in order to comply with the constraints imposed on the ventilatory pattern

cannot be excluded. In chapter 3, direct evidence of the reflex effects of phrenic afferent

activation on the ventilatory drive and its distribution among the respiratory muscles is

presented. This study demonstrates that activation of thin-fibre afferents in the phrenic ),erve

not only elicits an increase in respiratory motor output but also alters the pattern of muscle

activation and the timing of the respiratory cycle. The influence ofthese changes, both positive

and negative, for the respiratory muscles as a group in overcoming ventilatory loads is

considered.

Respiratory Muscle Oxygen Delivery and Extraction

In normal subjects at rest the respiratory muscles use Iittle ( - 1.5%) of the total oxygen

consumption (V02tot) or cardiac output (149) and, during exercise, V02resp increases in

proportion to the increased power output by the respiratory muscles (27,150) to as much as 15%

of V02tot in sorne subjects (1). Since the cardiac output may reach 25 to 30 I/min in normal

individuals, however, even when the blood f10w and oxygen requirements of the respiratory

muscles are high, no threat is posed to the body as a whole.

In patients with pulmonary disease, in contrast, V02resp at rest may account for 25% of

V02tot (27,46). As minute ventilation increases in these patients, chest wall deformation,

increased end-expiratory lung volume, expiratory muscle pressure development beyond

maximum effective pressure, changes in resting muscle length and recruitment of postural and
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synergistic accessory muscles which do not directly contribute to ventilation, ail contribute to

a progressive decrease in respiratory muscle efficiency (work of breathing/V02resp)

(19,27,50,154). Based on this observation, Otis (l09), Margaria (128) and others

(147,169,193) have argued that as efficiency deteriorates, the rate of increase of V02resp

eventually equals the rate of increase in V02tot. Further increases in ventilation will not render

more energy available for work other than for the work of breathing. The ventilatory value

corresponding to this point, therefore, represents tht; maximum ventilation available for useful

external work assuming that the respiratory muscles possess a limited capacity to function

anaerobically. This concept of "energy stealing" by the respiratory muscles has been advanced

in support of the early institution of mechanical ventilation in patients with respiratory failure,

particularly when systernic oxygen delivery may be impaired (193). In patients with co-existent

cardiovascular impairrnent (often as a result of chronic pulmonary disease) or abnormalities of

oxygen carrying capacity the situation may be further exacerbated. Viires (189) has shown that

during a low cardiac output state, the respiratory muscles of spontaneously breathing dogs

cornmanded 20% of the cardiac output, compared to 3% during mechanical ventilation.

In addition its mechanical arrangement, the maximum efficiency with which a muscle

performs a certain type of work is determined, in part, by the intrinsic rate of ATP hydrolysis

by the contractile proteins. A fast white (glycolytic) muscle performs more economically when

shortening quickly against a light load than slowly against a heavy load, whereas, the opposite

holds for a slow red (oxidative) muscle (97,122,183). The marnmalian diaphragrn is composed

of three types of muscle fibre characterized histochernically as slow-twitch oxidative (SO), fast­

twitch oxidative-glycolytic (FOG), and fast-twitch glycolytic (FG) (101,146). Corresponding
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roughly to these categories is the classification developed by Dubowitz and Brooke (37) which

divides fibres into Type l, which stain Iightly for myofibrillar ATPase with alkaline

preincubation, and ail other types which are labelled Type II. Type II fibres are further

subdivided, on the basis of their reactions with ATPase following acid preincubation, into lIa,

lib and IIc. lIb are "mirror image" to type l, lIa and Ile demonstrate intermediate staining

characteristics. IIc fibres are rare in adults and likely represent an intermediate fetal fibre type

of high oxidative capacity (113). In other skeletal muscles, these histochemical distinctions

correlate respectively with the physiological characterization of motor units into three types 1)

slow-twitch (S) with low recruitment thresholds, high level of fatigue resistance and low force

production when activated; 2) fast-twitch fatigue-resistant (FR) units with higher recruitment

thresholds, relative resistance to fatigue and higher levels of force production; and 3) fast-twitch

fatiguable (FF) which produce the highest levels of force, have the highest thresholds for

recruitment, and are highly su.ceptible to fatigue (22). Large differences in diaphragmatic fibre

composition and oxidative enzyme aetivities have been observed between species (65). Of

significance, since much data eoncerning diaphragmatic metabolism cornes from canine studies,

Green et al. (65) could identify no classical type lIB fibres in the dog diaphragm. In adult

humans, type 1fibres constitute approximately 50-55% of the total in the diaphragm, 65% in the

intercostal muscles (33,117) and 40% in the vastus lateralis (33). As would be predicted from

this fibre type composition, the respiratory muscles in general, and the diaphragm specifica11y,

are quite limited in their ability to function anaerobically (106-108,195).

Since the diaphragm satisfies aImost all of its energy requirements by oxidative

metabolism over a large range of work output, its energy expenditures can be elosely
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approximated by the measuremr,lt of its oxygen consumption. During mechanical ventilation

the O2 uptake of the resting canine diaphragm is between 0.2 and 0.8 mllminlloog (150,152)

which is similar to the values for other resting skeletal muscles. During unobstructed

hyperventilation, diaphragmatic O2 consumption increases to 1.7-3.0 mllminll00g (150,152).

The highest values for diaphragmatic O2 uptake occur with resistive loading. During the

application of the highest resistance tested by Robertson et al. (151) the diaphragm consumed

24 rnI/min/lOOg. No similar direct measurements are available for the other respiratory

muscles, however, during the application of inspiratory resistances total body O2 consumption

increased to 200 rnI/min/l00g from a control value of 150 ml/minlloog (151). If ail of this

increase is attributed to increased extraction by the respiratory muscles, it would appear that the

diaphragm and the other respiratory muscles contribute approximately equally to the energy cost

of overcoming resistive loads.

To meet these high levels of energy expenditure, oxygen availability to metabolically

active regions of the diaphragm must be enhanced. The most weil known mechanism by which

this is achieved is a decrease in vascular resistance which increases delivery and ameliorates the

supply critical conditions. The capacity to increase diaphragmatic blood flow is large. Reid and

Johnson (141) determined the maximal conductance of the diaphragm using work. pharmacologic

agents and hypoxia to produce vasodilation. These investigators assumed that the driving

pressure for blood flow was the difference between arterial pressure and right atrial pressure,

ignoring the existence of zero flow pressure. As a result they obtained a polynomial relationship

between Qdi and perfusion pressure. The dependence of conductance on driving pressure was

felt to reflect autoregulation. (the tendency to maintain constant flow in the face of changes in
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perfusion pressure) in their preparation. Magder (105) subsequently fit their pressure flow data

to a linear relationship, however, and obtained a slope (conductance) of 3.41.10-2 ml/min/g with

a predicted zero-flow pressure of 43 mmHg. This value for maximum conductance is

comparable to that reported by Magder (105) during maximum vasodilation produced by

nitroprusside and electrophrenic stimulation (3.13'Pa '10·2) although the zero flow pressure

intercept was lower in this study (17 mmHg) !han that calculated from the data reported by Reid

and Johnson (141). Therefore, although higher maximum flows are predicted from the data

during combined pharmacologie and metabolic vasodilation, this difference appears to reflect a

difference in critical closing pressure rather !han failure to achieve maximum conductance with

physiologie stimuli. The relationship between pressure and flow reported by Magder (105)

predicts a flow of 3.65 ml/min/g at a mean arterial pressure of 100 mmHg and 2.09 ml/min/g

at 50 mmHg. Sharf et al. (164) measured the changes in diaphragmatic blood flow over a

pressure range of 60 to 100 mmHg using an electromagnetic flow meter on the left inferior

phrenic artery in dogs during haemorrhage. They found the pressure-flow relationship to be

linear during spontaneous breathing and 60 to 90 mmHg during loaded breathing. This range

of pressures rnay have been to narrow to observe autoregulation in this circulation, however,

since, in a subsequent study in spontaneously breathing dogs, Hussain et al. (364) found that

the relationship between inferior phrenic artery flow and pressure rernained relatively constant

until perfusion pressure feU below 80 mmHg and then declined more rapidly.

In addition to perfusion pressure, blood tlow to the respiratory muscles is determined by

their level of activity. When the inspiratory muscles are at rest their blood tlow averages 55 %

of the level measured during quiet spontaneous breathing (25,118,150,152,189). Unobstrllcted
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hyperventilation is associated with moderate increases in diaphragm blood flow, with the average

reported increase being about 45% per 100% increase in ventilation

(7,25,118,150,152,154,156). Far higher levels are seen when resistance to inspiratory airl10w

is increased. Rochester and Bettini (80) reported a linear increase in diaphragmatic blood 110w

with resistive loading to about 0.6 to 1.1 ml/min/go Robertson et al. (149), on the other hand,

reported an exponential increase in diaphragm blood 110w, up to 2.1 ml/min/g, as inspiratory

airflow resistance increased. Reid and Johnson (141) also mcasured diaphragmatic blood 110w

during high resistive loads and found a linear increase in blood flow with increasing

diaphragmatic O2 consumption up to levels obtained with maximum pharmacologic vasodilation.

The timing and intensity of muscle contraction also influence the blood tlow available to

the diaphragm. Anrep et al. (4) and Bellemare et al. (16) demonstrated that at maximal work

10ads, diaphragmatic blood tlow may he inhibited. Buchier et al. (20) studied diaphragmatic

blood tlow, using radioactive microspheres, during sustained and intermittent diaphragmatic

contractions in a.""!aesthetized dogs. During sustained contractions with the abdomen bound,

blood tlow increased up to !ransdiaphragmatic pressure (Pdi) of 40 cmH20 (max Pdi = 80-90

cmH20) and then declined. At a given Pdi, diaphragmatic blood tlow was higher with the chest

closed and the abdomen left unrestrained than with the chest open and the abdomen bound during

both sustained and intermittent contraction. These authors reasoned that raising the

intra-abdominal pressure influences tlow by raising bath the downstream pressure and the

resistance of the inttamuscular vasculature. Lowering pleural pressure, however, should have

the opposite effect. During supramaximal stimulation (which produces a higher Pdi with the

abdomen bound), however, maximum blood tlow was no different between the two conditions.
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They, therefore, concluded that the distribution of pressure between pleural and abdominal

surfaces is of less importance during intermittent contractions since inhibition of flow during

contraction is compensated by an increase in flow during the relaxation phase. Increasing the

duty cycle of contraction (ratio of contraction duration to total cycle time) at maximum Pdi

resulted in a progressive decrease blood flO'.... in this study. In a subsequent paper (21) these

same authors studied the effect of changing the frequency of intermittent contraction on

diaphragm blood.flow during supramaximal phrenic nerve stimulation with the abdomen bound.

Keeping duty cycle constant at either 0.25 or 0.75, increasing contraction frequency up to 70-80

per minute resulted in an increase in bloOO flow. After this point, however, further increases in

frequency prOOuced no further increment in bloOO flow. In a diaphragrnatic muscle strip

preparation, Bark et al. (10) studied the effect of isometric contraction on diaphragmatic blood

flow. They quantified muscle activity by the tension-time index (TTI) which was calculated as

the product of tension (as a fraction of maximum tension) and duty cycle. 81000 flow increased

with increases in TTl, peaked when TTI reached 0.2-0.3 and then fell. When the TTI exceeded

0.3, increasing the duty cycle, keeping TTI constant by adjusting tension, was associated with

a linear decrease in Qdi. The effect of changes in the timing of contraction on diaphragrnatic

blood flow was progressively greater at higher values of TTI. The most consistently offered

explanation for the effects of contraction intensity and timing on diaphragrn bloOO flow is that

diaphragrnatic vascular resistance is influenced by intramuscular pressure. Using a catheter­

balloon system, Supinski et al. (180) found a linear relationship between force and intramuscular

pressure and also concluded that this pressure is a major determinant of diaphragrnatic bloOO

flow. Muscle shortening, a major determinant of intramuscular pressure because of its effect
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on muscle thickness (170), however, was prevented in their slUdy. In a subsequent SlUdy,

Hussain et al. (75) measured intramuscular pressure using a Millar microtransducer in the

hemidiaphragm during intermittent contractions (duty cycle = 0.5, rate = 15/min) associated

with shortening comparable to !hat observed during spontaneous breathing. They found that

intramuscular pressure increased linearly with tension (and shortening) to an average maximum

value of 113.5 mmHg. Blood flow to the preparation initially increased as tension and

intramuscular pressure increased, however, when intramuscular pressure exceeded 20 mmHg,

(tension approximately 30% of maximum) total blood flow increased no further. Flow during

the contraction phase decreased progressively above this level while relaxation phase flow

increased in compensation.

During reductions in muscle oxygenation, enhancement of oxygen extraction occurs long

before compensatory changes diaphragmatic vascular resistance may be recorded (119,140,178).

This provides an additional mechanism by which cellular oxygen availability may be maintained

in proportion to the metaboIic requirements of the contracring musde. In the diaphragm,

maximum oxygen extraction has been reported to be greater !han 90% (141), Based on this

observation and estimates ofmaximum blood flow, calculations of maximum oxygen availability,

and hence maximum aerobic output of the respiratory muscles have been presented (157).

Maximum levels of oxygen extraction do not generally occur, however, until after dependence

of oxygen consumption on oxygen delivery has developed (24,89,90, 125,127,130,165,167,190).

That is, as oxygen delivery is reduced, a critical level of delivery, and a corresponding critical

level of oxygen extraction, is reached beyond which further reductions in oxygen delivery rcsult

in a fall in oxygen consumption. Oxygen extraction, under these conditions, continues to
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increase and is not independent of oxygen delivery as this calculation irnplies.

In the model of tissue oxygenation originaIly proposed by August Krogh (95), the amount

of oxygen available to a tissue is dependent on the oxygen tension gradient between the capillary

lumen and the mitochondria, and the diffusive conductance for oxygen through the tissue. The

oxygen tension gradient for diffusion in this model may be influenced by the level of convective

oxygen flow, the affinity of the haemoglobin molecule for oxygen and the rate of tissue

metabolism. The critical oxygen extraction ratio, does not appear to depend on haemoglobin

affmity, however, since altering the oxyhemoglobin dissociation relationship by exposure of the

perfusing blood to carbon monoxide has no effect on the critical level of oxygen delivery or

extraction (165). Furthermore, Stein and Ellsworth (175, 176) found that lowering haemoglobin

p~ (pO~ at haemoglobin saturation = 50%) by chronic cyanate treatment does not measurably

alter the decrease in oxygen saturation across the capillary network in striated muscle until

oxygen supply is severely compromised. The absence of an effect of carbon monoxide treatment

on critical oxygen delivery also argues against the driving pressure for oxygen diffusion being

the factor lirniting extraction at this point, since at a given oxygen delivery capillary POz would

vary markedly between the two conditions. A sirnilar conclusion is obtained from studies

comparing methods of reduction in oxygen delivery. Theoretically, the driving pressure for

oxygen diffusion should be greater during anemia than during hypoxia at equal Oz deliveries

(71). Cain (24), however, found that whether oxygen delivery was reduced by hypoxia or by

anemia the critical oxygen delivery was the same, despite a higher mixed venous POz at the

critical point during anemia. This fmding alone, however, does not elirninate diffusion as a

factor lirniting oxygen extraction, since Hogan et al. (70) have presented evidence th'lt the
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diffusive conductance for oxygen may be reduced in maximally contracting muscle when the

haemoglobin of the perfusing blood is lowered.

Convective oxygen delivery to a given capiIIary network unit may not correlate with bulk

blood fIow or oxygen delivery. Rapaport et al. (419) suggested that the opening of shunt vessels

not participating in nutrient exchange accounted for the lack of increase in tracer clearance from

leg muscle despite increased total muscle blood fIow following lumbar sympathetic blockade.

Similarly, Covino et al. (420) found increased femoral blood fIow in hypothermie dogs not

associated with increased in nutrient vessel fIow and Hyman et al. (421) demonstrated that

electricai stimulation of the hypothalamus resulted in increased total muscle blood fIow, without

changing radioiodide clearance in the cat hindlmb. Bolme and Edwall (422) found directionally

opposite changes in tracer transport and limb muscle blood fIow during partial arterial occlusion

and Renkin et al. (423) reported dissociation between capiIIary permeability-surface area and

total vascular resistance with increasing metabolic rate. More recently, increased capillary red

ceIl content, has been demonstrated in the earliest phases of tissue hypoxia (72,73,87) before

increases in vascular conductance have a measurable effect on bulk fIow. These findings suggest

that optimization of oxygen uptake at a given oxygen delivery requires the active redistribution

of fIow between nutritive and non-nutritive capillary channels. Direct evidence in support of

this notion has been accumulating. In rat limb muscle, Potter and Groom (28) found capillary

diameters to conform to a bimodal distribution with a large population (87 %) clustered around

5.5 ~m and a srnaller population (13%) with a modal diameter of 7.5 ~m. Harrison (29) has,

subsequently, measured capiIlary fIow in skeletal muscle and documented a comparable bimodal

distribution. Calculations based on these measurements suggest that despite their smaller
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numbers, the large diameter (high flow) capillaries which contribute little to gas exchange may

carry up to 71 % of the total flow. Thus, a large margin for compensation exists through

redistribution of flow before an increase in bulk flow is necessary. In hamster crernaster

muscle, Sarelius (163) recently studied the heterogeneity in red blood cell and oxygen flow in

the arterioles that control perfusion into adjacent capillary network units arising consecutively

from a single transverse arteriole. Under control conditions, oxygen flows were not different

between branches, whereas, during maximal vasodilation with adenosine both cell and oxygen

flow into these arterioles varied in a systematic way dependent upon their relative branch

position. The maintenance of uniform oxygen delivery, therefore, requires active regulation of

precapillary arteriolar tone in order to overcome architectural and hemodynamic variables within

the microcirculation which tend to produce flow patterns unrelated to metabolic need. A

determinant of the critical oxygen extraction ratio, therefore, may be the capacity of local

mechanisms regulating arleriolar tone to accomplish this task.

It is of interest that although increased O2 extraction is the earliest response to hypoxia,

maximum extraction is not achieved until levels of tissue hypoxia sufficient to impair oxygen

consumption are reached. The mechanisms regulating the distribution of capillary perfusion

may, therefore, vary in their sensitivity to hypoxic and metabolic stimûli. Altematively,

Oranger (63) bas suggested tbat, since the arleriolar network represents as a series of progressive

resistances, maximum perfusion of the nutritive capillary surface may not be possible until the

upstream resistance and conductance vessels are recruited. The implication of this fmding for

the adaptation to a ventilatory load is tbat the oxygen consumption of the respiratory muscles,

is limited not oniy by the tuaximum available blood flow but also by the capacity for oxygen
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extraction at a particular level of oxygen delivery and muscle activity. This information has not

previously been available for the diaphragm or other respiratory muscles.

In cbapter 4 two studies are presented. In the first of these the effect of changing

diaphragm blood flow independent of oxygen delivery on diaphragmatic fatiguability is explored.

In the second the relationships between systemic and diaphragmatic oxygen delivery and

diaphragmatic oxygen uptake are determined and the critical diaphragmatic oxygen extraction

is calculated.

Role of Nitric Oxide

Recently, modulation of endothelial release of nitric oxide (NO) or a related nitroso

compound bas emerged as one of the most important mechanisms by which vascular tone is

regulated. NO is synthesized in the endothelium from the guanido nitrogen of L-arginine and

molecular oxygen by the NADPH and calmodulin dependent action of a constitutive NO

synthase. Citrulline is a coproduct of this reaction. FMN, FAD, heme and tetrahydrobiopterin

are co-factors (126). Substrate levels adequate to SUPjjort ongoing NO synthesis are maintained

by the uptake of extracelluIar L-arginine and through the synthesis of L-arginine from the

peptidyl L-arginine pool by a process linked to the release of NO (116,184) and through

recycling of accumuIated L-citrulline to L-arginine (68,168). In large conduit vessels evidence

suggests that NO synthesis and release is stimulated in response to shear stress, endothelial

deformation, acetyleholine, bradykinin, histamine, S-HT, thrombin, substance P, ATP and ADP

(120). The role of nitrie oxide in regulation of tone in smaller arterioles appears to vary with

the size of the vesseI. In near-resistance arterioles (-100",), Sun et al. (179) found tbat NG•
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nitro-L-arginine (LNA) , an L-arginine analogue which inhibits synthesis of NO from L-

arginine, reduces baseline diameter and inhibits L-arginine induced vasodilation. In cat skeletai

muscle, Ekelund and Mellander (41) found that monomethyl-L-arginine (LNMMA), another L­

arginine analogue, increases resistance preferentially in arterioles with baseline diameters >

25p.. Persson (131) found that superfusion of rat cremaster muscle with LNMMA reduced

terminal arteriolar diameter, but did not influence the post contraction change in diameter of

these vessels.

The nitric oxide pathway is likely involved in the regulation of diaphragmatic oxygen

avaiIabiiity at several levels. Il may play an effector role in the regulation of baseline vascular

tone, in the local response to decreased luminal P02 (hypoxic vasodilation), as a final common

pathway in the dilation which accompanies accumulation of metabolic byproducts (active and

reactive hyperaemia), and in modulating the changes in flow during perturbations in perfusion

pressure (autoregulation).

Basal release of NO bas been dt:teeted by bioassay from isolated vessels (85,159). In

vivo studies bave demonstrated increased baseline arterial pressure following systemic infusion

of L-arginine analogues in rats (54), guinea pigs (3), cats (14) and dogs (86). Regional

treatment with analogues of L-arginine have been found to increase baseline vascular resistance

in isolated rabbit hearts (98), rabbit hindlimb (123) dog hindlimb (196) and human forearm

(186). In rat cremaster muscle, arteriolar vasoconstriction bas been demonstrated following

. light-dye injury to the endothelium (91) and following topical application ofL-arginine analogues

(84). Similarly, Persson et al. (131) have shown LNMMA to reduce baseline microvascular

diameters in rabbit tenuissimus muscle. Although these fmdings represent the majority of
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studies, a few investigators have also described intact endothelium-dependent dilation or non-

selective inhibition of agonist-induced dilatio.-, following the infusion of L-arginine analogues

(123,183). The source of L-arginine on which the endothelial cell depends for substrale in the

synthesis of NO also varies. In sorne isolaled vessel preparations (58,84) and in the pial

circulation in vivo (122) availability of extracellular L-arginine appears 10 limit basal NO

formation. In other preparations (47,53,97,183) administration of exogenous L-arginine has no

effect on vascular tone. These vessels pres\l lbly depend on intracellular synthesis of L­

arginine and on the recycling of L-citrulline formed in the process of NO synthesis (68,168).

Such discrepant results indicate that conclusions drawn from these studies, must be rt:stricted to

the vascular bed under study. The results obtained from previous studies, therefore, cannot be

extrapolated to the diaphragm and the role of the nitric oxide pathway in this circulation must

be specifically determined.

The role of the NO pathway in hypoxic vasodilation is also controversial. The activity

of endothelial nitric oxide synthase is dependent on its oxygenated heme moiety, therefore, its

role under hypoxic conditions would be expected to be minimal. Consistent with this prediction,

a pressor response is elicited by hypoxia in sorne large vessel preparations and inhibition of basal

NO release by hypoxia has been proposed as the underlying mechanism (124). Recently,

Hashimoto et al. (67) have shown that endothelium dependent dilation of porcine coronary

arteries is inhibited by hypoxic perfusate. In contrast, however, Pohl and Busse (134) have

shown that vasodilation in rabbit aortic and femoral arterial rings in response to luminal hypoxia

is inhibited by the NO inhibitors haemoglobin and dithiothreitol. In the isolated guinea pig

heart(51,129) the coronary vasodilator response to perfusion with hypoxic buffer is also at least
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in part mediated by the NO pathway since it is attenuated by L-arginine analogues. These

observations are compatible with a variable role for the NO pathway, depending on the severity

of hypoxia. Accordingly, NO release may be enhanced during mild hypoxia facilitating an

increase in perfusion through conductance vessel dilation. During more severe hypoxia,

however, NO synthase may be inhibited, whereas other vasodilators of metabolic origin become

increasingly important. In the early stages of reductions in diaphragmatic oxygen availability ,

therefore, NO may play a role in rnaintaining tissue oxygenation, eventually losing effectiveness

and being supplanted by other vasodilatory mediators as the hypoxic stimulus increases in

intensity.

Increased muscular activity (active hyperaemia) and transient vascular occlusion (reactive

hyperaemia) are the most weil known stimuli to vasodilation in which a major role for mediato- ;

of metabolic origin has been proposed. Many of the chemicals which have previously been

proposed to mediate metabolic control of vascular tone are now known influence endothelial

release of NO (120). It is not surprising, therefore, that modulation of NO release has been

proposed as a contributor to the vascular response to these stimuli (17, 160,197). Most studies

have demonstrated sorne effect of inhibition of NO synthesis on the active response. In the rat

cremaster muscle, however, Persson (131) failed to show a change in the degree of microvessel

dilation during muscle activation following treatment with LNMMA. In the hamster cremaster

muscle, in contrast, Hester et al. (69) found NO inhibition with NG-nitro-L-arginine methyl ester

(LNAME), to decrease bath resting diameter and functional dilation (active hyperaemia) of frrst

order (65,,) arterioles, resting diameter but not active dilation in 200 order (45,,) arterioles, and

neither resting diameter nor active dilation in 3rd order (3D,,) arterioles. A longitudinal gradient
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in IOle for NO in the vasodilatory response to increased O2 demand, therefore, appears to exist.

In the canine diaphragm Hussain et al. (76) found that infusion of the L-arginine analogue

arginino-succinic acid attenuated by approximately 20% the reduction in vascular resistance

during phrenic nerve stimulation. Studies of the role of NO in reactive hyperaemia, have also

yielded conflicting results. Chemical de-endothelialization (saponin) in dog hindlimb (160) and

light-dye injury of arteriolar endothelium (92) in rat cremasteric muscle have been reported to

reduce peak post occlusive vasodilation. Inhibition of EDRF synthesis by N°-monomethyl-L­

arginine infusion, in contrast, has not been found to alter peak post-occlusive changes in

microvascular resistance in cat hindlimb muscle (17) nor to affect the increase in arteriolar

diameter following a 15 second occlusion in rat cremaster muscle (197). The finding of an

effect of NO inhibition on the active hyperaemic response in the diaphragm (76) suggests that

the NO pathway may also play a role in the rt:sponse to transient vascular occlusion, to the

extent that it is dependent on metabolic mediation. This response is of greater physiologie

significance in the diaphragm !han in most organs, since, during the application of heavy loads,

diaphragmatic blood t10w is characterized by intennittent interruption and augmentation of

relaxation phase t10w is important to the preservation of its nutrient supply.

Autoregulation is the tendency to maintain blood t10w constant despite changes in arterial

perfusion pressure. This tendency is most strongly expressed in tissues with high levels of basal

metabolic activity. It is felt to ret1ect the effects of vasoactive chemical and ret1ex neural

influences superimposed on the intrinsic myogenic response to changes in vascular transmural

pressure. The net effect of these influences is to impose a sigmoid shape on the relationship

between perfusion pressure and blood t10w (11,174,187). Accordingly, as perfusion pressure
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is raised above the working range, increments in flow are resisted by myogenic enhancement

of vascular smooth muscle tone. Eventually, a point is reached where this increase in resistance

is overcome and flow increases in proportion to perfusion pressure. Conversely, as perfusion

pressure is reduced below the working range, vascular tone and resistance to flow decrease

because of myogenic relaxation triggered by decreasing vascular transmural pressure and because

of the accumulation of vasodilator substances of metabolic origin. Eventually, a state of

maximum vasodilation is achieved and blood flow falls linearly with further decreases in

perfusion pressure. Nitric oxide bas been shown to play a role in the process of autoregulation

in several preparations. In the rabbit ear, inhibition of NO release converts a normally linear

pressure-flow relationship to one conforming to a sigmoid shaped curve (66) indicating that the

autoregulatory capacity of this circulation is normiilly suppressed by endothelial release of NO.

In tie renal and coronary circulations L-arginine analogues have been shown to reduce baseline

blood tlow without altering the range over which flow is maintained independent of changes in

perfusion pressure (11, 187). Reduction of the slope of the upper part of the pressure-flow

relationship (above the autoregulated range ofperfusion pressures) has also been observed in the

isolated guinea pig heart following treatment with LNA (185). As with other aspects of vascular

regulation, therefore, the importance of NO pathway appears to vary among the preparations in

which it has been investigated.

The intraarterial infusion of NO inhibitors has been shown to reduce tissue oxygenation

in several preparations (133,135,136). This reduction is due, in part, to inhibition of resistance

vessel dilation in response to increased metabolic activity (76). In pump perfused preparations

(136), however, this variable is obviated and an effect independent of bulk oxygen tlow must
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he hypothesized. As discussed above, oxygen uptake is determined by the driving pressure for

oxygcn diffusion and the diffusive conductance for oxygen. An effect of abluminally released

nitric oxide on the tissue permeability to oxygen diffusion remains speculative. In fact,

agreement on a normal value of this parameter cannot even be achieved. Kuo and Pittman (96)

and Swain and Pittman (181), used a microspectrophotometric technique for determining O2

transport in the arteriolar network of hamster retractor muscle. When the data on the

precapillary longitudinal gradient in O2 saturation was analyzed using an in-vitro value for the

diffusion coefficient, the predicted O2 flux from the arterioles tumed out to he an order of

magnitude smaller thaI! the experimental values (138). The error in available estimates of O2

diffusivity may, therefore, be lip to an order of magnitude. Longmuir et al. (100) have suggested

the existence of rapid diffusion Oz channels within striated muscle cells. Such an inhomûgeneity

in tissue oxygen diffusion could reconcile these fmdings and the possibility of a regulatory raie

for NO at this site remains to be investigated. NO is avidly bound to haemoglobin, however,

it seems unIikely that an effect on oxyhemoglobin dissociation could account for changes in

oxygen extraction given the low levels of luminal NO release (85) and the relative insensitivity

of O2 extraction to changer in haemoglobin oxygen affmity (175). Inhibition of NO release has

been shown to influence terminal arteriolar diameter in the resting rabbit tenuissimus muscle

(131,132). It is attractive, therefore, to speculate that NO release by the microvascular

endothelium may play a raie in the local regulation of convective oxygen flow.

In chapter 5, the role of NO in regulation of the delivery of blood and oxygen to the

diaphragm is investigated. This includes evaiuation the importance of this regulatory mechanism

in the maintenance of baseline blood flow and the vascular response to transient vascular
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occlusion. In addition, the effect of inhibiting NO synthesis on the diaphragmatic oxygen

delivery-consumption relationship is determined.

Summary

Failure of the chest wall to efficiently convert muscle contraction into ventilation of the

lungs both increases the load placed on the respiratory muscles as a group and reduces the

capacity of the individual muscles to generate thP. required output because of changes in their

resting length, orientation and mechanical linkage to other components of the system. The

capacity of the respiratory muscles to sustain ventilation is also reduced if the mechanisms by

which they adapt to the demand for increased mechanical output are impaired. These adaptive

responses are extensive. They include reflex changes in the timing and intensity of their

contraction resulting from consciously and unconsciously perceived sensory input, changes in

conductance of their vasculature, augmentation of their capacity for oxygen and substrate

exchange and the metabolic adaptations by which they optimize energy production from the

available substrates. This thesis presents a series of studies which explore the nature of sorne

of these adaptive mechanisms and evaluate the manner in which they contribute to the function

of the respiratory system.
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• Foreword to Chapter 2

Analysis of the integrated movement of chest wall is infIDÏtely more complex than a

description of the motion of its component parts. The chest wall contains 46 bones (24 ribs, 19

vertebrae, sternum, manubrium and pelvis). If ail could move independently, each would posess

6 degrees of freedom, corresponding to 3 directions of translation and 3 axes of rotation. In

addition, the soft tissue elements (right and left costal and crural diaphragm, abdominal free

wall) may undergo distortion in three dimensions. Fortunately, the geometry of the joints and

the muscular attachments place additional constraints on the way in which each element can

move, thereby reducing the degrees of mechanical freedom. These constraints allow simplified

models to be developed, which allow motion of the respiratory system to be described in terms

of a few simple varibles. As long as the assumptions conceming the constraints are valid, these

models allow predictions conceming the mechanical behavior of the system to be made which

then may be tested experimentally. The goal of developing such models, therefore, is not to

precisely duplicate the behaviour of the chest wall under ail conditions but to understand, in a

stepwise fashion, progressively more complex aspects of its function.

In this chapter a model of the chest wall is described which incorporates a two

compartment rib cage. The actions of the diaphragm are exerted primarily on the abdominal rib

cage, whereas the rib cage muscles exert their force primarily on the pulmonary rib cage. The

crucial determinant of the interaction between the diaphragm and rib cage muscles, therefore,

is the strength of the mechanicallinkage between the two compartrnents. The experiments

described, performed in normal individuals, illustrate use of the model to quantify the linkage

between rib cage components and severa! other aspects of respiratory muscle interaction which

• were previously unmeasurable. This work opens the way for characterization of the mechanical

abnormalities which contribute to respiratory system dysfunction in disease states.
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Abstract

We present a model of rib cage mechanics which extends that described previously by Macklem

et. al. (J. Appl. Physiol. 55:547-557, 1983) and incorporates a two compartment rib cage. We

divide the rib cage into that apposed to the lung (RCpul) and that apposed to the diaphragm

(RCab). We apply this model to determine rib cage distOltability, the mechanical coupling

between RCpul and RCab, the contribution of the rib cage muscles (RCM) to the pressure

change during spontaneous inspiration (Prcm) and the insertional component of

transdiaphragmatic pressure (Pdi,ins) in humans. Distortion is defined as the perpendicular

displacement of the relationship between the cross-sectional areas of RCpul and RCab off of

their relaxation line, distortability as the relationship between distortion and transdiaphragmatic

pressure (Pdi) and mechanical coupling as the relationship between distortion and the pressure

acting to restore the rib cage to its relaxed configuration. (plink) , ail assessed during bilateral

transcutaneous phrenic nerve stimulation. Plink was significant even during quiet breathing.

Prcm was calclllated at end inspiration as the component of the pressure displacing RCpul not

accounted for by Plink or pleural pressure. Prcm and Plink were approximately equal during

quiet breathing. Pdi,ins was measured as the pressure acting on RCab not accounted for by the

change in abdominal pressure during an inspiration without rib cage distortion and was 33 % +

10%(SEM) of total Pdi.
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Introduction

Previously proposed models of chest wall motion have considered the rib cage as a single

compartment with a single degree offreedom (25,27,28). Available evidence suggests, however,

that such unitary behaviour is the result of the highiy coordinated action of the inspiratory

muscles (18) rather than inherent rigidity of the' ib cage. In this paper we present a model which

incorporates a two compartment rib cage as originally proposed by Agostini and D'Angelo (1).

The rib cage is separated into that part apposed on its inner surface to the lung (RCpul) and that

part apposed to the diaphragm (RCab). We show that using this approach it is possible to

deterrnine the following parameters: 1) the strength of the mechanical linkage between the two

rib cage compartments; 2) The relationship between the pressure producing the rib cage

distortions and the magnitude of distortion. 3) The contribution of the pressures resulting from

distortion to inspiration; 4) the inspiratory pressure developed by the rib cage muscles (RCM);

and 5) the contribution of the insertional action of the diaphragm to inflation of RCab.

The model represents an extension of that proposed by Macklem et. al. (28). The major

differences ensue from treating the chest wall as three compartments which results in a different

mechanical arrangement of the diaphragm and RCM.
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Theory: Analysis of Pressures aplied to RCpul and RCab:

We assume that the important inspiratory RCM are the scalenes and parasternal msucles

(15,20). The fonner are L'lSerted into ribs 1 and 2; the latter into ribs 2 - 6 inclusive. The 6th

rib attaches to the sternum at its ventral end. Thus the direct actions of the major RCM are

almost exclusively on RCpu!. The costal part of the diaphragm originates from the lower end

of the sternum and from ribs 7 - 12 inclusive. The area of diaphragmatic apposition to the rib

cage (Aap) at functional residual capacity (PRe) extends cranially to about the level of the

xiphisternum. Thus the action of the diaphragm is almost exclusively on RCab.

Because the two parts of the rib cage are anatomically distinct and the pressures acting

on them are different, it is reasonable to treat them as separate compartrnents. The pressures

acting to displace RCpul are therefore: 1) The pleural pressure over the surface of the lung

(PPI,L); 2) the pressure developed by the rib cage muscles (prcm) and 3) the pressure acting on

RCpul resulting from mechanical coupling between the 2 rib cage compartments and any

distortion that is present (Plink). Under equilibriurn conditions, the pressures acting to displace

RCpul are counterbalanced by its elastic recoil pressure, (Prc,pul).

Therefore:

Prc,pul = ppl,L + Prcm + Plink 1

The pressures acting to displace RCab are: 1) the pleural pressure in the area of

apposition (ppl,ap) which is close to abdominal pressure (Pab) (2,29,38); 2) the pressure

resulting from the insertional action of the diaphragm on RCab independent of changes in Pab;

3) Plink when distortion is present; 4) the pressure resulting from the direct action of the

abdomir.al muscles on RCab (12) independent of changes in Pab (Pmus,ab). As in the case of
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RCpul, at equilbriurn the pressures acting to disI='ace RCab are counterbalanced by its elastic

recoil pressure.

Therefore:

Prc,ab = Pab + xPdi + Plink + Pmus,ab ......2

where Prc,ab is the elastic recoil pressure of RCab and xPdi represents the insertional action of

Pdi on RCab (1 > x > 0). The pressure producing distortion is the difference between the

pressures acting on RCab and RCpu!. During pure diaphragmatic contraction when Prcm and

Pmus,ab are zero, this is the difference between equations 2 and 1 or:

Pab + xPdi + Plink - Ppl,L-Plink = (x + l)Pdi ......... 3

In this paper we deal only with inspiration and assume that expiratory Prcm is zero. We

ignore flow-resistive pressure losses.

The Mechanical Hodel: Figure 1 is a mechanical diagram of the model in lateral projection.

The structure shaped like an inverted hockey-stick with a detached handle represents the rib

cage. RCpul extends to the upper level of the costal fibers and is apposed to the lung. The

pressure at its inner surface is Ppl,L. With contraction of the rib cage muscles it is displaced

upward and anteriorly, rotating around the hinge at its attachment to the rest of the bony

ske1rton. It is connected to RCab by a spring which resists deformation. In agreement with

equation 1, the pressures acting on RCpul are Ppl,L, Prcm and any pressure resulting from

displacement of the spring (plink). RCab is represented by the "handle" of the hockey stick and

is directly apposed to the costal fibers. The pressure at its inner surface is ppl,ap. The

diaphragm, as in the previous model (28) is depicted as two muscles, the costal and crural parts,

arranged mechanically in parallel so that Pdi is the sum of the pressure developed by the costal
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part (Pdi,cos) and that developed by the crural part (Pdi,cru). Pdi is aIso the SUffi of xPdi and

(1 - x)Pdi where Cl - x)Pdi is the non-insertional component of Pdi. Note that unlike in the

previous model (28) xPdi and Pdi,cos are not necessarily equal.

When the diaphragm contracts in isolation, Pab increases displacing the abdominal wall

anterioriy. Pab is traasmined (with or without sorne gain change) to the inner surface of RCab

as Ppl,ap and results in displacement of RCab anterioriy and cranially. At the same time PPI,L

falls tending to displace RCpul inward and altering the position of RCpul relative to RCab

thereby distorting the rib cage. The spring exerts a pressure, Plink, on both compartments which

acts to minirnize the distortion. Thus, in the model, the pressures acting on RCab are ppl,ap,

which we assume to be clos~ to Pab, the pressure resulting from the insertional action of Pdi,cos

which we equate with xPdi and Plink in agreement with equation 2.

If one assumes that ppl,ap = Pab, then the pressure producing the distortion is Pab +

xPdi - PPI,L or (x + l)Pdi in agreement with equation 3. Thus Pdi is directly proportional to

the pressure producing distortion and can be used as an index of it. Note !hat the pressure

producing distortion is distinct from the restoring force or Plink resulting from the distortion.

In the model depicted in figure 1 the spring above RCpul represents the elastic properties

of the rib cage; the springs between RCpul, the rest of the skeleton and the central tendon

represent the elastic properties of the lung; the springs between the central tendon, the skeleton

and the anterior abdominal wall represent the elastic properties of the abdomen.

The Hydraulic or Electrical Analogue: Figure 2 gives the hydraulic or electrical analogue of

the mechanical model presented in figure 1. Structures which are dislaced and which consist of

elastic, frictional and inertiaI elements are represented by rectangles, namely the lung, RCpul,
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RCab and the abdomen. Muscles, modeled as generators or pumps are represented as circles.

The spring, S, linking RCpul and RCab which gives rise to Plink is also represented as a pump

or generator. According to equations 1 and 2 the pressures (or voltages in the electrical

analogue) acting on RCpul and RCab are the sum of 2 or more different pressures. In the

analogue model this is accomplished by summing junctions.

In this model, in contrast to that previously described by Macklem et. al. (28), RCM and

the diaphragm are hydraulically and electrically in parallel (mechanically in series).

As in the previous model, the costal and crural parts of the diaphragm are arranged

hydraulically and electrically in series (mechanically in parallel) so that Pdi is the sum of Pdi,cos

and Pdi,cru.

The pressure balance equation across the lung and RCpul pathway in figure 2 is given

by:

PB - PPI, L + PPI,L - Py + Py - (Py+Plink) + (Py+Plink) - PB = 0

where Py is the pressure bet'.'Ieen RCM and the summing junction and PB is the ambient

pressure. Since Py - PPI,L = Prcm and since

(Py + Plink) - PB = Prc,pul, substituting and taldng PB to be 0, simplifies this equation to:

- PPI,L - Prcm - Plink + Prc,pul = 0

This is identical to equation 1.

The pressure balance equation across the lung and RCab pathway is given by:

PB - PPI,L + PPI,L - Px + Px - (px - PPI,L + Pab + Plink) + (Px - Ppl,L + Pab + Plink) •

PB = 0

where Px is an imaginary pressure between the costal and crural daphragms (*28). Since Pdi,cos
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= Px - ppl and sin;::

Prc,ab = (Px - Ppl,L + Pab + Plink) - PB, substituting and taking PB to be 0, simplifies this

equation to:

-Pdi,cos - Pab - Plink + Prc,ab =0

Assuming Pmus,ab to be 0 and Pdi,cos equal to xPdi this is identical to equation 2.

The pressure balance equation across the lung and abdomen pathway is given by:

PB - PPI,L + PPI,L - Px + Px - Pab + Pab - PB = 0

which simplifies to:

- PPI,L • Pdi + Pab = 0 .4

During relaxation when a11 pressures developed by the muscles are zero and assuming

no passive diaphragmatic tension, equations 1, 2 and 4 simplify to:

Pre,pul = PPI,L + Plink

Pre,ab = Pab + Pliilk

Pab = PPI,L

Because the pressures acting on both parts of the rib cage are equal there is no rib cage

distortion and Plink = O. Therefore the relationship between the cross-sectional areas of RCpul

and RCab (Arc,pul and Arc,ab respectively) during relaxation represents the configuration

existing when the pressures acting on both compartments are identical and defines the undistorted

configuration of the rib cage. During relaxation, therefore, equation 1 simplifies to:

Pre,pu! = PPI,L

By measuring PPI.L one can then detennine Pre,pul as a function of Arc,pu!. Ifwe assume that

the relationship between Arc,pul and Pre,pul is constant and is not influenced by muscle
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contraction or rib cage distortion, Prc,pul may be determinecl if Arc,pul is known.

When the diaphragm is the only muscle contracting, equation 1 becomes:

Prc,pul = PPI,L + Plink.

If Arc,pul is known, Prc,pul can be estimated, ppl,L measured and thus Plink determined. The

distortion can be quantified by the displacement of Are,pul and Arc,ab away from the

undistorted relaxation configuration, therefore, the relationship between Plink and distortion may

be defmed. Thus, during spontaneous breathing, if Arc,pul and the magnitude of the distortion

are known, the only unknown in equation 1 is Prcm.

Similarly, during spontaneous breathing with no distortion and with the abdominal

muscles relaxed, equation 2 simplifies to:

Pre,ab = Pab + xPdi.

Since Prc,ab can he estimated from the measurement of Arc,ab and its relationship with Prc,ab

during relaxation, and since Pab can he measured, the only remaining unknown in this equation

is xPdi.

Note that during undistorted active inspiration Prc,pul must equal Pre,ab or, assumhlg

abdominal muscle relaxation:

Pab + xPdi = PPI,L + Prem

(x + I)Pdi = Prcm

Thus, in order to prevent distortion, the rib cage muscles must be recruited just sufficiently to

cancel the distort.ing action of (x = I)Pdi.

Calculation of Prcm and xPdi in equations 1 and 2 are illustrated below in the Methods

section.
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Methods

Subjects and Instrumentation: Studies were performed in 5 normal male volunteers 32 to 54

years of age recruited from among laboratory personel. 5 subjects were used in each

measurement protocol. Ali subjects were experienced in physiologie studies and in the

performance of respiratory manoeuvres. Measurements were performed with the subjects seated

breathing through a mouthpiece attached te a Hans-Rudolf valve. Esophageal pressure (pes), an

index of Ppl,L and gastric pressure (Pga), an index of Pab, were measured using catheter

balloon systems. Pdi was measured by electronic subtraction of Pes from Pga. A respiratory

inductance plethysmograph (Respitrace™, Ambulatory Monitoring Inc.) operating in the DC

mode was used to obtain a signal proportional to the cross-sectional area of the rib cage at the

levels of the nipples and the xiphoid cartilage (Arc,pul and Arc,ab respectively). During

measurement of the insertional component of Pdi, the ant~rior-posterior abdominal dimension

was measured using a pair of linearized magnetometers (peterson) with the coUs positioned just

superior to the level of the umbilicus. Flow was measured using a pneumotachograph (Fleish

No. 3) and a differential pressure transducer (Validyne MP 45 + 2cm H20). Inspired and

expired volume were obtained by electronic integration of the flow signal. An esophageal

electrode was usecl to record the rectified integrated diaphragmatic electromyogram (EMG) to

assist in identifying relaxation conditions. Signais were recorded on an 8 channel strip chan

recorder and through an analogue-digital converter board (Data Translations DT2821) to a

desktop computer at 1 KHz per channel. The signais were later plotted (see below) and

calculations performed graphically as illustrated in figures 3·5. During the experiments Pes, Pga,

Arc,pul and Arc,ab were plotted against each other as required on a storage oscilloscope
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(Techtronics 5103N) and recorded photographically for later reference. Bilateral transcutaneous

phrenic nerve stimulation was performed using a stimulating unit (TECA Co. Pleasantville.

NY.). Diaphragrnatic mass action potentials were recorded during the stimulations from surface

electrodes placed on the lower costal margin and in the 5th intercostal space bilaterally.

Procedures: Relaxation Relationships: At the beginning and end of each study protocol.

subjects performed 3 to 5 relaxed expirations against a high alinear expiratory resistance after

having inspired to a lung volume near total lung capacity (TLC). To evaluate the mechanical

linkage between RCpul and RCab at llmg volumes near functional residual capacity (FRC).

relaxation curves below FRC were obtained by having the subjects expire to residual volume

(RV) and passively inspire against a high alinear resistance attached to the inspiratory limb of

the Hans-Rudolf valve. Relaxation was judged adequate if Pdi remained zero above FRC. Pes

and Pga retumed smoothly and reproducibly to their static equilibrium pressures, the

relationships between Pes and Arc,pul and between Pab and Arc,ab were reproducible from

manouevre to manouevre and the diaphragmatic EMG remained silent. The relaxation

relationships among Pes, Pga, Arc,pul and Arc,ab were compared before and aCter each study

to ensure that no change in experimental conditions had occurred which may have altered these

relationships.

Assessment of the mechanical linkage between RCpul and RCab: The mechanical linkage

between RCpul and RCab was assessed during isolated diaphragmatic contraction produced by

bilateral transeutaneous phrenic nerve stimulation. We wished to examine the interaction between

the two compartments over a wide range of distortions, therefore, variation in twiteh intensity
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was accomplished in 3 ways 1) single twitches at supramaximal voltage (stimulus duration =

1 msec) relying on the naturdl variability in the the intensity of contraction which accompanies

changing lung volume (35); 2) paired twitches separated by 0.1 to 0.05 seconds (10-20 Hz,

stimulus duration = 1 msec) allowing varying degrees of summation and therefore varying

contraction intensities; and 3) in sorne subjects, single submaximal twitches during which the

voltage outputs to each side were adjusted independently to maintain the mass action potentials

in constant proportion and so produce symmetrical low intensity contractions. Ali stimulations

were applied during relaxation (pdi =0, silent diaphragmatic EMG) against an occluded airway

at lung volumes between FRC and 1 litre above FRC (over which range the relaxation

relationship between Arc,pul and Arc,ab was linear in a11 subjects). Pdi was measured and

distortion and Plink were calculated for each stimulation as described below and illustrated in

figure 3. The curves, passing through the origin, which best described the relationships between

Pdi and distortion and between distortion and PUnk, were then generated for each subject. Only

when stimulation resulted in a diaphragmatic mass action potential did the esophageal pressure

change, suggesting that the diaphragm was the only inspiratory muscle significantly activated by

this procedure.

Assessment of the contribution of the rib cage muscles to inspiration: After the pattern of

ventilation had stabilized on the mouthpiece and without forewarning the subjects, 10 consecutive

sponlaneous breaths were recorded and ensemble averaged. Rib cage distortion at the end

inspiratory point of zero flow was calculated by comparison with the relaxation curve. From this

measurement and the relationship between distortion and PUnk, Plink and Prcm were calculated

for each of 5 subjects as described below and illustrated in figure 4.
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Calculation of the insertional component of transdiaphragmatic pressure: The relaxation

relationships between Arc,ab and Arc,pul and between Pga and abdominal displacement were

recorded on the storage oscilloscope. The subjects were then asked to inspire through the

mouthpiece while maintaining these relationships in their relaxation configuration by targetting

to the curves displayed on the oscilloscope screen. Maintaining relaxation of the abdominal

muscles was important to ensure that abdominal muscle contraction did not influence the

relationship between Pga and Arc,ab. In practice most subjects conformed to this pattern

naturally (ie: did not contract their abdominal muscles during inspiration) as has been described

previously (21) and the plots served only as a check on adequate performance of the manouevre.

After a practice period, when the subjects were able to inflate the rib cage without distorting it

and without contracting the abdominal muscles. 5 efforts of the same inspired volume were

recorded and ensemble averaged. The insertional component of Pdi was calculated at 5 equal

intervals between FRC and the maximum volume inspired during the manoeuvres for each of

5 subjects as described below and iIIustrated in figure 5.

Data Analysis: In figure 3 the relationships, in one of the subjects, between Arc,ab and Arc,pul

during relaxation (Ieft panel) gives the undistorted configuration of the rib cage. The relationship

between Pes and Arc,pul during relaxation (right panel) gives Pre,pul as a fonction of Arc,pul.

Deviation from the relaxation relationships during an isolated diaphragmatic contraction are also

iIIustrated.

In the left panel of figure 3 displacements off the relaxation line for RCpul and RCab

indicate distortions. These distortions, expressed in arbitrary units, were measured as the shorte~t
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(ie: perpendicular) distance to the relaxation line from the point at which the change in Arc,pul

was maximal (ie: the end of the twitch). This allowed measurements of distortion within an

individual but did not allow comparisons between individuals.

In the right panel of figure 3 Plink is estimated. If ppl,L (as estimated by Pes) had been

the only agency acting on RCpul during the twitch Arc,pul would have decreased along its

relaxation pressure-area relationship with Arc,ab to point A. The fact that Arc,pul decreased

only to point B is due to the restoring force represented by Plink so that the net deflating

pressure (Prc,pul) was Jess than would occur in the absence of mechanical coupling between the

rib cage compartments. According to equation 1, because Prcm is zero Plink is given by: As

Prc,pul (distance DC) - PPI,L (distance DB) = distance BC. The relationship between Plink

and distortion was obtained by plotting our arbitrary measure of distortion against Plink. This

assumes that Plink is independent of the pathway by which a given distortion was reached.

Similarly the distortability of the rib cage was obtained by plotting OUI' index of distortion against

Pdi.

In figure 4 the relationships between Arc,pul and Arc,ab and between Pes and Arc,pul

during a' spontaneous breath compared to relaxation are shown. As iIIustrated in the left panel

of figure 4, distortion was measured at end-inspiration. Using our calibration curve Plink was

then calculated.

In the right panel of figure 4, the relationship between Pes and Arc,pul is shvwn during

spontaneous breathing and relaxation. In this instance, Arc,pul increased even though PPI,L

became more negative because of the combined action of Plink and the pressures developed by

the rib cage muscles. We know the total pressure acting on RCpul (prc,pul) as the distance BC
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and the change in Pes as the distance BA, therefore, since Prc,pul = Pes + Prcm + Plink,

Prcm was calculated as the distance AC minus Plink.

For the calculation of the insertional component of Pdi (xPdi) we plotted Pga vs Arc,ab

during inspirations in which Plink was zero and the abdominal muscles were relaxed. An

example is shown in figure 5. Since the change in Pga during active inspiration could not

account for ail of the change in Arc,ab there must have been another agency inflating the rib

cage which we took to be the insertional component of Pdi. This was measured as the distance

AB in figure 5 .
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Results:

.\ilechanicallinkage between RCpul and RCab: The relationships between distortion and Plink

and between Pdi and distortion are iIIustrated for each of 5 subjects in figures 6 and 7. In ail

subjecls isolated diaphragrnatic contraction resulted in displacement of Arc,pul and Pes

significantly off of their relaxation line resulting in a positive value for Plink. This indicates a

significant resistance tf' bending between RCpul ar.d RCab in humans. The curve relating Pdi

and distortion indicates !hat the rib cage becomes progresssively more difficult to distort with

increasing distortion. As a result the increment in restoring force (represented by Plink) for a

given increase in distortion increases progressively with increasing degrees of distortion. Il

should be realized that our arbitary index of distortion does not allow comparison of

distonability between individuals. Changes within an individual can, however, be estimated.

Calculation of the pressures develoged br the rib cage muscles to spontaneous inspiration:

AIl subjects demonstrated some deviation from the relaxation relationship between Arc,pul and

Arc,ab during quiet breathing. In ail subjecls this distortion was within the range over which the

relationship between distortion and Plink was assessed.

The values for Prcm and Plink and their values as a fraction of the total pressure required

to both inflate the lung and displace RCpul are presented in Table 1. On average, Plink and

Prcm contributed equally to this pressure.

Calculation of the insertional component of transdiaphragmatic pressure: Pdi,ins is plotted

against the volume at which il was measured in each of 5 subjecls in figure 8. In figure 9 these

are expressed as a fraction of the total Pdi. With increasing volume, and increasing Pdi, the

magnitude of the insertional component of Pdi increased. The fraction of the total Pdi which
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comprised the insertional component, however, remained approximately constant overall. The

insertional component of Pdi was significant and represented 33 + 10SE percent of total Pdi

when averaged uver ail lung volumes in ail subjects.
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Discussion

Comparison with other approaches: Early analyses of chest wall motion (6,39) assumed

the displacements of the abdomen to be attributable to che diaphragm, che rib cage to ReM, and

treated the chest wall as a two compartrnent system. While the first two assumptions are

untenable (21,25,27,28) the third has proven useful. Konno and Mead (25) presented evidence

that the rib cage and abdomen behaved as compartrnents each wich a single degee of freedom

within fairly narrow limits of respiratory effort. To the extent that these limits are observed,

the volume changes of each compartrnent can be described from knowlege of changes in a single

dimension of the rib cage and abdomen. This was a major advance in the study of respiratory

kinematics and in addition allowed measurement of the elastic properties of rib cage and

abdomen. The limitations of this approach, however, have long been recognized. Crawford et

al (11) found the cross-sectional areas of the upper (axilla) and lower (lower costal margin) rib

cages to move during quiet breathing in close, but. not exact, approximation to their to their

relaxation relationship . McCool et. al. (31) used linearized magnetometers to monitor the

relative anterior-posterior displacements of the upper (angle of Louis) and lower (5th rib) rib

cages. They found that while during quiet breathing the relationship between these two diameters

described a curve close to that during relaxation, the system was easily distorted by changing

the muscle groups recruited during inspiration. Isolated contraction of the diaphragm during

diaphragm pacing does not drive the rib cage on its passive characteristic (12). Recently,

electromyographic studies have confrrmed that the parasternal intercostal muscles become active

during ail but the smallest volume changes and that the absence of RCM activation alters the

inspiratory configuration of the rib cage (15,18,33). It is apparent,therefore, that further insights
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into the nature of inspiratory muscle action reguire additional sophistication.

Primiano (32) developed a mathematical model of the chest wall which incorporated a

factor to account for changes in the action of the diaphragm on the rib cage due to varying

degrees of rib cage flexibility. While abie to describe normal and paradoxical breathing patterns,

no estimates of the flexibility of the rib cage or any method of determining it was proposed.

Agostoni and D'Angelo proposed division of !he rib cage into pulmonary and abdominal apposed

compartments (1). This concept was incorporated into a mathematical model by Ben-Haim and

Saidel (5). Their analysis of chest wall mechanics in adult humans, however, assumes a rigid

rib cage (3,4). Their consideration of the diaphragm as single muscle interacting with the rib

cage only through i15 effect on abdominal pressure also limit!' the application of their model

since the costal part possesses an action distinct from that of the crural part attributable to i15

direct insertion on the rib cage (16).

In dogs, Jiang et al. (23) developed a 2 compartment rib cage model upon which ours is

based. They demonstrated that during isolated diaphragm contraction the relationship between

Arc,pul and PPI,L and between Arc,ab and Pab feH close to their respective relaxation lines.

These fmdings indicate that in dogs there is !iUle resistance to bending between rib cage

compartments. The loose mechanical coupling between pulmonary and abdominal rib cage

compartments in dogs was confirmed by Krayer et. al. (26) who, using computed tomography

to create a dynamic reconstruction of the motion of the chest wall, found that diaphragm

contraction contributed nothing to the volume displaced by the lung apposed rib cage.

In the current paper we present a more comprehensive model than previously proposed

which maintains the dual nature of diaphragmatic action, and whose power to represent the
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behaviour of the chest wall is enhanced by incorporation of a two compartment rib cage. Our

experimental results emphasize the importance in humans of determining the forces of interaction

between compartments in predicting the behaviour of the chest wall under any given set of

experimental conditions. Thus, while as in previous studies (11,31) the observed deviation of

Arc,pul and Arc,ab from their relaxation !ine during quiet breathing may be small, the

importance of this distortion depends on the degree of coup!ing between compartments. In

contrast to previous fmdings in dogs (23,26), we have found in humans that this coupling is

sufficiently tight that the small distortions accompanying a spontaneous breath contributed

significantly to the inflationary force which is transmitted via the puhnonary rib cage to the lung.

These results indicate a major difference between the two species in chest wall function and

therefore in the mechanical interactions between the respiratory muscles.

By measuring the insertional component of Pdi, we have divided the diaphragm's action

on the rib cage functionally rather than anatomically, ie: into that part which acts through the

diaphragmatic insertions on the costal margin and that which acts through transmission of

pressure across the area of rib cage apposition. Jiang et. al. (23) found in dogs that isolated

diaphragm contraction displaced the lower rib cage close to its relaxation relationship with Pab

and concluded that the majority of the diaphragm's action on the rib cage is attributable to its

effect on abdominal pressure so that the insertional component of Pdi is small. In addition to the

differences in species which may account for the difference between their results and ours, the

maneoeuvre performed by our subjects in assessing the insertional component of Pdi was not a

spontaneous breath but an inspiration during which rib cage configuration was fixed by active

contraction of the muscles of the upper rib cage.
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Critigue: Although the 2 compartment rib cage model allows estimates of parameters that have

not previously been measurable this approach conmins assllmptions whose limitations must be

considered. In reality the rib cage is continuous and therefore consists of an infInite number of

compartments each able to change shape along any diameter. Our simplification of this complex

structure to two compartments whose motion is fully described by changes in their cross

sectional areas allows us to limit the number of degrees of freedom and pennits the development

of equations describing its behaviour.

In dividing the rib cage we ignore any action of the intercostal and levatores costae

muscles on RCab. Their action on RCpul is included with that of ather inspiratory RCM.

DeTroyer et. al. (19) showed that when contracting alone in a single interspace, both sets of

intercostal m'Jscles could produce an inspiratory displacement of the ribs depending on the

relative impedances of the rib cage to caudal and cephalad motion. Except during increased

chemical drive, however, the internai intercostal muscles in humans are active only during

expiration (24). During spinal cord stimulation in dogs Budzinska et. al. (9) found that sectioning

of the parasternal and external intercostals eliminated inflation of the rib cage despite activation

of the remaining internai intercostals. They aIso found the inflationary effect of the external

intercostal muscles to decrease caudally. DeTroyer et. al. (20) found that even in the craniaI

interspaces most of the shortening the external intercostal muscle could be attributed to the

simulatneous contraction of the parasternal. Others have found in humans that the external

intercostals in the lower intercostal spaces are inactive during quiet breathing below the 4th

interspace but that these muscles became active late in inspiration with increasing ventilation

(24,36,42). Therefore, although the extemal intercostals, inserting, on RCab may become active
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at increased levels of ventilation and may limit application of our model under these conditions.

they are un1ikely to have had an important influence on our results during quiet breathing or

slow inspiratory manouevres. Litle information is available on the levatores costae muscles

during quiet breathing in humans.

Our model as iIIustrated in figures 1 and 2 makes no provision for the action of the

abdominal muscles on RCab although this is taken into account in euqation 2. In the current

study as in the study of Goldman et. al. (21) the abdominal wall was displaced along its passive

characteristic with regard to Pab during quiet breathing. We ensured abdominal muscle

relaxation during manouevres other than quiet breathing by continuously monitoring this

relationship. Therefore. any effect of the abdomen on displacement of RCab would have been

due to passive coupling. Deschamps et. al. (14) have found such coupling to be small and we,

like many others, neglect it.

The anatomical limits of RCpul and RCab are continuously changing as the area of

apposition changes with posture and degree of diaphragmatic shortening. To a large extent the

rationale for dividing the rib cage into pulmonary and abdominal components is fOltuitous. At

FRC the important rib cage inspiratory muscles act above the area of apposition and the costal

part of the diaphragm originates from ribs into which the parasternal and scaiene muscles do not

insert. This distinction becomes blurred at low lung volumes when the area of apposition extends

into the "pulmonary" rib cage, and at high volumes when PPI,L acts on the "abdominal" rib

cage. Our use of the model therefore strictiy applies only over a limited range of Jung volumes.

We represent the mechanical coupling between RCpul and RCab by a spring in figure 1

and as a pressure generator (equiValent to a muscle) in figure 2. Obviously, the mechanical
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coupling between the two rib cage compartments does not have its own inherent energy source.

This must be supplied by external agencies, namely the mucles which produce rib cage

deformations. It should be kept in mind that the generator in figure 2 requires an external

source.

In our application of the model to analysis of the motion of the human rib cage, we assume

that the relationship between pleural surface pressure at the level of the plethysmograph band

and the midesophageal pressure is constant during relaxation, isolated diaphragm contraction and

spontaneous inspiration. While regional differences in pleural pressur<: swings are known to

occur (8,22) and to be inl1uenced by the muscle groups contributing to inflation, these mostly

affect the craniocaudal pressure distribution. Since the distortions and pressure swings during

our measurements were relatively sma11 (of the same order of magnitude as those during

spontaneous breathing) we feel that the use of midesophageal pressure is a reasonable best

estimate.

Similarly, we use the changes in gastric pressure to estimate the pleural pressure swings

in the area of diaphragmatic apposition. Decramer et. al. (13) have demonstrat~d regional

variation in intraabdominal pressure during separate contraction of the costal and crural parts

of the diaphragm. Since under ail conditions in the current study both parts of the diaphragm

contracted simultaneously and symmetrically such pressure gradients should be small. Pleural

pressure in the area of apposition bas been demonstrated, on average, to approximate that of

abdominal pressure although at individual points in the area of apposition there can he

considerable random variation (29,38). On balance the available evidence supports our use of

Pab as an approximation of the ppl,ap.
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Marginot-Lagarde et.al. (30) found that the output of the respitrace inductance

plethysmograph for ellipses and rectangles was a function of cross sectional area but cou!d also

be influen:ed by changes in shape. In our studies, the changes in cross sectional area of the rib

cage were small in proportion to the total area so that the :hanges in AP and lateral dimensions

as a proportion of the total magnitude of these dimensions would be c'Jrrespondingly small. For

this reason we neglected the change in the ratio of tilese dimensions, and the error so induced.

Newer Respitrace™ models have subsequently shown good correlation between cross-sectional

ar~a and inductanœ piethY3mograph output over the physiologic range of areas and shapes (40).

We have assessed the distortability of the rib cage during diaphragmatic twitches. Since

the time to peak transdiaphragmatic pre~sure following a single supram.lximal phrenic nerve

stimulation is approximately 50 msec with simiiar time courses for both pleural and abdominal

pressure changes, the frequency responses of the devices used in measurement and of the chest

wall itself become important variables. We performed power spectral analysis of the ~sophageal

pressure change during suc;\ stimulations in one subject. The peak of this function was at 9 Hz

with dissipation of 99% of the s;g:nal at 15 Hz. The L";quency response of Jur pressure

transducers (Validyne MP45 + 200 cmHzO) is fiat to 60 Hz (10). The frequency response of

the Respitrace™ bas been evaluated to 32 Hz (7) and was fiat over that range.

Ail of the twitches in this study were performed during airway occlusion. Uader these

conditions the time constant of the respiratory system is the product of the compliance of the

respiratory system and its contained air and the the resistance of the tissues of the chest wall and

lung. Assigning a value for respiratory system compliance of 0.1 l/cmH20, for gas complianr.e

of 0.OOI4/cmH20 and a respiratory system resistance of 3cmH20/lps yields a time constant for
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the respiratory system response to phrenic shocks of approximately 4.5 msec. As the time for

maximum pressure deveopment is at least 10 times this amount, there was adequate time for full

respiratory system response to phrenic twitches.

Predictions Arising Crom the Model: Under conditions when the area of apposition becomes

smaII or non-existant, Plink should approach zero because the force acting on RCab will

decrease. proportionately to the decrease in area over which Pab acts. Such states include

hyperinflation, pneumothorax and pleural effusion. Under these circumstances our model predicts

that the burden of infIating RCpul will be placed on RCM. Since dyspnea appears to be related

to the activation of RCM (34,41), this may have important implications in the symptomatology

of these conditions.

Our model also predicts that a similar situation exists when the mechanical coupling

between RCpul and RCab is very loose. This situation rnay exist in infants (37), some animals

(23) and in flaiI chest. When this happens RCM recruitment is essential to prevent inward rib

cage displacement.

Our fmdings suggest that the insertional component of diaphragmatic action is not trivial

in man. Zocchi et. al. (43) have shown changes in mechanical coupling between costal and

crural parts of the diaphragm during hyperinflation and with substitution of abdominal viscera

with an equal volume of fluid. These changes are related to changes in orientation of

diaphragmatic fibers and distribution of abdominal pressure over the inferior surface of the

diaphragm. Equalization of abdominal pressure changes by ascites should irnprove the

insertional component of Pdi in that the forces generated by crural contraction is transmitted to

the costal diaphragm and crural shortening sbould then contribute to rib cage expansion (28).
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In contast to the previous model, RCM and diaphragm in the present model are

pneumatically and electrically in parallel (figure '2). Thus, in principle the tidal volume cao be

partitioned ioto a component due to RCM contraction and that due to diaphragmatic contraction.

The quantification of the volume changes attributable to each muscle group, however presents

difficulties because it requires estimates of the changes in lung volume attributable to both Plink

and the insertional component of Pdi. It is not clear how these volume changes can be

calculated.
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Figure Legends

Figure 1

Diagram illustrating how we model the rib cage mechanicaIly, the mechanical linkages of the

rib cage muscles, the elastic properties of the respiratory system and the agencies acting to

displace and distort the rib cage. For further description see text.

Figure 2

Hydraulic or electrical analogue of the mechanical model presented in fi!;"lue 1. RCM = rib

cage muscles, cos = costal diaphragm; CRU = crural diaphragm; AB = abdomen; S = spring

linking the two rib cage compartments. Circles containing I: are summing junctions. Other

circles represent pressure or voltage generators including the spring, the source of energy for

which must come from RCM, COS, and CRU. Rectangles represent structures which are

displaced and which consist of elastic (capacitive), frictional (resistive) and inertial (inductive)

elements. For further description see text.
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Figure 3

Left Panel: Relationship between cross-sectional areas of the abdominal (Arc,ab) and pulmonary

(Arc,pul) rib cages during relaxation and phrenic nerv·e stimulation. Distortion is the

perpendicular distance from the relaxation line to the point representing the end of the twitch.

Right Panel: Relationship between esophageal pressure (Pes) and Arc,pul during relaxation and

phrenic nerve stimulation. Point A is the point to which Arc,pul would have decreased had there

been no mechanical coupling between rib cage compartments. The net pressure acting on RCpul

(prc,pul) is the distance DC. The change in Pes is the distance DB. The in!.lationary pressure

on RCpul resulting from the interaction between RCpul and RCab (Plink) is given by the

difference between DB and DC ie: the distance BC.

Figure 4

LeCt Panel: Relationship betweencross-sectional areas of the abdominal (Arc,ab) and pulmonary

(Arc,pul) rib cages during a spontaneous breath and relaxation. Distortion was measured as the

perpendicualar distance from the relaxation line to the point representing end inspiration.

Right Panel: Relationship between esophageal pressure (pes) and Arc,pul during a spontaneous

breath and relaxation. The total pressure acting on RCpul (Prc,pul) is given by the distance BC.

The distance BA gives the change in Peso The distance AC gives the SUffi of the pressure

generated by the rib cage muscles (prcm) and the pressure resulting from the interaction between

rib cage compartments (pUnk). PUnk for a given distortion is known. Prcm is therefore obtained

by subtracting Plink from the distance AC.
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Figure 5

Relationship between abdominal pressure Pab and the cross-sectional area of the abdominal rib

cage (Arc,ab) during relaxation and during inspiration while actively maintaining an undistorted

rib cage. The insertional component of Pdi is given by the distance AB.

Figure 6

Relationship between distortion and the inflationary pressure exerted on the puImonary rib cage

attributable to mechanical coupling between rib cage compartments (Plink) during phrenic nerve

stimulation in 5 subjects.

Figure 7

Relationship between transdiaphragmatic pressure (Pdi) and distortion during phrenic nerve

stimulation in 5 subjects.

FigureS

The insertional component of transdiaphragmatic pressure (Pdi,ins) is plotted against lung

volume at which it was measured. Symbols represent different subjects.

Figure !)

The insertional component of transdiaphragmatic pressure (Pdi,ins) as a function of total

transdiaphragmatic pressure (Pdi) is plotted against the lung volume at which it was measured.

Symbols represent different subjects.
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CHAPTER 3: Phrenic Afferent Modulation of Respiratory Muscle
Activation
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Foreword to Chapter 3

Recently, attention has focused on the functional importance of the abundant small

diameter myelinated and unmyelinated afferent fibres in the phrenic nerve in the regulation of

phrenic motor output. There is now overwhelming evidence that activation of these fibres elicits

profound changes in the respiratory and cardiovascular systems. The study presented in this

chapter evaluates the changes in minute ventilation, pattern of respiratory muscle activation and

respiratory timing which occur during stimulation of small fibre phrenic afferents. The pattern

of muscle activation will deterrnine how the ventilatory load is distributed among respiratory

muscle groups. For example, strong recruitment of abdominal muscles may represent a

mechanism by which, through facilitation of high expiratory flow rate and reduction of

diaphragmatic shortening, the diaphragm is placed at a better mechanical advantage with respect

to its force-length and force-velocity cbaracteristics. The influence of impulses arising from the

diaphragm on ventilatory timing ruay be of even greater significance to the process of ventilatory

load compensation since they will alter the velocity of diaphragm contraction and the ability of

the muscle to meet its requirements for enhanced blood flow. The role of these fibres in

determining the capacity to sustain spontaneous ventilation, therefore, is potentially large.
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EtTect of Phrenic AtTerent Stimulation on Pattern of Respiratory Muscle
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ABSTRACT

Ventilation and EMG activities of the right hemidiaphragm, parastemal intercostal,

triangularis sterni, transversus abdominis, genioglossus and alae nasi muscles were measured

before and during central stimulation of the left thoracic phrenic nerve in 10 a-chloralose

anaesthetized, vagotomized dogs. Pressure in the carotid sinuses was fixed so as to maintain

baroreflex activity constant. The nerve was stimulated for 1 minute with a frequency of 40 Hz,

stimulus duration of 1 msec at voltages of 5, 10, 20 and 30 times twitch threshold (TT). At 5

times TT no change in ventilation or EMGs occurred. At 10-30 times TT a progressive increase

in ventilation was achieved through increases in both breathing frequency and tidal volume. This

was accompanied by progressive and approximately equal increases in the activity of the

diaphragm, parastemal and alae nasi muscles. The increase in genioglossus activity was much

greater than that of the other inspiratory muscles. Phrenic nerve stimulation also elicited

inhomogeneous activation of the expiratory muscles. Whereas the transversus abdominis activity

rose progressively with increasing stimulation intensity; the activity of the triangularis stemi

remained unchanged. The high stimulation intensities required suggest that activation of afferent

fiber groups III and IV is involved in the response. We conclude that thin-fiber phrenic afferent

activation exerts a non-uniforrn effect on the activities of the upper airway, rib cage and

abdominal muscles and may play a role in the control of respiratory muscle recruitment.

Key Words: Phrenic Nerve, Afferents, Ventilation, Diaphragm, Respiratory Muscle Recruitment,

Control of Breathing
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INTRODUCTION

Activation of phrenic afferents has been shown to influence ventilatory drive and the

timing of the respiratory cycle (16,lg,22,25). Consequently, this pathway has been proposed as

a means by which feedback from the diaphragm may modify the intensity and timing of

diaphragmatic contraction (12,16). Since such changes impact on the load which must be

overcome by the diaphragm and on its nutrient supply, a role has also been suggested for such

reflexes in the pathophysiology of diaphragm fatigue (12,16).

Afferent inputs from peripheral skeletal muscle result in inhomogeneous activation of the

chest wall muscles (13,20). If this is true of afferents in the phrenic nerve their activation may

also be an important determinant of the pattern of respiratory muscle recruitrnent. As such they

may further influence the diaphragm's function through alterations in ifs configuration,

shortening velocity and operating length.

In this study the changes in activation of the diaphragm and the muscles of the rib cage,

abdomen and upper airway during electrical stimulation of the proximal phrenic nerve were

examined in order to assess the potential for participation of phrenic afferent mediated reflexes

in the control of respiratory muscle recruitrnent.

METRODS

Surgical Preparation: Ten mongrel dogs (weight 25.5 ± 2.8 kg, mean ± SEM) were

anaesthetized initially with sodium thiopental (20 mg/kg Lv.) and then maintained with a­

chloralose (60 mg/kg Lv.). Supplemental doses of a-chloralose were given as ne~ded to elirninate

• jaw tone but maintain knee reflexes. This dose regimen depresses but does not eliminate the
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corneal reflex. The animais were intubated \Vith cuffed endotracheal tubes and \Vere mechanically

ventilated during the surgical procedure. B100d pressure in the descending aorta (Part) \Vas

measured using a catheter inserted through the right femoral artery. Bilateral cervical vagotomies

were performed through a midline incision in the neck. This was done to eliminate the

ventilatory effects ofvagally mediated aortic (19) and atrial (1) baroreflex and pulmonary stretch

and irritant receptor activation (9). The removal of vagal afferent inputs, however, may have

resulted in reduction of the spontaneous activation of the abdominal muscles (5) (see discussion).

The rlb cage was opened through a left thoracotomy in the fifth or sixth interspace and

the left phrenic nerve was dissected away from the pericardium. A pair of insulated stainless

steel stimulating electrodes were applied to the nerve near its exit from the diaphragm and

connected through an isolation unit (Grass SlUS) to a stimulator (Grass S48). Twitch threshold

(TT) was determined using single pulses of 1.0 msec duration at increasing voltage until a visible

diaphragmatic twitch was elicited. The phrenic nerve was cut distal to the stimulating electrode

and the thoracotomy incision was closed tightly in three layers. The left pleural space was

evacuated of residual air by closed chest tube drainage. Five cmHp positive end-expiratory

pressure (PEEP) was applied throughout the study by submersion of the expiratory line.

Carotid Sinus Preparation: Activation of baroreceptors has been shown to influence the pattern

of respiratory muscle recruitment (23). In order to avoid the changes in carotid baroreceptor

activity which would otherwise have accompanied the systemic pressor response to phrenic

afferent stimulation (18,22) the carotid sinuses were isolated by ligating the intemal carotid

arterles approximately 1 cm distal to the sinus and the external carotid arteries just distal to the
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!ingual artery. The common carotid arteries were cannulated in the direction of the sinuses with

a Y-connector. Flow through the carotid sinuses (and therefore the pressure within them) was

controlled by a non-pulsatile pump with inflow from the right commoll carotid artery. The left

common carotid artery was !igated and the pressure within the carotid sinuses (Psinus) was

measured from a port on the Y-connector.

Measurements: Air flow was measured using a pneumotachograph (Fleisch No. 1) and a

differential pressure transducer (Validyne MP45 ± 2 cmH20) connected in series with the

endotracheal tube and a Hans-Rudolph valve. Supplemental oxygen was de!ivered through the

inspiratory !ine as needed to maintain arterial P02 above 100 mmHg. Pairs of teflon coated

stainless steel wire electrodes were implanted transcutaneously into the alae nasi (8 dogs) and

transmucosally into the posterior paramedian portion of the genioglossus (8 dogs). Electrodes

were also implanted under direct vision, after removing the skin and underlying muscles, into the

parastemal intercostal muscles in the fourth or fifth intercostal space (8 dogs), into the triangularis

sterni in the sixth intercostal space (5 dogs) and into the extemal oblique 5 to 6 cm below the

costal margin in the anterior axillary !ine (2 dogs). A pair of fish hook electrodes (0.8 cm apart)

were placed via an abdominal incision into the right costal diaphragm (8 dogs) and into the right

transversus abdominis (7 dogs) midway between the costal margin and the iliac crest. The

electromyographic (EMG) activity from each muscle was filtered (0.02-1 KHz) and amplified

(DISA 05AOL). The signals were then full-wave rectified and integrated through an Re

integrator with a time constant of 100 msec. Flow, volume, mean Part, Psinus and the integrated

EMG signaIs were recorded on two 8 channel strip char! recorders (Graphtech Mark 8 WR3500).
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Experimental Protocol: After a 30 minute stabilization period, arterial blood samples for blood

gas analysis were drawn and control measurements of all variables were made during spontaneous

breathing. The proximal end of the transected left phrenic nerve was then stimulated for one

minute at a frequency of 40 Hz with a stimulus duration of l msec. Voltages were set at 5, 10,

20 and 30 times TT in random order. Stimulation at 30 times TT was performed in 7 dogs only.

A 5 to 10 minute recovery period was allowed between stimulations.

Data Collection and Statistical Analysis: Mean Part, heart rate (HR, measured from the arterial

pressure tracing) and mean Psinus were calculated in 10 second blocks for one minute before and

during phrenic stimulation. The values obtained during the minute prior to onset of each

stimulation were averaged and designated as controls. Tidal volume (VT) was obtained by

electronic integration of the tlow signal. The inspiratory and expiratory times (Ti and Te,

respectively) and total respiratory cycle duration (Ttot) were measured from the tlow signal.

Breathing frequency (f) was calculated from Ttot and minute ventilation (VE) was calculated as

the product of VT and f. The EMG activities were taken as the peaks of the integrated signais.

Two-way analysis of variance (ANOVA, with respect to time and animais) was done to

compare individual breaths during phrenic nerve stimulation with control values (mean of 5 pre­

stimulation bœaths). If the time effect was found significant (p < 0.05), we then performed

Student-Newman-Keuls test for multiple comparison between the mean values of each respective

time and the control values. The residual mean squares of the ANOVA and its associated number

of degrees of freedom were used in the Student-Newman-Keuls test. The ventilatory response
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to phrenic nerve stimulation peaked 6 to 7 breaths after the onset of phrenic nerve stimulation

(figure 1). We, therefore, averaged the ventilatory variables and EMG activities ofbreaths 8 to

10 (designated as peak values) and compared them with control values.

RESULTS

Arterial pH, P02 and PC02 before stimulation with stimulus intensity of 5 times TT

averaged 7.30 ± 0.02, 223.0 ± 7.51 mmHg and 40.6 ± 3.7 mmHg, respectively (mean ± SEM).

These values were not different from those measured before stimulation at 10 times (7.29 ± 0.02,

221.1 mmHg ± 70.1 mmHg, 42.1 ± 4.6 mmHg), 20 times (7.30 ± 0.02,182.1 ± 78 mmHg, 38.0

± 2.7 mmHg) and 30 times TT (7.27 ± 0.02, 238.6 ± 83.5 mmHg, 43.9 ± 6.0 mmHg).

Psinus averaged 107 ± 10 mmHg, 109 ± 5 mmHg, and 107 ± 7 mmHg and 108 ± 7

mmHg (mean ± SEM) prior to stimulation at 5, 10,20 and 30 times TT respectively. These

values were maintained throughout the stimulation periods by adjusting the speed of the pump

perfusing the carotid sinuses as required.

Table 1 Iists the values of Part and HR during control and stimulation periods.

Stimulation at 5 and 10 times TT elicited no change in either of these variables. Stimulation at

20 and 30 times TT produced a 16 % (p < 0.05) and 21 % (p < 0.05) increase in Part

respectively. HR increased by 8 % (p < 0.05) at both of these stimulation intensities.

Figure 1 iIIustrates the breath by breath changes in VE (absolute values) with increasing

intensity of phrenic nerve stimulation. Control VE before stimulation at 5, 10, 20 and 30 times

TT averaged 6.15 ± 0.87, 6.81 ± 1.36, 6.73 ± 1.06 and 5.00 ± 0.86 I1min, respectively

(mean±SEM). Stimulation at 5 times TT elicited no significant change in VE compared to the
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control value. In response to 10 times TT stimulation, VE rose to levels significantly greater than

control from breath 8 onward. A p,'lgressively greater increase in VE was observed in response

to phrenic nerve stimulation at 20 and 30 times TT.

Figure 2 illustrates the peak changes in VE (percentage of control values) in response to

phrenic nerve stimulation at different intensities. Stimulation at 5 times TT elicited no change

in ventilation, whereas VE rose by 31.7% (p < 0.05), 58.2% (p< 0.01) and 66.5% (p < 0.01) of

the control value in response to stimulation at 10,20 and 30 times TT, respectively.

Table 2 shows the control and peak stimulation values for VT' f, Ti and Te. The changes

in VE with central phrenic nerve stimulation are the result of significant increases in both VT and

f. At stimulation intensities of 20 and 30 times TT there was a decrease in Te by 39 % (p <

0.05) and 53 % (p < 0.05) respectively, whereas Ti shortened by 13 % (p < 0.05) and 16.5% (p

< 0.05), respectively.

"Figure 3 illustrates the increase in peak integrated EMG activity relative to control values

of the a1ae nasi and genioglossus muscles with increasing stimulation intensity. In ail animaIs,

phasic inspiratory activity of the a1ae nasi and genioglossus was evident under control conditions.

Stimulation at 5 times TT elicited no significant change in the activity of either of these muscles.

While the EMG activity of both muscles increased in response to stimlliation at 10 times the TT

only the change in genioglossus activity reached statistical significance (p < 0.05). Stimulation

at 20 and 30 times TT elicited a 45 and 50 percent increase in alae nasi activity (p < 0.05)

respectively. This contrasts with 3 and 6 fold increases in genioglossus activity at the same

stimulation intensities.

In figure 4 the increase in peak inspiratory EMG activity relative to control of the right



• 124

diaphragm and parastemal intercostal muscle with increasing stimulation intensity is iIlustrated.

No statistically significant change in the activities of these muscles occurred at 5 or 10 times TT.

Stimulation of the proximal phrenic nerve at 20 and 30 times TT elicited 67% (p < 0.05) and

59% (p < 0.05) increases in right diaphragm activity and 60% and 72% increases in parasternal

activity, respectively.

In ail animais, phasic expiratory activity of triangularis sterni and transversus abdominis

was evident at ail times while external oblique only becarne active under control conditions in

the presence of 5 cm H20 of PEEP. Figure 5 iIlustrates the changes in peak expiratory EMG

activities of the transversus abdominis and triangularis stemi muscles with increasing stimulus

intensity. Stimulation at 5 times TT produced no significant change in the activity of either

transversus abdominis or extemal oblique muscles. At stimulation intensities of 10, 20 and 30

times TT, activity of the transversus abdominis underwent a 2 (p < 0.05), 3 (p < 0.05) and 12

(p < 0.01) fold increase, respectively, while that of the external oblique increased by 37%,90%

and 115%, respectively (not shown). The activity of the triangularis sterni, in contrast, remained

unchanged at ail stimulation intensities.

DISCUSSION

1.

2.

The main fmdings of this study are:

In vagotomized, a-chloralose anaesthetized dogs, electrical stimulation of the central cut

end of the left thoracic phrenic nerve resulted in an increase in minute ventilation

achieved by an increase in bath tidal volume and breathing frequency.

The increase in inspiratory muscle activity evoked by phrenic afferent stimulation was not
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homogeneous. While the EMG activity of the right costal diaphragm, parastemal

intercostal and alae nasi muscles increased to approximately the same extent, the increase

in genioglossus activity was disproportionately large.

There was dissociation between rib cage and abdominal expiratory muscle activation.

Triangularis sterni activity was unaffected by phrenic afferent stimulation while the

transversus abdominis was strongly recruited.

•

Critique: The studies were performed in anaesthetized dogs which had undergone vagotomy,

carotid sinus isolation, and laparotomy. Our findings must, therefore, be interpreted in the

context of the experimental preparation.

Vagotomy was performed in order to eliminate confounding reflex alterations of the

ventilatory response to phrenic afferent stimulation. This interrupted phasic changes in vagal

activity resulting from pulmonary stretch and irritant receptor activation (9) as weil as changes

in tonic vagal activity (21) such as accompany aortic (1) and atrial (19) baroreflex stimulation.

While eliminating these variables, vagotomy may also have influenced the degree of expiratory

muscle activation. Ear1y reports allege the vagus to be the principle if not exclusive activator of

the abdominal muscles (2,3). Kelson et. al. (17), however, found expiratory electrical activity

of the external oblique muscle to be abolished by vagotomy in only 4 of 11 a-chioralose

anaesthetized dogs. In 6 of the 7 animais in their study in which externaI oblique activity

persisted foI1owing vagotomy, the increase in its level of activation during increased chemical

drive (hypoxia and hypercapnia) remained intact. De Troyer and Ninane (5) found the expiratory

activity of the triangularis stemi to increase in sorne animais and to decrease in others foI1owing
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vagotomy while the activity of the external oblique was uniformly inhibited. If in our study

expiratory muscle activity were suppressed under control conditions the response to phrenic

afferent stimulation may have been exaggerated when expressed as a percent of control. This

effect would have been, at least in part, offset since the stimulatory effect of increased vagal

activity associated with baroreflex and pulmonary volume related reflex activation was prevented.

Furthermore, since no significant increase in triangularis sterni activity was observed during

stimulation, inhibition of transversus abdominis activity could only account for the difference

between these two muscles if triangularis sterni were maximally activated under control

conditions. This is unlikely since the activity of this muscle in vagotomized dogs has been shown

to increase in response to postural changes (5).

ln the intact animal, carotid baroreflex inputs to the respiratory control centres would also

act to modify the responses to phrenic afferent activation. Changes in carotid sinus pressure of

the same magnitude as the changes in arterial pressure observed during phrenic nerve stimulation

in the current study have been shown to reduce tidal volume and breathing frequency (4). In

addition, an increase in carotid sinus pressure would be expected to suppress hypoglossal nerve

activity relative to that of the phrenic nerve. (23). These effects, would reduce the increases in

ventilation and genioglossus activity which we observed under conditions of constant carotid sinus

pressure. lt is of note that in previous studies of the ventilatory effects of phrenic (18,22) and

limb muscle afferent (13,20) stimulation the influence of carotid baroretlex activation have not

been taken into account.

Our preparation bas not eliminated input from non vagally innervated aortic baroreceptors.

These effects, bowever, appear to be small. Dove et. al. (6) found that maintaining Part constant
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had no effect on the ventii'itory response to brief carotid sinus pressure changes. Similarly,

Brunner et. al. (4) found that preventing reflex changes in Part during steady state carotid sinus

stimulation resulted in only minor differences in breathing frequency compared to when these

changes were permitted.

Placement of EMG electrodes in the costal diaphragm and transversus abdominis muscle

required a limited laparotom. In pentobarbital anaesthetized dogs, Farkas and De Troyer (8)

found suppression of transversus abdominis activity compared with that of the triangularis stemi

and extemal oblique muscles fol1owing incision of the abdomen from xiphoid process to

symphysis pubis or fol1owing incision from xiphoid process to umbilicus with cholecystectomy.

Their study differs from ours in both the anaesthetic used and the extent of me abdominal

procedure. That these factors played an important role in the observed inhibition and that the

effect on our animals was much less pronounced is supported by the fact that we consistently

observed phasic activity of this muscle during spontaneous ventilation in the absence of PEEP.

In the study of Farkas and De Troyer (8), in contrast, its activity was completely abolished under

these conditions. Any error related to lower control activity of the transversus abdominis,

moreover, would be offset by the negative influence on its recruitrnent during the stimulation

periods.

Arterial PC02 and pH were similar at the oraSel of each stimulation period. We wished

to observe the effect of stimulation on minute ventilation and ventilatory timing, therefore, no

effort was made to fix ventilation so as to maintain PC02 constant. As a result, depending on

the minute ventilation achieved, varying degrees of hypocapnia would be expected to accompany

the stimulations. Smith et. al. (24) found that when hypocapnia was allowed to occur during
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moderate hypoxic hyperventilation (2 to 3 fold increase in ventilation) or in response to aImitrine

infusion in conscious dogs, the activity of both triangularis stemi and transversus abdominis

remained unchanged or dec1ined, whereas that of the cruraI diaphragm increased progressively.

Accordingly, a larger increase in the activities ofthese muscles (but not a change in their relative

activations) might have been observed if arteriaI PCÛ2 had been maintained constant during the

stimulation period.

Changes in ventilation may aIso accompany changes in cardiac output and pulmonary

blood flow (29). As in previous reports (18), however, the animais in the current study

demonstrated changes in ventilation beginning severaI seconds before the onset of the

hemodynamic response. It is, therefore, unlikely that the changes in ventilation, timing or

distribution of drive which we observed were secondary to hemodynarnic effects.

Affèrent Fiber Type: The phrenic nerve contains numerous large (Group 1 and II) and smaIl

(group III and IV) diameter afferents (18), ail of which are likely to have been activated by the

stimulation parameters used in this study. The ventilatory effects ofthese various afferent groups

remains controversiaI owing to varying effects in different experimental preparations. In studies

on dogs in which the supraspina1 pathways have been preserved (18,22), as in the current study,

centrai stimulation of the thoracic phrenic nerve has produced a purely stimulatory effect on

ventilation. Since the increase in ventilation required high stimulation intensities (10 - 40 times

motor activation threshold) and since sectioning the CS - C7 dorsal roots abolished the response

while cold blockade of group 1 and II afferent tibers did not, Road et. al. (22) concluded that the

increase in ventilation was due to activation of thin (group III and IV) tiber afferents. This
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conclusion is compatible with the finding that chemical activation of these fibers by capsaicin

injection into the phrenic circulation is stimulatory to ventilation (15).

Consistent with these reports, we ob,erved significant increases in ventilation and

respiratory muscle activation only at high stimulation intensities (10 - 30 times motor activation

threshold). Ali group 1 and most group II fibers should have been activated weil before this level

had been reached (7,10). It is likely, then, that the changes in ventilation and pattern of muscle

activation which we observed were due primarily to activation of thin-fiber phrenic afferents.

Pattern oeMusele Activation: Inhomogeneous activation of the abdominal and ribcage expiratory

muscles is a feature of many ventilatory stimuli. In addition to differences in the importance of

vagal afferent inputs, the triangularis sterni has been reported to be less responsive to hypercapnia

(28) and to skeletal muscle afferent stimulation (20) than the transversus abdominis. The

independence of the mechanisms responsible for neural control of these two muscle groups has

been underscored by observations of directionally opposed changes in their activities during

oesophageal distention (28) and their separate isolated activation during chemoreceptor

stimulation (24). Our findings, therefore, add phrenic afferent activation to the list of stimuli

associated with differential recruitrnent of these muscles.

We also found differences between the response of the genioglossus muscle and that of

the other muscles active with inspiration. Phrenic afferent mediated spinal inhibitory reflexes

(25) have been described and would be expected to affect the diaphragm and parastemal muscles

but not the cranially innervated genioglossus. Since the activity of the alae nasi, innervated by

the facial nerve, increased in proportion to the increase in diaphragm activity, however, we cannat



•

•

130

account for the preferential activation of the genioglossus on this basis. The activity of the

genioglossus muscle has been found to be more sensitive than that of the diaphragm to chemical

and electrical stimulation of the brainstem reticular activating system (27,28) and to various

pharmacologie agents which suppress or enhance reticular formation activity (27). Based on these

findings, St. John (28) has suggested that the hypoglossal nerve is more dependent upon reticular

mechanisms for its respiratory activity than are phrenic motoneurons. Thus, projection of

collaterals from phrenic sensory neurons onto the reticular formation may account for the

preferential activation of this muscle during phrenic afferent stimulation.

The effect of limb muscle afferent stimulation on the pattern of chest wall muscle

activation has been studied. H?..xhiu et al. (13) stimulated the central cut end of the sciati(; nerve

in dogs and observed a greater increase in the activation of upper airway dilator (genioglossus,

a1ae nasi and posterior cricoarytenoid) muscles in comparison with the diaphragm. In a similar

preparation, Oliven et al. (20) described a significantly greater increase in expiratory abdominal

muscle activity as compared with that of the triangularis sterni in response to sciatic nerve

stimulation. Similarly, we (14) found that the activities of the genioglossus and transversus

abdominis muscles increased to a greater extent than those of the diaphragm, parasternal

intercostals and a1ae nasi, in response to gastrocnemius afferent stimulation while the activity of

triangularis sterni increased only at high intensities of nerve stimulation. The similarity in the

pattern of respiratory muscle recruitment elicited by phrenic afferent activation in the present

study to that observed during limb muscle afferent stimulation suggests that the central

projections of thin-fiber phrenic afferents and those of afferents arising from limb muscles may

he a1ike.
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Implications: Thin fiber muscular afferents are activated by polymodal receptors sensitive to

mechanical distortion, ischemia and the accumulation ofmetabolic byproducts. This suggests that

in the diaphragm, these fibers may play a role in determining the ventilatory response to high

ventilatory loads, inadequate diaphragm blood flow and diaphragm fatigue. Our finding that

activation of phrenic thin fiber afferents is associated with strong recruitrnent of the expiratory

abdominal muscles may be relevant in this context. In addition to facilitating high expiratory

flow rates, this may reduce the degree of diaphragmatic shortening placing the diaphragm at i

better mechanical advantage with respect to its force-length and force-velocity characteristic~.

Abdominal muscle activation will also tend to lower the end expiratory position of the rib cage.

While shortening ofTe, as observed in the CUITent study, may limit this effect, the potential result

is greater passive expansion of the rib cage in early inspiration and end expiratory lengthening

of the inspiratory rib cage muscles.

The intensity of inspiratory muscle contraction appears to be predictive of arousal during

airway obstruction in sleep (II). Our CUITent results suggest that afferent activation by receptors

within the diaphragm sensitive to mechanical stimulation could participate in the termination of

obstruction through selective enhancement of upper airway dilator muscle contraction.
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Effect of central phrenic nerve stimulation on mean arterial

pressure and heart rate.

Stimulation

Intensity

(X TT)

Mean Arterial Pressure

(mmHg)

Heart rate

(beats/min)

5

10

20

30

Control Peak Control Peak

134±7 137±8 147±6 147±6

134±+7 146±10 150±6 158±6

132±6 154±7* 151±6 162±4*

128±6 154±8* 151±6 162±4*

•

Values are means ± SEM. XTT, multiples of twitch threshold.

* p < 0.05 in comparison with control .
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Effect of c~ntral phrenic nerve st~ulation on tidal volume and

respiratory timing.

Stimulation

Intensity

(X TT)

Tidal Volume

(litres)

Frequency

(breaths/min)

•

Control Peak Control Peak

5 0.52±0.04 0.58±0.04 12.5±2.2 12.3±2.3

10 0.59±0.06 0.65±0.06 12.0±2.3 14. 0±2.1

20 0.60±0.05 0.73±0.06* H.3±1.4 14.0±1.8*

30 0.50±0.05 0.68±0.05* 10.5±2.1 14.5±1.5*

Stimulation Inspiratory Time Expiratory Time

Intensity (seconds) (seconds)

(X TT) Control Peak Control Peak

5 1. 60±0. 21 1. 77±0 .20 4.80±+1.59 4. 7l±1. 77

10 1. 94±0 .21 1.78±0.23 5.55±+1.10 3.85±0.86

20 1.93±0.H 1. 68±0 .14* 5.89±1.27 3. 59±0. 77*

30 2.00±0.23 1.67±0.13* 7.81±2.20 3.70±0.80*

Values are means ± SEM. XTT, multiples of twitch threshold

* p < 0.05 in comparison with control .
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FIGURE LEGENDS:

Figure 1

Breath by breath changes in minute ventilation in response to phrenic nerve stimulation at 5, la,

20 and 30 limes twitch threshold. The vertical lines indicate the beginning of phrenic nerve

stimulation. The horizontal lines indicate the breaths which were averaged and designated as

peak values.

Figure 2

Minute ventilation as a percent of the corresponding control value during stimulation at 5, la,

20 and 30 times twitch threshold. *, ** p < 0.05, 0.01 in comparison with control values.

Figure 3

Percent increase from the control value of the peak integrated inspiratory EMG activity of the

genioglossus and alae nasi during stimulation at 5, 10, 20 and 30 times twitch threshold. Note

the difference in y axis ranges. *, ** p < 0.05, 0.01 in comparison with control values.

Figure 4

Percent increase from the control value of the peak integrated inspiratory EMG activity of the

right hemidiaphragm and para~temal intercostal muscle during stimulation aiS, 10, 20 and 30

limes twitch threshold. • p < 0.05 in comparison with control values.
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Figure 5

Percent increase from the control value of the peak integrated expiratory EMG activity of the

transversus abdominis and triangularis sterni. Note difference in y axis ranges. *, ** p < 0.05,

0.01 in comparison with control values.
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Foreword to Chapter 4

Using near infrared spectroscopy, Mancini et al. (12) demonstrated progressive

deoxygenation of the accessory muscles of respiration, associated with a reduction in minute

ventilation compared with normals, during maximal bicycle exercise in patients with congestive

heart failure. This suggests that, at least in some patients, limitation of respiratory muscle

oxygen delivery may play a role in the capacity to maintain a required level of ventilation.

When the ability to augment oxygen delivery is limited, the respiratory muscles must depend on

increased extraction to meet their metabolic needs. The extent to which oxygen consumption

may be maintained in the face of dirninishing oxygen delivery through this mechanism is a

characteristic of the tissue and varies widely among organs having different levels of basal

metabolic activity (4,8,9,13,15,17,19-21). Understanding the factors limiting the capacity of

the diaphragm to sustain ventilation under such conditions, therefore, requires specific evaluation

of the relationship between its oxygen delivery and its oxygen consumption.

As important as the relationship between local oxygen delivery and diaphragmatic oxygen

consumption is, it is the systemic oxygen delivery at which the oxygen uptake of the diaphragm

becomes limited that determines how a given degree of hemodynamic impairment will be

tolerated. In addition to the ability of the diaphragm to increase its oxygen extraction, this

parameter also depends on the how blood f10w is redistributed during reductions in systemic

oxygen delivery. Although preferential perfusion of the ventilatory muscles during shock states

has been proposed (l8), the existence of such a protective mechanism and its role in maintaining

respiratory muscle oxygenation bas not been documented experirnentally.

Adequate respiratory muscle blood f10w is also important for reasons beyond simply
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providing the tissue with a continuous source of oxygen and substrate. The deterioration of

muscle function in-vitro has been linked to the intracellular accumulation of metabolic

byproducts, particularly hydrogen ion and inorganic phosphate (5-7,11,14,16,22). The primary

determinant of the intracellular concentrations of these elements is the extracellular H+

concentration (10). Experiments in limb muscle have yielded evidence that these mechanisms

may be active in vivo as weil (1-3). The contractility of the respiratory muscles may, therefore,

be influenced by blood flow through mechanisms unrelated to oxygen transport such as

maintenance of the extracellular milieu.

In this chapter, the effect of reductions in diaphragmatic blood flow, independent of the

usually associated re.duction in oxygen and plasma borne substrate is determined. In addition,

the changes in diaphragmatic oxygen consumption during reductions in oxygen delivery by

progressive hemorrhage are evaiuated. From this data, the critical diaphragmatic oxygen

delivery and extraction ratio are caiculated and related to changes in the systemic oxygen

delivery. These calculations ailow prediction of the impact of reductions in systemic oxygen

delivery on the capacity of the diaphragm to meet its metabolic requirements aerobicaIly.
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ABSTRACT:

To detennine the effect of blood flow on diaphragrn fatigue independent of oxygen

delivery, the left hemidiaphragrn was vascularly isolated in 14 pentobarbital anaesthetized,

mechanically ventilated dogs. Fatigue (dec\ine in tension generation) of the left diaphragm was

induced by phrenic nerve stimulation at 10 Hz, 12/min, duty cycle of 0.5 for 8 minutes. Two

stimulation periods separated by 30 minutes of rest were perfonned in each animal.

Diaphragmatic Oz delivery during the two periods was the same. In group 1 (n=8), the

diaphragm was autoperfused trom the femoral artery (High 0z-Low Flow) during the tirst

stimulation period. The tension generated by the diaphragrn during this period declined

progressively to 47.7% of initial values. In the second period in this group, the diaphragrn was

pump perfused with arterial blood, diluted with an equal volume of 6% dextran at a flow rate

twice that of the tirst period (Low 0z-High Flow). Tension in this period declined to 76% of

initial tension (P<0.05 compared with High 0z-Low Flow). In group 2 (n=6), stimulation

perfonned while perfusing the diaphragrn in the tirst period with diluted arterial blood at a flow

rate twice that recorded during autoperfusion (Low 0z-High Flow) produced a decline in tension

to 70% of the initial values. In the second period, the diaphragrn was perfused with undiluted

arterial blood at flow rate equal 50% of that of the frrst period (High 02-Low Flow). Tension

during this period d,ec\ined to 56% of initial values (P<0.05 compared with Low 0z-High

Flow). At any time during stimulation in both groups, the relative tension in the Low 0z-High

Flow periods was higher than that of High 02-Low Flow periods. These results indicate that

increasing blood flow retards the development of diaphragrn fatigue by mechanisms independent

of oxygen delivery.
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INTRODUCTION:

The importance of maintaining diaphragm oxygen and substrate delivery in the

management of respiratory failure, in which respiratory muscle dysfunction may be playing a

role, has recently been emphasized (1) and supported by experirnental evidence. Aubier et al.

(2) reported that, in patients with respiratory failure, dopamine infusion increased diaphragmatic

blood flow (and therefore oxygen delivery) and improved diaphragm function. Supinski et al.

(3) have found that increasing blood flow partially reversed the loss of force generating capacity

induced by repetitive high intensity isometric contractions in an isolated diaphragm strip

preparation. In limb muscle, tension developed during twitch contractions can be increased by

increasing blood flow (4) and fatigue during repetitive twitch (4) and tetanic (5) contractions is

retarded.

Others suggest, however, that these effects may involve more complex mechanisms than

the simple maintenance of adequate substrate for aerobic metabolism. In limb muscle, Barclay

(6) has demonstrated that hyperperfusion is associated with a reduction in the rate of fatigue,

which was independent of oxygen and plasma born substrate delivery. Delivery-independent

factors, such as alterations in perfusion pressure, extracellular fluid composition or the capillary

surface available for substrate and metabolite exchange may, therefore, also play a role in the

improvement in diaphragm function observed with augmentation of blood flow. Since O2 and

substrate delivery rnay he manipulated independent of changes in diaphragm blood flow (by

changing their concentrations), the development of a rational management strategy requires

deterrnination of the relative importance of these factors.

The purposes of this study are: 1) to study the effect of augmentation of diaphragm
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blood flow on the rate of development of diaphragm fatigue during intermittent, submaximal

contractions; and 2) to determine whether modification of the rate of fatigue by hyperperfusion

is attributable to increased oxygen and substrate delivery or if delivery-independent mechanisms

also play a significant role.

METHOns:

Animal Preparation: Fourteen mongrel dogs weighing 25-34 kg were anaesthetized with

sodium pentobarbital (initial dose 25 mg/kg i.v.) which was supplemented as necessary. The

animais were supine, intubated with a cuffed endotracheai tube and mechanica11y ventilated (tidal

volume 17 ml/kg, frequency of 15 per minute). Supplemental O2 was supplied through the

inspiratory line and arteriai P02 was rnaintained above 100 mmHg. Positive end-expiratory

pressure (PEEP) (5 cmH20) was applied at the expiratory line. A catheter was placed in the

aorta via the right carotid artery to monitor arterial pressure (Pan> and arterial blood gases.

Blood O2 contents were measured with a co-oximeter (Instrumentation Laboratory IL-182).

Another catheter was placed in the right femoral vein to administer fluids. Core body

temperature was kept constant at approxirnately 37° C by a heating pad placed under the animal.

Isolated left bemidiapbragm: In ail animais, we used the in-situ innervated and vascularly

isolated left hemidiaphragm preparation developed by Hussain et ai (7). The lower six ribs and

interspaces on the left side were exposed by dissecting the abdom.i. "'Ù rectus, external oblique

and latissimus dorsi muscles. Each interspace was incised (5-10 cm long) and the incision was

• extended as near as possible to the origin of the costal diapbragm. Intercostal vessels were then
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ligated and the ribs were removed. A midline incision was made in the xiphistemal canilage

to expose the left internai mammary anery, which was then Iigated. A lateral abdominal

incision was made just caudal to the inferior margin of the costal diaphragm. This incision

extended from the midline to the inferior margin of the last rib, which was cut at the left

costophrenic angle. The two halves of the diaphragm were divided by an incision extending

from the xiphistemal cartilage to the central tendon. The ribs and canilages of the now free

costal margin were secured by silk threads to 3 metal bars, 5 cm long. Each bar was attached

through its centre to a force transducer (Grass model FTIO). To ensure independent movement

of each bar, we severed the interconnecting rib ponions (l cm). Each transducer was mounted

on a rack-and-pinion adjustable clamp which allowed adjustment of diaphragmatic length. These

clamps were attached horizontally to a rigid metal frame surrounding the animal's thorax. Force

transducers were calibrated with weights (100-500 g). The temperature of the diaphragm was

monitored continuously using a temperature probe flXed to the surface of the isolated

hemidiaphragm (Mon-a-therm, Model 6000, Zimmer of Canada Ltd., Mississauga, Ont.).

After the lower six ribs were removed and before the abdomen was opened, three pairs

(one in each segment) of piezoelectric crystals (2.5 mm diam) were placed in the costal

diaphragm. Each pair was placed 10-25 mm apan and oriented longitudinally along the

segment. The crystals were connected to a four channel ultrasonic device (Sonomicrometer 120,

Triton Technology, San Diego, CA) via fme insulated wîres. The distance between crystals

measured after the lower six ribs were removed was designated as the resting length at functional

residual capacity. After isolation of the left diaphragm was completed, the resting length of each

diapbragmatic segment was adjusted to the length at functional residual capacity.
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At the end of the experiment, the length of each segment was measured from the rib

attachment to the central tendon. The diaphragm was then disconnected and surgically removed.

The weight of each of the three diaphragmatic segments (anterior, Middle, and posterior) was

measured. Segmental cross sectional areas were calculated as the ratio of muscle weight to

length (8). Segmental tension was expressed as force per unit cross-sectional area. Mean

diaphragmatic tension was obtained by averaging the three segmental tensions.

Phrenic blood Dow measurement: The stomach, liver, spleen, and left kidney were retracted

through the abdominal incision to expose the left phrenic artery. This artery was dissected free

from the surrounding tissue 4 to 6 cm above L'le adrenaI gland. The proximal part of the artery

was ligated, and a polyethylene catheter (PE 160, 1.14 mm ID, 1.57 mm OD, 3 cm long) was

introduced into the distal portion. A side port was placed at the entrance of the catheter into the

phrenic artery from which blood was drawn for measurement of blood gases and O2 content of

the blood perfusing the diaphragm and for measurement of phrenic perfusion pressure (PPht).

The catheter was connected to an electromagnetic flow probe (Carolina Medical Electronics,

1.91 mm ID). The other side of the probe was connected to a 15-cm-long polyethylene tube (4

mm ID, 6 mm OD), which, in tum was connected to a Y-shaped connection. One arm of the

y connector was connected to a catheter in the left femoral artery so that arteriaI flow could be

divetted from the left femoral artery through the catheter-probe system to the left phrenic artery.

The other arm of the Y connection was secured via two three-way stopcocks and an extension,

to a pump (Cole Palmer Instruments, model 7523-(0) which was used to perfuse the left phrenic

artery at a flXed rate with either arteriaI blood from the right femoral anery or with diluted
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arterial blood stored in a glass container. Diaphragmatic Oz delivery (D02Phr) was calculaled

as the product of the phrenic arterial Oz content and phrenic arterial flow (Qphr). Ali animais

were heparinized (10,000 IU Lv.) after catheterizing the phrenic artery.

Phrenic Nene Stimulation: Bipolar electrodes were placed around the left phrenic nerve close

to its exit from the diaphragm. The electrodes were connected through a Grass isolation unit

(SIU5) to a Grass stimulator (S48). Maximum stimulation of the left diaphragm was achieved

by delivering a single stimulus (0.2 ms duration) with progressively increasing voltage. The

voltage output was then set 2 volts higher than the last voltage found to produce an increment

in diaphragm tension. During contraction periods, the left phrenic nerve was stimulated

intermittently 12 times per minute at 10 Hz, duty cycle of 0.5 for 8 minutes.

Experimental Protocol: In each animal, fatigue of the isolated left diaphragm was induced

twice. Each fatigue run consisted of a 5 minute control period, an 8 minute stimulation period

and a 30 minute recovery period. Samples of the blood perfusing the hemidiaphragm were

drawn during the control period, at the end of each minute during the contraction period and al

the end of the recovery period of each run. During the fatigue runs in which hemidiaphragm

was pump perfused, blood f10w was set such that D02Phr was the same as that recorded during

two minutes of stimulation while the muscle was perfused by the natural flow from the left

femoral artery. D02Phr was, therefore, the same in aU runs. The animals were divided inlo

IWO groups. In the fust group (n=8), autoperfusion with undiluted blood (High Oz-Low Flow)

was compared with pump perfusion with diluted blood (Low Oz-High Flow). In the second
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group (n=6), pump perfusion with undiluted blood (High 02-Low flow) was compared with

pump perfusion with diluted blood (Low 02-High flow).

Group 1 (n=8): During the control, stimulation and recovery periods of the frrst run

(autoperfusion, High 02-Low Flow) the left diaphragm was perfused by blood redirected from

the left femoral artery. During the second run (pump perfusion, Low 02-High Flow,) the left

hemidiaphragm was pump perfused with the animais own arterial blood diluted with an equal

volume of 6% dextran that was contained in a glass container, continuously stirred and

maintained at the same temperature as the diaphragm. The flow rate of the pump was set to

match the D02Phr that was achieved during the fcrst IWo minutes of the stimulation period of the

autoperfusion run.

Group 2 (n=6): To calculate the steady state values of diaphragmatic O2 delivery during the

stimulation period, the left phrenic nerve was stimulated intermittently (10 Hz, 12/min, duty

cycle = 0.5) for IWO minutes while the hemidiaphragm was perfused from the left femoral

artery. The flow rate of the pump during both runs was adjusted to match D02Phr that was

achieved during this period. During the frrst run (Low 02-High Flow) the left diaphragm was

pump perfused with arterial blood diluted with an equal volume of 6% dextran (see above).

After the five minute control period, the left phrenic nerve was stimulated for 8 minutes

followed by 30 minutes of recovery. During the second run (High 02-Low Flow) the left

diaphragm was pump perfused with undiluted left femoral arterial blood at the same the steady­

state value of D02Phr.

Data analysis: Tension, Qphr and D02Phr were averaged during the last 15 seconds of each
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minute during stimulation period. Blood flow and Oz delivery were expressed as

ml/100g/minute, whereas the developed tension during each stimulation period was expressed

as percentage of tension developed aCter 30 seconds of stimulation (relative tension). AlI data

are presented as mean + SEM. We compared the changes in tension, blood flow. and Oz

deIivery for the two runs within each group and for the frrst rons of each group using analysis

of variance (ANOVA). Changes found to be significantly different by ANOVA were further

evaluated by the Student-Newman-Keuls test. P values of 0.05 or less were considered

significant.

RESULTS:

Group 1: The phrenic arterial blood gases in the group 1 animaIs are listed in table 1. POz and

pH were not significantly different between the two conditions studied in this group. Phrenic

arterial PaCOz in the pump perfusion, Low 0z-High Flow ron was lower than that during the

autoperfusion, High Oz-Low Flow run (P<0.05). Control values of mean Pan' mean Pphr,

phrenic arterial Oz contents, and haematocrit in the autoperfusion ron averaged 106 + 4 mmHg,

97 + 3 mmHg, 19.7 + 1.1 ml/dl, and 45.1 ± 1.7%, respectively. These values did not

change during the stimulation period. Comparable values during the control period of the pump

perfusion run averaged 112 + 6 mmHg, 164 + 19 mmHg (P<0.01 in comparison with

autoperfusion), 10.3 ± 0.5 ml/dl (P<0.01), and 23.6 + 0.6% (P<0.01), respectively. These

parameters remained unchanged during the stimulation period.

Figure 1 Ulustrates the changes in diaphragmatic blood flow (top panel) and

diaphragmatic Oz deIivery (bottom panel) during both rons in the group 1 animais. Control
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values of Qphr and DO:zPhr in the autoperfusion run averaged 15.5 + 2.4 and 3.16 + 0.6

ml/100g/min, respectively. These values increased to 28.6.± 2.3 and 5.78.± 0.7 ml/100g/min,

respectively, aCter 1 minute of stimulation (P < 0.01 in comparison with control values) with no

change thereaCter. Control values of Qphr and DOlPhr in the pump perfusion run averaged 54.1

+ 5.7 and 5.6 + 0.7 ml/100g/min, respectively. These values remained unchanged during the

stimulation period. Qphr during the stimulation period of the pump perfusion run was,

therefore, double that of the autoperfusion run (P < 0.01), whereas DO:zPhr was not significantly

different.

Diaphragmatic tension during autoperfusion and pump perfusion is plotted against time

in figure 2. ACter 30 seconds of stimulation in the autoperfusion run, tension averaged 124.1

+ 17.2 glcmz and then declined significantly aCter 4 minutes of stimulation reaching 47.7 % of

that developed at 30 s (P<0.01) by the end of the stimulation period. ACter 30 seconds of

stimulation in the pump perfusion run, diaphragmatic tension averaged 83.7 ± 14.1 g/cmZ

(66.2 % of that in the autoperfusion, High Oz-Low Flow run, P < 0.05). Relative diaphragmatic

tension in the pump perfusion run increased significantly aCter 2 minutes (P < 0.01 in comparison

with that at 30 s) and then declined reaching 76.5% of that developed at 30 s (P<O.Ol) by the

end of the stimulation period. At any given time during the stimulation periods, the relative

tension in the autoperfusion run was significantly lower than that in the pump perfusion run

(P<O.01).

Group 2: Control values of phrenic arterial blood gases obtained in group 2 are listed in table

1. PaOz and pH were similar in the IWO runs, whereas PaCOz was significantly lower in the

Low Oz-High Flow run in comparison with the High Oz-Low Flow run. Control values of
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mean Pan> mean Pphr> arterial O2contents, and haematocrit in the low 02-high flow run averaged

110 ± 6 nunHg, 198 + 25 mmHg, 9.8 + 1.1 ml/dl, and 20.1 + 2.8%, respectively. These

values did not change durlng the stimulation period. Comparable values during the control

period of High 02-Low Flow run averaged 108 + 5 nunHg, 153 ± 24 nunHg (P<0.05), 19.0

± 2.2 ml/dl (P<0.05), and 37.7 + 4.5% (P<0.05), respectively.

Figure 3 shows the changes in Qphr (top panel) and D02phr (bottom panel) in group 2.

Control values ofQphr and D02Phr in the Low 02-High Flow run averaged 58.2 ± 4.2 and 5.6

± 0.9 ml/l00g/min, respectively. These values remained unchanged during the stimulation

period. In comparison, control values of Qphr and D02phr of the High 02-Low Flow run

averaged 30.4 + 3.8 and 5.6 ± 1.0 ml/l00g/min, respectively with no change during the

stimulation period. Qphr was significantly higher in the Low 02-High Flow run compared to

the High O,.-Low flow experlments (P<O.01) whereas D02Phr was not significantly different.

Diaphragmatic tension (as a percent ofthat after 30 seconds of stimulation) during the

High 02-Low Flow and Low 02-High Flow runs are plotted against time in figure 4. After 30

seconds of stimulation in the Low 02-High FI.ow run tension averaged 165.1 + 25.5 g/cm2and

then declined significantly after 4 minutes (p < 0.05) reaching 70% of that developed at 30 s

(P<0.01) by the end of the stimulation period. In the High 02-Low Flow run diaphragmatic

tension generated after 30 seconds of stimulation averaged 163.5 + 26.5 g/cm2 (97% of that in

the Low 02-High Flow run) then declined significantly by minute 3 (p < 0.05) and reached 56%

of that developed at 30 s (P<0.01) by the end of the stimulation period. From minute 4

onward, relative tension developed at any given time was significantly lower in the High 02-Low

Flowexperlments in comparison with Low 02-High Flow experiments (P<O.OI).
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We also compared the rate of decline in tension during the frrst run group 1 with that of

group 2 (ie: High 02-Low Flow in group 1 with Low 02-High Flow in group 2). D02phr was

comparable between these two conditions (5.78 ± 0.7 and 5.6 ± 0.9 m1/100g/min respectively).

Initial tension in the group 1 animais was lower than that in the group 2 animais (124 ± 17.2

vs. 165.1 ± 25.5 g/cm2 respectively). The rate ofloss of tension was significantly (P<0.05)

greater and the relative tension at the end of the run significantly (P<0.05) lower (46.7 ± 3.8

vs. 70.0 ± 5.5 percent ofthat at 30 seconds respectively) in group 1 (High 02-Low Flow) !han

in group 2 (Low 02-High Flow).

DISCUSSIO~;

The main fmdings of this study are:

1) Increasing diaphragm blood flow retards development of diaphragmatic fatigue induced

by intermittent submaximal contractions.

2) This effect results from the increase in blood flow itself and is independent of alterations

in diaphragmatic oxygen delivery.

Critique:

Several criticisms may apply to these fmdings.

Within each group, the rate of loss of tension in fresh muscle was compared to that of

muscle which had previously been fatigued. Loss of force following fatiguing contractions can

persist for long periods of time and may, therefore, have impaired muscle performance in the

second run. This effect, would have led to an underestirnation of the improvement attributable

to increased flow in group l, and an overestimation in group 2. The high flow condition,
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however, was associated with improvement in diaphragm tension whether it preceded (group 2)

or followed (group 1) the low flow run. Furthermore, comparison of the rate of fatigue during

the frrst rons of each group shows that despite comparable values for oxygen delivery and in the

absence of previous fatigue, the group in which the muscle was pump perfused at a higher flow

rate fatigued more slowly.

In the group 1 animais, the absolute value of the initial diaphragmatic tension during the

second stimulation period (low 0z-High Flow) was lower than that during the first stimulation

period (High Oz-Low Flow). Since the rate of muscle energy expenditure is dependent upon the

generated tension (9), the lower rate offatigue during Low 0z-High Flow perfusion in this group

could have been due to higher oxygen delivery relative to the metabolic rate. This mechanism

cannot, however, account for the difference between the initial rons of the two groups since,

despitt higher absolute tension, the diaphragm fatigued more slowly and to a lesser extent under

Low Oz-High Flow conditions.

Whereas the pH and POzwere comparable under aU conditions, the PCOzof the diluted

blood perfusing the contracting diaphragm during the Low 0z-High Flow periods was

significantiy lower than that of the undiluted blood in the High Oz-Low Flow periods. This may

have resulted from dilution of dissolved COz and bicarbonate and from equilibration with gas

in the mixing chamber during the dilution procedure. The possibility that hypocapnia may have

contributed to the decrease in the rate of diaphragmatic fatigue with hyperperfusion tlrrough

alterations in intraceUular pH must he considered.

In resting skeletal muscle Bettice (10) has shown smaU changes in intraceUular pH to

accompany changes in extraceUular PCOz comparable to that observed in the current study. In
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resting muscle, however, the rate of CO2 production is very low. Intracellular PC02 would

therefore also be low and changes in extracellular PC02 would be expected to significantly alter

the gradient for diffusion and therefore CO2 clearance. Although intracellular PC02 has not

been measured in exercising skeletal muscle, Kowalchuk et al. (11) found the PC02 of the

venous effluent from human leg muscle to average 106 mmHg 30 seconds post exercise. Since

the venous PC02 decayed rapidly once exercise had ceased, it is likely that the intracellular

PC02 was much higher than this during the muscle contractions. Under these conditions,

changes in arterial PC02, which are small in comparison, are unlikely to alter the gradient for

CO2 clearance enough to have a significant effect on intracellular pH.

The diaphragm also appears to be relatively insensitive to increases in intracellular pH

in contrast to cardiac muscle in which intracellular alkalosis usually has a positive inotropic

effect. In vivo in humans (12) and in dogs (13) hypocapnia has been shown to have no effect

on diaphragmatic contractility. Similarly, in rat diaphragm strips in vitro, Shee and Cameron

(14) found even extreme hyopocapneic a1kalosis (pC02 7 mmHg, extracellular pH 8.15,

intracellular pH 7.56) to have no effect on twiteh height and to produce no change in contractile

force during stimulation at 10 Hz. There was slowing of relaxation (therefore increased fusion

and increased tension) at stimulation frequencies between 20 and 50 Hz at this pH but until this

extreme level of a1kalosis was reached, there was no effect on the force frequency curve.

Therefore, although it cannot be excluded, a significant change in intracellullar pH is unlikely

to have occurred and there is strong evidence that such a change would not have enhanced

diaphragm performance.

Vascular isolation of an organ system, alters the pattern ofblood tlow delivery and could
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potentially impair oxygen delivery. ln this case, the intercostal and internai marnmary

contributions have been eliminated and the entire hemidiaphragrn perfused by the inferior phrenic

artery. ln the canine diaphragm, however, extensive head to head anastomoses between the

phrenic and internai marnmary and intercostal systems have been demonstrated (15) and normal

perfusion has been shown to persist despite occlusion of the internai mammary arteries (16).

Hussain et al. (7) have shown, in the same preparation as used in the current study, that

lissamine green B injection into the inferior phrenic artery results in coloration of the entire

hemidiaphragm. Finally, resting diaphragmatic blood flow in this preparation was not lower

than that reported in intact dogs (17,18).

Comparison with previous studies:

ln canine gastrocnemius muscle, Barclay (6) studied the effecl of hyperperfusion with

constant O2 delivery on the rate of fatigue during a 20 minute continuous isometric contraction

induced by stimulation of the sciatic nerve at 5 Hz. Under these conditions, fatigue was most

rapid when the muscle was autoperfused. Maintaining constant muscle blood flow during the

contraction by pump perfusion was associated with a slower fatigue rate. lncreasing blood O2

content at the same rate of blood flow by increasing the inspired oxygen concentration to 100%

had no further effect. Hyperperfusion while maintaining a constant rate of O2 delivery (either

by haemodilution or by administration of a hypoxic gas mixture) further retarded the rate of

force loss. While differences in the type of contraction induced hampers direct comparison of

these fmdings VI- ith our current results, the observations are compatible.

Supinski et al. (3) studied the effect of mechanical hyperperfusion with undiluted fully

saturated blood on the force-frequency relationship of canine diaphragm strips in which fatigue
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had been induced by rhythmic (15/min., duty cycle = 0.5) high intensity (80% maximum)

isometric contractions. They found that increasing perfusion pressure partially restored the

tension generated at both high and low frequencies of stimulation. No effort was made by these

investigators to determine what component of this cffect was related to changes in blood flow

independent of oxygen delivery. The results of our current study, therefore, extend their fmding

of a beneficial effect of hyperperfusion on contractility of diaphragmatic muscle with established

fatigue to the process of fatigue development in the fresh non-isometrically contracting muscle.

We further demonstrate that, as in limb muscle, this improvement is not related to changes in

total muscle oxygen or plasma born substrate delivery (assuming plasma dilution proportional

to the change in haematocrit).

Mechanisms of improved diaphragm function:

The mechanisms underlying the development of fatigue in skeletal muscle are unknown.

The disruption of cellular organelles involved in excitation-contraction coupling, have been

identified, but are unlikely to be influenced by the level of blood f1ow. Similarly, central factors

may contribute to the 1055 of force generation during voluntary contractions in conscious subjects

but are unlikely to bé: important determinants of the rate of diaphragm fatigue during

electrophrenic stimulation in anaesthetized animais. Failure of excitation is kr, )wn to contribute

to fatigue during stimulation at high frequencies (100 Hz) (19). Recovery occurs quickly,

however, when the stimulus rate is reduced to 20 Hz (20), therefore this mechanism is unlL1<:ely

to account for' changes in contraction intensity during stimulation at 10Hz in the current

experiments.

Other mechanisms which are more likely to have played a role in the blood flow related
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changes in contractility include the following:

1) lmproved availability of O2 and substrate at the cellular level. The availability of O2 and

plasma-born substrate to the contracting muscle cens is not purely a function of total muscle

delivery. Compensatory increases in tracer transport during partial arterial occlusion (21),

dissociation between permeability-surface area and total vascular resistance with increasing

metabolic rate (22) and changes in the site of local microvascular control with changes in venous

O2 tension (23) have been demonstrated in skeletal muscle. These findings indicate that factors

under local control may affect solute exchange and play a role in the maintenance of tissue

oxygenation. Therefore, whereas changes in total muscle oxygen and substrate delivery cannot

account for the observed improvement in diaphragm function, the relationship between substrate

availability and demand May have been mOOified on a regionallevel as a consequence of changes

in flow.

2) lncreased perfusion pressure. Since Pphr was significantly higher in the Low 02-High Flow

mns than in the High 02-Low Flow mns in both groups of animais, our experiments do not

differentiate between pressure and flow dependent mechanisms. The effect of perfusion

pressure, independent of bloOO flow on skeletal muscle function has not been investigated. In

the myocardium, however, a relationship between coronary artery pressure and myocardial

oxygen consurnption (24) and contractility (25) bas bee!' jemonstrated. Perfusion pressure May

influence muscle metabolism in severa! ways. In resting canine skeletal muscle, Appelgren (26)

bas demonstrated that the homogeneity of bloOO flow (as reflected by capillary diffusion capacity

for iOOide) is related to perfusion pressure. A more homogeneci:s flow pattern rnay increase

proportion of total muscle f10w directed through nutrient vessels and the recmitment of new
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capillar"j channels would shorten the radius for oxygen diffusion.

In contracting muscle, intraluminal pressure may be of additional importance. Petrofsky

et al. (27) have demonstrated improved endurance of canine limb muscle when perfusion

pressure was maintained above intramuscular pressure and suggested that the autoregulatory

mechanisms which permit matching of blood flow to metabolic requirements require sufficient

transmural pressure to maintain vascular patency.

Recently, perfusion pressure has also been shown to influence the magnitude of flow

dependent changes in resistance of coronary arterioles (28). It is likely, therefore, that perfusion

pressure interacts with endothelium dependent and metabolic factors in the control of the

capillary surface available for diffusion of oxygen and plasma born substrate.

In addition to metabolic effects, changes in perfusion pressure may alter the mechanical

properties of the muscle. Distention of the vessels may lengthen the muscle fibers producing

an apparent increase in contractility through internaI preloading (25).

3) Changes in the extraceUular milieu. The extracellular ionic composition is highly sensitive

to changes capillary perfusion. For example, Mainwood et al. (29) found extracellular pH to

be highly dependant on the ratio of metabolic load to perfusion. As a result, changes in

perfusion cause rapid alterations in the transmembrane efflux of H+ (29). Intracellular H+

accumulation negatively influences contraction at severallevels. These include inhibition of the

Na+/K+ pump on which the resting membrane potential (and therefore excitability) of the

sarcoplasrnic reticulum (SR) depends (30), impaired Ca++ release from the SR (31), competitive

inhibition of Ca++ binding to troponin C (32) and direct inhibition of the interaction between

actin and myosin (33).
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Inorganic phosphate (Pi) has also received attention as an ion whose accumulation may

contribute to force loss through direct effects on the contractile process. In skinned muscle

fibres (34) and in human forearm muscle (35) a unique relationship can be demonstrated between

force generation and the concentration of the diprotonated form of Pi (H2P04') even when the

effect of pH is extracted or altered by prior fatiguing exercise. Since high concentrations of

intracellular H+ favour the existence of Pi in its diprotonated form, this provides another

mechanism whereby perfusion related changes in the extracellular environment may exert a

potent influence on the rate of fatigue.

Implications:

Traditionally, respiratory muscle fatigue has been thought to occur and contribute to

respiratory failure when the supply of nutrients to these muscles is insufficient to meet their

metabolic demand (1). Not surprisingly, therefore, steps to increase oxygen, and other

substrate, delivery to the ventilatory muscles have been advocated in the management of patients

(2,3). Our fmdings indicllte that this concept needs modification. Increased oxygen delivery

may be accomplished by increasing blood flow or oxygen content. We suggest that the latter

approach is less likely to achieve the desired goal of improving respiratory muscle function than

are measures to increase cardiac output and specifically, respiratory muscle blood flow.
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Control values of phrenic arterial blood gases in groups 1 and 2.
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Group Run pH PaO: PaCO,

Group 1
Autoperfusion 7.28 ± 0.02 132.0 ± 21.4 34.5 ± 2.4
High O,-Low flow

Pump perfusion 7.28 ± 0.02 130.1 ± 17.5 19.1 ± 2.8"
Low O,-High flow

Group 2
Low O,-High Flow 7.31 ± 0.03 145.8 ± 22.8 14.3 ± 2.8

High O,-Low Flow 7.30 ± 0.03 152.7 ± 32.0 35.3 ± 5.1"

Values are mean ± SEM. PaO, and PaCO, are expressed in mmHg. •• P<O.Ol between runs
in a given group .
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FIGURE LEGENDS:

Figure 1: Changes in diaphragmatic blood flow (Qphr, top panel) and oxygen delivery (D0zPhr,

bottom panel) with time during autoperfusion (High 02-Low Flow) and pump perfusion (Low 02­

High Flow) in the group 1 animais. Note that the initial rise in Qphr and D0zPhr in the

autoperfusion run corresponds with the onset of stimulated contraction. Values are means ±

SEM.

Figure 2: Diaphragmatic tension as a fraction of that generated after 30 seconds of stimulation

is plotted against time during autoperfusion (High 02-Low Flow) and pump perfusion (Low 02­

High Flow) in the group 1 animais. Values are means ±SEM.

Figure 3: Changes in diaphragmatic blood flow (Qphr, top panel) and oxygen delivery (D0zPhr,

bottom panel) with time during pump perfusion with undiluted blood at low flow rate (High 02­

Low Flow) and with diluted blood at high flow rate (Low 02-High Flow) in the group 2 animais.

Values are means ±SEM.

Figure 4: Diaphragmatic tension as a fraction of that generated after 30 seconds of stimulation

is plotted against time during pump perfusion with undiluted blood at low flow rate (High °2­

Low Flow) and with diluted blood at high flow rate (Low 02-High Flow) in the group 2 animais.

VaInes are means ± SEM.
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ABSTRACT

When tissue oxygen delivery falls below a critical threshold, tissue oxygen uptake becomes

limited. In this study, we compared the critical O2 delivery and the critical and maximum O2

extraction ratios of the resling and contracting left hemidiaphragm with those of the non­

diaphragmatic tissues in 7 dogs. The left hemidiaphragm was perfused through the ieft inferior

phrenic artery with arterial blood from the left femoral artery. Phrenic venous blood was

sampled through a catheter in the inferior phrenic vein. Systemic O2 delivery was reduced in

stages by controlled haemorrhage. Left diaphragm O2 consumption during rest and during 3

minutes of continuous (3Hz) stimulation of the left phrenic nerve, and the Oz consumption of

the remaining non-left hemidiapbragmatic tissues were measured at each stage. Critical

diaphragmatic Oz delivery for the resting diaphragm averaged O.8±O.16 ml/min/l00g with a

critical Oz extraction ratio of 65.5 ±6%. In the contracting diaphragm, the critical diaphragmatic

Oz delivery and critical Oz extraction ratio averaged 5.1±O.9 ml/minll00g and 81±5%

respectively. Whole body Oz delivery at which resting diaphragm Oz consumption became

supply lirnited was sirnilar to that for non-diaphragmatic .tissues. By comparison, supply

limitation of Oz consumption occurred at a higher systemic Oz delivery in the contracting

diaphragm !han in the rest of the body despite the increase in critical diaphragmatic extraction

ratio. Thus, oxygenation of the isolated diaphragm does not appear to be preferentially

preserved during generalized reductiol'.s in Oz delivery. These results suggest that in diseases

associated with increased work of breathing and decreased Oz delivery, the diaphragm may

become metabolically impaired before limitation of Oz consumption is observed systemicaUy.

Key Words: respiratory muscles, diaphragm, blood flow, oxygen consumption
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INTRODUCTION

At normal levels of O2 delivery, tissue O2 uptake (V02) remains largely independent of

O2 delivery because of compensatory changes in O2 extraction (6,33). In tissues with high

metabolic requirements the ability to meet their metabolic needs is protected by two mechanisms.

Regional changes in resistance vessel tone redistribute blood flow away from low extraction

tissues toward more metabolically active areas (7,33). Simultaneously, an increase in capillary

density allows extractiun to lower end capillary O2 contents without producing areas of tissue

anoxia due to diffusion limitation (20). However, if O2 delivery decreases below a critical

thrf:shold, V02 is depressed because the increase in extraction is no longer proportional to the

fall in delivery (8). The onset of delivery dependence oi:" O2 consumption does not occur

simultaneously in ail tissues (22). Differences in maximal capillary density, intensity of

myogenic reactivity to changes in vascular transmural pressure and sensitivity of the

microvasculature to metabolic feedback among different organ systems may aU contribute to this

variation.

Maintenance of substrate supply to the respiratory muscles in proportion to their

metabolic requirements is necessary to survival. Moreover, the diaphragmatic circulation must

maintain this balance despite the fluctuations in transmural pressure (14) which occur during the

respiratory cycle. On the basis of these considerations, and the fmding that respiratory muscle

oxygen delivery is preferentiaUy maintained during circulatory shock, Viires et al. (35)

suggested that the regulatory mechanisms responsible for the matching of oxygen supply to

oxygen demand may be more developed in these muscles than in other tissues. In their study,

however, diaphragm work was changing and increases in b100d flow may have been in response
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to changes in metabolic rate. Diaphragmatic O2 consumption, furthermore, was Ilot monitored

so its relationship to oxygen delivery could not be determined. Others (3,26-29,32) have

measured diaphragmatic oxygen consumption during respiratory loading and during hypotension,

but the relationship between diaphra.gmatic O2 delivery and O2 consumption was not addressed.

This is because the lack of an isolated diaphragm preparation placed technical limitations on the

measurement of diaphragm blood flow. The use of radioactive microspheres does not permit

sufficient sequential measurements to plot the entire relationship and, since the diaphragm

derives its blood supply from multiple sources, oxygen delivery cannot be determined from

measurements of flow through easily accessible arteries.

In this study, we used the in-situ isolated left diaphragm to determine the critical

diaphragmatic O2 delivery and the critical and maximum diaphragmatic O2 extraction ratios.

These were compared to those of the rest of the body to determine whether local compensatory

mechanisms may exist to protect the diaphragm from the onset of tissue hypoxia during

generalized reductions in oxygen availability.

METHODS

Animal Preparation: Seven mongrel dogs (28.8 ± 0.97 kg SD) were anaesthetized with

sodium thiopental (lO mg/kg) followed by a-chloralose (60-80 mg/kg). Supplemental doses of

a-chloralose were given as needed to eliminate the jaw tone but maintain knee reflexes. The

animais were supine, intubated with a cuffed endotracheal tube and mechanically vcntilated (tidal

volume 15 ml/kg, frequency of 15 /min). Supplemental O2 was supplied through the inspiratory

line and arterial P02 rnaintained above 100 nunHg. Positive end-expiratory pressure (PEEP)
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(5 cm) was applied at the expiratory line. A catheter was placed in the aorta through the right

carotid artery to monitor arterial pressure (ParJ and another catheter was placed in the right

femoral vein to administer fluids. A balloon tipped thermodilution pulmonary artery catheter

(Edwards Laboratories, Santa Ana, Ca) was placed into the pulmonary lirtery through the right

internai jugular vein and used to measure cardiac output (CO) by thermodi!ution and to draw

samples of mixed venous blood. Core body temperature was kept constant at approximate!y 37'

C by a heating pad placed under the animal.

Isolated left hemidiaphragm: In all animais, we used the in-situ vascularly isolated left

hemidiaphragm preparation previously reported in detai! (16). Briefly, the intercostal vessels

and ti:e left internai mammary artery were ligated and the lower left ribs were removed.

Through an abdominal incision, the two halves of the diaphragm were divided. The ribs and

cartilages of the free costal margin were secured by silk threads to 3 metal bars attached through

their centers to force transducers (Grass model FTlO). To ensure independent movement of the

bars, we severed the inte~onnecting rib portions. The stomach, liver, spleen, and left kidney

were retracted to expose the left phrenic artery. This artery was ligated proxirnally and a

polyethylene catheter (PE 160, 1.14 mm ID, 1.57 mm 00,3 cm long) was introduced into the

distal portion. A side port in the catheter was used for measurement of phrenic perfusion

pressure (Pph'). The catheter was connected to an electromagnetic flow probe (Carolina Medical

Electronics, 1.91 mm ID). The pressure-flow relationship of the catheter-probe system was

linear over the range of flows in the study with conductance = 2.6 ml/minlmmHg. Phrenic

arterial flow measured by the probe was designated as QPhr. The other side of the probe was
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connected to a catheter in the left femoral artery, thereby. perfusing the diaphragm with blood

flow divened from the left femoral artery. Ali aninlals were heparinized after catheteriLing the

phrenic mery.

To sample phrenic venous blood. a polyethylene catheter (PE280. 2.15 mm ID, 3.25 mm

00) was introduced into the left inferior phrenic vein through the left femoral vein and secured

by a silk suture through the central tendon. The venous blood was collected in a container and

reinfused through the femoral venous line.

The temperature of the diaphragm was monitored continuously using a temperature probe

flXed to the surface of the isolated hemidiaphragm (Mon-a-therm, Model 6000, Zimmer of

Canada Ltd., Mississauga, Ont.) and maintained between 37.5 and 38.5'C using a heat lamp if

required. At the end of the experiment the aninlals were exsanguinated and the diaphragm was

dissected free and weighed.

Phrenic nerve stimulation: Bipolar electrodes were placed around the left phrenic nerve close

to its exit from the diaphragm. The electrodes were connected through an isolation unit (Grass

S1U5) to a stimulator (Grass 848). Maximum stimulation of the left diaphragm was achieved

by delivering a single stimulus (0.2 ms duration) with progressively increasing voltage. The

voltage output was then set 2 volts higher than the last voltage found to produce an increment

in diaphragm tension. During contraction periods, the left phrenic nerve was stimulated

continuously at 3 Hz for 3 minutes.
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Qxvgen Delivery and Consumption Measurements: Systemic arterial, mixed venous, and

phrenic vllnous blood Oz contents (CaOz• Cv02, Cv02,di, respectively) were measured with a

co-oximeter (InsL.-umentation Laboratory IL-182). The arterial O2content was multiplied by CO

to obtain the systemic (whole body) oxygen delivery, by CO minus Qphr to obtain the O2delivery

to tissues other !han the left hemidiaphragm and by QPhr to obtain left hemidiaphragm O2

delivery. The oxygen consumption of the left hemidiaphragm (V02,di) was calculated as:

V02,di = (Ca02 - Cv02,di)'Qphr'

Non-Ieft hemidiaphragm oxygen consumption (V02) was calculated as:

V02 = (Ca02- CvO:J'(CO - Qphr)'

Ali values were normalized for tissue weight.

Note that the right hemidiaphragm in these anaesthetized, mechanically ventilated animais

was resting. Its blood flow and O2delivery are, therefore, similar to those recorded in the left

hemidiaphragm at rest. These are very small in comparison to the cardiac output and to the

systemic O2 delivery «0.5%) even during the fInal stage of the experiments. Therefore,

although the systemic O2 delivery, calculated as the product of Ca02 and CO minus Qphr, and

the O2consumption, calculated as Ca02-CV02 times CO-QPhr' include contributions of the right

hemidiaphragm, changes in these parameters reflect, overwhelmingly, the O2delivery to and the

O2consumption of the non-diaphragmatic tissues.

Experimentai Protocol: Thirty minutes after the surgery was completed, with the animal in

steady state, cardiac output was measured, Pphr and QPhr were recorded and arterial, mixed

venous and phrenic venous blood samples were drawn for determination of blood gas tensions
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and O2 content. Stepwise haemorrhage was then begun by withdrawing blood in 50 to 100 ml

aliquots from the left femorallmerial line. Haemorrhage was continued l!ntil the animal could

no longer maintain a stable blood pressure. This resulted in the performance of eight to 12

stages of haemorrhage in each animal. After steady state was reached at each stage, cardiac

output, Pph.. Qphr were then recorded and arterial, mixed venous and phrenic venous blood

samples were drawn. The phrenic nerve was then stimulated as described above and the

measuremeno.s were repeated at the end of the contraction period at each stage.

Data Analysis: The following critical O2 deliveries were determined: 1) The whole body O2

delive~ (Ca02 -cO) at which V02 and V02,di (resting and contracting) becamc supply

dependent, 2) The non-diaph.ragmatic O2 delivery (Ca02 <:0-QPhr) at which V02 became supply

dependent, and 3) The diaphragmatic O2 delivery a. which V02,di (resting and contracting)

became supply dependent. For each calculation, the appropriate O2 delivery was plotted on the

x axis against the corresponding O2 consumption on the y axis (see figures 1 & 2). For each

animal, the data were sorted as O2 delivery and O2 consumption pairs with increasing O2

delivery. AlI possible regression lines were then calculated as the data was grouped pair by pair

into high and low O2 delivery subsets. The pair of lines that resulted in the srnallest sum of

squared residuals was used in further calculations (31). The critical O2 delivery was then

determined by solving the equations describing the regression lines for the values of these

variables at the point of intersection.

The critical O2 extraction ratios at the point of onset of delivery dependence of V02,di

with the muscle at rest and during phrenic nerve stimulation were calculated as the ratios of the
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respective phrenic arteriovenous O2 content differc:nces to the arterial O2 content when the

critical point corresponded to a direct measurement of O2 delivery. When this was not the case,

the critical extraction ratio was estimated by linear interpolation using values measured during

the two stages bracketing the point of critical O2 delivery. The maximum O2 extraction ratios

for the dia,hragm (resting and contracting) were calculated as the ratios of the respective

arteriovenous O2 content differences to the artenal O2 content during the final stage of each

experiment. Similarly, when possible, the critical O2 extraction ratio for the whole body

(excluding the left diaphragm) was calculated as Ca02-Cv02 divided by Ca02 at the point of

onset of delivery dependence of V02 and otherwise by interpolation.

Differences among mean values for the whole body and for the resting and contracting

diaphragmatic variables were evaluated using one way analysis of variance (ANOVA). If the

ANOVA revealed significant (p < 0.05) differences among the means, the differences between

individual means were assessed using paired t-tests. P 'Values less than 0.05 were considered

significant. Ali values are reported as means ± SEM.

RESULTS

Values for haemoglobin, Part, cardiac output and arterial blood gases prior to beginning

the haemorrhage protocol and during the fmal stage of the experiments are presented in table

1. Values ofPv02,di, phrenic arteriovenous O2 content difference and V02,di prior to beginning

the haemorrhage protocol, during the stage just prior to the onset of O2 delivery dependence of

V02.di and during the final stage of the experiments are presented in table 2. The phrenic

per.fusion pressure at the onset of delivery dependence ofV02di was 73.6±7.5 and 108.6±8.4
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mmHg for the resting and contracting diaphragm respectively. The tension generated by the

contracting diaphragm averaged 45.8 ± 5.8 g prior to haemorrhage and 41.2 ± 5.5 g during

the final stage. This difference '.vas not statistically signiflcant.

Figures 1 and 2 display data obtained from one representative animal. ln flgur!' 1 the

relationship between Q02di and V02,di during stimulated contraction is compared with that

obtained while the diaphragm was at rest. ln figure 2, the relationships between whole body O2

delivery and V02 (top panel) and between whole body O2 delivery and V02,di (resting and

contracting, bottom panel) are plotted. The regression lines calculated for each relationship in

this animal are also included to illustrate the method for deterrnination of critical O2 delivery.

The critical diaphragmatic oxygen delivery and the critical and maximal oxygen

extraction ratios for the resting and the contracting diaphragm are presented in figure 3. The

diaphragmatic O2 delivery and the O2 extraction ratio at the point of onset of O2 supply

dependence of V02,di were both signiflcantly higher for the contracting than for the resting

diaphragm.

ln figure 4, the whole body O2 deliveries at which V02 and V02,di (resting and

contracting) became dependent on O2 supply are plotted. The O2 consumption of the resting

diaphragm and the non-diaphragmatic tissues became delivery dependent at the same level of

whole body O2 delivery. ln contrast, the O2 consumption of the contracting diaphragm became

supply limited at a whole body O2 delivery weil above that at which non-diaphragmatic O2

consumption became supply dependent.

The criticaI diaphragmatic O2 delivery with the diapbragm at rest was 0.8±0.16

ml/minllOOg which did not differ signiflcantly from the critical non-diaphragmatic O2 delivery
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(O.7±0.OS ml/minJl00g). Similarly the critical O2 extraction ratio for the resting diaphragm

(0.65 ±O.OS) was not significantly different from the critical O2 extraction ratio for the non­

diaphragmatic tissues (0.62±0.OS).

The maximum recorded O2 extraction ratio for t.ie whole body was 0.91 ±0.022. This

value is significantly higher than that of the resting diaphragm but not different from that of the

contracting diaphragm.

DISCUSSION

The main fmdings of this study are:

1) During 3 Hz contractions, the critical diaphragmatic O2 delivery and extraction ratio increased

above those of the resting diaphragm.

2) During 3Hz diaphragmatic contractions, the whole body O2 delivery at which diaphragmatic

O2 conslJmption became supply dependent was higher than that at which the oxygen consumption

of the non-diapbragmatic tissues became supply dependent.

3) Critical diaphragmatic O2 delivery and the critical O2 extraction ratio for the resting

diaphragm did not differ from those of the non-diaphragmatic tissues.

Considerations of Methocls:

. Certain aspects of the experimental preparation and protocol require consideration. First:

it is known that the internai mammary a'li intercostal arterles contribute to the arterlal supply

of the intact diaphragm (9). It is, therefore, possible that ligation of these arterles in our
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preparation might have res'liteti in hypoperfusion of the diaphragm. Blood flow and 0,

consumption of the resting and conll-acting diaphragm measured at the initial arterial pressure,

however, were comparable to those reported for the intact diaphragm during mechanical

ventilation and resistive breathing, respectively (26-29). In addition, resting diaphragmatic blood

flow vaiues measured at low arterial pressure are similar to those reported by Viires et aL (35)

for the intact diaphragm during mechanical ventilation and hypotension. In spite of these results

and in spite of the fact that maximum diaphragmatic 0, extraction in oùr study is similar to that

reported for the intact diaphragm (26), we cannot exclude the possibility that we may have

restricted the total cross sectional area of diaphragmatic vascular bed and increased

maldistribution of intradiaphragmatic blood flow. It is, therefore, likely that the isolation

procedure may have elicited a state of increased diaphragmatic O2 demand which in tum may

alter the point of critical O2 delivery. These possibilities should be considered before one makes

any extrapolation of our results to the condition of intact diaphragm.

Second: the use of artificial stimulation to increase diaphragmatic O2 demands can be

criticized on the basis that the pattern of motor unit recruitment is different from that occurring

during spontaneous diaphragmatic contractions. Although preferable, the use of spontaneous

contractions as a mean to alter diaphragmatic metabolic demands is difficult to control especially

when arterial pressure is changing as in our study. Reduction of arterial pressure is usually

associated with a significant augmentation of diaphragtnatic recruitment. Accordingly, changes

in arterial pressure tnay result in significant alterations in diaphragmatic O2 uptake irrespective

of diaphragmatic O2 delivery. Based on this, we chose to stimulate the diaphragm artificially

to tnaintain diaphragmatic O2 demands constant so that changes in diaphragmatic O2 uptake can
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he related to alterations in diaphragmatic O2 delivery. We also sectioned the left phrenic nerve

proximally to eliminate spontaneous diaphragmatic contractions. The choice of continuous 3 Hz

stimulation of the phrenic nerve is based on our previous study (15) in which we have

demonstrated !hat low frequency phrenic nerve stimulation elicits moderate increases in

diaphragmatic blood flow and O2 uptake whereas high frequency stimulations are associated with

the generation of high intrarnuscular pressure resulting in compression of blood vessels and

reduction of blood flow and O2 uptake during muscle contractions (15). In addition, we chose

3Hz stimulation to avoid muscle fatigue and reduction in diaphragmatic tension which, in tum,

may alter diaphragmatic O2 uptake at a given level of O2 delivery.

Comparison with previous fmdings in the diaphragm:

Our preparation permits control of the arterial supply to the diaphragm and access to its

entire venous drainage. This allows the simultaneous measurement of V02,di and total

diaphragmatic blood flow. Analysis of the relationship between V02,di and O2 delivery in this

way bas not previously heen undertaken. Therefore, comparison with previous results is limited.

Rochester and Bettini (29) found that increases in work of breathing were accompanied by

increased blood flow and O2 extraction. The arteriovenous O2 content difference plateaued,

however, at approximately 13 ml/100rnl at high work loads while diaphragmatic blood flow

continued to increase. Robertson et al. (27,28) measured the relationship between the

arteriovenous O2 content difference and diaphragm blood flow during resistive loading and CO2

rebreathing. lnitially bath the arteriovenous O2 content difference and blood flow to increased

with workload. At high workloads, during resistive loading but not during CO2 rebreathing, a
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plateau was reached in the arteriovenous 0, content difference, after which further increases in

O2 consumption were achieved by increases in blood f10w alone. This occurred when the

arteriovenous O2 content difference reached approximately 11 ml/l00ml and diaphragm blood

f10w was approximately 50 ml/minll00g.

The data required to compute the corresponding O2 deliveries and extraction ratios are

not provided in these reports. If it is assumed, however, that the arterial O2 contents are not

different from ours, these values would compare with our findings of an arteriovenous O2

content difference of 16.9±1.5 ml/l00ml, a diaphragm blood f10w of 24.4±2.5 ml/min/lOOg

and a diaphragmatic V02 of 4.12±0.62 ml/minll00g just prior to the onset of O2 delivery

dependence of V02,di in the contracting diaphragm. The differences in these findings may be

explained by differences in the conditions studied; ie: resistive loading with unrestricted blood

f10w compared with tissue hypoxia induced by reduced oxygen delivery. It appears that under

conditions of limited O2 availability. the ability of the tissue to extract oxygen is greater than

suggested by these previous studies.

Although not directly addressing the issue of supply limitation of oxygen uptake, Reid

and Johnson (26) found that, during resistive loading, respiratory failure occurred in dogs when

the phrenic venous P02 fell below 10-12 torr (venous O2 content of 1 mil1OOml) and proposed

this as the point beyond which tissue hypoxia limits diaphragm function. In a diaphragm strip

preparation, however, Bark et al. (3) found fatigue to be associated with phrenic venous POzs

of 15-20 Torr despite no change in diaphragmatic V02 • The phrenic yenous P02 did not reach

as Iowa level in our animais as in these previous studies, presumably because the metabolic

stress was not as great. We may have observed a 10wer phrenic venous P02 if the plateau
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diaphragmatic V02 were raised further by increasing the contraction intensity.

Of the available reports of diaphragm O2 delivery and uptake, the protocol used in the

study of Scbarf et al. (32) resembles that of our current experiments most closely. In that study,

which was designed primarily to examine the relationship between arterial pressure and blood

flow, the arterial and phrenic venous O2 tensions and contents were measured during

baemorrhage. At a systemic blood pressure of 55 mmHg, during spontaneous breathing and

resistive loading, these investigators found the venous P02 to be 29±8.5 and 21 ±9.3 mmHg

and the venous O2 contents to be 9.9±1.9 and 5.9±1.9 ml/100ml, respectively (arteriovenous

O2 content difference = 7.9 and 12.6 ml/100mls, respectively). Although, this data does not

allow deterrnination of the critical O2 delivery, the phrenic venous P02 during the fmal stage of

their experirnents is sirnilar to those in our animais following the onset of O2 delivery

dependence of V02di.

Comparison witb otber tissues:

The critical O2 delivery for whole body (excluding the left diaphragm) was 0.7 ±0.08

ml/min/100g in our animais. The critical systernic O2 delivery values during haemorrbage in

dogs and pigs are listed in table 3. Higher critical O2 deliveries bave been noted during hypoxic

and anemic hypoxia (9.8 ml/min/kg, table 3), central venous obstruction (11.7 ml/min/kg (23»

and during the application ofPEEP (13.6 ml/min/kg (23». The relationship between O2 delivery

and O2 consumption bas only been studied in resting lirnb muscle. In the isolated canine

hindlirnb, Samsel et al. (30) found the V02 to become supply lirnited at a systemic Oz delivery

of 5.2 ml/kg/min and an extraction ratio of 67% during haemorrhage (plateau VOz = 3.9
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ml/min/kg). Table 3 lists the mean values of critical O2 deIivery and critical O2 extraction ratio

of various peripheral muscles. Our current results in the dog diaphragm, therefore, do not

suggest a difference belWeen the resting diaphragm and limb muscle in the capacity to increase

oxygen extraction in response to reduced oxygen supply. In the heart the O2 extraction ratio is

high (65%,30) even at normal myocardial oxygen delivery. As a result, myocardial V02 does

not remain constant during reductions in oxygen deIivery. Walley et al. (36), however, found

that during progressive hypoxemia, coronary blood flow increases to a maximum value. After

this point, further reductions in arterial O2 content were associated with increases in O2

extraction ratio, accelerated reduction in myocardial V02, ~.ltered lactate metaboIism and

deterioration in left ventricular function. These findings suggest a greater qualitative similarity

between the heart and other tissues than has previously been appreciated. A biphasic relationship

between O2 delivery and uptake, similar to that which we describe in the diaphragm has also

been demonstrated in the stomach (24), intestine, mesentery and liver (table 3). The difference

in critical O2 delivery appears to be related to differences in baseline O2 consumptions of

various tissues.

Effect of contraction:

The O2 consumption of the contracting diaphragm became limited at a higher O2 delivery

than was observed in the resting muscle. This is the expected fmding considering the increase

in O2 uptake which accompanied muscle contraction. The onset of supply dependence would

have occurred even earlier, however, were it not for a concurrent increase in the critical O2

extraction ratio. The extraction ratio continued to increase as diaphragmatic O2 delivery was
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further compromised.

The onset of delivery dependence of oxygen consumption has been attributed to the

development of tissue hypoxia as the limits of oxygen extraction are reacl\ed (6). Within the

framework of this interpretation, the fact that the extraction ratio is submaximal at this point

suggests the existence of sorne form of variable arteriovenous shunt. This may arise because

of 1) interregional inhomogeneity in the degree to which tissue O2 delivery is matehed to

metabolic demand, 2) variation in the relative affmity of intracellular and intravascular oxygen

binding elements or 3) intraregional variation in nutritive relative to non-nutritive capillary flow.

The improvement in critical oxygen extraction ratio with contraction may reflect a compensatory

adjustrnent in one or more of these factors in response to increased metabolic demand.

With regard to the flfst of these mechanisms, as overall O2 delivery is reduced, one

would expect greater regional homogeneity in the relationship between O2 delivery and metabolic

demand (and greater overall O2 extraction) as weil oxygenated areas are eliminated. Hurtado

et al. (13), however, have measured regional tissue O2 tension in the rabbit hindlimb during

hypotension. They found that, if anything, the tissue P02 histograms widened as blood flow was

reduced, suggesting that intraregional factors must account for the increase in extraction ratio.

With regard to the second mechanism, if the onset of O2 supply dependence reflects

limitation of molecular diffusion due to extraction below a critical end capillary P02, altered

haemoglobin O2 avidity due to local changes in pH and temperature might be expected to

influence the critical extraction ratio. Schumacker et al. (33) addressed this issue in a study of

the effect of experimental reduction in haemoglobin Pso on the systemic oxygen delivery­

consumption relationship. They found no change in either the critical O2 delivery or the
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extraction ratio at the point of onset of O2 supply dependence and suggested that other tàctors

limit O2 consumption before blood-tissue diffusion becomes important.

In the models proposed by Granger (l0), differel1tial sensitivity to metabolic mediators

of vasodilation among microvessels of differing diameter results initially in an increase in

capillary density and an improvement in extraction ratio in response to hypoxia with upstream

resistance vessels being recruited later on. Anatomically (25) and functionally (11), two

populations of capillaries have since been identified in skeletal muscle. Potter and Groom (25)

found capillary diameters to conform to a bimodal distribution clustered around 5.5 /Lm and 7.5

/lm in diameter. Harrison et al. (lI) calculated that, despite their smaller numbers, the large

diameter (high flow) capillaries, which contribute litt1e to gas excbange, may carry up to 71 %

of the flow. Thus, a large margin for compensation exists through intraregional redistribution

of capillary flow. This would, therefore, appear to be the most likely explanation for the

observed increase in extraction ratio during muscle contraction and during progressive ischaemia.

Implications:

Our fmdings do not support a difference between the resting diaphragm and other tissues

in the regulatory mechanisms involved in the response to reductions in oxygen availability. On

the other band, our experiments suggest that when the Oz consumption of the diaphragm is

augmented by low frequency stimulation, critical diaphragrnatic Oz delivery increases to a level

greater than that of the whole body. These results imply that diaphragmatic metabolic

requirements during a moderate increase in Oz demands (VOzdi of 3.85 ±0.62 rnI/100g/min)

which is comparable to that reported in intact dogs breathing against a mild or moderate resistive
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load (26,29) may be comprised when systemic O2 delivery reaches 10 ml/kg/min (figure 4). At

this systemic O2 delivery, systemic O2 uptake remained independent of O2 supply. We also

speculate that critical systemic O2 delivery at which diaphragmatic O2 uptake becomes supply

dependent is influenced by the pattern of muscle contraction. It is likely that at a given level

of metabolic demands, strong or tetanic contractions will be associated with greater critical

systemic O2 delivery than low frequency contractions. This is because, unlike low frequency

stimulation, increased intramuscular pressure during strong diaphragmatic contractions

compromise blood flow and leads to a greater reliance on O2 extraction to achieve the O2

demands. Accordingly, critical O2 extraction ratio will be reached at a greater systemic O2

delivery than during low frequency stimulation. The implication of our data is that in disease

states associated with decreased O2 delivery and increased work of breathing, the diaplu:agm may

become metabolically impaired before limitation of O2consumption is observed systemicaIly. Our

results can also explain the impairment of diaphrag!Ilatic contractile performance, the

development of hypercapneic respiratory failure and increased respiratory muscle contribution

to systemic lactic acidosis during cardiogenic and septic shock (1,2,17). In both these

conditions, diaphragmatic metabolic demands are increased moderately as a result of

hyperventilation whereas perfusion pressure and presumably systemic O2 delivery decline

significantly.
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TABLE 1

Values for selected systemic parameters prior to haemorrhage and during the final stage of the

experiments.

Initial Final

•

Haemoglobin (g) 14.2 ± 1.1 13.8 ± 1.16

Arterial Pressure (mmHg) 151.4 ± 11.8 36.4 ± 3.85

Cardiac Output (Llmin) 3.99 ± 0.43 0.50 ± 0.07

arterial paz (mmHg) 118.8 ± 9.8 112.0 ± 6.12

arterial PCOz (mmHg) 38.0 ± 1.8 36.1 ± 2.3

arterial pH 7.405 ± 0.017 7.298 ± 0.028

Initial, values prior to haemorrhage; Final, values during final stage of haemorrhage protocol
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TABLE 2

Phrenic arterial blood flow (QPh')' phrenic venous P02 (Pv02,di), phrenic arteriovenous O2

content difference «Ca-Cv)02di) and diaphragmatic O2consumption (V02di) prior to beginning

the hemorrhage protocol (Initial), during the stage just before to onset of O2delivery dependence

of diaphragmatic O2consumption (Critical) and during the final stage (Final) of the experiments

in the resling and contracting (3 Hz continuous stimulation) diaphragm.

Qphr Pv02di (Ca-Cv)02di V02di

(ml/minllOOg) (mm Hg) (ml 02/l00ml) (mIOiminllOOg)
RESTING

Initial 23.5±4.5 58.6±3.8 1.26±O.4 O.27±O.O8

Critical 4.6±O.5 35.0±2.5 lO±1.6 O.45±O.l

Final 2.2±O.3 32.7±1.8 l2.5±2 O.26±O.O5

•

CONTRACTING

Initial

Critical

Final

39.6±5.4

24.4±2.5

9.1±1.3

32.9±2.7

24.7±2.2

20.5±1.5

11.7±1.4

15.6±1.7

l6.9±1.5

4.53±O.53

3.85±O.62

l.53±O.34
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Table 3: Mean values of critical Oz delivery and critical Oz extraction ratio (ER) for whole body and different organs reported in

the Iiterature.

Authors Reference Animal Organ Critical Oz Delivery Critical Oz ER

Cain, 1977 8 Dogs Whole Body 9.8 ml/kg/min

Pepe & Culver, 1985 23 Dogs Whole Body 13.6 mllkg/min

Pepe & Culver, 1985 23 Dogs Whole Body 11.7 mllkg/min

Nelson et al., 1987 22 Dogs Whole Body 7.4 mllkg/min 71%

Schumacker et al., 1987 33 Dogs Whole Body 8.1 mllkg/min 73%

Samsel et al., 1988 30 Dogs Whole Body 8.0 mllkg/min 70%

Walley et al., 1988 36 Dogs Whole Body 9.3 mllkg/min

Heard et al., 1991 12 Pigs Whole Body 12.8 ml/kg/min 71%

Segal et al., 1992 34 Pigs Whole Body 7.1 mllkg/min 72%

Kolar & Jansky, 1984 19 Rats Gracilis muscle 16 mllmin/kg 62%

Bredle & Cain, 1991 4 Dogs Hindlimb 4.6 mllkg/min 81%

Kohzuki et al., 1991 18 Dogs Gracilis muscle 4.5 ml/kg/min 67%

Bredle et al., 1989 5 Dogs Hindlimb 6.0 ml/kg/min 72%

Nelson et al., 1987 22 Dogs Intestine 35.7 ml/kg/min 69%

Nagano et al., 1990 21 Pigs Liver 63 ml/kg/min

Heard et al., 1991 12 Pigs Mesentery 1.47 mllkg/min 75%
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FIGURE LEGENDS

Figure 1.

Relationships between diaphragrnatic Oz delivery and Oz consumplion with the diaphragm al resl

and during 3 Hz stimulation.

Figure 2.

Relationships between Oz consumption and Oz delivery for whole body (excluding the left

diaphragrn (top panel) and for the resting and contracting left hemidiaphragm (bollom panel).

Figure 3.

Top: Crltical diaphragrnatic oxygen delivery for the resting and contracling (3 Hz) diaphragm.

BOllom: Oxygen extraction ratios at the onset of delivery dependence of diaphragmatic oxygen

consumption (Crltical) and during the final stage of the haemorrhage protocol (Maximal).

* signiflcant difference (p < 0.05) compared to the value for the resling diaphragm.

Figure 4.

Critical values for whole body oxygen delivery below which the oxygen consumption of the left

diaphragrn and whole body (excluding the left diaphragm) became dependenl on O2 delivery.

* signif1cant difference (p < 0.05) compared to the value for the resting diaphragm.

+ significant difference (p < 0.05) compared to the value for the resting diaphragm.
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Regulation of Diaphragmatic Blood Flow and Oxygen
Uptake by Nitric Oxide
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• Foreword to Chapter 5

Several investigators have suggested that endothelial release of nitric oxide plays a role

in the coupling of oxygen delivery to metabolic rate in highly aerobic tissues. Evidence of

reduced tissue oxygen tension, an index of the degree to which a tissue's oxygen delivery is

adequately matched to its oxygen requirements, during inhibition of NO release has been

presented in support of this contention. Pohl and Busse (1) found that inhibition of NO synthesis

in the rabbit hindlimb lowered tissue P02• Furthermore, Gossypol (NO inhibitor) has been

shown to decrease rabbit peroneus muscle O2 consumption (2). In these autoperfused

preparations inhibition of the NO pathway may have reduced altered vascular tone in resistance

or conductance vessels impairing the capacity to increase bulk oxygen delivery in proportion to

metabolic demand. More recently, Pohl and colleagues (3) have reported a decline in O2 uptake

• in an isolated heart preparation following infusion of LNA. Alterations in bulk blood flow are

obviated in pump perfused preparations, therefore the effect of NO inhibition must be attributed

to changes in the factors limiting oxygen extraction. It is likely, therefore, that the NO pathway

is involved in the regulation of tissue oxygen availability at many levels. In this chapter, studies

are presented which examine the importance of endothelial NO release in the regulation of

baseline vascular tone, autoregulation of blood flow, reactive hyperaemia and in determining the

criticallevel of oxygen delivery and extraction at which oxygen consumption becomes dependent

on delivery in the canine diaphragm. The results indicate that modulation of endothelial NO

release represents a major control mechanism by which the process of matching diaphragmatic

oxygen availability to its rate of metabolic activity may be regulated.

•
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ABSTRACT

1. The role played by nitric oxide (NO) in the regulation of blood flow to the isolated,

canine hemidiaphragm was evaluated by detennining a) the effects of the L-arginine analogues

NG-nitro-L-arginine methyl ester (LNAME), NG-nitro-L-arginine (LNA), and Argininosuccinic .

acid (ArgSA) on baseline vascular resistance and of the latter two agents on endothelium

dependent (acetyIchoIi..,e, Ach) and endothelium independent (Sodium nitroprusside, SNP)

vasodilation; b) the effects of L- and D-arginine on baseline vascular resistance; and c) the

effects of L-giutamine, an inhibitor of intracellular recycling of L-citrulline to L-arginine, on

baseline resistance and on the response to Ach and SNP.

2. LNAME, LNA and ArgSA (6'10-4 M final concentrations) increased baseline

diaphragmatic vascular resistance toa similar extent (28.6±4.2%, 26.7±4.3% and 32.8±4.6%

respectiveIy). LNA and ArgSA reversed the vasodilatory effect of Ach but not of SNP.

3. L- and D-arginine had no effect on vascular resistance.

4. L-glutamine (lO'3M) increased baseline vascular resistance by lO±1.9% (p<O.OS) but

did not alter either Ach or SNP responses.

5. Basal NO release plays a role in the regulation of baseline diaphragmatic vascular

resistance. L-arginine analogues tested potently and specifically inhibited this process.

Moreover, extracelIuIar L-arginine appears to have no effect on baseline diaphragmatic vascular

resistance.

Key Words: EDRF, nitroarginine, argininosuccinic acid, L-arginine, L-giutarnine, blood flow,

respiratory muscles
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INTRODUCTION

Endothelial release of vasodilator substances, including nitric oxide (NO) has been shown

to play a pivotai role in the regulation of blood flow in a number of vascular beds. The

importance of the L-arginine-NO pathway in the regulation of resting vascular tone and as a

mediator of endothelium-dependent vasodilation has been evaluated by observing the effects of

inhibiting nitric oxide synthase activity using L-arginine analogues. The effect of these false

substrates, however, has varied among experimental preparations. Although in the majority of

.;tudies, an increase in baseline vascular resistance and inhibition of endothelium-dependent

dilation have been observed, a few investigators have also described no inhibition of

endothelium-dependent dilation or non-selective inhibition of agonist-induced dilation following

the infusion of L-arginine analogues (Mugge el al., 1991; Thomas et al., 1989). Such discrepant

results obtained in apparently similar experimental preparations indicate that conclusions drawn

from these studies, must be restricted to the vascular bed under study. In addition, L-arginine

analogues have been shown to differ in their potency (Vargas el al., 1991), specificity (Thomas

el al., 1988), reversibility by L-arginine (Bogie el al., 1992), method of endothelial cell entry

(Bogie el al., 1992) and mechanism of action (Gross et al., 1990). Such pharmacologic

differences may, therefore, contribute to the conflicts which currently complicate interpretation

of this literature.

The source of L-arginine on which the endothelial cell depends for substrate in the

synthesis of NO also varies. In sorne isolated vessel preparations (Kaley el al., 1992, Gold el

al., 1989) and in the piat circulation in vivo (Morikawa el al., 1992) availability of exttacellular

L-arginine appears to limit basal NO formation. In other preparations (Fortes el al.• 1990;
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Gardiner et al., 1990; Lahera et al., 1990; Thomas et al., 1989) administration of exogenous

L-arginine has no effect on vascular tone. These vessels presumably depend on intracellular

synthesis of L-arginine and on the recycling of L-citrulline forrned in the process of NO

synthesis (Hecker et al., 1990, Sessa et al., 1990).

Pailure to maintain substrate supply to the diaphragrn in proportion to its metabolic

requirements results in muscle failure (Supinski et al., 1988; Macklem & Roussos, 1977).

Study of the mechanisms by which diaphragrn blood flow is regulated has, therefore, been of

high priority among physicians seeking to develop rational treatrnent strategies for patients with

respiratory failure (Aubier et al., 1989). Since, for the reasons discussed above, the results

obtained from previous studies cannot be extrapolated to the diaphragrn, further progress in this

field requires that the role of the nitric oxide pathway in this circulation be specifically

determined.

We have, therefore, evaluated the role of NO in the regulation of blood flow in the

canine diaphragrn by deterrnini:tg a) the effects of three L-arginine analogues, NG-nitro-L­

arginine methyl ester (LNAME), NG-nitro-L-arginine (LNA) and Argininosuccinic acid (ArgSA)

on baseline vascular resistance and of the latter two agents on endothelium-dependent

(acetylcholine, Ach) and -independent (Sodium nitroprusside, SNP) vasodilation; b) the effects

of L- and D-arginine on baseline vascular resistance; and c) the effects of L-glutamine, an

inhibitor of L-arginine synthesis from L-citrulline (Sessa et al, 1990) on baseline resistance and

un Ach and SNP induced vasodilation.

METHODS
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Animal Preparation: Stùdies were perforrned on mongrel dogs (weight = 27.8 ± 1.27 kg

SD). The animais were anaesth~tized with sodium thiopental (10 mg/kg) followed by a­

chloraiose (60-80 mg/kg). Supplemental doses of a-chloraiose were given as needed to eliminate

the jaw tone but maintain knee reflexes. Ail animais were treated with indomethacin 5mg/kg

to b10ck prostaglandin synthesis. The animais were supine, intubated with cuffed endotracheal

tubes and mechanically vehLllated (tidal volume 15 ml/kg, frequency adjusted to maintain the

arterial PCOz from 38 to 42 mmHg). Supplemental oxygen was supplied through the inspiratory

line and arterial POzmaintained above 100 mmHg. Positive end-expiratory pressure (5 cm HzO)

was applied at the expiratory line. A catheter was placed in the aorta through the right carotid

artery to monitor arterial pressure (P.,,) and another catheter was placed in the right femoral vein

to administer supplemental anaesthetic. Core body temperature was kept constant at

approximately 37' C by a heating pad placed under the animal.

Isolated left hemidiaphragm: In ail animaIs, we used the in-situ, vascularly isolated left

hemidiaphragm preparation previously reported in detail (Hussain etal., 1989). Briefly, through

an abdominal incision, silk sutures were placed 1 cm apart in the left hemidiaphragm to be used

for future reference in adjusting the muscle's resting length. The intercostal vessels and the left

internaI mammary artery were ligated and the lower left ribs were removed. The diaphragm was

divided into two halves and the ribs and cartilages of the lower costal margin were freed and

suspended vertically from metal bars. Resting diaphragm length was adjusted to that in situ

using the reference sutures. The stomach, hver, spleen, and left kidney were retracted to expose

the left phrenic artery. This artery was ligated proximally and a polyethylene catheter (PE 160,
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1.14 mm ID, 1.57 mm OD, 3 cm long) was introduced into the distal portion. A side port in

the catheter was used for measurement of phrenic perfusion pressure (Pphr). The catheter was

connected to an electromagnetic flow probe (Carolina Medical Electronics, 1.91 mm ID) in

order to measure phrenic arterial flow (QPhr). The pressure-flow relationship of the catheter­

probe system was linear over the range of flows in the study with conductance = 2.6

m1/min/mmHg. The other side of the probe was connected to a Y shaped connector, one arm

of which was connected to a catheter in the left femoral artery, thereby allowing the diaphragm

to be perfused with blood diverted from this source. The other arm of the Y was connected via

a constant perfusion pump to a catheter in the right femoral artery. The diaphragm could,

thereby, be pump perfused using a constant flow pump (Cole-Parmer Masterflex No. 7523-00,

head No. 7016-20, No. 16 tubing) with blood from the right femoral artery by clamping the leL

femoral arterial catheter. Drugs were administered to the phrenic circulation through a side port

in the Y connector using a Harvard infusion pump. Ail animais were heparinized after

catheterizing the phrenic artery.

The temperature of the diaphragm was monitored continuously using a temperature probe

flXed to the surface of the isolated hemidiaphragm (Mon-a-therm, Model 6000, Zimmer of

Canada Ltd., Mississauga, Ont.) and maintained between 37.5 and 38.5'C using a heat lamp if

required. At the end of the experiment the animais were exsanguinated and the diaphragm was

dissected free and weighed.

Experimental Protocols:

BaseUne vascu1ar resistlJnce:
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Studies were performed on separate groups of animais, each group (6 animais in each

group) receiving a different inlùbitor of NO release. In each experiment, the left diaphragm was

autoperfused from the left femoral artery for 30 minutes. Following this stabilization period,

pump perfusion was begun, as described above, at the flow rate identical to that recorded during

the period of autoperfusion. The Harvard pump was then used to infuse saline into the phrenic

circulation at a rate equal to 1I100th of the phrenic arterial blood flow. After 20 minutes of

infusion, control measurements of Pan and Pphr were made. The saline syringe was then

removed from the Harvard pump and replaced with one containing one of the following

solutions: NG-nitro-L-arginine (LNA), 6'10.2 M; NG-nitro-L-arginine methyl ester (LNAME),

6'10-2 M; Argininosuccinic acid (ArgSA), 6'10.2 M; L-glutamine, 1O-1M. The test agent was

infused for 20 minutes, at which tirne measurements of Pan and Pphr were repeated. Ali agents,

except LNA, were dissolved in normal saline with correction of pH to 7.4. LNA solution of

6elO·2M was prepared by dissolving LNA in 0.5 ml of IN Hel and 19.5 ml of normal saline.

We then added enough NaOH to correct the pH to 7.4. Infusion of the LNA vehicie elicited

no changes in diaphragmatic vascular resistance.

Response to Ach and SNP

In 3 animais, the dose response curves for Ach and SNP were determined. Increasing

concentrations of these agents were infused into the phrenic circulation, each at 1I100th of the

total phrenic arterial flow rate. The final concentrations found to produce 80% of maximal

vasodilation averaged 1O-5M for Ach and 2ILg/mi for SNP respectively. These concentrations

were then used in the following studies of the effects of the test agents on the responses te these
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vasodilators.

Studies were performed on separate groups of animais (6 per group), each receiving a

different inhibitor of NO release. Following an initial 30 minute stabilization period of

autoperfusion, the diaphragrn was pump-perfused at the same rate as that recorded during

autoperfusion. A dual syringe pump was loaded with two syringes containing saline. Saline

from bath syringes was then infused into the phrenic circulation at a rate equal to 11100th of the

phrenic arterial flow per syringe. After 20 minutes, baseline measurements of Pan and Pphr

were performed. One of the saline syringes was then removed from the pll..Tllp and replaced with

one containing either Ach (lO'3M) or SNP (200 jlg/ml), and infusion was continued at the same

rate. After 20 minutes of simuitaneous infusion of saline and either Ach or SNP, by which time

a steady state vascular resistance had been achieved in ail animais, measurements of Pan and Pphr

were repeated. The second saline syringe was then removed and replaced with a syringe

containing one of the following solutions: LNA, 6'lO'2M; ArgSA, 6'lO'2M, L-glutamine, 10'

1M. After 20 minutes of simultaneous infusion of either Ach or SNP and the test agent,

measurements of Pan and Pph, were repeated.

L-arginine and D-arginine:

In 2 separate groups of animais (6 per group) the left hemi-diaphragrn was autoperfused

for 30 minutes and then pump perfused at the Datural flow rate as described above. The

Harvard pump was subsequently used to infuse saline into the phrenic circulation at a rate equal

to 1/100111 of the phrenic arterial blood flow. After 20 minutes of infusion, control measurements

of ? ut and Pph, were made. The saline syringe was then removed from the Harvard pump and
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replaced with one containing either L-arginine or D-arginine (pH = 7.4) and infusion was

continued at the sarne rate. The initial concentration in the syringe was 0.6.10-1M to yield a final

concentration of 0.6·1O-3M in the phrenic arterial blood. This syringe was replaced sequentially

with syringes containing solutions which yielded final concentrations of 3·1O-3M and 6·1O-3M.

The test agent was infused for 10 minutes at each concentration, at which time repeat

measurements of P.n and Pphr were performed.

Data Analysis:

Results are expressed as mean ± SEM. Two mean comparisons were performed using

two tailed paired t-tests. Comparisons of multiple means were performed using analysis of

variance (ANDVA) corrected for multiple measures when appropriate and artalyzed post-hoc

using the Neuman-Keuls procedure. Differences were deemed significant when p<O.OS.

RESULTS

Elleet on baseline vascular resistance:

Baseline QPhr before LNA, LNAME, ArgSa and L-glutamine infusion averaged 20.8,

26.< , 29.2 and 28.5 ml/lOOg/min, respectively. Figure 1 iIlustrates the mean values of Pphr

measured at baseline and after 20 minutes infusion of these agents. LNAME (6el0"M), LNA

(6e \O""M) and ArgSA (6elO-4M) significantly (p<0.01) increased phrenic vascular resistance

(28.6±4.2%. 26.7±4.3% and 32.8±4.6% respectively compared to baseline), whereas L­

glutamine (l0-3M ) increased vascular resistanee by a statistically significant (p < 0.05) but much

smaller amount (10±1.9 %, figure 1). The increase in phrenic vascular resistance in response
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to ail of these agents reached a steady state level within 10 minutes of the infusion with no

change thereafter. In addition, the pressor response to LNA, LNAME and L-glutamine was weil

maintained and persisted for over 60 minutes after the cessation of infusion. By comparison,

phrenic vascular resistance recovered completely after 20 minutes of the cessation of .l\rgSA

infusion. Figure 2 iIIustrates an example of the changes in phrenic perfusion pressure in

response to 6e lO-4M LNAME infusion. The increase in phrenic vascular resistance plateaued

within 10 minutes of LNAME infusion. Infusion of normal saline into the phrenic artery over

20 minute period elicited no signifieant alterations in phrenic vascular resistanee.

Effeet on response to Aeh and SNP:

Figure 3 iIIustrates the effects of LNA (top), ArgSA (middle) and L-glutamine (botlom)

on the vasodilator response to Aeh and SNP. Infusion of LNA and ArgSA eompletely reversed

the vasodilation induced by Aeh while having no signifieant effect on the SNP response. L­

glutamine had no effee! on the magnitude of vasodilation produced by either Ach or SNP.

Effeet of L-arginine and D-arginine:

Figure 4 presents the values ofPphr during infusion ofL-arginine and D-arginine. Neither

isomer had any effect on diaphragmatie vascular resistance al any of the concentrations tested.

DISCUSSION

The main fmdings of this study are: 1) Infusion of the L-arginine analogues LNA,
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LNAME and ArgSA increased the baseline vascular resistance of the phrenic circulation in vivo.

2) Infusion of LNA or ArgSA attenuated the vasodilatory effect of Ach infusion while having

no effect on vasodilation in response to SNP. 3) L-arginine and D-arginine at physiological pH

have no effect on baseline diaphragmatic vascular resistance. 4) L-glutarnine (lO'3M) increased

baseline vascular resistance but had no effect on either Ach or SNP induced vasodilation.

Basal ND release:

Basal release of EDRF has been detected by bioassay from isolated vessels (Rubanyi et

al., 1985; Kelm & Schrader, 1990). In vivo studies have demonstrated increased baseline

arterial pressure following systemic infusion of L-arginine analogues in rats (Gardiner et al.,

1989), guinea pigs (Aisaka et al., 1989), cats (Bellan et al., 1991) and dogs (Klabunde et al.,

1990). Regionally, treatment with analogues of L-arginine have been found to increase vascular

resistance in isolated rabbit hearts (Lamontagne et al., 1991), rabbit hindlimb (Mugge et al.,

1991) dog hindlimb (White et al., 190~) and human forearm (Vallance et al., 1989). In rat

cremaster muscle, arteriolar vasoconstriction has been demonstrated following light-dye injury

to the endothelium (Koller & Kaley, 1990) and following topical application of L-arginine

analogues (Kaley etai., 1992). Similarly, Persson etai. (1990) have shown LNMMA to reduce

microvascular diameters in rabbit tenuissimus muscle. Consistent with this evidence, we have

found the baseline resistance of the diaphragmatic vasculature to increase significantly following

the administration of L-arginine analogues. This effect could not have been due to suppression

of vasodilatory prostanoid synthesis (Koller et al., 1990) since all animaIs had been pretreated

with indomethacin. These results, therefore, suggest a role for modulation of basal endothelial
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release of NO in the control of resting smooth muscle tone in this vascular bed as weil.

Endothelium-dependent and -independent vasodilation:

The results of slUdies of the role of NO in agonist induced vasodilator responses have

been less consistent !han those conceming its role in regulation of baseline vascular tone. Sorne

slUdies have shown that the in vivo responses to endothelium-dependent agents are selectively

inhibited by treabnent with L-arginine analogues, while responses to endothelium-independent

agents are not significantly decreased (Aisaka et al., 1989; Gold et al., 1989; Gardiner et al.,

1989; Bellan et al., 1991; Kaley et al., 1992; Bellan et al., 1993; White et al., 1993). Other

slUdies, however, have shown either no decrease in responses to endothelium-dependent

vasodilators (Mugge et al., 1991, Ross et al., 1991) or <i. non-selective inhibition of both

endothelium-dependent and -independent vasodilation (Thomas et al., 1989; Klabunde et al.,

1990; ). The degree to which L-arginine analogues are able to inhibit the vasodilation induced

by Ach bas also been variable, prompting sorne authors to propose additional mechanisms of

action for this vasodilator in their preparations (Gold et al., 1989; BeUan et al., 1991; Ross et

al., 1991). The dose and duration of treatment have also been reported to alter the relative

effect of L-arginine analogues on baseline vascular tone in comparison to their effects on the

response to Ach (BeUan et al., 1991). Furthermore, the relative potencies of two of these

agents, LNA and NG-monomethyl-L-arginine (LNMMA), in the in-vivo canine femoral

circulation bas been shown to differ from that predicted from in-vitro studies (Kirkeboen et al. ,

1992). Differences in species, vessel type, agent used, dose and duration of treatment rnay aU,

therefore, contribute to these apparent discrepancies.
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Three L-2rginine analogues were used in the CUITent study. We found that exposure

of the diaphragmatic vasculature to equimolar concentrations of these three analogues increased

baseline vascular resistance to a similar extent. In addition, LNA and ArgSA, in the

concentration used, attenuated the vasodilation induced by Ach but did not increase phrenic

vascular resistance beyond the baseline values. These results indicate that LNA and ArgSA did

not completely reverse Ach-induced vasodilation. Moreover, these findings suggest that in the

indomethacin pretreated canine diaphragmatic circulation, the vasodilation induced by Ach

infusion is mediated partly by augmentation of NO release and that these L-arginine analogues

are specific inhibitors of this effec!. We speculate also that part of the Ach-induced phrenic

vasodilation is mediated by NO-independent mechanisms such as endothelium-derived relaxing

factor (EDRF, Komori and Vanhoutte, 1990). In isolated rat vessels, Ach induces endothelium­

dependent hyperpolarization which partially mediate the vasodilatory effect of Ach (Van de

Voorde et al., 1992).

L-arginine:

Endothelium dependent relaxing factor/NO is synthesized from the guanido nitrogen of

L-arginine and molecular oxygen by the NADPH and calmodulin dependent action of NO

synthase (NOS). Citrulline is a coproduct of this reaction. FMN, FAD, heme and

tetrahydrobiopterin are co-factors (Nathan 1992). Substrate levels adequate to support ongoing

NO synthesis are rnaintained by uptake of extracellular L-arginine and through the synthesis of

L-arginine by a proeess linked to the release of NO (Mitchell et al., 1990a). Endothelial cells

can generate L-arginine from at least two sources. These include the peptidyl L-arginine pool
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which is available through the action of peptidyl arginine deimidase (Thomas & Ramwell, 1988)

and recycling of accumulated L-citrulline to L-arginine through the intermediate formation and

subsequent cleavage of argininosuccinate (Hecker et al., 1990). Intracellular levels of L­

arginine, therefore, nonnally remain high (0.1-1 mM, approximately 30 times the apparent Km

for purified NOS, (Pollock et al., 1991» even during prolonged stimulation of NO release

(Mitchell et al., 1990b).

In isolated vessel preparations, the effect of administration of exogenous L-arginine on

vascular smooth muscle tone bas been variable. In preparations in which vasodilation was

elicited, intracellular L-arginine had been depleted either because of prolonged (> 2hrs)

preparation time (Shini & Vanhoutte, 1991, Sun et al., 1992) or by continuous stimulation of

NO synthesis in arginine free media (Gold et al., 1989). In fresh preparations no effect of L­

arginine is observed (Shini & Vanhoutte, 1991; Sun et al., 1992).

In the majority ofblood perfused tissue preparations (Thomas et al., 1989; Fortes et al.,

1990; Gardiner et al., 1990; Lahera et al., 1990), infusion of L-arginine bas had no effect on

vascular resistance. Nevertheless, in the piat circulation, exogenous L-arginine, but not D­

arginine administration has resulted in vasodilation which is reversible by the topical

administration of LNAME (Morikawa et al., 1992). In the human forearm, furthermore, Panza

et al. (panza et al., 1993) found that infusion of L-arginine, but not D-arginine, enhanced the

vasodilator response to acetylcholine, although such treatment bad no effect on baseline vascular

resistance. The role ofextracellular L-arginine availability as a rate limiting factor in endothelial

NO synthesis under physiological conditions, therefore, varies depending upon the tissue and the

species under study. Our current fiOding that neither arginine isomers significantly altered
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vascular resistance indicates that L-arginine availability does not nonnally limit basal NO release

in the canine diaphragmatic circulation.

L-glutamine:

In cultured endothelial cells, Sessa et al. (Sessa et al., 1990) found that L-gh~:amine

resulted in significant (46.5%) inhibition ofEDRF release as detected by bioassay. The effect

was observed over a concentration range of 0.1 - 2.0 mM, with maximum effect at

concentrations of 0.2 mM and above. L-glutarnine exerted this action through inhibition of

intracellular conversion of L-citrulline to L-arginine. It did not interfere with the conversion of

L-Arg-L-Phe or L-Argsucc to L-arginine nor did it inhibit the uptake of L-arginine into the

endothelial cells. The inhibitory action of L-glutamine on L-citrulline conversion is most likely

effected by allosteric interaction with argininosuccinate synthetase or by competitive interference

due to the structural similarity between these two amino acids.

In the current study we found that L-glutamine, at a final concentration in the perfusing

blood of ImM, produced a small but signifIcant increase in diaphragmatic vascular resistance.

The exact mechanism behind the increase in phrenic vascular resistance after L-glutamine

infusion is not c1ear. Based on the experiments of Sessa et al., one may speculate that L­

glutamine inhibits basal NO release by preventing the conversion of L-citrulline to L-arginine.

However, L-arginine requirements for basal NO synthesis can also be provided through an in..flux

of intracellular L-arginine. Our experiments also indicated that L-glutamine infusion did not

attenuate the vasodilatory response to stimulation of NO release by Ach. These results suggest

that during Ach infusion, intracellular L·arginine concentration may not he suffIciently reduced
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by L-glutamine to influence NOS activity. Alternatively, other sources of L-arginine may

become more important or else conversion of L-citrulline to L-arginine by an as yet unknown

transamination reaction may be activated during stimulation of NO production.

In summary, modulation of basal NO release by the endothelial cell plays an important

role in the regulation of baseline diaphragmatic vascular resistance. Extracellular L-arginine

availability does not appear to be rate limiting in this process. Intracellular recycling of L­

citrulline. however, is likely to be an important source of substrate for this reaction under basal

conditions. The L-arginine analogues, LNA and ArgSA are potent and specifie inhibitors of

basal NO release in the canine phrenic circulation.
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FIGURE LEGENDS:

Figure 1

Change in phrenic arterial perfusion pressure following infusion of NG-nitro-L-arginine methyl

ester (LNAME, 6.Hr'M), NG-nitro-L-arginine (LNA,6.10-4M), argininosuccinic acid (ArgSA,

6·10-4M) and L-glutamine (LGIut, lO-3M). * p<0.05; ** p<O.Ol for the change compared to

baseline perfusion pressure.

Figure 2

A representative tracing of th~ changes in phrenic perfusion pressure in response to 6·10-4M

LNAME.

Figure 3

Effects ofNG-nitro-L-arginine (LNA, 6.10-4M), argininosuccinic acid (ArgSA, 6·lO-4M) and

L-glutamine (LGlut, lOo3M) on the changes in phrenic arterial perfusion pressure during

acetylcholine (Ach, lO-sM) and sodium nitroprusside (SNP, 2 /lg/ml) infusion. *p <0.05

compared with response to vasodilator alone.

Figure 4

Effects of L-arginine and D-arginine on baseline phrenic arterial perfusion pressure.
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ABSTRACT

We studied the effect of W-nitro-L-arginine (L-NA) on reaclive hyperaemia in the

vascularly isolated hemidiaphragm of anaesthetized dogs pretreated with indomethacin. In 9

animais, the diaphragm was autoperfused from the left femoral artery. Phrenic arterial flow was

interrupted for 10-120 s during a control period and after 20 minutes of L-NA infusion (6'10'

4M). Post-occlusive flow and duration of hyperemia during the control period increased

progressively with increasing occlusion duration. Following L-NA infusion, baseline and pOSI­

occlusive flow in response to ail occlusions declined significantly compared with control values.

However, when normalized as %of baseline flow, post-occlusive flow remained similar to that

found during the control period. By comparison, the duration of reactive hyperemia was

significantly shortened by L-NA infusion. In 5 animais, we repeated the same protocol during

pump-perfusion of the diaphragm at a fIXed flow rate. L-NA infusion increased baseline and

post-occlusive phrenic resistance in response to ail occlusion durations, however, post-occlusive

phrenic resistance as %of baseline remained similar to control values. In addition, hyperemia

durations in response to 60 and 120 s occlusions were shortened significantly by L-NA infusion.

We conclude !hat 1) Endothelium derived relaxing factor (EDRF) plays an important IOle in the

regulation of baseline vasomotor tone in the diaphragm 2) Modulation of EDRF release

contributes to the reactive vasodilatory response to transient vascular occlusion in the diaphragm.

Key Words: respiratory muscles, respiration, EDRF, endothelium, vasomotor control,
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INTRODUCTION

Reactive hyperaemia is the vasodilator response to transient vascular occlusion. The

magnitude and duration of vasodilation vary in different vascular beds. The greatest response

is in tissues with high metabolic demands such as the myocardiurn and skeletal muscle. The

response IS modified by tissue temperature (21), intravascular pressure (15) and occlusion

duration (5). These observations have led to the theory !hat the synergistic interaction of

myogenic and metabolic control mechanisms determines the post-occlusive change in vascular

tone (5).

Recently, endotheliurn derived relaxing factors (EDRF) have been recognized as a major

determinant of the changes in vessel diameter in response to changes in blood flow and to a

variety ofchemical mediators (eg: acetylcholine, ATP, ADP, bradykinin, histamine, serotonin,

noradrenaline, thrombin). Since vascular occlusion is accompanied by the most dramatic

fluctuations in flow likely to be encountered under physiologic conditions and since roany of the

proposed mediators of metabolic control also influence EDRF release, it is not surprising !hat

modulation of EDRF release has been proposed as one of the underlying mechanisms (l, 17,20).

Studies of the role of EDRF in reactive hyperaemia, however, have yielded conflicting results.

Chemical de-endothelialization (saponin) in dog hindlimb (17) and. injury of arteriolar

endothelium (light-dye techniques (7» in rat cremasteric muscle have been reponed to reduce

peak post occlusive vasodilation. Inhibition of EDRF synthesis by N°-monomethyl-L-arginine

infusion, in contrast, has not been found to alter peak post-occlusive changes in microvascular

resistance in cat hindlimb muscle (l) nor to affect the increase in arteriolar diameter following

a 15 second occlusion in rat cremaster muscle (20). As a result the role played by the EDRF
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system in reactive hyperaemia remains controversial.

Since the diaphragm contracts rhythmically, ilS vascu1ar bed is regularly exposed to wide

fluctuations in transmural pressure, particularly when the ventilatory load is increased. The

response to transient m:clusion is, therefore, likely to play a more important role in determining

the diaphragm's ability to efficiently match substrate availability to utilization than in other

;,keletal muscles. Il is the goal of this study to determine the effect of inhibition of EDRF

synthesis on the duration and magnitude of the reactive vasodilator response of the diaphragmatic

vasculature in order to further evaluate the role of this pathway in control of diaphragm blood

flow.

METRons

Animal Preparation: Fourteen mongrel dogs weighing 28.7 ± 1.3 kg (SE) were anaesthetized

with sodium thiopental (10 mg/kg) followed by a-chloralose (60-80 mg /kg). Supplemental doses

of a-chloralose were given as needed to eliminate the jaw tone but maintain knee reflexes. The

animals were supine, intubated with a cuffed endotracheal tube and mechanically ventilated (tidal

volume 15 ml/kg, frequency of 15 /min). Supplemental O2 was supplied through the inspiratory

line and arterial P02 maintained above 100 mmHg. Positive end-expiratory pressure (PEEP)

(5 cm) was applied at the expiratory line. A catheter was placed in the aorta via the right

carotid artery to monitor arterial pressure (Pan> and another catheter was placed in the right

femoral vein to adrninister fluids. Core body temperature was kept constant at approximately

37' C by a heating pad placed under the animal.
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Isolated len bemidiapbragm: In aIl animaIs, we used the in-situ "ascularly isolated left

hemidiaphragm preparation developed by Hussain et. al. (4). The completeness of vascular

isolation in !bis preparation was confirmed in previous slUdies (4) by the inability to identify

collateral vessels during Lissamine Green B injection and the absence of response of the

diaphragmatic vasculalUre to systémic epinephrine infusion. The lower six ribs and interspaces

on the left side were exposed by dissecting the abdominal reclUs, external oblique and latissimus

dorsi muscles. Bach interspace was incised (5-10 cm long) and the incision was extended as

near as possible to the origin of the costal diaphragm. Intercostal vessels were then ligateJ and

the ribs were removed. A midline incision was made in the xipbisternal cartilage to expose the

left internai mammary artery, which was then ligated. A lateral abdominal incision was made

just caudal to the inferior margin of the costal diaphragm. This incision extended from the

midline to the inferior margin of the last rib, whicb was cut at the left costophrenic angle. The

two halves of the diaphragrn were divided through a midline incision extending from the

xiphisternal cartilage to the central tendon. The ribs and cartilages of the free costal margin

were secured by silk threads to 3 metal bars, 5 cm long. Bach bar was attached through its

center to a thumbscrew that was attached to a force transducer (Grass model FTlO). To ensure

independent movement of the bars, we severed the interconnecting rib portions. Bach transducer

was mounted on a rack-and-pinion adjustable clamp. These clamps were attached borizontally

to a rigid metal frame surrounding the animal's thorax. To eliminate contraction of the left

diaphragm, we sectioned the left phrenic nerve close to its exit from the diaphragm. Resting

length of each diaphragmatic segment was adjusted to he equal to thal measured upon removing

the ribs. The diaphragm was dissected free and weighed al the end of the experiment.
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Phrenic arterial pressure and Dow measurement: The stomach, liver, spleen, and left Iddney

were retracted through the abdominal incision to expose the left phrenic artery. This artery was

dissected free from the surrounding tissue 4 to 6 cm above the adrenal gland. The proximal part

of the artery was ligated, and a polyethylene catheter (PE 160, 1.14 mm ID. 1.57 mm 00, 3

cm long) was introduced into the distal portion. A side port was placed at the entrance of the

catheter into the phrenic artery for measurement of phrenic perfusion pressure (Pph')' The

catheter was connected to an electromagnetic flow probe (Carolina Medical Electronics. 1.91

mm ID). Phrenic arterial flow measured by the probe was designated as Qph" The other side

of the probe was connected to a lS-cm-long polyethylene tube (4 mm ID, 6 mm 00) which, in

tum, was connected to a Y-shaped connection. One ann of the Y connection was connected to

a catheter in the left femora1 artery so !hat the diaphragm could be autoperfused by diverting

blood flow from the 1eft femoral artery through the catheter-probe system to the left phrenic

artery. The other ann of the Y connection was secured via two three-way stopcocks and an

extension, to a non-pulsatile pump (Cole Palmer Instruments, model 7523-(0) which was used

to pump perfuse the left phrenic artery at a flXed rate with arterial blood from the right femoral

artery. The stopcocks were connected through short polyethylene tubes to two 5-ml syringes

mounted on a constant infusion pump (Harvard Apparatus, model 940) which was used to infuse

vasoactive drug solutions into the phrenic circulation. Ali animais were heparinized after

catheterizing the phrenic artery.

Drugs: To block prostaglandin synthesis, all animais received indomethacin (Sigma Chemicals)

5 mg/kg intravenously, 30 minutes before beginning the experimental protocoJ. Acetylcholine
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chloride (Ach) and sodium nitroprusside (SNP) were dissolved in normal saline to obtain

concentrations of 10-3 M and 200 /-Lg/ml respectively. To înhibit EDRF (nitric oxide) synthesis,

we used an L-arginine analogue, NO-nitro-L-arginine (L-NA) which was dissolved in saline to

obtain a concentration of 6-10-2M. These concentrations refer to the solutions contained in the

5 ml syringes of the Harvard infusion pump. The infusion rate was set at 1I100th of the phrenic

arterial flow rate. The concentrations delivered to the diaphragmatic vasculature, therefore,

represent a 100 fold dilution of these. Phenylephrine was diluted in saline to a concentration

of 0.04 mg/ml and the infusion rate titrated to obtain the desired effect on phrenic vascular

resistance. Ali drugs were obtained from Sigma Chemicals (St. Louis, MO) and fresh stock

solutions were prepared immediately before each experiment.

Experimentai Protocol:

Specificity ofI...NA: We frrst assessed the capacity of L-NA to reverse endothelium-dependent

(Ach-induced, n=6) and endothelium-independent (SNP-induced, n=4) vasodilation in this

preparation. Following a 30-minute stabilization period during which the left diaphragm was

autoperfused through the femoral arterial catheter, the diaphragm was then pump-perfused (Cole

Parmer) at the flow rate recorded during the previous period of autoperfusion. Two 5-ml

syringes containing saline were placed in the infusion pump and the pump speed was set at

ilHlOth of the phrenic arterial flow. After 5 minutes, in four animais, one of these syringes was

replaced with a syringe containing SNP (200 /-Lg/ml). After 4 minutes of SNP infusion, when

Pphr had stabilized, the second saline syringe was replaced with one containing L-NA (6-\0,2 M)

and the SNP was also continued. Infusions were stopped after 20 minutes. In six animaIs, this
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protocol was performed with Ach infusion (10-3 M) instead of SNP infusion.

Effect of L-NA on reactive hyperaemia: In 9 mimais the effect of L-NA on the reactive

hyperaemic response was assessed during autoperfusion at the natural flow rate with Pph, fixed

by the anirnals systemic blood pressure. Phrenic arterial flow was interrupted for 10, 20, 30,

60 and 120 s by c1amping the femoral arterial catheter. Occlusion periods were separated by

five minutes and the order of presentation of the occlusions was randomized.

In 5 animais the diaphragm was then pump-perfused at a flow rate identical to the

autoperfusion rate so that the reactive hyperaemic response could be assessed under conditions

of constant flow. Occlusions were performed by simultaneously occluding the phrenic arterial

catheter (distal to the Y connector) and opening the femoral arterial clamp so as to divert the

right femoral arterial blood delivered by the Cole Palmer pump from the left phrenic artery to

the left femoral artery. This was done so that when the phrenic arterial occlusion was released

flow was immediately reestablished at its preocclusion rate. Occlusions were maintained for 10,

20,30,60 and 120 s separated by 5 minutes and were performed in random order. The vascular

responses to occlusions performed before L-NA infusion under conditions of constant pressure

(autoperfusion) and constant flow (pump perfusion) were designated as the control responses.

We next assessed the effect of L-NA on the reactive hyperaemic response. With phrenic

arterial flow still being provided by the Cole Parrner pump, saline was infused into the phrenic

circulation using the infusion pump at a rate equal to 1I100mof the phrenic arterial flow for 3

minUt\lS. One of the saline syringes was then replaced with a syringe containing L-NA (6'10-2

M) and infused for 20 minutes. It was unnecessary to continue L-NA infusion beyond this
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because its effect is long lasting (see below).

In 5 animaIs, phrenic arterial occlusions were then performed during pump perfusion as

described above for the control group. Pump perfusion was then stopped and a 10-minute

stabilization period during which the diaphragm was autoperfused was a1lowed. In all 9 animais

the phrenic arterial occlusions during autoperfusion were then repeated.

Arterial blood gases were measured immediately following the stabilization periods of

autoperfusion before and after L-NA infusion.

Effect of ohenyleohrine on reactive hyperaemia: To determine the effect of changing

baseline vascular resistance on reactive hyperaemia, we studied the effect of phenylephrine in

4 animaIs. Phrenic arterial occlusions (10, 20, 30, 60 and 120 s) were performed during

aatoperfusion as described above. Phenylephrine was infused into the phrenic artery using the

Harvard pump at a rate which resulted in a reduction in phrenic arterial flow approximately

comparable to that observed in the L-NA group (42% of baseline, see below). The phrenic

arterial occlusions were then repeated.

Data analysis: Baseline QPhr and Pphr were measured before each occlusion period. The

diaphragmatic vascular resistance (R.1~ calculated as the ratio of driving pressure to flow

(PPm/QPh') was measured prior to the occlusions (baseline), at the point of maximum post­

occlusive QPh' during autoperfusion, and at the point ofminimum post-occlusive Pphr during pump

perfusion. The minimum post-occlusion R.1i during both auto and pump-perfusion was then

expressed as % of the baseline value. The duration of the reactive vasodilation was measured
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as the time from the release of the arterial occlusion to the retum to baseline QPh' (autoperfusion)

or Pphr (pump perfusion). The reactive hyperaemic volume for each occlusion period was

calculated as the time integral of QPh' ( S Qph,'dt) above the baseline QPhr during autoperfusion.

AlI data are presented as mean ± SE. Comparison between and within interventions

were performed by analysis of variance (ANOVA). Differences \Vere further evaluated by the

Student-Newman-Keuls test. P < 0.05 or less were considered significant.

RESULTS

Arterial pH, paz, and PCOz averaged 7.34 ± 0.03, 128.0 ± 12.7 mmHg and 35.9 ±

4.31 mmHg respectively during the control period and were unchanged following L-NA

infusion.

Ach and SNP infusion: Baseline mean Plit' Pphl' and Qphr were 165.0 ± 9.4 mmHg, 195.8 ±

21.6 mmHg and 26.6 ± 3.2 ml/l00g/min, respectively. Ach infusion reduced Pph' by 80.0 ±

14.1 mmHg (P<0.01 compared with baseline). When L-NA was added, Pphr increased above

the baseline value by 15.0+7.3 mmHg. By comparison, SNP infusion reduced Pph, by 71.6 ±

9.2 mmHg (P<0.01). When L-NA was infused along with SNP, PPhr remained lower than

baseline values by 62.5 ± 9.8 mmHg which was not different than that observed before L-NA

infusion. Accordingly, infusion of L-NA reversed Ach-induced vasodilation completely,

whereas SNP-induced vasodilation was not significantly affected.

Effect of L-NA on reactive hyoeraernia:

Autoperfusion: Control: Baseline mean Put, mean PPhr' Qphr and R.ti before the 10 s occlusion

• were 153.0 ± 4.9 mmHg, 152.7 ± 5.3 mmHg, 19.8 ± 1.7 ml/100g/min and 8.1 ± 0.6
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mmHg/ml/lOOg/min, respectively. Peak post-occlusive Qphr in response to 10, 20, 30, 60 and

120 s occlusions increased to 31.9+2.8, 32.2+2.7, 33.7+3.1, 40.2+3.6 and 50.3+3.0

ml/lOOg/min, respectively. Dnly after 60 and 120 s occlusions did peak post-occlusive Qphr

increase higher than after 10 s occlusion (P<0.05, 0.01, respectively). Figure 1 (top)

illustrates the minimum R.,; (as % of baseline) following the arterial occlusions. Thirty, 60 and

120 s occlusions induced greater reductions in R.ii compared with that measured after 10 s

occlusion (P < 0.05). Increasing the duration of occlusion pro,duced a progressive increase in

reactive hyperemia duration reaching a mean value of 62.0 ± 6.4 s in response to 120 s

occlusion (figure 1 middle). Reactive hyperemic volume also increased with increasing

occlusion duration (figure 1 bottom).

Post L-NA infusion: Baseline values of mean Pan' Pph" QPhr and R.ii measured before the 10 s

occlusion averaged 154.0 ± 6.5 mmHg, 155.6 ± 9.2 mmHg, 8.0 ± LI ml/lOOg/min and 23.3

± 3.9 mmHg/ml/lOOg/min. L-NA infusion reduced baseline QPhr significantly to 42 %ofcontrol

values (P<0.01), however, transient increases in t10w still occurred after the occlusions with

peak post-occlusive QPhr after 10, 20, 30, 60 and 120 s occlusions averaging 12.6+2.2,

17.8+4.4, 19.3+5.1, 24.1+6.3 and 27.1+6.1 ml/100g/min, respectively. After L-NA

infusion, post-occlusive QPhr in response to any given occlusion duration was significantly lower

than the control values. However, when minimum R.ii is expressed as % of the baseline value

(figure 1 top), the post-occlusive dilation post L-NA were not significantly different from the

control period. Reactive hyperaemia duration and volume during the L-NA period rose with

increasing higher occlusion durations but were always lower than those measured during the

control pcriod (figure 1 midd1e and bottom).
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Pump perfusion:Control: Baseline values of mean Par.' Pphr, QPhr and R.Ji averaged 159.0 ± 6.5

mmHg, 183.4 ± 28.3 mmHg, 21.0 ± 2.1 rnI/l00g/min and 9.0 ± 1.3 mmHg/ml/l00g/min.

Pphr transiently fell following all occlusions. Minimal Pphr following the 10, 20, 30, 60 and 120

s occlusions averaged 145.2+18.9, 142.0+ 17.9, 138.4+ 18.3, 132.7.±.17.0 and 112.0±15.0

mmHg, respectively. Minimal R.Ji (as %of baseline) declined witll increasing occlusion duration

reaching 57.2 ± 3.8% after 120 s occlusion. Increasing occlusion durations also resulted in a

progressive rise in reactive hyperemia duration reaching 85.6 ± 9.8 s in response to 120 s

occlusion (P<0.05 compared with 10 s occlusion, figure 2 bottom).

Post~NA infusion: Baseline values ofmean Pan' Pphr> QPhr and R.Ji measured before 10 second

occlusion averaged 160.2 ± 12.8 mmHg, 276.2 ± 17.7 mmHg, 21.0 ± 2.1 and 14.0 ± 1.9

mmHg/rnl/l00g/min, respectively. Vascular resistance still declined and hyperemia duration still

increased after ail occlusions. Minimal Pphr in response to 10, 20, 30, 60 and 120 s occlusions

averaged 209.8 ± 19.6, 216.0+21.6, 210.0+20.2, 180.0+20.5 and 150.0+29.5 mmHg,

respectively. Occlusion durations longer than 30 s produced a progressive decline in minimal

Rm reaching 47.2% of baseline after I:!O s occlusion (figure 2 top). At any given occlusion

duration, minimal R.Ji (as % of baseline) during the L-NA period was not different from control

(figure 2 top). By comparison, the duration of reactive vasodilation which followed 60 and 120

s occlusions were shorter than those measured in the control period (P < 0.05, figure 2, bottom).

Effect of phenylephrine on reactive hyperaemia:

Phenylephrine infusion increased baseline R.Ji from 9.5 ± 2 te 30.6 ± 2.2

mmHg/rnl/l00g/min. The effect of phenylephrine lasted a significant period of time with
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baseline R.ti being unchanged (29.5 ± 3 mrnHg/ml/IOOg/min) 10 minutes after discontinuation

of the infusion. The effects of increasing baseline R.ti by infusing phenylephrine on the post­

occlusion vasodilation are shown in figure 3. At any given occlusion duration following

phenylephrine infusion, minimal R.t; (as %of baseline) was smaller than control values but the

duration of reactive hyperaemia was unaffected (figure 3).

DISCUSSION

The main fmdings of this study are:

1) L-NA inhibits endothelium-dependent but not endothelium-independent vasodilation in the

diaphragm. 2) L-NA infusion resulted in a significant increase in baseline diaphragmatic vascular

resistance. 3) L-NA decreased peak reactive flow during autoperfusion or minimum post­

occlusion perfusion pressure during pump perfusion. The reduction in the peak vasodilation was

in proportion to the change in baseline vascular resistance. 4) L-NA reduced the duration of the

reactive vasodilation at all occlusion durations during autoperfusion and for occlusion durations

above 30 s during pump perfusion.

Critique:

The aortic pressures recorded during the cUrrent studies were higher than are generally

observed in anaesthetized dogs. We attribute this to the choice of anaesthetic; our dogs were

anesthetized with a-chloralose instead of the more commonly used barbiturates. Borgdorf et al.

(2) have commented on a similar difference in aortic pressure between these two agents in cats.

We found phrenic perfusion pressure to be higher during pump perfusion than during

autoperfusion. In the cat hindlimb, a switeh from autoperfusion to pump perfusion has been

shown to be associated with a fall in vascular resistance (2). Following treatment with
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indomethacin, however, pump perfusion resulted in an increase in resistance (2) suggesting the

release of a non-prostaglandin vasoconstrictor substance. Since the animais in our current study

were pretreated with indomethacin, the increase in resistance during pump perfusion may

represent a similar phenomenon. Another possibility is that basal EDRF release is reduced

during pump perfusion as a result of elimination of the shear stress fluctuations which

accompany pulsatile flow.

Comparison with phenylephrine: It is difficult to predict the effect of increased baseline

vascular tone on the response to transient occlusion. On one hand, if the same vasoconstrictor

influence were active in the post-occlusion period as under baseline conditions, one might expect

a reduction in the peak response in proportion to the change in baseline resistance. On the other

hand, a vessel with a smaller initial diameter would demonstrate a greater post-occlusive

response !han one beginning from a larger diameter if the reactive vasodilation was near

maximum or if the relationship between vascular smooth muscle tension and vessel diameter

were curvilinear. Increasing the baseline vascular resistance with phenylephrine reduced the

peak change in R..ii' The increase in baseline R..ii, by inhibition of baseline EDRF release may,

therefore, have accounted for sorne of the effect of L-NA. During phenylephrine infusion,

however, minimum R..ii (as % of baseline) was lower !han the control value at ail occlusion

durations (figure 3). By comparison, minimum R.ti (% of baseline) observed in response to ail

occlusion durations was not influenced by L-NA infusion (figures 1 and 2). Therefore, inhibition

of EDRF release appears to have altered the peak response, since, if L-NA had no effect other

!han increasing baseline vascular tone, a greater degree of vasodilation would he expecled.
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One might reasonably expect the change in baseline resistance to alter the duratioil of the

reactive vasodilation as weil. Since the peak response is smaller, the time to recover should be

shorter. Altematively, if the main factor determining the duration is the metabolic state of the

muscle, a longer duration might be expected in order to compensate for the smaller magnitude

of the vasodilation. In fact, the most striking difference between the effects of phenylephrine

and L-NA was the complete lack of effect of phenylephrine on the duration of the post-occlusive

vasodilation. The time required for retum of vascular tone foilowing occlusion is apparentiy not

influenced by the baseline condition of the vessels.

Role of basal EDRF release: L-NA is known to inhibit the EDRF pathway by competitive

inhibition of the formation of nitric oxide (NO) from the guanido nitrogen moiety of L-arginine

(14). In addition, L-NA is more potent!han N-monomethyl-L-arginine (L-NMMA) and its effect

is not completely reversed by L-arginine (11,12). This high potency and poor reversibility bas

been attributed to a high affinity of L-NA for the NO-synthase and to the fact that the

nitroguanidino moiety of L-NA renders it more hydrophobic, therefore more likely to be taken

up and "trapped" than L-arginine (12). L-NA does not reduce nitroglycerine or nitroprusside

induced vasc~i1ation, therefore, direct interference at points in the pathway distal to soluble

guanylate cyclase have been excluded. In the current study, L-NA infusion into the phrenic

artery produced a significant inhibition of EDRF-dependent dilation (Ach) but not of EDRF­

independent dilation (SNP), supporting a similar effect in the diaphragmatic circulation as in

these other models.

Basal release of NO in the isolated heart preparation bas recentiy been documented (6).
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In the skeletal muscles, there is indirect evidence supporting a role for EDRF in the regulation

of basal vascular tone. For instance, Koller et al. (7) found vasoconstriction in rat cremasteric

muscle following light-dye injury to the endothelium. Vallance et al. (19) found decreased blood

flow in the human forearm following intravascular infusion of NMMA and Persson et al. (16)

have shown NMMA to reduce microvascular diameters in rabbit tenuissimus muscle. Consistent

with this evidence, we have found the baseline resistance of the diaphragmatic vasculature to

increase significantly during both autoperfusion and during perfusion at constant flow suggesting

a role for modulation of basal EDRF synthesis in the control of resting smooth muscle tone in

this vascular bed as weil.

EDRF in reactive hvperaemia: Assessments of the importance of the endothelium in reactive

hyperaemia in skeletal muscle have varied depending on the preparation and the method used

to impair the production of endothelium derived mediators. Sagach and Tkachenko (17)

attempted to selectively inhibit endothelium dependent relaxation in the dog femoral artery by

injection of saponin. This sigl'ificantly reduced the peak flow following the release of arterial

occlusions of 5 to 120 s duration. In rat cremaster muscle, Wolin et al. (20), found no change

in the reactive increase in arteriolar diameter in response to a 15 s occlusion following trealment

with NMMA and hydroquinone. Bjornberg et al. (1) have commented that blockade of EDRF

synthesis with NMMA did not alter reactive hyperaemia in the cat hindlimb but did not provide

data to support this conclusion. KoIler and Kaley (9) produced endothelial injury in rat

cremasteric muscle arterioles by light-dye techniques. This resulted in a marked attenuation of

the post-occlusion increase in arteriolar diameter. In contrast, baseline arteriolar diameter



•

•

264

decreased only slightly and the increase in arteriolar diameter during occlusion was unchanged.

They concluded that the peak response is a function of an initial myogenic vasodilation followed

by further endothelium-dependent flow-sensitive dilation (8).

In the diaphragmatic circulation we found that L-NA reduced the peak reactive

vasodilation to a greater extent than could be accounted for by its effect on baseline vascular

resistance. In agreement with the fmdings of Koller and Kaley (9), our results support a role

for f10w sensitive vasodilation in generating the peak reactive vasodilation. When f10w is

unrestricted (autoperfusion), vasodilation is accompanied by increased f10w and shear stress.

When f10w is fixed (pump perfusion) vasodilation results in a reduction in blood velocity (and

vessel wall shear stress). If the peak vasodilation is, in part, dependent upon vasodilator factors

released in response to high f10w or shear stress, the magnitude of the reactive response should

be smaller under conditions of fIXed f1ow. This was indeed the case (compare figures 1 and 2).

The role of the endothelium in determining the duration of post-occlusive vasodilation

has not been extensively evaluated. Koller and Kaley (9) have reported that, after endothelial

injury, the duration of the hyperaetnic response is decreased at short (20 s) but not at longer (80

s) occlusion durations. They proposed that, following the initial vasodilation, normal vascular

tone is restored under the influence of metabolic factors which act ~.dependent of the

endothelium and which are of increasing importance as the duration of the preceding occlusion

is increased. This interpretation is compatible with previous observations. Johnson et al. (5)

found that the increase in reactive hyperaemic volume with increasing occlusion duration is more

dependent on the rise in duration than in the degree of vasodilation suggesting that the duration

of the hyperaemia is related to the degree to which the tissue is deprived of nutrients during the
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occlusion. Sirnilarly, Bjornberg et al. (1) found that changing arteriolar transmural pressure

without interrupting flow could reproduce the vasodilator response to occlusions of up to 30 s.

They concluded !hat myogenic mechanisms predominate in the response to brief occlusions but

that for longer occlusions metabolic factors mUGt play a l'ole.

Despite fairly wide acceptance of this explanation, no specific metabolite, has yet been

identified to which mediation of reactive hyperaemia may be clearly ascribed. O2 tension has

been shown to influence peak post-occlusive flowand the duration of reactive vasodilation (l8).

A l'ole for the direct effe~ts of CO2, H+ and other byproducts of anaerobic metabolism on

vascular smooth muscle bas also been proposed (l0). Fina11y, adenosine, possibly through

effects on prostaglandin release (3,13), and prostaglandins thernselves, have also been implicated

as mediators of reactive hyperaemia. Blockade of these pathways by theophylline (3) or

indomethacin (22), respectively, has been shown to attenuate the magnitude and duration of post­

occlusive vasodilation in sorne preparations.

We found !hat inhibition of EDRF release in the diaphragrnatic vasculature decreases the

duration of post-occlusion hyperaernia at aIl occlusion durations during autoperfusion and at

longer occlusion durations (greater !han 30 s) during purnp perfusion. The finding that the effect

of L-NA was less pronounced when flow was maintained constant suggests !hat flow sensitive

EDRF release may play a l'ole in determining the durat.on of the response. L-NA shortened the

reactive vasodilation for long occlusions even when flow was fixed. EDRF, therefüre, appears

to be involved in aspects of reactive hyperemia widely considered to be detemlined by factors

of metabolic origin. This raises the possibility !hat sorne of the vascular changes which

accompany alteration of the metabolic state of the muscle are mediated indirectly through
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modulation of endogenous nitric oxide synthesis.
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FIGURE LEGENDS

Fig. 1 top: Minimum phrenic vascular resistance (% of baseline) following phrenic anerial

occlusions during autoperfusion. Post L-NA, refers to minimum post-occlusion resistance

following NG-nitro-L-arginine infusion.

Middle: Ouration of the reactive vasodilation in response to phrenic anerial occlusions

during autoperfusion. Note the significant effect of L-NA on hyperemia duration.

Bottom: Reactive hyperemic volume (area above the flow-time curve above baseline flow)

in response to phrenic anerial occlusions during autoperfusion.

Fig 2. Top: Minimum phrenic vascular resistance (% baseline resistance) following phrenic

anerial occlusions during pump perfusion. Post L-NA, refers to minimum post-occlusion

resistance following NG-nitro-L-arginine infusion.

Bottom: Ouration of reactive vasodilation in response to phrenic anerial occlusions during

pump perfusion. Note the significant shonening of hyperemia in response to L-NA

infusion.

Fig.3 Top: Minimum phrenic vascular resistance (% of baseline) following phrenic arterial

occlusion during the control period and after phenlyephrine infusion.

Bottom: Ouration of reactive hyperemia in response to phrenic arterial occlusions during

the control period and after phenylephrine infusion.
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Effeet of Inhibition of Nitric Oxide Release on the Diaphragmatic Oxygen
Delivery-Consumption Relationship
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ABSTRACT

Purpose: in the vascularly isolaled resting and contracting (3 Hz) canine hemidiaphragm, we

tested the hypothesis that IÙtriC oxide (NO) is an important regulator of diaphragmatic O2

extraction. Methods: the effect of intra-arterial infusion of an NO-synthase inhibitor, N'·-nitro­

L-argiIÙne (LNA), on the critical O2delivery (Q02di,c) below which O2consumption becomes

dependent on O2supply was assessed in two groups of animais in which either saline or LNA

(6'104 M) was infused into the phreIÙc artery over 20 minutes. The diaphragm was then

perfused either by left femoral arterial blood (autoperfusion) or by pump perfusion with blood

from the femoral artery. Q02di was reduced by stepwise haemorrhage in the autoperfusion

groups and by reducing the pump rate in the pump perfusion groups. Results: During

autoperfusion, Q02di,c in the saline and LNA treated groups were notdifferent (0.88±0.15 and

0.98±0.12 ml/min/l00g, respectively) for the resting diaphragm. Critical Oz extraction ratios

were notdifferent (64.5±9.9 and 67.8±6.4%, respectively). In the saline group, QOzdi,c during

3 Hz stimulation was 5.03±O.9 ml/min/l00g. In the LNA group, diaphragm '1ow was lower

than the saline group and no critical Oz delivery was found. In the pump-perfused contracting

diaphragm, QOzdi,c in both groups did not differ (3.1±O.5 and 4.05±O.65 ml/min/l00g

respectively). O2 extraction ratios at these Oz deliveries were different (63.3±5.2% and

77.4±4.3%, respectively). However, NO-synthase inhibition had no effect on maximum

diaphragmatic Oz extraction ratio. Conclusions: these results indicate that NO release is an

important modulator of the tone of diaphragmatic resistance vessels but it does not appear to

regulate the processes by which Oz extraction is enhanced to compensate for decreas~d Oz

delivery.
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INTRODUCTION:

According to the metabolic theory of blood flow regulation, compensation for decreased

oxygen delivery involves progressive recruitment of vessels as a result of differential sensitivity

to metabolic mediators of vasodilation (6). Initially, an increase in capillary density serves to

improve O2 extraction. Worsening tissue oxygenation is associated with dilation of upstream

resistance and conductance vessels to augment tissue blood flow. Recently, modulation of

endothelial synthesis of nitric oxide (NO) has emerged as one of the most important mechanisms

by which resistance and conductance vessel tone is regulated (14,4). As such, NO release is

important in the coupling of oxygen delivery to metabolic rate in highly aerobic tissues which

depend mainly on increasing blood flow to meet increases in O2 demand. For example,

inhibition of endothelium dependent vasodilation in the rabbi! hindlimb is associated with a shift

in tissue P02 toward lower values (22) and a reduction in hindlimb oxygen consumption (23).

In the myocardium, analogues of the NO precursor, L-arginine, have been found to reduce O2

,consumption and increase lactate production (24) and to alter the relationship between

myocardial O2 uptake and coronary flow (34). It is not known, however, whether or not

modulation of endogenous NO synthesis also contributes to the regulation of capillary flow and,

thereby, plays a part in determining the limits of oxygen extraction.

The respiratory muscles are also highly aerobic and are obliged to continu.:: to contract

rhythmically under clinical conditions associated with reduced O2 delivery. Since these mô.lscles

are responsible for the maintenance of oxygen availability to the entire body, the mecbanisms

responsible for maintaining their O2 supply in proportion to demand are central to survival. In

the diaphragmatic circulation, inhibition of NO synthesis bas been shown to attenuate both active
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and reactivc hyperaemic responses (36,12). These findings support a role for NO pathway in

matching diaphragmatic O2 delivery to its metabolic requirements. As with other tissues,

however, the degree to which NO release participates in the normal \?'Ù1ancement of 0,

extraction in response to tissue hypoxia is unknown. We postulated that endogenous NO release

may enhance O2 extraction by reducing the heterogeneity of blood flow within the diaphragm,

attenuating arteriovenous and diffusional shunts and preventing microvascular plugging. The goal

of this study, therefore, is to test the hypothesis that NO release is an important regulator of

diaphragmatic O2 extraction. To achieve this goal, we conslrUcted the relationship between

diaphragmatic O2 delivery and O2 consumption in two groups of animais; nonnal (saline

infusion) and a second group in which diaphragmatic NO synthesis was inhibited by an L­

arginine analogue. Under nonnal conditions, when O2 delivery to a certain organ declines, O2

consumption remains constant as a result of an increase in tissue O2 extraction. At a certain O2

delivery, the increase in O2 extraction can no longer maintain tissue O2 uptake constant and

hence further reduction in O2 delivery will result in limitation of O2 consumption. We reasoned

that if endogenous NO synthesis is an important modulator of diaphragmatic O2 extraction, then

inhibition of NO synthesis will reduce critical diaphragrnatic O2 delivery resulting in an abnonnal

dependence of O2 consumption on blood flow. We used two methods to reduce diaphragmatic

O2 delivery. Firstly, we lowered perfusion pressure by stepwise hemorrhage. This method allows

normal physiological processes such as autoregulation to occur. On the other hand, the release

of catecholamines in response to systemic hypotension rnay interfere with the intrinsic ability of

the diaphragm to extract O2, To avoid this particular problem, we reduced diaphragmatic O2

delivery locally by pump-perfusing the phrenic artery with arterial blood. By adjusting the rate
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of the pump, we were able to match the exact values of diaphragmatic O2 deiivery in nonnal and

NO synthesis-inhibited group. On the other hand, pump-perfusion have several disadvantages

such as reducing the ability of the tissues to autoregulate local blood flow in relation to

metabolic demands. Moreover, pump-perfusion is usually associated with a relatively high

capillary pressure which may result in tissue edema which, in turn, may influence capillary flow

and O2 extraction.

Finally, to assess whether or not elevation of phrenic vascular resistance per se after NO

synthase inhibition had any effect on the ability of the diaphragm to extract O2, we studied the

relationship between diaphragrnatic O2 delivery and O2 consumption in a separate group of

animais in which phrenic vascular resistance was raised by infusing a-adrenergic agonist

(phenylephrine).

METHOns:

Animal Preparation: Studies were perfonned in 34 mongrel dogs (average weight 29.2 kg,

range 25 to 31 kg) which were anaesthetized with sodium thiopental (10 mg/kg) followed by a­

chloralose (60-80 mg/kg). Supplemental doses of a-chioraIose were given as needed to eliminate

jaw tone but maintain knee reflexes. To block prostaglandin synthesis, aIl animaIs received

indomethacin (Sigma ChemicaIs) 5 mg/kg intravenously. The animais were supine, intubated

with a cuffed endotracheal tube and mechanicaIly ventilated (tidal volume 15 ml/kg, frequency

adjusted to maintain arterial PC02 between 38 and 42 mmHg). Supplemental O2 was supplied

tbrough the inspiratory line and arterial P02 maintained above 100 mmHg. Positive end­

expiratory pressure (PEEP, 5 cmH20) was applied at the expiratory line. A catheter was placed
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in the aorta via the Tight carotiâ artery to monitor arterial pressure (P:uJ and another catheter was

placed in the right femoral vein to administer fluids. Core body temperature was kept constant

at approximately 370 C by a heating pad placed under the animal.

Isolated left hemidiaphragm: The left hemidiaphragm was vascularly isolated as reported

previously (12). Briefly, the intercostal vessels and the left internai manunary artery were

ligated and the lower left ribs were removed. Through an abdominal incision, the two halves

of the diaphragm were divided. The ribs and cartilages of the free costal margin were secured

by silk threads to 3 metal bars attached through their centres to force transducers (Grass model

FTI0). To ensure independent movement of the bars, we severed the interconnecting ribs. The

stomach, Iiver, spleen, and left kidney were retracted to expose the left phrenic artery. This

artery was Iigated proximally and a polyethylene catheter (PE 160, 1.14 mm ID, 1.57 mm on,

3 cm long) was introduced into the distal portion. Phrenic arterial perfusion pressure (Pphr) was

measured from a side port in this catheter. The catheter was connected to an electromagnetic

f10w probe (Carolina Medical Electronics, 1.91 mm ID). The pressure-flow relationship of the

catheter-probe system was linear over the range of flows in the study with conductance = 2.6

ml/min/mmHg. Phrenic arterial flow measured by the probe was designated as Qphr. The other

side of the probe was connected to a Y shaped connector, one arm of which was connected to

a catheter in the left femoral artery, thereby allowing the diaphragm to be perfused with blood

f10w diverted this source. The other arm of the Y was connected via a constant perfusion pump

to a catheter in the right femoral artery. The diapbragm could thereby be pump perfused using

a constant flow pump (Cole-Parmer Masterflex No. 7523-00, head No. 7016-20, No. 16 tubing)
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with blood from the right femoral artery by clamping the left femoral arterial catheter. Drugs

were administered to the phrenic circulation through a side port in the Y connector. Ali animais

were heparinized after catheterizing the phrcnic artery.

To sample phrenic venous blood. a polyethylene catheter (PE280, 2.15 mm ID, 3.25 mm

OD) was introduced into the left inferior phrenic vein through the left femoral vein and secured

by a silk suture through the central tendon. The venous blood was collected in a container and

reinfused thrOl1gh the femoral venous line.

The temperature of the diaphragm was monitored continuously using a temperature probe

fixed to its surface (Mon-a-therm. Model 6000, Zimmer of Canada Ltd.• Mississauga, Ont.) and

maintained between 37.5 and 38.S'C using a heat lamp. At the end of the experiment the

animais were exsanguinated and the diaphragm was dissected free and weighed.

Phrenic nene stimulation: Bipolar electrodes were placed around the left phrenic nerve close

to its exit from the diaphragm. The electrodes were connected through an isolation unit (Grass

SIUS) to a stimulator (Grass S48). Maximum stimulation of the left diaphragm was achieved

by delivering a single stimulus (0.2 ms duration) with progressively increasing voltage. The

voltage output was then set 2 volts higher than the last voltage found to produce an increment

in diaphragm tension. During contraction periods, the left phrenic nerve was stimulated

continuously at 3 Hz for 3 minutes.

Oxvgen DeJiverv and Con!i"mption Mepm....n,.mts: phrenic arterial and venous blood Oz

contents (CaOz. CvOz.di. respectively) were measured with a co-oximeter (Instrumentation
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Laboratory IL·182). Ca02 was multiplied by QPhr to obtain the O2 delivery to the left

hemidiaphragm (Q02di). The oxygen consumption of the left hemidiaphragm (V02,di) was

calculated as the product of the phrenic arteriovenous O2 content difference (Ca-Cv)02,di and

Qphr' Ali values were normalized for tissue weight.

Experimental Protocol: FoIIowing a 30 minute stabilization period during which the left

diaphragm was autoperfused from the left femoral anery, pump perfusion was begun, as

described above, at the flow rate recorded during the previous period of autoperfusion. Using

a Harvard infusion pump, either saline or a 6'10,2 M solution of NG-nitro-L-arginine (LNA) was

infused into the phrenic circulation at a rate equal to 111QOm of the phrenic anerial flow as

described above for 20 minutes. The infusion was then stopped and the diaphragm either

autoperfused or pump perfused with arterial blood according the protocols described below. In

a separate group, phenylephrine was infused into the phrenic artery at a rate adequate enough

to increase phrenic vascular resistance by a similar magnitude to that elicited by LNA infusion

(approximately 30% of base1ine values). The diaphragm was pump-perfused throughout the

experiment in this group and the infusion rate ofphenyleph:ine was adjusted during the reduction

in phrenic flow (see below).

Group 1; autoperfusion: This group consisted of 14 dogs, 7 saline and 7 LNA treated

animais. Pump perfusion was discontinued and autoperfusion of the diaphragm from the left

femoral artery was re-established. Pphr and QPhr were recorded and anerial and phrenic venous

blood samples were drawn. Stepwise haemorrhage was then begun by withdrawing blood in SO
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to 100 ml aliquot from the right femoral arterial line. Haemorrhage was continued untii the

animal could no longer maintain a stable blood pressure. This resuited in the performance of

8 to 10 stages of haemorrhage in each animal. After steady state was reached at each stage, Pphr

and Qphr were again recorded and arterial and phrenic venous blood samples drawn. The phrenic

nerve was then stimulated as described above and the measurements were repeated at the end

of the contraction period at each stage.

Group 2; Pump Perfusion: This group consisted of 20 dogs, 6 saline, 8 LNA and 6

phenylephrine treated animais. The diaphragm was pump perfused with arterial blood from the

right femoral artery at the flow rate recorded during the initial period of autoperfusion. Pphr and

QPhr were recorded and arterial and phrenic venous blood samples were drawn. The perfusion

rate, and thereby, diaphragmatic Oz delivery, was then reduced in a stepwise fashion resulting

in 9 to 12 approximately equal decrements in flow, the fmal stage representing the lowest

possible pump flow setting. The exact number of stages and magnitude of the decrements in

each animal depended on the initial flow rate. After steady state was reached at each stage, Pphr

and QPhr were again recorded and arterial and phrenic venous blood samples drawn. The phrenic

nerve was then stirnulated as described above and the measurements were repeated at the end

of the contraction period at each stage.

Data Analvsis: The diaphragmatic Oz delivery at which VOzdi (resting ~nd contracting) became

supply dependent was calculated for each animal. ln those caS1=S in which a biphasic

relationship between O2 delivery and Oz consumption could be clearly identified the critical Oz
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the diaphragmatic O2 delivery was plotted on the x axis against the corresponding O2

consumption on the y axis. The data were sorted as O2 delivery and O2 consumption pairs with

increasing O2 delivery. An possible regression lines were then calculatcd as the data was

grouped pair by pair ioto high and low O2 delivery subsets. The pair of lines which resulted in

the smallest sum of squared residuals was used in further calculations. The critical O2 delivery

was then deterrnined by solving the equations describing the regression iines for the values of

these variables at the point of intersection (31).

The critical O2 extraction ratios at the point of onset of delivery dependence of V02di

(resting and contracting) were calculated as the ratios of the respective phrenic arteriovenous O2

content differences to the arterial O2 content when the critical point corresponded to a direct

measurement of O2 delivery. When this was not the case, the critical extraction ratio was

estimated by linear interpolation using values measured during the two stages bracketing the

point of critical O2 delivery. The O2 extraction ratios for the diaphragm (resting and contracting)

were calculated as the ratios of the respective arteriovenous O2 content differences to the arterial

O2 content during the initial and rmal stages of each experiment. The maximum O2 extraction

ratio was taken as the highest which was recorded.

Differences among mean values for the resting and contracting diaphragmatic variables

were evaluated using one way analysis of variance (ANOVA). If the ANOVA revealed

significant (p < 0.05) differences among the means, the differences between individual means

were tested post-hoc using the Student Nl'wman Keuls procedure. P values less than 0.05 were

considered significant. Ali values are reported as means ± SEM.
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RESULTS:

Autoperfusion: Figures 1 and 2 illustrate the relationships between O2 delivery and O2

consumption for the resting and contracting diaphragm in each animal. In the saline infused

group (figure 1), a critical O2delivery could be identified for both the resting and contracting

diaphragm in ail animais. In the LNA infused group, a "critical point" could be identified only

in the resting diaphragm and the Q02di at this point was not significandy different from that in

the saline infused group. In contrast, in the contracting diaphragm, ail animais in which LNA

was infused into the phrenic circulation, demonstrated dependence of V02di on Q02di over the

entire range of blood flows recorded (figure 2).

Tables 1 and 2 present the mean values for QPhr> Pphr> Q02di, V02di, extraction ratio,

phrenic venous P02 and the generated tension (contracting diaphragm only) recorded initially,

:it the "critical point" below which V02di became depend(;nt on Q02di and during the final stage

of the experiment for each group. The initial Q02di in the LNA treated group was similar to

the critical Q02di in the saline infused group.

The maximum recorded extraction ratios for the resting diaphragm were 77.4±4.0%and

74.0±8.4% in the saline and LNA treated groups, respectively. For the contacting diaphragm

the maximum extraction ratios were 94.1±2.2% and 88.4±5.5% in the saline and LNA infused

groups, respectively. Differences between saline and LNA treated groups were not significant.

Pump Perfusion: No critical point could be identified for the resting muscle during pump

perfusion, following either saline or LNA infusion (figures 3 & 4). In the contracting

diaphragm, 5 out of 6 animais in the saline infused group (fig'1re 3) and 5 out (lf 8 animais in
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the LNA infused group (figure 4) demonstrated a biphasic QO,di - VO,di relationship.

Tables 3 and 4 present the mean values for Qp,," Pph" QO,di, VO,di, extraction ratio,

phrenic venous PO, and the generated tension (contracting diaphragm only) recorded initially,

at the "critical point" below which V02di became dependent on QO,di and during the final stage

of the experiment for each group. In the contracting diaphragm, the VO,di and the extraction

ratio at the point of onset of delivery dependence of VO,di was higher in the LNA treated group

than in the saline group (Table 4). The critical QO,di for the two groups were not different.

The maximum recorded extraction ratios for the resting diaphragm were 59.2±7.2% and

71.2±5.1 % in the saline and LNA treated groups respectively. For the contacting diaphragm

the maximum extraction ratios were 89.9±5.1 % and 91.9±1.8% in the saline and LNA infused

groups respectively. Differences between saline and LNA treated groups were not significant.

By design, phrenic vascll\ar resistance at rest and during 3Hz stimulation of the phrenic

nerve was increased by 30% of the saline value after phenylephrine infusion. The initial values

for Qph" Pph" Q02di, V02di, and extractioll ratio of the resting diaphragm after phenylephrine

infusion averaged 42.1±3.0 ml/l00g/min, 350.0±!2.2 mmHg, 8.2±3.1 ml/l00g/min,

0.23±0.13 ml/l00g/min and 2.8±1.8%, respectively. Like the saline and LNA groups, no

critical point could he identified for the resting muscle during pump perfusion following

phenylephrine infusion, however, a biphasic relationship between Q02di and V02di was found

in ail animals during 3Hz stimulation. The initial values for QPh" Pph" Q02di, VO,di, and

extraction ratio of the contracting diaphragm after phenylephrine infusion averaged 42.1 ±3.0

ml/lOOg/min, 266.7±6.8 mmHg (P<O.OI), 8.2±3.1 ml/l00g/min (P<O.OI), 5.1±0.5

m1I100g/min (P<O.05) and 63.5±8.6% (P<0.05 compared with the saline group). In addition
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to increasing the critical Q02di (6.l6±0.42 mlllOOg/min, P<O.05 compared with saline),

phenylephrine infusion increased V02di (5.4±O.35 ml/1OOg/min, P<O.05) and extraction ratio

(87.8±1.2 %, P<O.05) at the critical Q02di. Maximum extraction ratio (94.9±6.l %),

however, was not different from the saline group. Diaphragmatic tension in response to 3Hz

stimulation after phenylephrine infusion was not different from that of the saline group.

DISCUSSION:

The main fmdings of this study are: 1) Inhibition of endogenous NO synthesis in the

autoperfused and pump-perfused diaphragm increased resting vascular resistance resulting in a

decrease in tlow and an increase in perfusion pressure, respective1y. 2) Inhibition of NO

release attenuated the active vasodilator response to 3 Hz stimulation in both the autoperfused

and pump perfused diaphragm. 3) The c:itical diaphragmatic O2delivery of the autoperfused

resting diaphragm or the pump perfused contracting (3 Hz) diaphragm was not affected by NO

inhibition. 4) Uniike NG inhibition, increasing phrenic vascular resistanee of the contracting

diaphragm by an a-adrenergic agonist (phenylephrine) resulted L, a significant increase in critical

diaphragmatic O2 delivery durlng pump perfusion. 5) The maximum extraction ratio in the

autoperfused and pump perfused diaphragm, resting or contracting, was not intluenced by NO

inhibition or a-adrenergic stimulation..

Critique:

It cao be argued that the procedure of isolating the left hernidiaphragm may induce astate

of hypoperfusion of the diaphragm and consequently leads to an abnormal dependence of
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diaphragmatic O2 uptake on O2 delivery especially in the autoperfused groups. However, we

believe that the diaphragm is adequately perfused in our preparation because diaphragmatic blood

flow and O2 uptake for the resting diaphragm are comparable to those measured in the intact

diaphragm. Moreover, the values of critical diaphragmatic O2 delivery in the autoperfused

resting diaphragm in the saline group were similar to those measured in limb muscles (30,2)

In addition, the initial O2 supply-independence of diaphragmatic O2 uptake in the resting and

contracting diaphragms indieate that initial diaphragm O2 uptake was not limited by the blood

flow. Finally, measurements of phrenic venous-arterial lactate differences (data not show:l)

indicate that lactate production by the resting and contracting diaphragms was negligible at initial

values of blood flow and O2 delivery. Ooly when O2 delivery was reduced below the critical

values did lactate production by the diaphragm increase. Inspite of these evidence, we must

emphasize that our results applies ooly to thL condition of isolated diaphragm preparation.

LNA has been shown to competitively inhibit the synthesis of NO from the guanido

nitrogen moiety of L-arginine (18). LNA inhibits the activity of bath the constitutive form of

NO synthase which is present in endothelial cells and the cytokine inducible form present in

endothelial and smooth muscle cells (32). L-NA does not reduce nitroglyceri'le or nitroprusside

induced va~odilation (18), therefore, direct interference at points in the pathway distal to soluble

guanylate cyclase have been excluded. In a previous study (12), we have demonstrated that 1­

NA infusion into the phrenic artery produced significant inhibition of endothelium dependent

vasodilation (acerjlcholine) but not of endothelium independent vasodilation (Sodium

nitroprusside), supporting a sirnilar effect in the diaphragmatic circulation as in these other

models. Following LNA administration according to the prot0Col employed in the current study,
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inhibition of endothelium dependent vasodilation persists for at least 2 hours (36,12).

ln sorne preparations, prostaglandins have been found to participate in reactive

hyperaemia (16) exercise hyperaemia (l0), and the vasodilation which accompanies increase~ in

blood f10w velocity (15). ln addition, the fact that pump perfusion interferes with normal

autoregulation in the cat hind limb and this effect is reversed by indomethacin (1) suggests that

variations in prostaglandin release may enhance differences between pump and autoperfused

groups. Furtbermore, in cultured endothelial cells prostacyclin and NO release are coupled (19)

and a vascular L'lteraction between these mediators, similar to their synergistic effect on platelet

activation (26), ct\nnot he excluded. We, therefore, chose to avoid these confounding effects

by pretreatment of Jl1 animais with indomethacin.

Although it would be preferable to study spontaneous diaphragrnatic contraction,

variations in respiratory drive related to anaesthesia and changes in arterial pressure result in

unpredictable fluctuations in diaphragrnatic Oz demand. We, therefore, chose to increase VOzdi

by stimulating the phrenic nerve at a constant frequency (3 Hz) in order ta maintain Oz demands

as constant as possible throughout the experimental protoco\. The VOzdi values measured during

3 Hz stimulation in the current study are comparable to those reported to during increased

activation of the diaphragm by moderate inspiratory resistive loading in spontaneously breathing

dogs (28,29,27). Higher frequencies of stimulation result in the generation ofhigh intrarnuscular

pressure which limit blood flow during muscle contraction and are associated with a rapid

decline in tension as a result of diaphragmatic fatigue (11). Using 3 Hz stimulation frequency,

we observed no decline in tension until the fmal stage of the experiments.
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NO and blood flow regulation

Infusion of LNA into the phrenic artery resulted in a significant increase in baseline

vascular resistance as reflected by a decrease in Qphr in the autoperfused groups and an increase

in Pphr compared to the saline treated group when the diaphragm was pump perfused. In

addition, the decrease in diaphragmatic vascular resistance in response to 3 Hz stimulation was

lower in the LNA treated groups than in those treated with saline. These findings are

compatible with previous data showing increased baseline vascular tone following infusion of

L-arginine analogues (36,35,3) and the continuous basal release of nitric oxide by direct

spectrophotometric measurement (33). In addition to removal of the vasodilator influence of

basal NO release, treatment with LNA may have altered the response of the diaphragmatic

circulation in two other ways. First, inhibition of NO release may have enhanced the availability

and effects of neurally-released catecholamines (5,17). Second, NO inhibition may have

unmasked intrinsic myogenic vasoconstriction (24,5). According to lhis hypothesis, shear stress­

induced dilation and myogenic constriction interact as two opposing positive feedback

mechanisms to regulate resistance vessel tone. The removal of one of these Tenders vascular

tone unstable due to the progressively enhanced effects of the opposing mechanism (8).

Under conditions of constant pressure perfusion (autoperfusion) the change in vascular

resistance resulting from inhibition of NO synthesis placed the contracting diaphragm on the

descending 1imb of its' Oz delivery-eonsumption relationship. This indicates that modulation of

nitric oxide release is an important mechanism by which diaphragmatic resistance vessel tone

is adjusted in response to increases in metabolic rate .
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NO and Oz uptake

Intraarterial infusion of NO inhibitors has been shown in several preparations to reduce

Oz uptake (22,23,24,34). This reduction is due, in part, to inhibition of resistance vessel

dilation response to increased metabolic activity (12). Oxygen availability, however, is also

regulated at the level of the terminal arterioles governing capillary flow. In the models proposed

by Granger (6), differential sensitivity to metabolic mediators of vasodilation among

microvessels of differing diameter results initially in an increase in capillary density and an

improvement in extraction ratio in response to hypoxia with upstream resistance vessels being

recruited later on. Both recruitrnent of unperfused capillaries and intraregional redistribution

of capillary flow are possible mechanisms by which alterations in terminal arteriolar tone may

modify oxygen extraction (25,9). In a study of arteriolar diameters in the rabbit tenuissimus

muscle, Persson et al. (20,21) found that superfusion with NG-monomethyl-L-arginine reduced

terminal arteriolar diameter in the resting muscle. This treatrnent did not, however, affect the

post contraction vasodilation of the terminal arterioles. They, therefore, concluded that

modulation of NO synthesis does not contribute to the metabolic regulation of terminal arteriolar

tone in that preparation. Oxygen extraction during muscle contraction was not evaluated in these

studies.

In the current study, we found that, during autoperfusion, the critical diaphragmatic Oz

delivery and extraction ratio were unaffected by treatrnent with LNA in the resting muscle as

were the maximum Oz extraction ratios under both resting and contracting conditions. During

pump perfusion the critical oxygen extraction ratio was, if anything, higher in the LNA treated

group, the Oz uptake of the contracting muscle became delivery limited at the same QOzdi as
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was observed in the saline infused animaIs and the maximum oxygen extraction ratio was

unaffected. These fmdings, therefore, support the assertion that NO does not play a role in

metabolic vasodilation of the terminal arterioles governing flow through nutritive capillaries.

In the pump perfused contracting diaphragm, the V02di initially and at the onstt of

delivery dependence of O2 uptake were higher in the LNA infused group than in the saline

infused group despite the fact that similar diaphragmatic tensions were generated (table 4).

Several factors may have altered the relationship between tension and O2 uptake. A difference

between the two groups in the magnitude and velocity of shortening cannot be excluded since

these parameters were not measured. Another possible explanation is !hat the phrenic artery

perfusion pressure at a given value of O2 delivery was higher in the LNA treated group and this

may have increased the intemal work load which the muscle must overcome during contraction

(7). In addition to a higher V02di, however, the critical O2 extraction ratio observed in the

LNA treated group was also higher than in the saline group. This could occur only if the slope

of the relationship between O2 delivery and uptake were increased and indicates !hat inhibition

of nitric oxide synthesis enhanced O2 extraction.

This fmding raises the possibility !hat the regulation of flow through nutritive and non­

nutritive capillaries may involve different mechanisms. The existence of !WO populations of

capillaries differing anatomically and functionally bas been demonstrated. In rat skeletal muscle,

Potter and Groom (25) identified a population of long, low velocity capillaries with diameters

clustered around 5.5 /Lm and a smaller population of shorter capillaries with a modal diameter

of 7.5 /Lm. Subsequently, Harrison (9) calculated !hat, despite their smaller numbers, the large

diameter (high flow) capillaries, which contribute little to gas exchange, may carry up te 71 %
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of the total muscle blood flow. Since redistribution of nutritive and non-nutritive flow in

response to a metabolic stimulus (13) requires directionally opposite changes in tone of the

tenninal arterioles governing flow through these two types of capillaries, differential controi

mechanisms must be proposed. Higher flow through the non-nutritive channels may be

associated with higher basal NO rel::ase. Modulation of NO concentrations may, therefore, be

an important mechanism by which non-nutritive flow is controlled whereas the vasoactive effects

of other metabolic byproducts may predominate in regulating flow through nutritive capillaries.

If this were the case, inhibition of NO synthesis would be expected to result in vasoconstriction

predominantly of the non-nutritive channels. An increase in bulk flow would, then, he

accompanied by a relatively greater increase in exchange vessel perfusion and O2 extraction

would be higher. Further studies are indicated to substantiate this hypothesis.
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AUTOPERFUSION

RESTING

Saline: Initial (n=7)

Critical (n=7)

Final (n=7)

LNA: Initial (n=7)

Critical (n=7)

Final (n=7)

Qphr

ml/min/IOOg

25.0±3.6

4.6±O.O

2.62±0.8

8.42±1.9'

5.30±0.8

2.1±0.4

Pphr

mmHg

151.7±13

55.0±2.9

34.2±3.3

153±5

90±15'

40±3.4

QO,di

mllmin/lOOg

4.74±1.l

0.88±0.15

0.46±0.13

1.49±0.39'

0.98±0.12

0.35±0.06

VO,di

ml/min/100g

0.26±0.08

0.58±0.16

O.34±0.08

0.18±0.04

0.68±0.1O

0.26±0.05

ER

%

5.5±1.6

64.5±9.9

77.4±4.0

13.6±2.2'

67.8±6.4

74.0±8.4

PvO,di

mmHg

67.7±6.4

33.2±2.1

29.8±3.3

60.5±3.3

37.6±4.1

31.0±1.8

Qphr, phrenic arterial flow; pphr, phrenic arterial pressure; Q02di, diaphragmatic O2delivery; VO,di, d:2phragmatic O2consumption;

ER, D, extraction ratio; Pv02di, phrenic venous O2 tension. * significantly different (p < 0.05) from saline infused group.
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Saline: Initial (n=7)

Critica! (n=7)

Final (n=7)

LNA: Initial (n=7)

Final (n=7)

Qphr

ml/min/l00g

42.S±4.S

2S.1±3.3

6.32±1.7

29.0±7.0*

4.8±1.2

pphr

mmHg

ISl.7±13

10S.0±7.1

34.2±3.3

IS2.S±S.O

40±3.6

Q02di

ml/min/l00g

8.25±1.6

S.03±O.9

l.OS±O.3

4.9±1.2*

0.88±0.12

V02di

ml/min/l00g

4.64±0.77

4.08±0.78

0.94±O.28

3.3±0.9S

0.76±0.2

ERdi

%

S7.6±2.4

81.7±4.3

92.0±2.4

69.1±4.6*

87.4±S.S

Pv02di

mmHg

34.6±3.2

23.9±1.9

21.7±2.1

27.4±2.S*

20.1±3.2

Tension

g

84H2

81±IS

35±8

87±15

36±9

Qphr, phrenic arterial f1ow; PPhr, phrenic arterial pressure; Q02di, diaphragmatic O2delivery; V02di, diaphragmatic O2consumption;

ER, O2extraction ratio; Pv02di, phrenic venous O2 tension. * significantly different (p < 0.05) from saline infused group.
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Qphr

mi/mini1OOg

Pphr

rnrnHg

Q02di V02di

ml/minllOOg ml/minllOOg

ER

%

PvO,di

mmHg

Saline:

LNA:

Initial (n=6)

Final (n=6)

Initial (n=8)

Final (n=8)

22.3±3.1

4.24±0055

24.0±2.7

4.56±O.76

167±21

3205H2

293H9*

44.S±S.7

4.1±0.4

0.75±O.12

5.1±O.6

0.S6±O.1O

0.24±0.05

O.44±O.09

O.19±0.OS

0.61±O.OS

5.S±1.l

59.2±7.2

3.6±1.3

71.2±5.1

76.0±4.2

34.4±2.3

90±9.4

34.S±4.0

Qphr, phrenic arterial flow; PPhr, phrenic arterial pressure; Q02di, diaphragmatic O2 delivery; V02di, diaphragmatic O2 consumption;

ER. O2extraction ratio; Pv02di, phrenic venous O2 tension. * significantly different (p < 0.05) from saline infused group.
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Saline: Initial (n=6)

Critical (n=5)

Final (n=6)

LNA: Initial (n= 8)

Critical (n=5)

Final (n=8)

Qphr

ml/minll00g

22.3±3.1

15.5±1.8

4.24±0.55

24.0±2.7

18.6±2.7

4.56±0.76

Pphr

mmHg

120±1O.6

81.0±9.5

9.2±0.8

151±14*

109±8*

26.1±4.3*

QOzdi

ml/minll00g

4.1±0.4

3.1±0.5

0.75±0.12

5.1±0.6

4.05±0.65

0.86±0.10

VOzdi

ml/minll00g

2.11±0.30

1.92±0.25

0.63±0.11

3.26±0.26*

3.1±0.5*

0.79±0.09

ERdi

%

50.2±2.0

63.3±5.2

83.7±4.1

65.0±4.6*

77.4±4.3*

91.4±3.7

PvOzdi

mmHg

33.8±1.3

28.4±2.1

21.4±2.8

31.1±3.2

27.8±2.0

18.7±2.6

Tension

g

73±7

79±6

34±8

82±l1

87±12

46±8

Qphr, phrenic arterial flow; Pphr, phrenic arterial pressure; QOzdi, diaphragmatic Oz delivery; VOzdi, diaphragmatic Oz consumption;

ER, O2 extraction ratio; Pv02di, phrenic venous Oz tension. * significantly different (p < 0.05) from saline infused group.
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FIGURE LEGENDS

Figure 1.

Individual oxygen delivery-consumption relationships for the autoperfused, resting (Rest) and

contracting (3Hz) diaphragm following infusion of saline into the phrenic artery.

Figure 2.

Individual oxygen delivery-consumption relationships for the autoperfused, resting (kest) and

contracting (3Hz) diaphragm following infusion of NG-nitro-L-arginine into the phrenic artery.

Figure 3.

Individual oxygen delivery-consumption relationships for the pump perfused, resting (Rest) and

contracting (3Hz) following infusion of saline into the phrenic artery.

Figure 4.

Individual oxygen delivery-consumption relationships for the pump perfused, resting (Rest) and

contracting (3Hz) diaphragm following infusion of NG-nitro-L-arginine into the phrenic artery.
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• Pump Perfusion, Saline infused
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Pump Perfusion, LNA infused
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SlImmary and Conclusions

The studies presented in this thesis evaluate the processes by which the respiratorj

muscles perform the work of ventilation and by which the metabolic substrates required for this

work are supplied. These mechanisms determine the role which failure of the respiratory

muscles to sustain their work load plays in the development of respiratory failure. In chapter

two, a model of chest wall function is presented. This model represents an advance over

previous conceptualizations in that it recognizes the rib cage as a system comprised of two

mechanically linked but anatomically and functionally distinct units. Within the framework of

this model, and relying on the mathematical analysis to which it gives rise, the strength of the

mechanical linkage between rib cage compartrnents and the separate actions of the respiratory

muscles was determined in humans. The mechanicallinkage between pulmonary (upper, lung

apposed) and abdominal (lower, abdomen apposed) rib cage compartrnents was found to be

stronger than had been predicted from animal studies. During quiet breathing, the force

resulting from rib cage muscle contraction, and the force exerted on the pulmonary rib cage as

a result of displacement of the abdominal rib cage contributed approximately equally to the

pressure inflating the lungs. These findings indicate that the interaction between rib cage

compartments is important and suggest a new mechanism by which alterations of ehest wall

function may contribute to the pathophysiology of respiratory failure. For example, processes

which interfere with transmission of intraabdominal pressure to the abdominal rib cage (eg:

pneumothorax, pleural effusion, hyperinflation) or which alter the interaction between the rib

cage compartments (eg: trauma, ankylosis) may reduce the capacity of the chest wall to convert

respiratory muscle contraction into ventilation of the lungs.
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Another factor which influences the manner in which the respiratory muscles interact with

each other is their pattern of neural activation. In chapter three, a study on the effect of

activation of small fiber phrenic afferents on minute ventilation, ventilatory timing and the

pattern of recruitment of the respiratory muscles is discussed. These fibers, activated by

mechanical deformation and by the chemical byproducts of muscular metabolism transmit neural

impulses arising in the diaphragm to the respiratory centres of the brain. They are, therefore,

weil situated to mediate reflex adjustments in the distribution of motor output among the

respiratory muscles. Electrical activation of these fibers in spontaneously breathing dogs was

found to stimulate ventilation through both an increase in respiratory frequency and tidal volume.

The increase in breathing frequency was associated with a preferential reduction in expiratory

time. The effect on respiratory muscle activity was inhomogeneous. Of the muscles active in

inspiration, the increase in activity of the genioglossus muscle was much greater !han that

observed in the diaphragm, rib cage muscles or alae nasi. Of the muscles active in expiration,

transversus abdominis activity increased greatly whereas triangularis sterni activity remained

virtually unchanged. These changes suggest a role for reflexes involving phrenic small afferent

fibers in redistributing the ventilatory load among respiratory muscle groups. In addition the

pattern of activation and the effects on ventilatory timing suggest that these reflexes may provide

a mechanism by which diaphragm length and velocity of shortening may be optimized to enhance

muscular efficiency.

In chapter 4, IWO studies are discussed. In the f1r5t of these studies the effect of

increasing blood flow independent of oxygen delivery on diaphragm fatigue is evaluated. The

rate of development of fatigue was dependent on the tlow rate per se. Therefore, although the
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maintenance of diaphragm oxygen delivery is necessary to sustain a given level of metabolic

activity, blood flow itself is an important factor in maintaining diaphragm contractility. In the

second study, the dependence ofdiaphragm oxygen consumption on oxygen delivety is explored.

The critical level of diaphragm oxygen delivery, at which oxygen uptake becomes supply

dependent was the same for the resting diaphragm as for the average of the non-diaphragmatic

tissues. In the contracting diaphragm, however, this point is reached at a far higher systemic

oxygen delivery than for the other tissues. These fmdings suggest that the respiratory muscles,

because their continued rhythmic contraction is obligatory, May be particularly sensitive to

reductions in systemic oxygen delivery. This provides an explanation for the observation that

respiratory failure develops early in shock states, before dysfunction of other tissues becomes

life limiting.

In Chapter 5 the results of three studies are reported. The goal of these studies is to

determine the role which endothelial nitric oxide release plays in regulating diaphragmatic blood

flow and oxygen uptake. Nitric oxide release was inhibited in the diaphragmatic circulation by

infusion of NG-nitro-L-arginine. This treatment was found to increase baseline diaphragmatic

vascular resistance. It also reduced the magnitude and duration of the reactive vasodilatory

response to transient phrenic arterial occlusion. In the contracting diaphragm, inhibition ofnitric

oxide release increased the uptake of oxygen at a given oxygen delivery. That is, the extraction

of oxygen was increased. This enhancement of oxygen extraction was also noted at the point

of onset of delivery dependence of diaphragmatic oxygen consumption. These fmdings indicate

an important raIe for the endothelial nitric oxide pathway in regulating basal diaphragmatic blood

flow and suggest that it may Mediate, in part, the vascular responses to metabolic stimuli.
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Claims of OriginaIity

Chapter 2

The study presented in this chapter represents an original application of a new model of chest

wall mechanics to the nnalysis of chest wall motion in spontaneously breathing humans. In

contrast to previous models this analysis incorporates a two compartment, flexible rib cage. The

new knowledge added to the literature by the work comprising this chapter includes the

following points:

1) The strength of the mechanical linkage between the upper (pulmonary) and lower

(abdominal) rib cages in humans is greater than has previously been recognized and has been

predicted by previous animal studies.

2) The relationship between degree of chest wall distortion and the force tending to restore

the relaxation configuration of the chest wall is curvilinear. This means that the increment in

restoring force for a given increase in distortion increases progressively with increasing degree

of distortion.

3) As a result of the strength of mechanicallinkage between pulmonary and abdominal rib

cages, small distortions represent significant contributions to the pressure inflating the upper rib

cage and lungs.

4) The analysis presented allows, for the frrst time, calculation of the contribution of the

pressure generated by the rib cage muscles to inflation of the respiratory system. During

spontaneous breathing in normal subjects, the pressure resulting from rib cage distortion and that

generated by the rib cage muscles contribute equally to the total pressure required to inflate the

lung and the puImonary rib cage.
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The analysis developed in this chapter permits the transdiaphragmatic pressure to be

•

partitioned between insertional and non-insertional components. In normal subjects during quiet

breathing, the insertional component of the transdiaphragmatic pressure is significant, comprising

40% of the total pressure across the diaphragm.

Chapter 3

The following new fmdings were contributed to the literature as a result of the work

presented in this chapter:

1) Reflex interactions between the diaphragm and ribcage muscles, abdominal muscles and

upper airway muscles exist and are mediated by small fibre afferents travelling in the phrenic

nerve.

2) The increase in inspiratory muscle activity evoked by phrenic afferent stimulation is not

homogeneous. While activation of the diaphragm, parasternal intercostal and alae nasi muscles

increases to approximately the same extent, the genioglossus muscle is disproport10nately

recruited. This may be an important for protection of patency of the upper airway during

intenSe diaphragmatic contraction.

3) The increases in expiratory muscle activation by phrenic afferent stimulation is aIso

differentially distributed. Specifically. there is dissociation between the effects on the rib cage

and abdominal expiratory muscles. Triangularis sterni activity is unaffected by phrenic afferent

stimulation while the transversus abdominis is strongly recruited. This differentiaI activation

pattern rnay play a role in protecting the mechanical advantage of the diaphragm.
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Chapter 4

The work included in this chapter contributes the following the new knowledge to the literature:

1) Increasing diaphragm blood flow retards development of diaphragmatic fatigue induced

by interrni~ent submaximal contractions. This effect results from the increase in blood flow

itself and is independent of alteration~ in diaphragmatic oxygen delivery.

2) At a level of activity resulting in a diaphragmatic oxygen consumption comparable to that

observed during the application of moderate resistive loads, the critical systemic O2 delivery for

the diaphragm is higher than that for the rest of the body.

3) Critical diaphragmatic O2 delivery and the critical O2 extraction ratio for the resting

diaphragm did not differ from those of the non-diaphragmatic tissues. These values increase

levels above those for the non-diaphragmatic tissues during stimulated diaphragmatic contraction.

Chapter 5

The studies in this chapter evaluate the role of nitric oxide in regulation of diaphragmatic

blood flow and oxygen transport. The new knowledge contributed by the studies comprising this

chapter includes:

1) Inhibition of nitric oxide synthesis by infusion of the L-arginine analogues increases the

baseline vascular resistance of the phrenic circulation in vivo.

2) Infusion of L-arginine and D-arginine at physiological pH have no effect on baseline

diaphragmatic vascular resistanee. This indicates that basal nitric oxide formation in the

diaphragmatic vasculature is not limited by the availability of extracellular L-arginine.
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4) Infusion of L-glutamine into the diaphragmatic circulation increases baseline vascular

resistance. This suggests an important roll' for the intracellular recycling of L-citrulline as a

source of L-arginine in the basal synthesis of nitric oxide in this vascular bed.

5) Inhibition of nitric oxide synthesis decreases the maximum change in diaphragmatic

resistance and the duration of the vasodilation which follows transient occlusion of phrenic

arterial blood tlow. This finding suggests a roll' for nitric oxide in the metabolic regulation of

blood tlow in this vascular bed.

6) In the contracting diaphragm, nitric oxide inhibition increases the oxygen consumption

and the oxygen extraction ratio at the critical point at which oxygen consumption becomes

dependent on oxygen delivery. This suggeslS a role for the nitric oxide pathway in reguiating

oxygen delivery al the level of the intrarnuscular vasculature.

7) The critical diaphragmatic oxygen delivery and the maximum oxygen extraction ratio of

the diaphragm are not affected by inhibition of nitric oxide synthesis.




