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ABSTRACT

This thesis addresses the role of diaphragmatic
afferents in the regulation of breathing. The activation of
diaphragmatic thin-fiber afferents by bradykinin, a
physiclogical substance produced during muscle contraction,
caused a stimulation and a redistribution of inspiratory
motor drive, and a decrease in inspiratory time. These
afferents are also involved in the regulation of airway
smooth muscle tone, since tracheal tension and lung
resistance decreased during electrical activation of the
phrenic nerve, To wmimic in vive activation of
mechanoreceptive afferents, phrenic nerve stimulation was
performed during inspiration or expiration. Similar
increases in inspiratory motor drive and respiratory timing
occurred during inspiratory and expiratory phrenic
stimulation. In addition, vagal input potentiated the
stimulatory effect of inspiratory phrenic, but not tibial,
nerve activation. Prolonged activation of diaphragmatic
thin-fiber afferents by isc. 2mia caused inspiratory motor
drive to increase and then decrease to baseline values.
These findings indicate either a depletion of
neurotransmitter substance within afferent pathways, or the
development of central inhibition of ventilatory drive. 1In
summary, diaphragmatic thin-fiber afferent activity is an

important modulating influence in the control of breathing.



11
RESUME

Cette thése traite du roéle des afférents diaphragmatiques

dans la régulation de 1la respiration. L'activation de ces
fibres minces par la bradykinine, une substance physiologique
produite durant 1la contraction musculaire, a provoqué une
stimulation et un redistribution de 1'influx moteur
inspiratoire, et un diminution de la durée de l'inspiration.
Ces afférents sont aussi impliqués dans la régulation du tonus
des mnmuscles lisses des voies respiratoires, car la tension
trachéale et la résistance pulmonaire s'amoindrissent lors de le
stimulation électrique du nerf phrénique. Afin de simuler in
vivo la stimulation des afférents mécanorécepteurs, le nerf
phrénique fut stimulé durant l'inspiration ou l'expiration. Des
hausses similaires dans la pulsion motrice inspiratoire et dans
la durée respiratoire, se sont produites lors de la stimulation
phrénique & l'inspiration et a l'expiration. Toutefois, la
vagotomie a attenué quelques unes de ces variations, indiquant
gque l'influx vagal potentialise la stimulation de l'impulsion
ventilatoire causée par 1ltactivité phrénique afférente.
L'activation prolongée des fibres minces afférentes du
diaphragme par une ischémie, a causé une augmentation de
1'influx moteur inspiratoire avant que celui-ci ne revienne 3
ses valeurs de base, indiguant une possible diminution de la
substance neurotransmettrice au sein des voies afférentes. En
résumé&, l'activité des fibres minces diaphragmatiques afférentes

est un important agent modulateur influengant le contrdle de la

respiration.
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PREFACE

This thesis is divided into six chapters. Chapter 1 is
a review of past and current 1literature regarding
diaphragmatic and limb muscle afferent fibers. Chapters 2-6
are original papers which address the functional significance
of diaphragmatic afferents. The bradykinin study described in
Chapter 2 has been published in Respiration Physiology. The
study in Chapter 3 has been reviewed, and is being revised in
accord with the reviewers' suggestions. The studies in
Chapters 4 and 5 are being prepared for journal subnmission.
General conclusions drawn from the thesis projects are
presented in Chapter 6, and a list of claims to originality
follows this chapter. The appendices contain the SI unit
equivalents and abbreviations used in the thesis.

Dr. G. Vanelli taught me the methodology involved with
the isolated hemi-diaphragm preparation. Dr. S. Gottfried
instructed me in the surgical technique used to prepare the
isolated tracheal segment, and also provided advice during
preparation of the manuscript. My advisors, Drs. Sabah N.A.

Hussain and Sheldon Magder, are the senior authors on these

studies.



NOTE: The McGill University Thesis Office requires that the
following section be included in the thesis.

GUIDELINES CONCERNING THESIS PREPARATION
2/Manuscripts and Authorship

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, conmnecting texts, providing logical
bridges between the different papers, are mandatory.

-The thesis must still conform to all other requirements of
the Guidelines Concerning Thesis Preparation" and should be in
a 1literary form that is more than a mere collection of
manuscripts published or to be 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 final overall conclusion
and/or summary. Additional material (procedural and design
data, as well as descriptions of equipment used) must be
provided where appropriate and in sufficient detail (e.g. in
appendices) to allow a clear and precise judgement to be 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 in the thesis of who contributed to such work and to
what extent; supervisors must attest to the accuracy of such
claims at the Ph.D. Oral Defense. Since the task of the
examiners is made more difficult in these cases, it is in the
candidate's interest to make perfectly <clear the
responsibilities of the different authors of co-authored
papers.



CHAPTER 1

INTRODUCTION



1. INTRODUCTORY REMARKS

The gas exchange requirements subserving the body’'s
metabolic processes are met by continual breathing movements
of the thoracic and abdominal compartments. Ventilation must
adapt to changing demands for oxygen delivery and carbon
dioxide elimination. Sensory signals provide ongoing
feedback to the central nervous system on the status of the
organism. By integrating the sensory information from many
systems, the central nervous system can modulate ventilatory
output to meet the body’s requirements.

The diaphragm has an important role as a primary muscle
of ventilation. Optimal functioning of the diaphragm should
be a key factor in the organization of the efferent signals
producing wventilation. Sensory information conveyed by
afferent fibers from the diaphragm inform the central nervous
system of ongoing thermal, mechanical and metabolic changes
in the muscle itself. Given the functional significance of
the diaphragm as a ventilatory muscle, it is hypothesized
that alterations in diaphragmatic sensoxry information should
alter ventilatory drive. The four studies comprising this
thesis address how the activation of diaphragmatic afferent
fibers alters the regulation of breathing. To provide a
context for this work, the remainder of this introduction
will review current information concerning the anatomy and

functional significance of diaphragmatic sensation.



1.1. AFFERENT FIBERS FRCM SKELETAL MUSCLES

1.1.a. Afferent fiber groups and receptors

Muscular nerves are comprised of somatic efferent nerve
fibers, somatic afferent. nerve fibers, and visceral efferent
and afferent fibers to vascular smooth muscle (145). The
somatic afferent fibers found in skeletal muscle nerves are
classified into four groups according to fiber diameter and
conduction velocity (Table 1). Group I, the largest fibers,
are further subdivided into two groups based on receptor
endings. Group Ia are primary afferents £from muscle
spindles, and carry information about muscle length and the
rate of change of muscle length from muscle spindles. Group
Ib afferents arise from Golgi tendon organs and relay
information about muscle tension (6). Group II fibers, the
secondary endings of muscle spindles, carry information about
muscle length. Group III fibers usually terminate in free
nerve endings, but sometimes arise from Pacinian corpuscles,
and are activated by mechanical, thermal or chemical stimuli.
Group IV fibers are predominately activated by thermal and
chemical changes within the muscle (96). Afferent fibers
from groups III and IV are frequently referred to jointly as
thin-fiber afferents. In addition, group IV afferents are

sometimes referred to as C fibers.



Afferent Fiber Piber Size Conducticn
Type Myelinated? (micxons) Velocity (m/s)

I yes 12-20 70-120

II yves 2-16 30-75

III yes 1-5 3.6-30

v no 0.2-2 0.3-2
Table 1.1: Classification of afferent fiber groups
(34,86,96)

Afferent nerve fik-rs may be stimulated by using
mechanical perturbations, chemical substances, electrical
stimulation, or by changing muscle temperature. Mechanical
stimulation of group I and II fibers can be accomplished by
vibrating or stretching the muscle (47). In addition,
Paintal found that most of the group III fibers studied in
the cat responded to strong pressure (101). In the dog,
pressure in the receptive field of group III afferent fibers
was associated with an initial high frequency dynamic
response followed by a sustained lower frequency discharge
(70) .

Mechanical changes in muscle length and tension occur
during muscle contraction, thereby activating large fiber
{groups I and I1I) afferents. However, some thin-fiber
(groups III and IV) afferents may be stimulated as well. For
example, when static muscular contraction was caused by

electrical stimulation of a lumbar ventral xoot, activity
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increased in more than half of the thin-fiber afferents
tested. Furthermore, group III afferents tended to fire
early in the contraction, indicating a response to mechanical
changes. However, an alteration in metabolic activity within
the muscle seemed to be the stimulus for group IV afferent
activity, since abou: 4 sec elapsed before group IV afferents
began to fire (56). In contrast, Kniffki, Mense and Schmidt
(62) were able to demonstrate both contraction sensitive
("ergoceptor") and chemically sensitive ("nociceptor")} group
IV fibers in the cat. Furthermore, Mense and Stahnke (95)
and Kaufman et al. (61) have shown that muscle contraction in
the presence of ischemia activated some thin-fiber afferents
which were not activated by muscle contraction alone. In
addition, Kaufman and Rybicki found that group IV afferents
were more responsive than group III afferents to ischemic
contraction (59,61). A recent study indicates that thin-
fiber activity may be altered during mild exercise. In
decerebrate cats, Pickar, Hill and Kaufman have demonstrated
that group III afferents are activated during dynamic
locomotion, elicited by limb swinging or by electrical
stimulation of the mesencephalic locomotor region (104).

A search has been conducted for the metabolite produced
which either causes or potentiates the activation of thin-
fiber afferents during exercise. Mense has shown that
bradykinin, serotonin, histamine and potassium activate

skeletal muscle thin-fiber afferents while having little
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effect on large fiber afferents (91,94). The injection of
potassium to levels similar to that found during muscular
contraction caused an initial activation of groups III and IV
afferents which adapted within seconds (59). Rotts and
Kaufman further showed that lactic acid and arachidoniz acid
will stimulate these afferents, with the latter effect due
primarily to cyclooxygenase products such as prostaglandins
and thromboxanes (110). In addition, arachidonic acid
increases the activation of group III afferents during static
contraction (11l). Paintal found that the group III f£ibers
which responded to strong pressure were also activated by
sodium chloride, but not by asphyxia (101).

Kaufman et al. (55) compared the thin-fiber afferent
activation profiles of capsaicin (a non-physiological
substance derived from red pepper) and bradykinin (a
physiological substance produced during muscle contraction).
Capsaicin activated 71% of the group IV fibers and only 26%
of the group III fibers tested, whereas bradykinin activated
about half of the fibers recorded from each group (55).
However, Mense found that bradykinin activated 46% of the
group IV fibers and 71% of the group III fibers which were
monitored (91).

Chemical activation of muscle spindles can be achieved
with succinylcholine, which directly affects the spindle
itself, while having no effect on the Golgi tendon organ

(32).
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When electrical stimulation is used to activate fibers,
it is difficult to selectively activate only one fiber group.
However, preferential activation of fiber groups can be
achieved by several methods. Stimulacion of fibers at
intensities 2-5 times the motor or sensory threshold will
activate primarily large fiber afferents, whereas stimulation
at 20-40 times threshold will activate small afferent fibers
(115). A technique known as anodal blockade can be used to
block conduction in group I afferents (52). To block the
activation of small afferent fibers, small amounts of
procaine can be applied tc the nerve (98). Lastly, cooling
a nerve to 7 degrees C will block all myelinated axons, while
a further reduction in temperature to 2-3 degrees C will
block unmyelinated fibers as well (25). However, since there
is a peripheral-to-central gradient of cooling or anesthesia,
fibers will be differentially affected depending upon the
location within the nerve.

Changes in temperature within the muscle will affect the
activity of afferent £ibers. Decreases 1in temperature
depress large fiber activity, whereas increases in
temperature have the opposite effect (92). Some thin-fiber
afferents increase activity levels when temperature changes
occur within 24-44 degrees C (36). These fibers tend to be
unimodal, having no response to mechanical or chemical
stimuli. In addition, some group IV fibers respond to large,

noxious increases in temperature (97).
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1.1.b. Projections of afferent fibers

The majority of somatic afferent nerve fibers enter the
dorsal horn of the spinal cord through the dorsal root, the
cell bodies being located in the dorsal root ganglion.
However, both myelinated and unmyelinated afferent fibers
have been demonstrated within the wentral root (9). The
dorsal horn and intermediate zones of the grey matter of the
cord is transversely divided into lamina. The dorsal horn
contains laminae I-V (lamina I is the most dorsally located),
and the intermediate zone contains laminae VI-VII.

Large fiber afferents enter the cord medially. Some
synapse directly upon alpha-motoneurons in the ventral horn
{(mediating the monosynaptic stretch reflex), while others may
synapse upon interneurons. In addition, collateral branches
of large fiber afferents may ascend or descend within the
dorsal columns of the white matter. Thin-fiber afferents
enter the cord laterally, bifurcate within the white matter,
and either ascend or descend one or two segments before
terminating in the dorsal horn (87). Mense and Craig (93)
used horseradish peroxidase to trace the terminations of
afferent fibers originating in the gastrocnemius-soleus
muscle. Large fiber afferent projections were located in
laminae VI-VII, whereas laminae I-V contained the

terminations of small f£iber afferents (93}).
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Large fiber afferents comprise the dorsal column-medial
lemniscal sensory system. Collateral branches of large fiber
afferents ascend ipsilaterally in the dorsal celumn of the
cord and synapse in the medulla. Afferent fibers originating
in cervical and upper thoracic segments synapse in the
nucleus cuneatus, and those from the lower theoracic, lumbar
and sacral regions synapse in the nucleus gracilus.
Secondary afferents then cross the midline and ascend
contralaterally (as the medial lemniscal tract) to synapse in
either the wventral posterior lateral (VPL) nucleus or the
posterior nuclear group of the thalamus. A tertiary neuron
projects to the somatosensory cortical region.

Thin-fiber afferents comprise the anterolateral sensory
system. After ascending one or two segments, the primary
afferent synapses upon an interneuron, which then synapses
with a tertiary neuron. After crossing the midline, the
tertiary neuron ascends in the anterolateral column of the
white matter of the cord, and terminates in either the
reticular formation of the lower brain stem or the thalamus.
Afferents project from the lateral reticular nucleus in the
reticular formation to the anterior lobe of the cerebral
cortex, comprising the spinoreticulocerebellar pathway (100).
Afferents in the spinothalamic pathway project upon three
thalamic regions: the VPL nucleus, the posterior nuclear

group and the intralaminar nuclei. Finally, a fourth neuron
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projects from the thalamus to the somatosensory region of the
cortex (7).

The reticular formation is involved in regulating states
of arousal. Information carried by somatic afferents to this
region probably play an important role in this function. The
afferents projecting to the cerebellar cortex may be involved
in the control of postural activity.

’

1.2 AFFERENT FIBERS FROM THE DIAPHRAGM

1.2.a. Diaphragqmatic receptors

Morphologic studies have demonstrated very few (less
than ten) muscle spindles in the diaphragm of the cat (18)
and rabbit (13). Based on the descriptions of Winckler and
Delaloye, the human diaphragm way c¢ontain more than ten
spindles (144). 1In contrast, Hinsey (37) was unable to find
any spindles in the cat diaphragm. Corda, von Euler and
Lennerstrand (11) found that most of the proprioceptors were
contained in the crural region of the diaphragm, and that, in
contrast to other skeletal muscles, there were wmore Golgi
tendon organs than muscle spindles. In addition, most of the
muscle spindles became active during expiration, due to a
lack of rhythmic fusimotor activation (which would cause
intrafusal muscle fiber shortening during extrafusal fiber
contraction}). These are termed "passive spindles".

Another method used to determine the nature of

diaphragmatic receptors was to measure afferent £fiber
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activation during mechanical perturbation. Stretching of the
diaphragm activated ten fibers from slowly adapting stretch
receptors within the left hemi-diaphragm (28). This was a
much smaller number of fibers than had been found in other
skeletal muscles, a fact also noted in a similar report by
Yasargil (146). These fibers arose £rom both muscle spindles
and Golgi tendon organs. Afferent fibers from rapidly
adapting end organs were also activated during diaphragmatic
stretching (11,28). These receptors, described by Glebovskii
as encapsulated bulbous structures, are the pressure-
sensitive Pacinian corpuscles. Afferents from these
receptors were found to be evenly distributed across the
diaphragm (18).

1.2.b. Phrenic nerve anatomy

The phrenic nerve is a muscular nerve, containing both
sensory and motor fibers. 1In addition to diaphragmatic nerve
fibers, the phrenic nerve contains £ibers from the
mediastinum and pericardium (65,112,143). The right phrenic
nerve may also contain fibers originating in hepatic and
subdiaphragmatic structures (66,143).

Motor fibers in the phrenic nexve provide the exclusive
efferent innervation of the diaphragm (120,143). The phrenic
nerve is composed of fibers arising from two to four spinal
nerves (from the third to eighth cervical levels), depending
on the species. In the cat, the costal diaphragmatic regions

are innervated by fibers from the fifth cervical nerve, and
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the crural diaphragm and areas around the central tendon are
innervated by fibers from the sixth cervical nerve (20).
Antidromic stimulation of the (5 phrenic root (when the
dorsal roots are cut) causes inhibition of Cé phrenic
efferent activity in the cat. This action, termed recurrent
inhibition, is caused by the activation of Renshaw cells by
alpha motoneuron collateral branches within the ventral horn
of the spinal grey matter (77). In the rat diaphragm, the
muscle fibers belonging to one motor unit are widely
scattered, and the innervation ratio is relatively low when
compared to other muscles (67).

In 1891, Ferguson (24) presented several observations
supporting the notion that the phrenic nerve contained
sensory fibers as well as motor fibers. Subsequently, Little
and McSwiney (78) showed in the cat that diaphragmatic
afferent fibers are carried by the phrenic nerve. Duron and
Marlot (19) reported that, in the cat, there were 2.5 times
more unmyelinated nerve fibers than myelinated fibers. By
causing degeneration of somatic and sympathetic efferent
fibers, Hinsey, Hare and Phillips (37) determined that a
similar ratio of unmyelinated to myelinated £ibers (3:1)
existed in the cat diaphragm. The same ratio in other
skeletal muscles is about 1:1.

Estimates of the percentage of myelinated sensory fibers
in the cat phrenic nerve ranges from 10% (37) to 20-30% (17).

This low number is dve to the paucity of muscle spindles and
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tendon organs in the diaphragm, compared to other skeletal
muscles. It has also been estimated that unmyelirated fibers
comprise 50-67% of all phrenic afferent fibers in the cat
(37,109) and 50% of all phrenic afferent fibers in the rat
(73) .

1l.2.c. Projections of phrenic afferents

Many of the projections of phrenic afferents are similar
to the projections of afferents from other skeletal muscles.
Using horseradish peroxidase labelling, phrenic afferent
projections were found in laminae I-IV of the dorsal horn and
in the fasciculus cuneatus in the rat (30) .
Electrophysiological studies have shown that groups I and II
afferents project centrally to the external cuneate nucleus
of the medulla (83). This finding was also demonstrated
using fluorescent labelling of phrenic afferent neurons {74).
In addition, thin-fiber phrenic afferents project to the
lateral reticular nucleus of the medulla (80).

Projections have also been described t¢ regions of the
medulla associated with respiration, e.g. the Botzinger
complex (125), and the dorsal and ventral respiratory groups
(80,81,123). In addition, sensory evoked potentials have
been recorded in the cerebellar cortex (82), and the

sensorimotoxr cortex of the cat (2,14).

1.2.d. Spontaneous activity of phrenic afferents

Activity in afferent £ibers with mechanoreceptive

endings occurs in phase with respiration. Group Ib afferents
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arising from Golgi tendon organs fire during inspiration (as
tension increases) at a rate of 47 Hz. The activity of these
fibers have been shown to increase to 61 Hz during abdominal
compression (105). Group Ia and II fibers arising from
ractive" muscle spindles (with fusimotor innervation) fire
during inspiration at 150 Hz (17). Fibers from passive
spindles become active during expiration.

Thin-fiber afferent activity is minimal during quiet
breathing, and tends to occur tonically and sporadically.
The frequency ranges from 1-3 Hz in open chested cats (48) to
14 Hz in closed chested cats (31).

1.2.e. Afferent fibers from other ventilatory muscles

The distribution of receptor type and afferent fibers in
non-diaphragmatic ventilatory muscles is similar to that of
other skeletal muscles. For example, the intercostal muscles
have many more spindles than the diaphragm (18), and wmore
spindles than tendon oxgans (17). In addition, most of the
spindles in the intercostal muscles have a fusimotor
innervation, enabling the spindle to continue to fire as the
extrafusal muscle is contracting. Differences in the number
of active spindles has been proposed to be the mechanism
underlying the presence of a load compensation (muscle length
adjusting) reflex in the intercostal muscles, and the absence
of such a reflex in the diaphragm (11).

Lastly, there are fewer spindles in the more caudal

intercostal spaces. In addition, there is a decreasing
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gradient in the density of spindles from the more superficial
rib cage muscle, the external intercostal, to the deepest
muscle, the triangularis sterni (18). The increased number

cf spindles may be related to the postural function of the

intercostal muscles (16).

1.3 DIAPHRAGMATIC AFFERENTS: FUNCTIONAL

SIGNIFICANCE

1.3.a. Effect on the cardiovascular gystem
Effects of limb muscle afferent activation

Investigators have long been interested in identifying
the types of afferent fibers which are involved in the
exercise pressor response. Most studies indicate that group
IV fibers have an important role in this reflex. 1In these
reports, afferents have either been activated directly, using
electrical or chemical stimulation, or indirectly, by evcking
muscle contraction.

In 1895, Hunt (41) suggested that somatic nerves
contained depressor and pressor afferent fibers, since
increasing the intensity of stimulation of a mixed nerve
changed a depressor response into a pressor response.
Similar results were also reported by Greene (33).
Identification of the afferent fiber types responsible for
each response was made by Gordon (29). In this study,
anesthetic blockade of thin-fiber afferents during high

intensity somatic nerve stimulation converted a pressox
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response into a depressor response. This indicated that
large fiber afferent activation led to decreases in blood
pressure, while thin-fiber afferent activation elevated blood
pressure. However, in another study, simultaneous
measurements of dorsal root action potentials and blood
pressure during limb muscle nerve stimulation revealed that
significant depression of blood pressure only occurred when
group III fibers were activated (50). Much higher
stimulation intensities were required to produce a pressor
response, indicating that group IV fibers are responsible for
blood pressure elevation.

Several recent studies have used mechanical, chemical or
electrical stimulation to investigate the effect of large
fiber afferents on the cardiovascular system. Vibration of
the triceps surae muscles in anesthetized or decerebrate cats
caused no significant changes in mean arterial blood pressure
or heart rate (89). Similarly, in paralyzed cats, no
cardiovascular changes occurred during chemical activation of
gastrocnemius large fiber afferents by succinycholine (139).
However, Orani and Decandia (99) found that waximal
activation of group I fibers by electrical stimulation of the
gastrocnemius-soleus nerve significantly increased mean
arterial pressure by 9 mmHg, while having no effect on heart
rate or right intraventricular pressure.

To investigate the consequences of selective activation

of thin-fiber afferents, chemical activation has been used.
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Bradykinin activates groups III and IV afferent fibers,
whereas capsaicin will activate predominantly group IV and a
few group III fibers. Bradykinin injection into the hindlimb
circulation caused a depressor response in anesthetized
rabbits (130). These results may be due to the activation of
group III afferents (50). Bradykinin activation of gracilis
muscle afferents increased mean arterial presure, heart rate,
cardiac output, left ventricular end-diastolic pressure and
the maximal time derivative of left wventricular pressure
(127). These authors subsequently showed that both
bradykinin and prostaglandins play an important role in the
development of the cardiovascular response toO isometric
contraction caused by wventral root stimulation (128).

Thin-fiber afferents can be activated by mechanical,
thermal and chemical changes, and mechanical alterations
alone may contribute to the development of the pressor
response. This was demonstrated by Stebbins et al. (126),
who showed that either passive stretch or external
compression of a muscle caused about half of the pressor
response observed during isometric contraction. This pressor
response was eliminated by dorsal root section of afferent
fibers.

The relationship between somatic afferent input and
cardiovascular changes has also been investigated when muscle
contraction is produced by nerve stimulation. Both blood

pressure and heart rate increased during isometric muscle
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contraction caused by ventral root stimulation in cats (50}.
These changes were eliminated by either dorsal root section
or anesthetic blockade of thin-fiber afferents. In addition,
anodal blockade of large fiber afferents did not alter the
blood pressure and heart rate responses to muscle
contraction. To determine if neural reflexes are involved in
the early cardiovascular responses to exercise, the arterial
and venous circulations were occluded both during and after
muscle contraction. During occlusion, blood pressure and
heart rate increased as soon as Stimulation began,
eliminating the possibility that cardiovascular changes were
caused by humoral substances from the working muscle. When
vascular occlusion was maintained after contraction had
ceased, blood pressure remained elevated as heart rate fell
to baseline levels. These results indicate that muscle
chemoreceptor input is important in determining the blood
pressure, rather than heart rate, response to exercise. In
similar experiments in dogs, Tibes (135) found that
cardiovascular changes during both static and dynamic
exercise were due to the activation of thin-fiber afferents.
The magnitude of the pressor response which occurs
during muscle contraction depends on the amount of
contracting muscle mass as well as the tension generated
(46) . In addition, during both light and intense isometric
contractions, ischemia will further augment the pressor

response (129).
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In addition to medulating blood pressure and heart rate,
somatic nerve afferent stimulation also leads to a
redistribution of cardiac output to various organs. During
sciatic nerve stimulation, total blood flow and flow to the
brain and skeletal muscles increased {23), and renal flow
decreased (23,50). Similar, although not identical, changes
occurred when capsaicin was injected into the hindlimb:
resistance of the contralateral hindlimb, gut and renal
vasculature increased (141). However, in another study, flow
measurements showed that the introduction of capsaicin into
a donor perfused hindlimb increased cardiac output and
decreased renal flow, but had no effect (despite changes in
resistance) on flow to the liver, spleen, brain, heart and
skeletal muscles (12). Finally, high intensity sciatic nerve
stimulation in vagotomized cats causes an inhibition of the
baroreceptor reflex (68).

Thin-fiber afferents can alter sympathetic activity via
spinal and supraspinal pathways (118,119). The changes in
blood flow distribution which occur during somatic nerve
stimulation indicate that supraspinal pathways must Dbe
involved in the reflexive changes observed in cardiovascular
parameters.

Effects of phrenic afferent activation
Studies addressing the effects of phrenic afferents on

the cardiovascular system have used electrical and chemical
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stimulation. According to Kohrman, Nolasco and Wiggers (63),
electrical stimulation of phrenic afferents dates back to
1868 when Kowaleski and Adamuk found that phrenic nerve
stimulation evoked a pressor response. Similar findings were
reported by Dingle et al. (15), who demonstrated that
unilateral phrenic nerve stimulation increased mean arterial
pressure by 22-38 mmHg in anesthetized dogs. In contrast,
Greene (33) found that changes in blood pressure, heart rate
and coronarxy blood flow during phrenic nerve stimulation were
quite variable. To further investigate this reflex, Kohrman,
Nolasco and Wiggers (63) performed bilateral phrenic nerve
stimulation at different stimulation intensities and
frequencies. At low stimulation frequencies the blood
pressure fell, but when the stimulation intensity was
sufficiently increased, reflex vasoconstriction led to a rise
in blood pressure. Changes in heart rate were 1less
pronounced than the alterations in blood pressure.

More recently, McCallister et al. (88) measured the
compound action potentials produced by stimulating one
phrenic nerve at different stimulation intensities. Blood
pressure rose only when stimulation was sufficient to
activate many group IV afferent fibers. Heart rate, however,
remained unchanged at all stimulation intensities. Road,
West and wvan Vliet (108) reported that high intensity
stimulation of the left phrenic nerve caused mean arterial

pressure to rise by 17%, in contrast to an increase of 23%
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caused by gastrocnemius nerve stimulation. This response was
eliminated by either section of the cervical dorsal roots or
cooling of the phrenic nerve to 1-2 degrees C, indicating the
participation of thin-fiber afferents in the reflex (108}.

The activation of primarily group IV diaphragmatic
afferents by capsaicin was investigated by Hussain et al.
(42) using an iIn situ, vascularly isolated and innervated
left hemi-diaphragm. Capsaicin injection into the left hemi-
diaphragm increased mean arterial blood pressure and heart
rate. In addition, there was a redistribution of cardiac
ouput blood toward the brain and away from the left hemi-
diaphragm, kidney and intestinal circulations. Neither
cardiac output nor gastrocnemius (resting) muscle blood flow
were altered. Furthermore, capsaicin injection into the
circulation of a vascularly isclated gastrocnemius muscle
evoked similar, but larger, cardiovascular changes.

In summary, activation of phrenic thin-fiber afferents
elicits a pressor response and a redistribution of cardiac
output. Similar to limb muscle afferent stimulation, these
changes appear to be due to the activation of group IV
phrenic afferents. The alteration of sympathetic motor drive
probably occurs via both spinal and supraspinal reflexes.
1.3.b. Effect on the ventilatory system

A great deal of research has shown that afferent fibers
originating in contracting muscle are intimately linked to

the generation of exercise hyperpnea. Most studies have
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shown that stimulation of large fiber afferents from skeletal
muscle has & smaller effect on ventilatory drive than the
activation of thin-fiber afferents. The next section of this
thesis is comprised of a selection of studies supporting
these findings.

Effects of limb muscle large fiber afferent activatiocn

To investigate the effect of large fiber {(groups Ia, Ib
and II) afferents on breathing, studies have employed
mechanical, chemical and electrical means to activate these
fibers. The activation of muscle spindles by vibration or
succinylcholine has either had no effect (38,89,139) or small
effects (26,75) on ventilation. Electrical stimulation of
large fibers can have a small but significant effect on
ventilation. Senapati (121) found that 1low intensity
electrical stimulation of a cut hindlimb nerve augmented
ventilation by 6%. Similar findings were reported by
Carcassi et al. (5), who stimulated motor nerves in the
hindlimb of anesthetized cats, and simultaneously recorded
compound action potentials from the dorsal root of the first
sacral nerve. A fine gradation of stimulation of the nerve
to the knee flexor muscles (posterior biceps and
semitendinosus) caused either selective activation of
predominantly Ia afferent fibers, or both Ia and Ib fibers.
Ventilation increased by about 28% only when Ib fibers were
activated, and this change was primarily due to an increase

in tidal wvolume. In another study, stimulation of the
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triceps surae nerve at intensities activating only large
afferent fibers produced a 12% increase in minute ventilation
(98) . This response was eliminated by anodal blockade of the
afferent fiber activity. In addition, since ventilatory
stimulation occurred before the accompanying pressor
response, the ventilatory response was not secondary to the
cardiovascular response.

Larger changes in ventilation occurred when aortic and
carotid sinus baroreceptor input was eliminated. Hussain et
al.. (44) maintained carotid sinus pressure constant during
stimulation of the cut gastrocnemius nerve in vagotomized
dogs. During stimulation at five times twitch threshold
(activating primarily groups I and II afferents), minute
ventilation increased by 65%, due to equal changes in
breathing frequency and tidal volume.

Effects of phrenic large fiber afferent activation

Some studies have shown that activation of phrenic
large-fiber afferents does not affect ventilatory drive. 1In
1965, Sant’Ambrogio and Widdicombe (117) suggested that the
activation of mechanically sensitive receptors had no effect
on eupneic breathing. However, Jammes et al.{49) reported
that phrenic large fiber afferents way participate in the
requlation of respiration during eupnea. These authors found
that cold Dblockade of phrenic large fiber activity in
anesthetized, vagotomized spinal cats (spinal cord severed at

the eighth cervical level) led to a prolongation of phrenic
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nerve firing and a slowing of respiratory frequency. A
similar finding was that stimulation of phrenic large fiber
afferents shortened the duration of phrenic nerve firing,
indicating that large fiber afferents have a facilitatory
effect on efferent phrenic discharge. However, ventilation
did not change during unilateral phrenic nerve stimulation at
2.5-5 times twitch threshold in anesthetized dogs (108,140).

More recent studies have demonstrated that the
activation of phrenic large fiber afferents can cause
ventilatory inhibition. Cheeseman and Revelette (8) reported
that, in low cervical spinal dogs, a small increase in
diaphragm length (17% via abdominal compression) led to a 20%
decrease in electromyographic activity of the crural
diaphragm. A subsequent study indicated that this inhibitory
response may be mediated by Golgi tendon organs, since the
activity of these receptors increased by 30% during abdominal
compression (105). In support of these findings, Speck and
Revelette (124) have described a very short latency (5
milliseconds), ipsilateral phrenic-phrenic inhibitory reflex
in cats, which involves the activation of large f£fiber
afferents.

Mechanically sensitive afferents also appear to cause an
overall inhibition of inspiratory motor drive. Paralysis of
an innervated left hemi-diaphragm {(which is both mechanically
and vascularly isolated) 1led to an augmentation of

electromyographic activity of the alae nasi, parasternal and
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contralateral diaphragm muscles, as well as an increase in
respiratory frequency (131). These findings may be caused by
the elimination of sensory input from tendon organs or
contraction-sensitive group III afferent fibers.

Effects of limb muscle thin-fiber afferent activation

A number of studies have indicated that limb muscle
thin-fiber afferent activation significantly increases
ventilation by augmentating and redistributing motor drive,
and increasing respiratory frequency. Katz and Perryman (53)
demonstrated that the ventilatory response to somatic nerve
stimulation was modified by altering the intensity and
frequency of stimulation. Stimulation of the distal end of
a cut gastrocnemius-soleus nexve at 40 and 100 times motor
threshold (intensities sufficient to activate thin-fiber
afferents) increased minute ventilation by 18% and 24%,
respectively (121). This augmentation of ventilation was
significantly greater than that which occurred when only
large fiber afferents were activated.

The fact that thin-fiber afferents are responsible for
the increase in ventilation during ventral root stimulation
was demonstrated by McCloskey and Mitchell (50), who showed
that anesthetic blockade of groups III and IV fibers
prevented the ventilatory response during isometric exercise.
Tibes (135) subsequently confirmed that thin-fiber afferents
were also responsible for the ventilatory changes caused by

dynamic exercise. In addition, Kalia et al. (51)
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demonstrated that the selective activation of unmyelinated
{(group IV) fibers led to an increase in ventilation.

The activation of thin-fiber afferents from skeletal
muscles causes disproportionate changes in respiratory muscle
activity. In a dog, stimulation of a cut sciatic nerve at 10
times threshold (for o-fiber activation) increased the
electromyographic activity of the alae nasi, genioglossus and
posterior cricoarytenoid muscles, while having no effect on
the diaphragm. As stimulation intensity increased,
electromyographic activity increased more in the upper airway
dilator muscles than in the diaphragm (35). Slightly
different results were reported by Hussain et al.(44) in a
vagotomized dog when carotid sinus pressure was kept
constant. Activities of the alae nasi, parasternal
intercostal, transversus abdominis and diaphragm muscles
increased similarly during gastrocnemius nerve stimulation at
10 times twitch threshold, while genioglossus activity
increased to a greater degree. At a higher stimulation
intensity, genioglossus and transversus abdominis activities
increased disproportionately to the other muscles, and
triangularis sterni activity increased slightly (but less
than the increases occurring in diaphragmatic activity). The
overall increase in ventilation was caused by an increase in
respiratory frequency as well as tidal volume. Discrepant
results from the Haxhiu and Hussain studies may be due to

differences in anesthesia, or vagal (136) or baroreceptor
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influences (116).

Road, West and wvan Vliet (108) demonstrated that
anesthesia has an effect on the relative contributions of
volume and frequency changes to increases in wminute
ventilation. In pentobarbitol anesthetized dogs, high
intensity stimulation of the gastrocnemius nerve caused
increases in respiratory frequency, whereas in animals
anesthetized with alpha-chloralcose, both tidal wvolume and
breathing frequency increased during nerve stimulation.
Chemical activation of gastrocnemius muscle thin-fiber
afferents by capsaicin also caused increases in inspiratory
muscle electromyographic activity and respiratory frequency
in anesthetized dogs (43).

Eldridge et al. (21) investigated the influence of
supraspinal activity on the response to limb muscle afferent
stimulation in paralyzed cats. 1In intact cats, pinching or
stretching a limb muscle caused a decrease in phrenic nerve
activity for several seconds, followed by an increase in
activity for the remaining minute of stimulation. However,
after high cervical cordotomy, phrenic nerve activity
decreased during muscle stimulation. This indicates that
limb muscle afferent stimulation leads to spinal inhibitory
and supraspinal facilitatory influences on phrenic motor
drive. The spinal inhibition appears to be mediated by the

neurotransmitter glycine (22).
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In a similar study, Kumazawa and Tadaki (71) reported
that electrical stimulation of the gastrocnemius nerve at 10-
50 times twitch threshold caused an initial inhibiticn of
phrenic nerve activity in the cat. (These authors noted that
this response was never seen during similar experiments in
dogs.) However, stimulation at 100 times twitch threshold
caused 1) a facilitatory response during the stimulation, and
2) an inhibition of phrenic nerve activity to below baseline
levels commencing one to two minutes after cessation of the
stimulus. This post-stimulus inhibition of ventilation was
also described in cats by Waldrop, Eldridge and Millhorn
(137) following tibial nerve stimulation at intensities
sufficient to activate all afferent fiber groups. Full
development of this response required the presence of the
cerebellum and suprapontine regions of the brain. Xumazawa
et al. (72) confirmed the presence of this post-stimulus
inhibition after high intensity stimulation in dogs. The
neurotransmitters inveolved in this response are endogenous
opiates (69,138) and gamma-aminobutyric acid (138).
Effects of phrenic thin-fiber afferent activation

Similar to what has been reported during limb muscle
thin-fiber activation, most studies have shown that the
activation of phrenic thin-fiber afferents stimulates
ventilatory drive. Several studies, however, have reported

inhibitory effects.
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Exci rv eff n_ventil m r driv

In 1947, Khorman (63) described that bilateral
stimulation of cut phrenic nerves caused an increase in the
depth and, usually, the frequency of respiratory movements.
Although the level of stimulation was not quantitated, the
large blood pressure response obtained indicates that the
intensity was adequate to activate all afferent fiber groups.
Similarly, Road, West and wvan Vliet (108) found that
unilateral phrenic nerve stimulation at high intensities
increased both tidal volume and fregquency (under alpha-
chloralose anesthesia). These responses disappeared when
thin-fiber afferent activation was blocked by cooling the
nerve. Selective activation of diaphragmatic thin-fiber
(predominantly group IV) afferents by capsaicin has also been
shown to increase tidal volume, breathing frequency, and
diaphragmatic activity in anesthetized, vagotomized dogs
(43,106).

Changes in the pattern of respiratory muscle activation
in response to phrenic thin-fiber afferent activation were
assessed by several studies. In anesthetized, vagotomized
dogs, arterial injection of capsaicin into a vascularly
isolated left hemi-diaphragm was associated with increased
electromyographic activities of the left and right diaphragm,
parasternal intercostal and mylochyoid muscles (43}. To
eliminate influences from aortic and carotid baroreceptors,

carotid sinus pressure was maintained constant during
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electrical stimulation of a cut phrenic nerve in vagotomized
dogs {140). At high intensities of stimulation,
electromyographic activities of the alae nasi, parasternal
and contralateral diaphragm increased similarly, while the
genioglossus and transversus abdominis activities increased
to a greater extent. Triangularis sterni activity, however,
did not change.

Capsaicin 1is a nonphysiclogic substance which, when
injected into the wvasculature of skeletal muscle, causes
large, sudden changes in thin-fiber afferent firing, local
vasoconstriction and severe increases in systemic blood
pressure (55). Use of a natural stimulant of afferent fibers
should approximate more closely the consequences of fiber
activation under physiologic conditions. I injected
bradykinin (a substance produced in muscle during exexrcise)
into an vascularly isolated left hemi-diaphragm to assess the
effect of diaphragmatic thin-fiber activation on inspiratory
motor drive. These results are presented in Chapter 2.

Ischemia has been shown to activate thin-fiber afferents
and inhibit the firing of 1large £fiber afferents. A
vascularly isolated, innervated, left hemi-hemidiaphragm was
made ischemic for twenty minutes, while changes in
inspiratory motor drive were monitored (132). Alae nasi,
parasternal, right and left hemi-diaphragmatic
electromyographic activity increased from 30-70% above

baseline, and respiratory frequency increased by 30%. These
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changes were due to the activation of thin-fiber afferents by
ischemia (133).

Inhibitory effects on ventilatory motor drive

Only one study has been reported which describes the
effect of phrenic thin-fiber afferent activity on eupneic
breathing. Jammes et al. (49) found that anesthetic blockade
of thin-fiber phrenic activity did not alter phrenic efferent
activity in anesthetized, vagotomized, low cervical
spinalized cats. Since these afferents have supraspinal
projections, further research using intact animals needs to
be done to assess this issue. Electrical stimulation of
thin-fiber phrenic afferents was associated with a decreased
frequency {(inhibition) of phrenic motoneuron firing. These
authors hypothesized that group IV afferents were responsible
for these results. Speck and Revelette (124} also
demonstrated in cats the presence of an ipsilateral and
contralateral inhibition of phrenic efferent activity.
However, the response latencies underlying this reflex
indicate that group III afferent fibers were involved. Both
spinal and supraspinal reflexes are implicated in this
response (85). The presence of a contralateral inhibitory
reflex is further supported by the finding of Gill and Kuno
(27) that stimulation of a phrenic nerve root caused
hyperpolarization of many contralateral phrenic motoneurons.

Marlot, Macron and Duron (84) reported the effects of

activating myelinated (groups I, II and III) afferents from
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the fifth and sixth cervical branches of the phrenic nerve.
Ventilation was initially inhibited for 2-3 respiratory
cycles, as shown by decreases in tidal volume and inspiratory
time. This brief inhibition was followed by a facilitation
of ventilatory drive, characterized by an increase in tidal
volume and respiratory frequency, and a decrease in
inspiratory time. This biphasic response is similar to that
reported during limb muscle afferent stimulation in cats
{21,71). However, Marlot, Macron and Duron (84) found that
gamma-aminobutyric acid (rather than glycine) was involved in
the initial inhibitory response during phrenic nerve
stimulation.

It is possible that thin-fiber afferent activity is an
important regulator of respiratory muscle function during
diaphragmatic fatigue. However, there 1is wvery 1little
literature which addresses this question. When diaphragm
fatigue was produced by thirty minutes of direct muscle
stimulation, large fiber afferent activity decreased while
thin-fiber afferent activity increased (48). During the
fatigue trial, respiratory frequency and phrenic efferent
firing rate decreased. Since these changes did not occur
when fatigue was induced after phrenic nerve section, the
changes in afferent fiber activity are implicated in the
ventilatorxy inhibition.

In the preceding study, artificial stimulation to used

fatigue the diaphragm, and fatigue was maintained for a short
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period of time. Ischemia is a more physiologic stimulus
which can be used to activate thin-fiber afferents for long
periods of time. As described in Chapter 5, I occc¢luded
circulation to the left hemi-diaphragm for three hours, to
assess the effect of prolonged activation of thin-fiber
afferents by ischemic fatigue on insgpiratory motor drive.

Lastly, Road, Osborne and Wakai (107) demonstrated the
presence of post-stimulation inhibition following phrenic
nerve stimulation. High intensity stimulation of a cut
thoracic phrenic nerve was performed for one minute. Phrenic
nerve activity fell to 19% of baseline approximately nine
minutes after the cessation of stimulation, and returned to
baseline values within thirty minutes. These changes were
similar in magnitude and duration to the post-stimulus
inhibition following gastrocnemius nerve stimulation.
1.3.c. Effect on lung resistance

In addition to increasing the motor drive to ventilatory
muscles, exercise hyperpnea is usually associated with a
significant reduction in lung resistance. Sensory
information from working muscles (ventilatory and
nonventilatory) may be involved in reflexes leading to these
alterations in the control of ventilation.

The effect of skeletal muscle afferent activation on
bronchomotor tone has been assessed by measuring total lung
resistance or alterations in the tension or volume of an

innervated in situ tracheal segment. Resistance measurements
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in intubated animals indicates intrathoracic changes in the
resistance to airflow. Monitoring of the tracheal segment
reveals alterations in smooth muscle of a large,
extrathoracic airway which contributes to total respiratory
system resistance in the intact state. In these studies,
afferent activity has been changed by either direct chemical
or electrical stimulation, or by eliciting wuscle
contraction.

Trachealis muscle tension

The trachealis muscle is innervated by the superior
laryngeal nerve and the recurrent laryngeal nerve (64,76).
Activation of these nerves causes trachealis muscle
contraction, and stimulation of sympathetic nerves will cause
bronchodilation {(4). Trachealis muscle relaxation can also
be caused by a nonadrenergic pathway in cats and humans (45},
but this pathway is not present in dogs (113).

Twoe in situ preparations have been used to assess
changes occurring in the tracheal segment of the airway. In
one method, a balloon is inserted into the trachea just
superior to the site of a tracheostomy through which the
anesthetized animal is being ventilated. Pressure changes
within the balloon are indicative of trachealis muscle
contraction or dilation. A second method was developed by
Brown et al. (3). With this technique, several tracheal
cartilages superior to a low tracheostomy are bisected in the

midline. Sutures are placed in the ends of the cartilages;
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cne end of the tracheal segment is attached to a stable rod,
and the other end is attached to a force displacement
transducer. The effect of wvarious interventions on
trachealis muscle activation is determined by monitoring
changes in tension of the tracheal segment. In both of these
methods, the nerve and blood supply to the tracheal segment
is maintained.

Using the method involving an open tracheal segment,
Cecleridge et al. (10) injected capsaicin (which selectively
activates types III and IV afferent fibers) into several
sites in anesthetized cats. Increases in trachealis muscle
tension occurred when capsaicin was injected into the right
atria or bronchial arteries, indicating that the activation
of pulmonary thin-fiber afferents cause tracheal
constriction. Conversely, injection into a femoral artery
caused tracheal dilation, demonstrating that skeletal muscle
thin-fiber afferent activation caused the trachealis muscle
relaxation. Kaufman et al. (57) injected several doses of
capsaicin and bradykinin (also a selective stimulant of thin-
fiber afferents) into the arterial circulation of a skinned
hindlimb in dogs. (The hindlimb was skinned to prevent the
activation of cutaneocus afferent fibers.) Both drugs caused
a dose-dependent decrease in trachealis muscle tension,
although the response following bradykinin injection had a

longer latency.
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Kaufman and Rybicki (58) assessed the effect of
bilateral gracilis nerve stimulation at 5 and 40 Hertz on
trachealis muscle tension in dogs. The lower frequency of
stimulation produced an intermittent contraction, while the

higher stimulation frequency caused a static (isometric)

contraction. Both types of stimulation caused similiar
decreases in trachealis tension. In addition, tracheal
relaxation did not occur under two conditions: when the

hindlimb muscles were paralyzed, and when muscle contraction
was elicited by stimulation of the peripheral end of cut
gracilis nerves. Therefore, the reflex causing tracheal
relaxation during muscle contraction appears to originate
from afferent fibers within the active muscle.

To determine if these findings are relevant to the
regulation of wventilation during exercise, Longhurst (79)
investigated the effect of static muscle contraction on
trachealis muscle tension in cats. Contraction of hindlimb
muscle was elicited by electrical stimulation of the seventh
lumbar and first sacral ventral roots, exposed by a
laminectomy. Trachealis muscle tension decreased during
isometric muscle contraction, and the magnitude of the
response was related to the amount of tension generated by
the hindlimb muscle.

Rybicki and Kaufman (114} sought to determine which

autonomic pathways participate in the trachealis wmuscle
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dilation which occurs during afferent fiber activation. They
administered atropine methylnitrate (a cholinergic
antagonist), phentolamine mesylate (an alpha-adrenergic
antagonist) or propranolol hydrochloride (a beta-adrenergic
antagonist) before stimulating somatic or visceral afferents
with capsaicin. Atropine was the only drug which eliminated
trachealis muscle relaxation, indicating that this reflex is
caused by an inhibition of tonic wvagal input to the
trachealis muscle (114).

No studies have been reported concerning the role of
phrenic afferents on trachealis muscle tension. Accordingly,
I studied the simultaneous changes in trachealis tension and
lung resistance caused by unilateral and bilateral activation
of phrenic afferent £ibexs. This study is presented in
Chapter 3.

Total lung resistance

Two studies have been reported which investigate whether
the reflex linking somatic thin-fiber afferent activity to
trachealis muscle relaxation is part of a more generalized
bronchodilation response throughout the lung. These reports
measured breath-by-breath changes in total pulmonary
resistance using a Buxco pulmonary mechanics analyzer (1).
In the first study (115), electrical stimulation of gracilis
nerves was performed in anesthetized, paralyzed dogs using
different stimulation intensities and frequencies. The types

of afferent fibers being activated were subsequently
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determined by measuring compound action potentials generated
by the stimulation parameters used. Total pulmonary
resistance was unchanged when groups I and II afferents were
activated (3 times motor threshold). However, resistance
decreased when groups I-III afferents were activated, with
even greater relaxation occurring once group IV afferents
were activated.

A second study (60) investigated the effect of static
and intermittent contraction of hindlimb muscles (elicited by
unilateral stimulation of sixth and seventh lumbar wventral
roots) on total pulmonary resistance. - Both types of
contraction caused significant decreases in total pulmonary
resistance, although trachealis tension decreased more during
static contraction than during intermittent contraction
(approximately 83% and 93% of baseline values, respectively).

There are very few reports c¢oncerning the effect of
phrenic afferents on lung resistance. In 1937 Thornton (134)
observed that traction of the phrenic nerve caused
bronchodilation in the cat. In addition, electrical
stimulation of the phrenic nerve close to the diaphragm
produced brornchodilation whether stimulation was performed at
low intensity (when blood pressure remained unchanged) or at
high intensity (causing a pressor response). Section of the
cervical vagus nerves eliminated the bronchodilator response
to phrenic nerve stimulation, indicating that the vacus was

the efferent pathway for this reflex (134).
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The next paper addressing the phrenic-bronchomotor
reflex was published almost fifty years later. DMcCallister
et al. (88) investigated the role of different types of
phrenic afferents on total lung resistance in
tracheostomized, anesthetized and paralyzed dogs. One
phrenic nerve was stimulated in the thorax over a range of
stimulation intensities (3-200 times motor twitch threshold).
Total lung resistance was measured on a breath-by-breath
basis. In a separate part of the study, compound action
potentials were recorded from the cervical phrenic nerve to
determine which fiber types were being activated at each
stimulation intensity. Total lung resistance decreased by 9%
when stimulation was sufficient to activate groups I-III
afferents (20 times twitch threshold), and progressively
decreased as stimulation intensity was increased (thereby
activating group IV afferent fibers). The wmaximum decrease
in resistance, 23% of baseline, occurred during stimulatiom
at 200 times twitch threshold. Since mean arterial blood
pressure increased only at the highest stimulation
irtensities (140 and 200 times twitch threshold), the
decrease in total lung resistance was not secondary to a
pressor response. Cholinergic and adrenergic pharmacologic
blockade indicated that bronchodilation was caused by an
inhibition of cholinergic input, in agreemént with the
studies investigating the effect of hindlimb muscle afferents

on trachealis muscle tension (88).
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In summary, limb muscle thin-fiber afferents are
involved in the regulation of resistance by affecting both
extrathoracic and intrathoracic airways. A few studies have
indicated that phrenic nerve afferents may also participate
in reflexes associated with the regulation of bronchomotor

tone.

1.4 INFLUENCE OF VAGAL INPUT ON VENTILATORY DRIVE

The vagus nerve contains afferent fibers from the lung,
heart, aorta, esophagus, stomach and intestines, and these
fibers are activated by mechanical or chemical stimuli.
Pulmonary afferent fibers are classified as pulmonary stretch
receptors, irritant receptors, and J receptors. J receptors
are also referred to as C fibers (102).

Pulmonary stretch receptors are slowly adapting
receptors found in intrathoracic and extrathoracic airways,
which exhibit either tonic or phasic firing. Phasic firing
is caused by airway distension during lung inflation, and
leads to the cessation of inspiratory muscle activity.
Activation of these fibers is also associated with a dilation
of airway smooth muscle (142) and an increase in heart rate
(54) .

Irritant receptors are rapidly adapting receptors
located in large airways. They are activated when lung
compliance is decreased, or during rapid inflation and
deflation of the lung. Stimulation of these receptors leads

to bronchocenstriction and cough and, at times, triggers a
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gasp reflex (102). J receptors, named for their juxta-
capillary location, are connected to slowly conducting,
unmedullated nerve fibers. During lung congestion, these
receptors are stimulated by the stretching of interstitial
lung tissue (102). Stimulation of these receptors leads to
shallow, rapid breathing, and increased diaphragmatic post-
inspiratory activity (40). In addition, strong J receptor
stimulation is associated with apnea, decreased heart rate
and blood pressure (102).

Hollstein et al. (39) have shown that abdominal muscle
activity is linked to the balance of excitatory pulmonary
stretch receptor activity and inhibitory J receptor activity.
In addition, tonic vagal activity has been shown to modulate
the pattern of breathing, and may be involved in the response
to hypercapnia (103).

One investigator has shown that wvagal input may
potentiate the excitatory effects of gastrocnemius nerve
afferent stimulation on ventilatory drive (122). It is not
known what role vagal input may have on the effects of
phrenic nerve afferent activation. Therefore, in Chapter 4,
I have asssessed the effects of phrenic afferent stimulation
on ventilatory drive before and after bilateral cervical

vagotomy.
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CHAPTER 2

PHRENIC AFFERENT STIMULATION BY
BRADYKININ AND TEE DISTRIBUTION OF TEE
INSPIRATORY MOTCR DRIVE
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2.1 LINK TO CHAPTER 2

Most studies have wused electrical stimulation to
investigate the effect of phrenic nerve activation on
ventilatory drive, and the findings have been equivocal. The
activation of phrenic nerve afferents has been associated with
an increase, decrease, or biphasic change in inspiratory motor
drive. This 1lack of congruity may be due uto the poor
selectivity of fiber activation provided by electrical
stimulation. Chemical stimulation of afferent fibers can be
more selective with respect to fiber group activation and may,
in addition, provide a better simulation of in vivo events.
Selective activation of diaphragmatic thin-fiber afferents by
capsaicin (a nonphysiological substance which activates thin-
fiber, predominantly group IV, afferents) increases inspiratory
motor drive. However, capsaicin injection also causes a severe
limitation of diaphragmatic blood flow and a large increase in
systemic blood pressure. Bradykinin is a substance which is
produced within the muscle during contraction, and is a
selective stimulant of groups III and IV afferent f£fibers.
During exercise, it is probable that the local production of
bradykinin may stimulate the activity of wventilatory muscle
thin-fiber afferents. This afferent stimulation may, in turn,
affect wventilatory drive. Therefore, the first project
addresses the changes in inspiratory motor drive associated
with the injection of bradykinin into a vascularly isolated,

innervated, in situ left hemi-diaphragm preparation.
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2.2 ABSTRACT

Activation of thin-fiber (groups III ard IV) afferents
from the diaphragm using capsaicin or ischemia increases the
respiratory muscle activity. To assess whether bradykinin
causes similar effects, we injected boluses of bradykinin
into the phrenic artery of in_situ, isolated and innervated
left hemi-diaphragm preparations in 8 «a-chloralose
anesthetized, vagotomized, mechanically wventilated dogs.
Inspiratory motor drive during spontaneous breathing attempts
was assessed from the integrated EMG activity of several
inspiratory muscles. Fifty pg of bradykinin increaced peak
integrated EMG activities of alae nasi to 110%, genioglossus
to 189%, left diaphragm to 115% (p<0.05) and parasternal to
109% (p<0.01) of baseline activity 60 sec after the
injection. Inspiratory time decreased by 10% (p<0.01). The
mean arterial blood pressure increased by about 10 mmHg.
Responses were similar with 10, 25 and 100 ug of bradykinin.
After left ©phrenicotomy, Dbradykinin did not affect
inspiratory muscle EMG or respiratory timing. In conclusion,
thin-fiber phrenic afferent activation by bradykinin exerts
an excitatory but disproportionate influence on the

inspiratory motor drive.
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2.3 INTRODUCTION

Most studies assessing the role of phrenic afferents in
the regulation of ventilation have shown that inspiratory
motor drive increases when group III and IV phrenic afferents
are stimulated by electrical (14,22,29) or chemical (9,21)
means. A biphasic ventilatory response (inhibition followed
by excitation} has also been described (17).

Recently, Teitelbaum and colleagues (28) have shown that
diaphragmatic ischemia elicited a progressive increase in the
respiratory frequency as well as the inspiratory motor drive
to several inspiratory muscles. Since ischemia is known to
activate thin-fiber afferents (7), it was concluded that
group III and IV phrenic afferents exert an excitatory effect
on the inspiratory motor drive. A criticism of this method
of activating thin-fiber afferents is that complete
diaphragmatic ischemia rarely develops under physiological
circumstances.

In the current study, we have used a physiological
substance, bradykinin, to assess the effects of thin-fiber
phrenic afferent activation on the inspiratory motor drive.
This substance is known to activate only groups III and IV
muscular afferents (18) in a more gradual fashion than
capsaicin. The main advantage of using bradykinin is that it
is produced during muscle contraction in vivo (26). This is
the first study to assess the effect of bradykinin activation

of phrenic afferents on the distribution of inspiratory motor
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drive.

2.4 METHODS

Animal preparation

Mongrel dogs (25-32 kg) were anesthetized with
thiopental sodium (20 mg/kg) followed by wa-chloralose (60-80
mg/kg) . Additional a-chloralose was provided as required to
eliminate jaw tone yet maintain quadriceps reflexes. Animals
were supine, intubated and mechanically ventilated with a
constant volume ventilator (Harvard pump, initial setting of
12-15 ml/kg for tidal volume and 20 breaths/minute for
ventilator frequency). These settings were later adjusted as
necessary to maintain end-tidal CC, at 3-4% (Ametek
analyzer). During the surgical procedure, supplemental O,
was provided to maintain arterial P, > 100 mmHg. Both
cervical vagi were cut though a midline neck incision to
eliminate effects from vagal afferents. The left carotid
artery was cannulated to measure arterial pressure (Part).
The external jugular vein was cannulated to allow fluid
administxation.
Isolated hemi-diaphragm

The rectus abdominis, external oblique and latissimus
dorsi muscles were dissected to expose the lower six ribs on
the left side of the chest. Each intercostal space was
bisected, and the incision was extended (5-10 cm) to the

origin of the costal diaphragm. Intercostal vessels were
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ligated and the ribs were removed. The left internal mammary
artery was ligated through a midline incision in the
xiphisternal cartilage. The 1lateral abdominal wall was
incised just caudal to the inferior margin of the costal
diaphragm. This incision extended from midline to the
inferior margin of the last rib, which was cut at the left
costophrenic angle. The two halves of the costal diaphragm
were incised from the xiphisternal cartilage to the central
tendon. The ribs and cartilages of the free costal margin
were secured by silk threads to three metal bars (5 cm long).
The bars were attached to rack and pinion adjustable clamps
(Harvard Instruments Model 50-2633), which were fixed
horizontally to a rigid metal frame surrounding the animal’s
thorax. The clamps were adjusted so that the costal
diaphragm was at its in vive, open thorax, end expiratory
length. This was determined by measuring the distance
between three pairs of sutures placed in the anterior, middle
and posterior regions of the c¢ostal diaphragm. Body
temperature was monitored using a rectal thermometer, and a
heating lamp was used to maintain the temperature above 37°C.
Plastic film (Saran Wrap) was applied to the chest of the
animal to avoid drying of the exposed tissues.

Phrenic artery catheterization
The stomach, 1liver, spleen and 1left kidney were
retracted to expose the left phrenic artery. This artery was

dissected free from the surrounding tissues 4-6 cm above the
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left adrenal gland. The proximal part of the artery was
ligated, and a polyethylene catheter (PE-160, 1.14 mm inner
diameter (ID), 1.57 mm outer diameter (0D}, 3 cm long) was
introduced into the distal portion. The catheter was
connected to a 15 cm-long polyethylene tube (4 mm ID, 6 mm
OD) that was joined to a Y-shaped connector. One arm of the
Y was connected to a catheter in the left femoral artery so
that arterial flow was diverted from that wvessel into the
left inferior phrenic artery. The other arm of the Y was
used for the infusion o¢f bradykinin. A saline/heparin
mixture was infused regularly from a pressurized bag to
prevent clotting.

Catheterization of the phrenic vein

A polyethylene catheter (PE-280, 2.15 mm ID, 3.25 mm OD)
was introduced into the right femoral vein, and threaded
through the inferior vena cava into the left inferior phrenic
vein. The catheter was secured in place by a silk suture
placed through the central tendon and around the vein. The
distal tip of the catheter was placed 5-10 cm beiow the vena
cava, so that diaphragmatic venous blood could be collected
into a container and reinfused into the animal.

Electrom raphic (EMG) activit

Pairs of hook electrodes (1 cm apart) were placed in the
right and left diaphragmatic costal fascicles. Fine wire
electrode pairs were placed in the left alae nasi,

genioglossus and left 2nd or 3rd parasternal muscles. The
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signals were amplified and filtered (20-1000 Hz, Disa 05A0L),
and then filtered (50-500 Hz), rectified and integrated (0.1
sec time constant) by a resistance capacitance integrator.
Breath-by-breath EMG activity for a given muscle was
quantified in terms of peak values. Inspiratory (T;) and
expiratory (Tg) times were measured from the integrated EMG
activity of the diaphragm. Breathing frequency (£;) was
calculated from T; and T;.

Bradykinin preparation

Bradykinin (Sigma Chemical, St. Louis, MO) was dissolved
in a saline vehicle to obtain concentraticns of 10, 25, 50
and 100 pg/ml. Solutions were placed in small vials (2.5 ml)
and kept frozen at -5 °C. On the day of the experiment the
number of vials required were thawed at room temperature just
prior to usage.
Experimental Protocol
General procedure: After completion of the surgical
procedure, a 30-min stabilization period was allowed. To
obtain a stable spontaneous breathing pattern, the frequency
of the ventilator was reduced to 15 breaths/min. Baseline
measurements of arterial blood gases, EMG activities and Part
were then taken.

Group 1 (n=8): A 1 ml bolus of bradykinin was injected
into the phrenic artery catheter, followed by a flush of 2-3
ml of saline to ensure that the bradykinin xreached the

diaphragmatic wvasculature. Phrenic arterial and venous
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catheters were clamped immediately after the saline flush.
The occlusion was maintained for one min to allow sufficient
time for bradykinin to reach afferent nerve endings.
Diaphragmatic venous blood was collected for two min after
bradykinin injection and discarded. Since, during the first
experiment, inspiratory motor drive was unaffected by bolus
injections of .05-5 pg bradykinin, 10, 25, 50 and 100 ug
bradykinin were administered in random order. Bradykinin
injections were given when the peak integrated EMG activities
and respiratory timing returned to pre-injection wvalues,
which usually required about four min. Saline was injected
to control for the effect of the wvehicle. (See Fig. 1.)

Group 2 (n=5): To determine if changes in inspiratory
motor drive were mediated by phrenic afferent activation, one
dose of bradykinin was injected before and after section of
the left phrenic nerve in five animals.
Data Analysis

Baseline Part was determined as the mean value obtained
over twenty sec immediately before each injection. Following
bradykinin injection, mean Part was measured over 10 sec
intervals for two min at each bradykinin dose. Baseline EMG
activity and respiratory timing were obtained by averaging
ten breaths immediately preceeding each injection. The
response values were then obtained by averaging 3 to 5§
breaths at intervals of 30, 60, 90 and 120 sec after

bradykinin injection.
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Statigtical Analysgis

Preliminary inspection of the data showed that the peak
response to bradvkinin was detected at 60 sec after
injecticn, so this time interval was used in the statistical
analysis. To compare the effect of bradykinin on inspiratory
motor drive, three way analysis of variance was done using
dosage and condition (baseline and response) as factors,
blocked by animal. In addition, responses to saline and 50
pg bradykinin injections were compared by paired t-test.
Group 2 responses to the 50 pug bradykinin injection were
analyzed with a one sample t test. Significance was

determined at p<0.05. Values are presented as means + SE.

2.5 RESULTS

For all animals, baseline arterial pH, P,, and P, after

surgery averaged 7.28 + 0.03, 87 + 8 mmHg, and 41 + 3 mmHg,
respectively.
Group 1:

The experimental records from two animals are shown in
Fig. 2. Baseline mean Part averaged 121 + 10 mmHg. Mean
Part increased to 131 + 10 mmHg (p<0.01) by 60 sec after
bradykinin injection, and then declined to control values by
2 min after the injection (Fig. 3}. Genioglossus EMG

activity was recorded in 7 animals at the 25 ug dosage, and

in 8 animals at the 10, 50 and 100 pg dosages. Parasternal
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Fig. 2.2: Experimental records from two animals during
bradykinin injections into the left phrenic artery. AN-alae
nasi, GG=genioglossus, PS=parasternal, Rdi=right diaphragm,
Idi=left diaphrac:. A. Note the marked change in
genioglossus EMG activity after bradykinin injection.

B. Note the marked change in respiratory frequency following
bradykinin injection.
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Fig 2.3: Systemic arterial blood pressure response to saline
and 50 ug bpgdyklnln injections into the left phrenic artery.

Mean + SE. p < C.01 compared to baseline values. Note the
increase in pressure caused by bradykinin injection.
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EMG activity was recorded in 7 animals at the 25, 50 and 100
ug dosages, and 8 animals at the 10 ug dosage.

Effect of 50 pg injection

For most muscles, peak integrated EMG activity increased
within 30 sec, and peaked by 60 sec after the injection.
However, the magnitude of the response was dissimilar. There
was a marked increase in genioglossus (GG) activity, whereas
alae nasi (AN), parasternal (PS) and left diaphragmatic (Ldi)
activity only increased slightly and right diaphragmatic
(Rdi) remained unchanged (Fig. 4).

Baseline T,, T, and f; averaged 1.59 + 0.33 sec, 4.26 +
1.35 sec, and 16.3 + 3.0 breaths/min, respectively. Sixty
sec after bradykinin injection, T, declined significantly to
1.45 + 0.31 sec (p<0.0l1 compared with control), whereas T;
(3.94 + 1.41 sec) and £; (18.0 + 3.1 breaths/min) did not
change significantly (Fig. 5). Figure 4 also illustrates the
effect of saline injection on EMG activity of wvarious
muscles. Saline injecticns did not elicit any significant
changes in respiratory timing or EMG activity of any of the
muscles. When braidykinin response was compared to saline
response, AN, GG, PS, Ldi and T; responses remained
significantly different p<0.05).

Effect of different doses

Injections of 10, 25, 50 and 100 ug of bradykinin

increased mean Part by a similar degree (5.6 + 1.9, 8.5 +

2.5, 9.4 + 1.8 and 8.1 + 2.4 mmHg, respectively).
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Fig. 2.4: EMG response of alae nasi (AN), genioglossus (GG),
parasternal (PS), right (Rdi) and left (Ldi) diaphragms 60
sec after injection of saline or 50 ug bradykinin into the
left phrenic artery. ™~ p < 0.05 and 0.01, respectively,
compared to baseline values. ' p < 0.05 compared to saline
values. Note the large change in genioglossus activity
compared with the responses of the other muscles.
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(Tz) and respiratory frequency (fi) 60 seconds after injection
of saline or 50 pg bradykinin into the left phrenic artery.
" p < 0.05 compared to baseline values. ' p < 0.05 compared
to saline values.
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Different doses of bradykinin elicited a similar
increase in the peak integrated EMG activity of AN, GG, Rd4i
and Ldi, although PS was elevated more by the 50 ug injection
(9% increase versus 4-6% increase with the other doses,
p<0.05). T; was significantly shortened after bradykinin
injection, however, no differences were observed between
different doses (97, 93, 90 and 96% of control in response to
10, 25, 50 and 100 pug, respectively). Bradykinin injection
had no effect on T; (p>0.05), although f; increased slightly
to 105, 113, 113 and 110% of control in response to 10, 25,
50 and 100 ug, respectively (p<0.05).
Group 2: After left phrenicotomy, baseline values of mean
Part, T,, Ty and f£; in this group averaged 116 + 8.7 mmHg,
1.58 + 0.36 sec, 3.02 + 0.71 sec and 17.6 + 4.6 breaths/min,
respectively. With the injection of bradykinin, Part
declined to 104.2 + 11.1 mmHg (p<0.05). Peak EMG activity of
AN (n=5) and RAi (n=4) re.nained unchanged (101 and 90% of
baseline, respectively). The effect of bradykinin injection
on GG activity after phrenicotomy was assessed in three
animals. Phrenicotomy resulted in the disappearance of GG
activity in one animal. In the remaining two animals,
bradykinin injection caused an average 61% increase in GG
activity before phrenicotomy, and only 2% increase in GG
activity after phrenicotomy. In addition, bradykinin did not
appear to affect PS activity in the two animals with

measurable PS EMG signals (91% of baseline levels).
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Respiratory timing was also unaffected by bradykinin

injection.

2.6 DISCUSSION

The main findings of this study are that:
1} Injection of bradykinin into the in-situ isolated and
innervated left nemi-diaphragm vasculature resuvlted in a
small increase in activity of alae nasi, parasternal and left
diaphragm, a large increase in genioglossus activity, and no
change in right diaphragmatic activity.
2) Responses were similar with 10, 25, 50 and 100 ug
bradykinin injections.
3) The response could be eliminated by cutting the left
phrenic nerve.
Critiquc

The main assumption of this study is that alterations in
inspiratory motor drive were caused by bradykinin-induced
activation of phrenic afferents. This requires that the left
diaphragmatic wvasculature be completely isolated from the
systemic circulation (10). In our preliminary experiments,
systemic contamination with bradykinin caused apnea and
hypotension, in contrast to the augmentation of inspiratory
muscle activity and arterial pressure that we report. Our
assumption of phrenic afferent activation by bradykinin is
also supported by the absence of any changes in respiratory

timing or inspiratory muscle EMG activity when bradykinin was
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injected after secticning the left phrenic nerve in five
animals. Finally, it is possible that the increase in the
inspiratory motor drive we observed might have been modulated
by afferent inputs from non-diaphragmatic sources such as
arterial baroreceptors. Although we have eliminated inputs
from aortic baroreceptors by sectioning the wvagi, the
increase in arterial pressure in response to bradykinin
injection (Fig. 3) might have influenced carotid baroreceptor
activity. An increase in arterial pressure is known to
decrease ventilatory drive (2) and decrease hypoglossal nerve
activity (23). It 1is possible, therefore, that the
augmentation of the inspiratory motor drive, particularly
that of the genioglossus, by phrenic afferent activation
might have been larger i1f baroreceptor activity had been
controlled.

One wmay also argue that the occlusion of phrenic
arterial and venous flows following the injection of
bradykinin might have elicited the increase in inspiratory
motoxr drive by producing ischemia (28). We think this was
unlikely, however, because saline injection followed by
occlusion of diaphragmatic blood flow did not elicit
ventilatory changes. Moreover, changes in ventilatory motor
drive in response to diaphragmatic ischemia were evident only
after 8 min of corplete diaphragmatic ischemia in another

study (28).
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Phygiology of Bradykinin

Bradykinin is a nonapeptide that is formed in tissue or
plasma when kininogen is cleaved by the enzyme kallikrein,
and is degraded by kininase II converting enzyme (5). Strong
muscle contractions produce a significant increase in
skeletal muscle bradykinin concentration, especially when
ischemia is present (26). Although the mechanism of the
increased production of bradykinin within muscle is not
known, alterations in pH and lactate concentration have been
shown to influence bradykinin metabolism (5,6) .

In addition to its vasodilating effects, bradykinin is
known to stimulate thin-fiber muscle afferents. Mense (18)
recorded action potentials from fine filaments of group III
and IV afferent fibers from the triceps surae muscles of
anesthetized, paralyzed cats. Injecticn of bradykinin into
the sural artery increased the frequency of action potential
firing in 46% of the group III and 71% of group IV units.
Similarly, Kaufman et al. (13) found that in anesthetized
dogs injection of bradykinin elicited a four-fold increase in
the rate of firing of 47% of group III and 52% of group IV
afferent fibers in sciatic and gracilis nerves. There was no
effect on the firing rate of group I and II afferent fibers.
Based on these findings, we propose that the augmentation of
inspiratory drive and arterial pressure observed in our study

are mediated by the activatiocon of thin-fiber (groups III and
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IV) phrenic afferents. However, we do not know if our
results can be attributed to a predominate activation of

group III or group IV fibers, or to similar activation of

both afferent groups.

Effects of groups III and IV phrenic afferents

Bradykinin elicited smaller increases in diaphragmatic
activity and arterial pressure than those evoked by capsaicin
injection (9). In addition, response latencies after
bradykinin injection of 20 to 30 sec were longer than the 7
sec latencies observed after capsaicin injection (9), but
similar to the latencies reported by Mizumura and Kumazawa
{20) after bradykinin injection into the isolated medial
gastrocnemius muscle of dogs. This might be attributed to
differences in the pattern and intensity of afferent
activation by these substances at the receptor level.
Capsaicin elicits a sudden and strong increase in the firing
rate of mainly group IV and few group III muscle afferents,
whereas bradykinin causes afferent activity to rise more
slowly and to a lesser extent than capsaicin (13). In
addition, the response latency of capsaicin is 6 sec, while
that of bradykinin is 16 sec (13).

We found that 10 pg of bradykinin was required to elicit
changes in the ventilatory drive and arterial pressure. By
comparison, Mizumura and Kumazawa (20) found a significant
increase in minute ventilation in response to a 5 ug

bradykinin injection into the medial gastrocnemius. This
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difference could be attributed to the existence of fewer
thin-fiber afferents in the diaphragm than in the
gastrocnemius. Similar findings have been reported when
thin-fiber afferents in these two muscles were activated
electrically or chemically (9,22,29).

The absence of a dosage effect may be due to the steep
dose response curve reported for activation of thin-fiber
afferents by bradykinin (18). Another possibility may be the
presence of tachyphylaxis. Kumazawa and Mizumura (15)
reported a decrease in the f£firing rate of thin-fiberx
afferents when bradykinin injections were given every ten
min. However, Mense (18) and Mense and Schmidt (19)
demonstrated reproducibility of thin-fiber f£iring rates with
injection intervals of 2-4 min. In addition, in a study on
the effect of Dbradykinin on ©respiratory rate and
cardiovascular parameters, Tallarida et al. (27) found no
tachyphylaxis when injections were spaced 3-5 min apart. We
speculate that the inability of highexr doses of bradykinin to
further augment inspiratory motor drive may be due to a
maximal activation of afferents at the lowest bradvkinin
dose.

Differences in_ the inspiratory muscle response

Bradykinin elicited a relatively greater increase in
genioglossus muscle activity compared with other inspiratory
muscles (Fig. 4). This might have been due to the selective

effects of anesthesia on central pathways. Barbiturate or
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halothane anesthesia suppresses the activity of upper airway
muscles more than the diaphragm through a selective action on
the reticular formation (1,12). 1In contrast, a-chloralose,
unlike other anesthetic agents, does not affect reticular
formation activity (4), and should have an equal effect on
the activity of the genioglossus and other inspiratory
muscles, Indeed, the changes in phrenic and hypoglossal
nerve activities in response to CO, rebreathing and hypoxia
were influenced similarly by a-chloralose {(see Fig. 8 in the
Hwang report (12}). The preservation of reticular formation
activity is particularly important in this protocol, since
phrenic thin-fiber afferents seem to project predominately
onto reticular nuclei rather than medullary respiratory group
nuclei (16).

An alteration in baroreceptor activity as a result of
the increase in arterial pressure from the bradykinin
injection might have influenced the relative degree of
genioglossus muscle activation. However, baroreceptor
stimulation induces a greater depression of genioglossus
activity than phrenic or recurrent laryngeal nerve activity
{23) . Thus, baroreceptor activity is an unlikely explanation
for the disproportionate increase in genioglossus activity.

When compared to artificial electrical or chemical
stimulation, bradykinin appears to be a weaker stimulant of
inspiratory wmotor drive. For example, high intensity

stimulation of the left phrenic nerve increased AN, GG, PS
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and Rdi peak activities by 64%, 440%, 55% and 76% (29).
Similarly, injection of 50 pg of capsaicin intoc the left
hemi-diaphragm increased PS, RdAi and Ldi peak activities by
35%, 40%, and 67% (9). Neither type of stimulation changed
respiratory timing. In our study, however, AN, PS and Ldi
activities increased by 10-18%, GG activity increased by 80%,
and inspiratory time decreased by 10%. In contrast,
bradykinin did not significantly alter R4i activity. It is
possible that bradykinin selectively activates a greater
proportion of group III phrenic afferents, which may be
involved in a contralateral phrenic-phrenic inhibitory reflex
(24). Activation of this reflex wmay have attenuated the
augmentation of motor drive to the right diaphragm.

The differential activation of the inspiratory muscles
cbserved in response to bradykinin injection is not unique to
phrenic afferent activation. High intensity electrical
stimulation of the sciatic (8) and gastrocnemius nerves (11)
causes genioglossus EMG activity to increase more than other
inspiratory muscles. In addition, tactile, auditory and
visual stimuli have also been shown to cause a
disproportionate increase in genioglossus muscle activity
(3). The similarity of these effects may indicate a
generalized response to afferent inputs on the reticular
formation. Finally, the dispropertionate increase in
genioglossus activity induced by bradykinin under «-

chloralose anesthesia supports the hypothesis that the
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genioglossus muscle is predominantly controlled by reticular
mechanisms, whereas the diaphragm is predominantly controlled

by the medullary respiratory center (25).
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CHAPTER 3

PHRENIC AFFERENT ACTIVATION REDUCES
TRACHEALIS TENSION AND LUNG RESISTANCE
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3.1 LINK TO CHAPTER 3

Previous studies have shown that the activation of thin-
fiber afferents from limb muscles causes both hyperpnea and
an increase in systemic blood pressure. In the first project
I demonstrated that activation of diaphragmatic thin-fiber
afferents by bradykinin (a physiological substance produced
during muscle contraction) stimulates inspiratory motor drive
and increases systemic blood pressure. This indicates that
activation of afferents from ventilatory muscles play a role
in the generation of exercise hyperpnea.

Another component of the exercise response is a decrease
in air flow resistance. Previous studies have shown that the
activation of limb muscle thin-fiber afferents decreases
large airway tone (specifically tracheal tension) and lung
resistance. Therefore, limb muscle afferent input may be
involved in the control of airway muscle tone during
exercise. Since ventilatory muscles are strongly recruited
during exercise, afferent feedback from the diaphragm may
also be involved in the regulation of airway smooth muscle
tone. In the next project I investigated the relative
effects of right, 1left and bilateral phrenic nerve
stimulation on trachealis tension and lung resistance, and
compared these effects to those found during tibial nerve

stimulation.
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3.2 ABSTRACT

Phrenic thin-fiber afferent activation stimulates
inspiratory motor drive and breathing frequency. To assess
the role of these fibers in airway muscle tone regulation, we
monitored in vivo trachealis muscle tension (T..) and lung
resistance (R,;) during phrenic and tibial nerve stimulation
in 7 anesthetized, paralyzed, mechanically ventilated dogs.
The proximal cut ends of the left and right phrenic (LP, RP)
and the left tibial (T) nerves were stimulated separately and
in combination (P+P) at high zund low intensities (20-50 and
2-5 times twitch threshold, respectively) for 30-60 sec.
High intensity stimulation of LP, RP, T, and P+P
significantly decreased T,, by 14, 18, 23 and 21%,
respectively, whereas R, significantly decreased by 8% and
11% during RP and P+P stimulation, respectively. Low
intensity LP and RP stimulation did not affect T,, or R;.
These findings indicate that phrenic afferent fiber
activation decreases trachealis muscle tone and lung
resistance. This reflex may alter airflow resistance when

respiratory muscle activity is increased.
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3.3 INTRODUCTION

Exercise induces a number cf physiological changes in
the cardiorespiratory system, many of which have been
pronosed to be due to the activation of sensory fibers of
limb muscles. For example, activation of thin-fiber (groups
III and 1IV) afferents of limb muscles has been shown to
increase mean arterial blood pressure, tidal wvolume and
respiratory frequency (20,28), and to redistribute
ventilatory motor drive (28). In addition, the resistance to
air flow 1is strongly influenced by these afferents as
evidenced by the decline in trachealis muscle tone (7) and a
decrease in lung resistance (22).

Like limb muscles, the respiratory muscles are strongly
recruited during physical exercise. These muscles contain
all four groups of afferent fibers which are present in other
skeletal muscles. Therefore, it is possible that respiratory
muscle afferents may also be involved in the
cardiorespiratory response to exercise. Indeed, previous
studies have illustrated that phrenic thin-fiber afferent
activation leads to a rise in arterial blood pressure,
redistribution of cardiac output {(6), increased tidal volume
and respiratory freguency (20), and redistribution of
ventilatory motor drive {(27,31). Unilateral stimulation of
the phrenic nerve has been shown to decrease lung resistance
(16) . EHowever, the influence of phrenic afferent activation

on large airway smooth muscle tone, which provides the major
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contribution to pulmonary resistance, remains unknown. The
first aim of our study. therefore, was to evaluate
simultaneous changes in trachaalis muscle tension and lung
resistance during electrical activation of thin-fiber phrenic
afferents.

In most previous studies concerning the role of phrenic
afferents, unilateral phrenic afferent activation has been
used without consideration to anatomical differences in the
number and origin of afferent fibers in the right and left
phrenic nerves (5,11,12). For example, Kostreva and Pontus
(12) have demonstrated that the right phrenic nerve contains
mechanoreceptive afferent £fibers from subdiaphragmatic
structures. The physiological consequences of these
anatomical differences have not yet been investigated.
Accordingly, the second aim of our study was to evaluate the
effect of activation of right versus left phrenic nerve
afferents on trachealis muscle tone and lung resistance. In
addition, bilateral phrenic nerve stimvlation was performed.

Finally, it has been shown that chemical and electrical
activation of limb muscle (e.g. gastrocnemius) afferents
leads to stronger ventilatory and vascular responses than
those elicited by phrenic afferent activation (6,19,28). Our
third aim was to determine if the airway response is greater
during tibial nerve stimulation than phrenic nexve

stimulation.
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2.4 METHODS

Animal preparation

Seven mongrel dogs (23-29 kg! were initially
anesthetized with thiopental sodium (20 mg/kg) followed by a-
chloralcose (80-100 mg/kg). Supplemental boluses of a-
chloralose were given as needed. The animals were intubated
with 2 cuffed endotracheal tube (Sheridan, 9% mm ID), and
ventilated with a constant volume ventilator (Harvard pump)
with a tidal volume of 12-15 ml/kg and a frequency of 20
breaths/min. Ventilator settings were adjusted as necessary
to maintain arterial P, between 30-40 mmHg during the
subsequent surgical preparation. Supplemental oxygen was
provided to maintain arterial P,, above 100 mmHg. Air flow
was measured using a pneumotachograph (Fleisch #2) and a
differential pressure transducexr (Validyne). Airway pressure
was measured from a sideport located between the
pneumotachograph and the endotracheal tube wusing a
differential pressure transducer (Validyne). A catheter was
placed in the right femorali artery to monitor systemic blecod
pressure (Trantec) and collect blood samples for arterial
blood gas analysis {(AVL 995). A second catheter was placed
in the left femoral vein for fluid and drug administration.
Surgical procedure

The preparation developed by Brown et al. (1) was used
to measure in situ changes in tension in the posterior

tracheal membrane. The advantage of this preparation is that
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the innervation to the trachealis muscle is left largely
intact, enabling the investigation of reflexes under
physiologic conditions. Briefly, a midline skin incision was
made in the neck extending from the thyroid cartilage to just
above the thoracic inlet. The endotracheal tube was removed,
and the animal was reintubated through a low tracheostomy.
The mid-cervical trachea above the tracheostomy site was
exposed, and four contiguous cartilaginous rings (6-10) were
bisected. Sutures were placed in the ends of each cartilage.
One side of the tracheal segment was attached to a rod, and
the other side was attached to a force displacement
transducer (Grass FT03). Each side was attached to a rack and
pinion system so that the trachealis muscle length could be
adjusted.

A sternotomy was then performed, and the ribs were
widely retracted. Both right and left phrenic nerves were
isolated in the thorax, and bipolar stainless steel
stimulating electrodes were placed close to the diaphragm.
The twitch thresholds (TT) for a visible contraction were
determined (Grass Stimulator Model S48, Grass Constant
Current Unit CCUl), and the nerves were cut between the
stimulating electrodes and the diaphragm. Similarly, the
portion of the 1left tibial nerve which supplies the
gastrccnemius muscle was isolated, the twitch threshold
détermined, and the nerve cut. The animals were then

paralyzed with vecuronium (4-7 mg iv).
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Experimental Protocol

The integrity of the trachealis preparation was tested
using asphyxia produced by stopping the ventilator. This
caused a marked increase in trachealis tension (T,.) within
approximately 30-60 sec. At the beginning of the experiment,
the trachealis muscle length was adjusted to obtain a maximal
decrease in tension in response to tibial nerve stimulation.
The average trachealis muscle length utilized was 15 + 1 mm.
Baseline measurements of arterial blood gases, T,, and
arterial blood pressure (P,.) were recorded. During the
experiment, end-tidal P, was monitored continuously (Amedec
infrared analyzer), and oxygenation was monitored by periodic
measurement of arterial blood gas tensions.

In each animal, phrenic and tibial nerves were
individually stimulated in random order at high intensities
(20-50 times twitch threshold, 40 Hz, 1 ms pulse duration)
for 30-60 sec. In 5 animals, bilateral high intensity
phrenic nerve stimulation was also performed. In addition,
unilateral phrenic nerve stimulation was performed at low
intensity (2-5 times twitch threshold, 100 Hz, 1 ms) in five
animals. Stimulations were separated by 3-5 min, by which
time monitored parameters had returned to their baseline
levels. Air flow, airway pressure {(P,), T.. and P,. were
recorded continuously for one min prior to and during each

stimulation.
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Data Analysig

Baseline T,, and P,. were determined as the mean values
obtained over twenty sec immediately before each stimulation.
The peak change in T,, and the length of time from the onset
of stimulation was noted. Mean P, was determined over 10
sec¢ intervals throughout the stimulation, and the peak change
in mean P, was identified.

Breath-by-breath determination of lung resistance was
done by applying multiple linear regression analysis to the
equation of motion (P,, = elastance +* tidal volume +
resistance * air flow + constant) as previously described
(26). Baseline lung resistance (R,) was determined as the
mean of 3-5 breaths before each stimulation. Peak change in
R, during each stimulation was determined as the mean value
of three consecutive breaths which deviated maximally from
baseline. Resistance of the endotracheal tube was calculated
as previously described (4) and subtracted from the
resistance values provided by the regression analysis.

Analysis of variance for a randomized block design was
used (30). Scheffé post hoc tests were used to compare
baseline values to the results obtained during single nerve
stimulation, and to assess differences in response toO
unilateral phrenic or tibial nerve stimulation. Due to
different sample sizes, separate ANOVAS were performed for
high and low intensity stimulations. Responses to bilateral

phrenic nerve stimulation were compared with a one sample t
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test. Significance was determined at p < 0.05. Values are

presented as means + SE.

3.5 RESULTS

After the surgical preparation was completed, arterial
P and Pg., averaged 129 + 17 mmHg and 39 + 1 wmmHg,
respectively. Arterial pH was 7.33 + 0.01. Figure 1 shows
recordings of T,., and P,. during separate high intensity
stimulation of the left phrenic and tibial nerves in one
animal. Stimulation of either the phrenic or tibial nerve
produced a considerable reduction in T,.. The maximum effect
occurred within 10-20 sec, and T,. then gradually returned
toward baseline. In contrast, P,., increased and remained
elevated throughout the period of stimulation of the phrenic
or tibial nerve.
Phrenic_Nerve Stimulation
High Intensity Stimulation

Group mean values for baseline T, are shown in Table 1.
Baseline T, was comparable before left, right, and bilateral
phrenic nerve stimulation (Table 1). As shown in Fig. 2, T,
decreased significantly to 86%, 82% and 79% of baseline
values during high intensity stimulation of the left phrenic,
right phrenic and both phrenic nerves, respectively.
Stimulation intensities were similar for all three conditions

{left phrenic 28 + 4 times TT; right phrenic 26 + 3 times TT;
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Fig. 3.1: Experimental recordings of tracheal tension (T,)
and arterial bloecd pressure (P,,) from one animal during high
intensity individual stimulation of the left phrenic (A) and
left tibial (B) nerves.



Nerve

Left Phrenic

Right Phrenic

Bilat Phrenic

Left Tibial

Intensityv

Low

High

Low

High

High

High

Bageline

(g)

136
(20)

130
(15)

134
(19)

131
(14)

127
(19)

130
(15)

96

Stimulation

(g)

128
(19)

111~
(12}

126
(16)

106**
(11)

97*
(10)

99 %
(11}

Table 3.1: Trachealis muscle tension before and after nerve

stimlation.

Values are means.

Values in parentheses are

SE. *, ** p < 0.05, 0.01, respectively, compared to baseline

values.
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Fig. 3.2: Peak changes in tracheal tension during high and
low intensity stimulation of the left phrenic (high: n=7,
low: n=5), the right phrenic (high: n=7, low: n=5), both
phrenic (high: n=5) and the left tibjal (high: n=7) nerves.
*, k% p < 0.05, 0.01, respectively, compared to baseline
values.
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left phrenic nerve 34 + 6 times TT and right phrenic nerve 23
+ 2 times TT). There were no significant differences between
changes in T,, during left and right phrenic nerve
stimulation. The latency between the onset of stimulation
and the peak change in T,, averaged 17.3 + 1 sec, and was no
different between conditions.

After subtracting endotracheal tube resistance, baseline
R, was comparable before stimulation of the left, right and
both phrenic nerves (Table 2). High intensity stimulation of
the right phrenic nerve and both phrenic nerves significantly
decreased R, to 92% and 89% of baseline values, respectively
(Fig. 3). However, the decrease in R, caused by left phrenic
nerve stimulation (to 94% of baseline) did not reach
significance (p = 0.10) (See Fig. 3).

As shown in Table 3, there was a significant increase in

mean P, with both unilateral and bilateral phrenic nerve

stimulations.
Low Intensity Stimulation

In the 5 animals tested, baseline T,, and R, were similar
before left and right rhrenic nerve stimulation (Tables 1 and
2) . Unilateral phrenic nerve stimulation at low intensity (3
+ 1 times TT) had no significant effect on T, or R,. A
significant pressor response was found during right, but not

left, phrenic nerve stimulation (Table 3).
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Nerve Intensity Baseline Stimulation

(cmH,0/1/s) (cmH,0/1/s)
Left Phrenic Low 2.78 2.63
(0.36) (0.33)
High 2.98 2.80
(0.35) (0.33)
Right Phrenic Low 2.74 2.62
(0.35) (0.32)
High 2.83 2.61*
(0.31) (0.29)
Bilat Phrenic High 3.34 2.93%*
(0.43) (0.31)
Left Tibial High 2.95 2.75
{0.32) (0.30)

Table 3.2: Lung resistance before and after nerve

stimulation. Values are means. Values in parentheses are
SE. * p < 0.05, compared to baseline values.
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Fig. 3.3: Peak changes in lung resistance during high and
low intensity stimulation of the left phrenic (high: n=7,
low: n=5), the right phrenic (high: n=7, low: n=5), both
phrenic (high: n=5) and the left tibial (high: n=7) nerves.
* p < 0.05, compared to baseline values.
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Nerve Intensity Bagseline Stimulation
(mmHg) (mmig)

Left Phrenic Low 121 + 7 124 + 6§
High 125 + 6 142 + 7*x

Right Phrenic Low 119 + 8 128 + 8~
High 126 + 7 153 + 8*¥

Bilat Phrenic High 119 + 6 149 + 7*
Left Tibial High 127 + 6 144 + 8*«

Table 3.3: Mean systemic blood pressure before and after
nerve stimulation. Values are means + SE. *, ** p < 0.05,
0.01, respectively, compared to baseline values
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Tibial Nerve Stimulation

Baseline T,, before high intensity tibial nerve
stimulation (22 + 1 times TT) was similar to the baseline
tension preceding high intensity phrenic nerve stimulation
(Table 1) . During tibial nerve stimulation, T,, decreased to
77% of Dbaseline (Fig. 2). There were no significant
differences in the decreases in T,. caused by stimulation of
the tibial nexve when compared to phrenic nerve stimulation.
Although R, decreased to 93% of baseline (Fig. 3), this
change was not statistically significant (p = 0.08).
Finally, tibial nerve stimulation caused a significant rise

in P,.. (Table 3).

3.6 DISCUSSION

The main findings of this study are that:

1. High intensity electrical stimulation of the
proximal end of one or both cut phrenic nerves elicited a
significant decline in trachealis muscle tension, whereas low
intensity stimulation of these nerves had no effect on
trachealis muscle tension. These results were comparable to
those obtained with tibial nerve stimulation.

2. Lung resistance decreased during high intensity
stimulation of the right phrenic nerve and both phrenic
nerves. However, lung resistance remained unchanged with
high inte

nsity individual stimulation of the left phrenic and tibial
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nerves, and low intensity stimulation of either phrenic

nerve.
Critique

One could argue that the changes in trachealis muscle
tension and lung resistance could have been caused by
afferent inputs other than the phrenic afferents. Changes in
chemoreceptor stimulation, such as hypoxia (1) and
hypercapnia (18) are known to cause contraction of airway
smooth muscle. Since experiments were performed during
controlled wmechanical ventilation, it is unlikely that
chemoreceptor input varied during phrenic or tibial nerxve
stimulation.

Airway smooth muscle tone can also be affected by the
activation of pulmonary mechanoreceptors. Lung inflation and
deflation reflexly dilate (29) and constrict (9) airway
smooth muscle, respectively. Considering the fact that nerve
stimulation was performed in open chested animals with a
fixed breathing patterm, changes in pulmonary mechanoreceptor
activity should not have influenced the results obtained.
However, in these animals, inspiratory muscle activity
occurred during was not entrained to the ventilator rate.
Therefore, our results could be affected by the phase
differences between pulmonary stretch receptor activity and
the centyal respiratory rhythm.

It might be argued that the decrease in trachealis

tension during phrenic and tibial nerve stimulation was
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produced by the concomitant pressor response. Nadel and
Widdicombe (18) have shown that a large, sudden change in
systemic blood pressure (from 20 mmHg to 200 mmHg) causes a
modest increase (2.9%) in the volume of a tracheal segment,
with no change in total lung resistance. In addition,
Schultz et al. (23) reported a fall in trachealis tension
when carotid sinus pressure was increased by 25 mmHg for one
min. Although the mean peak changes in systemic blood
pressure reported in our study (from 15-27 mmHg) lasted only
ten sec, it is possible that these . hanges may have had a
minimal effect on trachealis tension. However, others have
shown that when animals are pretreated with phentolamine
and/or propranolol, electrical or chemical thin-fiber
afferent activation continues to elicit decreases 1in
trachealis tension (7) and lung resistance (16} despite only
minimal changes in mean arterial pressure. In further
support of this point, we found that stimulation of phrenic
or tibial afferents caused inhibition of trachealis tension
in some animals when wmean arterial pressure was either
unchanged or even depressed. Similar findings have also been
previocusly reported during activation of hindlimb muscle
afferents (7,8,14).

In our protocol, we performed high and low intensity
stimulations to activate different groups of afferent fibers.
Although we did not perform nerve rxecordings, previous

studies have shown that stimulation at less than 5 times the
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stimulation threshold for motor (22) nerve fibers activates
only group I and II afferent fibers, while stimulation at
higher intensities activates groups III and IV (thin-fiber)
afferents. We have therefore assumed that responses which
occurred during high, but not low, intensity stimulation are
due to the activation of thin-fiber afferents. This
assumption is drawn from reports that cardiorespiratory
responses to either muscle contraction (17) or nerve
stimulation (20) do not occur when thin-fiber afferent
activation is blocked by anesthetics or cooling.

Trachealis Tengion and Lung Resistance

In our study, high intensity stimulation of one or both
phrenic nerves had an inhibitory effect on trachealis
tension, while low intensity stimulation had no significant
effect. We also found that nonrespiratory (tibial) nerve
stimulation caused similar decreases in trachealis tension.
The activation of limb muscle afferents has been shown in
previous studies to cause alterations in trachealis tension
which are comparable to our findings. For instance, static
contractions of one hindlimb (14) and both gracilis muscles
(8) caused dilation of trachealis muscle to 89% and 73% of
baseline levels, respectively. Similar results have been
reported when muscular thin-fiber afferents have been
activated by capsaicin (2,7).

Previous studies have demonstrated that lung resistance

is affected by activation of respiratory and non-respiratory
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skeletal muscle thin-fiber afferents. For example,
McCallister et al. (16) reported that unilateral phrenic nerve
stimulation at 20-200 ctimes twitch threshold decreased
resistance to 91-78% of baseline values. Similarly, Rybicki
and Kaufman (22) found that stimulation of both gracilis
nerves at 5-200 times twitch threshold decreased resistance
to 96-82% of baseline values. We found that lung resistance
decreased during high intensity stimulation of the right and
both phrenic nerves, and that the changes in lung resistance
during stimulation of the left phrenic and tibial nerves were
not statistically significant. Some of the differences
between our findings and those of McCallistex et al. could be
attributed to differences in the sample size, animal size,
anesthetic level, endotracheal tube resistance, and
stimulation protocol. In addition, in the McCallister study,
resistance was determined by the Buxco Pulmonary Mechanics
Analyzer (which uses the iso-volume method to determine
resistance), while we used a multiple linear regression
technigque {26). Differences in flow rates in the two studies
could affect the calculated resistance values and, in fact,
the baseline resistance values (when uncorrected for
endotracheal tube resistance) in our study were lower than
those in the McCallister et al. and Rybicki and Kaufman
studies.

It is interesting that the changes in trachealis tension

were, in general, larger than the changes in lung resistance.



107
This is consistent with a previous finding that trachealis
tension is a more sensitive indicator of airway contraction
than lung resistance, perhaps due to differences in
cholinergic receptor concentration (13) and inherent
variability in trachealis tension versus lung resistance
measurements. Leff et al. (13) have shown that 1lung
resistance does not change until the alterations in
trachealis tension exceed 11 g/cm. In our study, the
decreases in trachealis tension ranged from 8-14 g/cm. This
may explain why our changes in lung resistance were small.
Comparison of Responses to Nerve Stimulation
We have observed that high intensity stimulation of the
right phrenic nerve tends to cause slightly larger (although
not significantly different) changes in trachealis tension,
lung resistance, and mean arterial pressure than stimulation
of the left phrenic nexve. Very few studies discuss
anatomical differences between the right and left phrenic
nerves. Hinsey et al. (5) state that, in the cat, the number
of nerve fibers in the right and left phrenic nerves in the
portion of the nerve located between the heart and the
diaphragm are not identical. In addition, a recent study of
the right phrenic nerve in the dog indicates that it contains
fibers which are responsive to mechanical stimulation of the
hepatic parenchyma, hepatic veins and inferior vena cava
(12). The phrenic nerves in our preparation were cut as

close as possible to the diaphragm, so it is probable that
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few, 1f any, fibers from the pericardium and posterior
mediastinum were stimulated (11). However, any fibers
arising from subdiaphragmatic structures (e.g. the inferior
vena cava, liver or hepatic veins) would have been activated
during right phrenic nerve stimulation. It may be that
anatomical variations in the fibers of the two phrenic nerves
are responsible for the slight difterences in trachealis
tension and lung resistance during single nerve stimulation.

Bilateral phrenic nerve stimulation produced a
significant decrease in trachealis tension (21%) which was
less that the sum of the responses to unilateral phrenic
nerve stimulation (32%). Similarly, stimulation of both
phrenic nerves produced a significant decrease in lung
resistance (11%) which was slightly less than the sum of the
responses to unilateral phrenic nerve stimulation (14%).
Stimulation of both gracilis nerves has also been reported to
produce an effect on total pulmonary resistance which was
less than additive (22). However, combined stimulation of
phrenic and gastrocnemius nerves has been shown to increase
minute ventilation by 150%, an amount similar to that
predicted by summating the effects of indivicdual nerve
stimulation (28).

We found that changes in trachealis tension in response
to unilateral tibial nerve stimulation tended to be greater
than the changes caused by wunilateral phrenic nerve

stimulation, and similar to the decreases caused by bilateral
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phrenic nerve stimulation. Differences in muscle mass and
the number of afferent €fibers activated may affect these
responses. In fact, the gastrocnemius muscle weighs about
35% more than the left hemi-diaphragm (6,20), and the entire
diaphragm muscle weighs about 27% more than the gastrocnemius
muscle (20). However, the ratio of thin-fiber afferents per
unit mass of muscle may not be constant. This was indicated
by an earlier finding that, even when the amount of capsaicin
delivered was adjusted by wmuscle weight, gastrocnemius
stimulation by capsaicin produced larger responses than hemi-
diaphragm stimulation (6).

Reflex Pathwaysg iavolved in the Requlation of Airway Smooth
Mugcle Tone

The precise anatomical pathway through which phrenic
atferent activation alters airway smooth muscle tone is not
knrown. However, the latency obkserved between onset of
phrenic afferent stimulation and peak response suggest that
a long loop reflex is involved. This is not surprising since
phrenic afferents project upon several  supraspinal
structures, including the medullary respiratory groups (24),
cerebellum (15), and sensorimotor cerebral cortex (3). The
canine trachealis muscle is innervated by the superior and
the recurrent largyngeal nerves (10), and the lower airways
are innervated by nerve filaments £rom the anterior and
posterior pulmonary plexuses. The cauvdal ventrolateral

medulla (19) and ventral medullary surface (25) have been
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implicated as regions associated with the regulation of
airway caliber, One study has indicated that trachealis
dilation during limb muscle afferent stimulation is due to an
inhibition of chelinergic input (21). This indicates that
the mechanism whexeby phrenic afferent activation alters
trachealis tension and lung resistance may also involve
inhibition of cholinergic input to the large and small
airways.

In summary, we have shown that phrenic thin-fiber
afferent activation inhibits trachealis muscle tension and
affects lung resistance. This reflex provides a mechanism to
modulate large and small airway resistance in accord with
changes in diaphragmatic activity. The ability to decrease
airway resistance when respiratory muscle activity is
increased may be an important component of the respiratory
controller response to exercise or pathologic conditions

which require an augmented ventilatory drive.
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CHAPTER 4

THE EFFECTS OF VAGAL AFFERENTS AND
PHASIC ACTIVATION OF PEFRENIC AFFERENTS
ON THE INSPIRATORY MOTOR DRIVE
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4.1 LINK TO CHAPTER 4

Most studies which have shown that phrenic thin-fiber
afferent activation increases ventilatory drive have used
continuous stimulation (40-60 sec) in vagotomized preparations.
However, thin-fiber afferents are activated by mechanical and
chemical stimuli, and mechanosensitive fibers are usually
phasically active. Indeed, it has recently been demonstrated
that group III hindlimb afferents fire phasically in response to
slow locomotion in decerebrate cats. To mwmimic iIn vivo
activation of mechanoreceptive thin-fiber afferents, electrical
stimulation during either neural inspiration or expiration must
be investigated. One study has indicated that activation of
limb muscle thin-fiber afferents during inspiration causes more
profound excitation of ©phrenic drive than expiratory
stimulation. The effect of phasic activation of phrenic
afferents is not known. In the next project, I determined the
effect of phasic activation of large and thin-fibexr phrenic
nerve afferents on inspiratory motor drive, and compared these
findings to changes evoked by tibial nerve stimulation.

Furthermore, it 1is known that wvagal input affects
ventilatory drive. However, it is not known whether vagal input
modulates the inspiratory motor response to phrenic thin-fiber
activation. Therefore, we also investigated the effect of
phasic phrenic nerve stimulation before and after vagotomy. We
repeated the protocol while performing tibial nerve stimulation,
to compare vagal influences on respiratory and non-respiratory

muscle afferent input.
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4.2 ABSTRACT

We assessed the interaction between phrenic and vagal
afferents in the control of inspiratory motor drive. In
chloralose anesthetized, mechanically ventilated dogs, the
central end of cut phrenic or tibial nerves were stimulated for
8 breaths during neural inspiration or expiration, at high and
low intensity, and before and after Dbilateral wvagotcmy.
Inspiratory motor drive was assessed using the integrated EMG
activity of the right diaphragm (Rdi), parasternal (PS) and alae
nasi (AN) muscles. Inspiratory and expiratory high intensity
phrenic or tibial nerve stimulation produced similar
augmentation of inspiratory motor drive. Enhanced inspiratory
motoxr drive in response to inspiratory phrenic afferent
stimulation was attenuated by vagotomy. Vagotomy, however, did
not influence the excitatory effects of phasic tibial nerve
stimulation. These results indicate that the presence of the
vagi during inspiration potentiates the stimulating effect of
phrenic thin-fiber afferent activation, and that vagal afferents

exert differential influences on phrenic and tibial afferent

inputs.
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4.3 INTRODUCTION

Stimulation of phrenic afferents by chemical or electrical
means leads to a rise 1in arterial blood pressure, a
redistribution of cardiac output (9), an increase in tidal
volume and respiratory frequency (20), and a redistribution of
ventilatory motor drive (25,27). In addition, activation of
phrenic thin-fiber (groups III and IV) afferents has been shown
to cause a decrease in lung resistance (15). However, most
studies have employed stimulation for relatively long periods of
time (30-60 seconds), and the effect of brief stimulation of
phrenic afferents on the distribution of inspiratory motor drive
has not yet been described. 1In addition, thin-fibexr afferents
(predominately type I1II afferents) can be activated by
mechanical stimuli (16). Hence, in vivo, some thin-fiber
phrenic afferents may be activated during either inspiration or
expiration. Activation of these afferents during different
portions of the respiratory cycle may evoke distinct changes in
ventilatory drive. Therefore, the first aim of this study was
to determine if the inspiratory motor drive response to phrenic
nerve stimulation is phase dependent.

To eliminate vagal influences, vagotomized preparations
have been used frequently to investigate the effect of phrenic
afferent stimulation on ventilatory drive. It is possible,
however, that the responses to phrenic nerve stimulation may be
modified by vagal input. In limb muscles, Simbulan et al. (23}
found that activation of tibial nexve afferents caused greater

increases in phrenic nerve activity in vagi-intact preparations
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than in vagotomized preparations. These authors attributed
their findings tc differences in vagal activity (e.g. wvolume-
related feedback) during the inspiratory and expiratory phases
of the respiratory cycle. Therefore, the second aim of this
study was to determine if the inspiratory drive response to
phasic phrenic nerve stimulation is different in vagi-intact

versus vagotomized animals.

4.4 METHODS

Surgical preparation

Eight mongrel dogs (21-33 kg) were initially anesthetized
with thiopental sodium (20 mg/kg) followed by «-chloralose (8¢
mg/kg) . Supplemental boluses of «o-chloralose were given as
needed. The animals were intubated with a cuffed endotracheal
tube and ventilated with a constant volume ventilator (Harvard
pump) with a tidal volume of 12-15 ml/kg and a frequency of 20
breaths/min. Ventilator settings were adjusted as necessary to
maintain arterial PCO, between 30-40 mmHg during the subsequent
surgical preparation. Supplemental oxygen was provided to
waintain arterial PO, above 100 mmHg.

A median sternotomy was performed, and the chest was widely
retracted. The left phrenic nerve was isolated and bipolar
stimulating electrodes were placed on the nerve. A twitch
threshold (TT) was determined by stimulating the nerve until a
contraction of the left diaphragm was visible. The nerve was
cut distal to the stimulating electrode, which was then secured

and wrapped in gauze soaked in liquid paraffin. The left tibial
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nerve was similarly prepared. Both vagus nerves were isolated
in the cervical region, and surrounded with gauze soaked in
liquid paraffin. One catheter was placed in the right carotid
artery to monitor arterial blood pressure, and a second catheter
was placed in the left jugular vein for fluid administration.
End-tidal carbon dioxide (ETCO,, Amedec infrared analyzer) was
monitored during the stimulation protocol and maintained between
3-4%.

To monitor electromyographic activity, fine wire electrodes
were placed in the right alae nasi, parasterﬁal (2nd or 3xd
intercostal space) and right costal diaphragm. The signals were
amplified and filtered (20-1000 Hz, Disa 05A01), and then
filtered (50-500 Hz), rectified and integrated (0.1 sec time
constant) by a resistance capacitance integrator. Breath-by-
breath integrated EMG activity for a given muscle was quantified
in terms of peak values. Inspiratory (Ti) and expiratory (Te)
times were measured from the integrated EMG activity of the
diaphragm. Breathing frequency (fR) was calculated from Ti and
Te.

Experimental Protocol

After completion of the surgical procedure, a 30 minute
stabilization period was allowed. To obtain a stable
spontaneous breathing pattern, the frequency of the ventilator
was reduced to 15 breaths/min. Baseline measurements of
arterial blood gases, EMG activity and arterial pressure were
taken.

The left phrenic and tibial nerves were then individually

stimulated in random order for 8 consecutive breaths during
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neural inspiration or expiration (as determined from the
integrated signal of the right costal diaphragm). Stimulations
were either done at low intensity (2 times twitch threshold, 1
ms pulse duration, 100 Hz), or high intensity (35-40 times
twitch threshold, 1 ms pulse duration, 12 Hz). A bilateral
cervical vagotomy was then performed and, after a 30 min
recovery period, the stimulation protocol was repeated.

Data Analysis

Baseline arterial pressure was determined as the mean value
obtained over twenty sec immediately before each stimulation.
Baseline EMG activity and respiratory timing were obtained by
averaging eight breaths immediately preceeding each stimulation.
The response values were determined by averaging the values of
all eight stimulated breaths.

Some difficulties arise when comparing changes in
inspiratory drive occurring during vagi-intact and vagotomized
conditions. In the open thorax conditions used in our
experiment, vagotomy increased baseline respiratory fregquency
and inspiratory duration, and decreased expiratory time (Tables
1-4). When inspiratory time changes, peak integrated EMG
activity does not provide sufficient information to interpret
changes in inspiratory drive (e.g. peak integrated EMG activity
could be increased simply because inspiratory time is
prolonged) . To obtain an index of ventilatory drive, we
measured the rate of rise of parasternal and right diaphragm
integrated EMG during the f£irst 200 msec of each breath.

Analysis of variance (26) was done to determine 1} the

significance of the response, 2) the effect of stimulation



121
phase, and 3) the importance of vagal input on the changes
occuring in inspiratory drive during afferent stimulation.
Significance was determined at p < 0.05. Values are presented

as means + SE.

4.5 RESULTS

Baseline arterial pH, PO, and PCO, after surgery averaged
7.27 £ 0.02, 135 + 8 mmHg and 46 + 4 wmHg, respectively.

High Intensity Phrenic Stimulation

VAGI INTACT

Inspiratory and expiratory phrenic nerve stimulation
increased inspiratory muscle activity to similar levels (Fig. 1
and 2). In addition, phasic stimulation elicited similar
increases in breathing frequency, due to a shortening of both
inspiratory and expiratory times (Fig 3 and Table 1). Mean
arterial pressure increased similarly when stimulation was
performed during inspiration or expiration (baseline, 135 2
and 135 + 2 mmHg; during stimulation, 160 + 2 and 163 + 3 mmHg,
respectively, p < 0.05).
VAGI COT

After vagotomy, phasic phrenic nerve stimulation increased
parasternal and right diaphragm peak EMG activity to the same
degree as in the vagi-intact condition (Fig. 1). However, the
increase in AN activity was attenuated (Fig. 1). Furthermore,

expiratory, but not inspiratory, stimulation significantly
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Ti(s) Te(s) £.(br/min)
VAGI INTACT
Stimulation during

Inspiration
Baseline D.96 5.24 11.5
(0.12) (0.62) (1.9)
Response 0.88*+ 3.45*+ 19.5%*+
(0.09) (0.45) (2.9)
Stimulation during
Expiration
Baseline 0.97 5.22 10.7
{0.13) (0.52) (1.1)
Response 0.92~* 3.73*+ 17.6**+
(0.12) (0.61) (2.7)
VAGI CUT
Stimulation during
Inspiration
Baseline 1.41 2.45 18.6
(0.16) (0.42) {2.8)
Response 1.30%* 2.20%* 19.8*
(0.14) {0.32) (2.8)
Stimulation during
Expiration
Baseline 1.55 2.95 16.8
(0.20) (0.5) (3.2)
Response 1.40* 2.21%* 19.6*
(0.16) (0.28) (2.9)
Table 4.1: Changes in respiratory timing during high

intensity stimulation of the central end of cut left phrenic
nerve in animals with intact vagi and after bilateral
vagotomy. Values are means. Values in parantheses are SE.
* ** b < 0.05 and 0.01, respectively, compared to baseline.
+ p < 0.05 compared to vagi cut. Ti: inspiratory time, Te:
expiratory time, f;: respiratory frequency
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increased the rate of rise of PS and Rdi (Fig. 2).

Phasic stimulation caused similar increases in breathing
frequency. These increases were less than before vagotomy,
due to an attenuated decrease in expiratory time (Fig. 3,
Table 1). Inspiratory and expiratory stimulation caused
similar increases in mean arterial pressure (baseline, 137 »
2 and 137 + 2 mmHg; during stimulation, 164 + 3 and 163 + 3
mmHg, respectively, p < 0.05), which were like those observed
in the vagi-intact condition.

Low Intensity Phrenic Stimulation

VAGI INTACT

Phrenic nerve stimulation during either inspiration or
expiration had no significant effect on inspiratory muscle
activity or respiratory timing (Table 2). Mean arterial
pressure (137 + 2 and 138 + 2 mmHg before inspiratory and
expiratory stimulation, respectively) was unchanged by these
stimulations.
VAGI CUT

Similarly, phasic phrenic nerve stimulation in
vagotomized animals had no significant effect on inspiratory
muscle activity or respiratory timing (Table 2). Mean
arterial pressure (137 +* 2 and 138 + 2 mmHg before
inspiratory and expiratory stimulations, respectively) did
not change during stimulation.
High Intengity Tibial Stimulation
VAGI INTACT

In vagi-intact animals, phasic tibial nerve stimulation

caused similar increases in the inspiratory motor drive (Fig.



127

Ti(s) Te(s) f.(br/min)
VAGI INTACT
Stimulation during

Ingpiration
Baseline 1.03 4.48 13.0
(0.13) {0.45) (1.7)
Response 1.11 4.45 i13.5
(0.16) {(0.52) (2.0)
Stimulation during
Expiration
Baseline 1.06 4.91 11.3
(0.14) (0.47) {(1.2)
Response 1.03 4.80 12.6
(0.13) (0.63) (2.0)
VAGI CUT
Stimulation during
Inspiration
Baseline 1.49 2.80 16.9
(0.19) (0.44) (2.8)
Response 1.45 2.65 17.3
(0.18) (0.40) (2.7
Stimulation during
Expiration
Baseline 1.50 2.74 16.9
(0.18) {0.40) (2.8)
Response 1.45 2.70 17.2
(0.17) (0.39) (2.8)
Table 4.2: Changes in respiratory timing during low

intensity stimulation of the central end of cut left phrenic
nerve in animals with intact vagi and after bilateral
vagotomy. Values are means. Values in parentheses are SE.
Ti: inspiratory time, Te: expiratory time, £: respiratory
frequency
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4 and 5), which were greater than those observed during
phrenic nerve stimulation. Phasic stimulation also elicited
similar increases in breathing frequency and decreases in
expiratory time (Fig. 6, Table 3). However, inspiratory time
decreased during expiratory, but not inspiratory, stimulation
(Fig. 6, Table 3). In addition, mean arterial blood préssure
increased during inspiratory and expiratory stimulation
{(baseline, 135 + 6 and 137 + 6 mmHg; during stimulation, 149
+ 7 and 161 + 8 mmig, respectively, p < 0.05).
VAGI CUT

After vagotomy, tibial nerve stimulation increased
inspiratory motor drive to a lesser extent than before
vagotomy (Fig. 4 and S). Surprisingly, inspiratory time
decreased more after vagotomy than before vagotomy (Fig. 6
and Table 3). In addition, inspiratory and expiratory
stimulation increased mean arterial blood pressure (baseline,
138 + 7 and 136 + 8 mmHyg; during stimulation, 155 + 9 and 155
+ 12 mmHg, respectively, p < 0.05),.
Low Intensity Tibial Stimulation
VAGI INTACT

In contrast to phrenic nerxve stimulation, low intensity
tibial nerve stimulation significantly increased alae nasi,
parasternal and right diaphragm peak integrated EMG during
inspiratory (142 + 35%, 135 + 16% and 126 + 14% of baseline,
respectively, p < 0.05) and expiratory (113 x 4%, 127 + 16%
and 110 s+ 4% of baseline, respectively, p <« b.OS)
stimulation. The rate of rise of PS increased significantly

during inspiratory and expiratory stimulation (148 + 27% and
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Ti(s) Te (s} £ min)
VAGI INTACT

Stimulation during

Inspiration
Baseline 0.98 4.17 14.7
(2.4) (0.52) (2.4}
Response 0.97 3.75%* 23.3%>
(0.10) {(0.50) {3.8)
Stimulation during
Expiration
Baseline 1.04 4.38 14.0
(0.15) (0.860) {(2.2)
Response 0.91* 3.11** 19.7*x
(0.13) (0.37) (3.2)
VAGI CTT
Stimulation during
Inspiration
Baseline 1.51 2.71 16.7
(0.18) {0.40) (2.4)
Response 1.18*~* 1.72% 23 .6**
(0.14) (0.23) (2.8)
Stimulation during
Expiration
Baseline 1.45 2.51 18.6
(0.20) (0.47) (2.8}
Response 1.20%* 1.62%* 25.1%x
(0.17) (0.23) (3.2)
Table 4.3: Changes in respiratory timing during high

intensity stimulation of the central end of cut left tibial
nerve in animals with intact vagi and after bilateral
vagotomy. Values are means. Values in parentheses are SE.
*,** p < 0.05 and 0.01, respectively, compared to baseline.
Ti: inspiratory time, Te: expiratory time, £f,: respiratory
frequency
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140 + 26% of baseline, respectively, p < 0.05), whereas the
rate of rise of Rdi remained unchanged. Breathing frequency
increased and expiratory time decreased during inspiratory
stimulation {(Table 4). However, inspiratory and expiratory
times showed small but significant decreases during
expiratory stimulation only. Mean arterial pressure
increased during inspiratory, but not expiratory, stimulation
(baseline, 135 *+ 5 mmHg; during stimulation, 143 + 5 mmHg, p
< 0.05).
VAGI CUT
After vagotomy, phasic tibial nerve stimulation caused
no significant changes in inspiratory muscle activity oxr
respiratory timing (Table 4). In addition, mean arterial
blood pressure remained unchanged during roth inspiratory and
expiratory phase stimulation (baseline values of 139 + 7 and

136 + 8 mmHg) .

4.6 DISCUSSION

The main findings of this study are that:

1) High intensity phrenic stimulation during either
inspiration or expiration produced similar increases in
inspiratoxy motor drive. Similar observations were seen
during tibial nerve stimulation.

2) Vagotomy attenuated the increases in the rate of
rise o©of parasterral and right diaphragm EMG during
inspiratory, but not expiratory, phrenic nerve stimulation.

These findings suggest that the presence of the vagus nerves
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Ti(s) Te{s) fo(br/min)
VAGI INTACT

Stimulation during

Inspiration
Baseline 1.04 4.12 14.2
(0.14) (0.49) (1.8)
Response 1.01 3.25%* 19.4~*
(0.12) (0.52) (2.9)
Stimulation during
Expiration
Baseline 1.01 4.04 15.0
(0.13) {(0.53) (2.0)
Response 0.92~* 3.69%* 16.2
(0.15) (0.50) (2.1)
VAGI CUT
Stimulatiorn during
Inspiration
Baseline 1.47 2.58 18.2
(0.21) (0.50) (2.7)
Response 1.36 2.04 20.7
(0.18) (0.31) (2.8)
Stimulation during
Expiration
Baseline 1.46 2.44 17.9
{(0.17) (0.37) (2.5)
Response 1.38 2.16 19.3
(0.17) (0.29) (2.4)
Table 4.4: Changes 1in respiratory timing during low

intensity stimulation of the central end of cut left tibial
nerve in animals with intact wvagi and after bilateral
vagotomy. Values are means. Values in parentheses are SE.
*,¥%* p < 0.05 and 0.01, respectively, compared to baseline.
Ti: inspiratory time, Te: expiratory time, £,: respiratory
frequency
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during inspiration potentiates the stimulatory effect of
phrenic thin-fiber afferent activation.

3) Tibial nerve stimulation caused similar increases in
the rate of rise of parasternal and zright diaphragm EMG
before and after wvagotomy.

Critique

This study has focussed on changes in inspiratory motor
drive caused by phrenic nerve stimulation. We speculate that
these changes result from the activation of phrenic afferent,
rather than efferent, fibers. Retrograde activation of
phrenic motoneurons inhibits phrenic efferent drive, due to
the activation of Renshaw cells by efferent axon collaterals
(11). We, therefore, propose that the stimulatory effects
observed in our study were due to the activation of phrenic
afferent fibers.

Other potentially confounding influences on ventilatory
drive include chemoreceptor and baroreceptor afferent inputs.
To avoid alterations in chemoreceptor input, end-tidal CO,
was maintained at 3-4% befo.re each stimulation, and arterial
PO, was maintained above 100 mmHg. However, increases in
mean arterial blood pressure during high intensity
stimulation must have changed baroreceptor input. Since
rising arterial pressure is associated with an inhibition of
ventilatory drive (3), the augmentation of ventilatory drive
observed in our study may have been even larger if blood
pressure did not change. In addition, since mean arterial
blood pressure rose to similar 1levels during all high

intensity stimuwlations, differences in inspiratory motor
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drive and timing in the wvagi-intact and vagotomized
conditions are probably not due to alterations in
baroreceptor input. However, it must be noted that aortic
baroreptor input is not present in the vagotomized animals.

The stimulation intensities used in our protocol are
within the ranges of intensities shown previously to activate
large and thin-fiber afferents (21). Therefore, we presume
that thin-fiber afferent activation is responsible for
changes which occurred during high intensity nerve
stimulation, but were not present during low intensity

stimulation.

Phrenic nerve afferents and ingpiratory muscle activation

Previous studies have shown that electrical activation
of phrenic afferents increases minute ventilation by 45-70%
(20,25) and respiratory frequency by about 30% (25). Ward et
al. (25} found that, in vagotomized dogs, left phrenic nerve
stimulation for one minute increased the alae nasi,
parasternal and right diaphragm activities by 50%, 75% and
60%, respectively. These increases are larger than the
changes we currently report during phasic stimulation for
only 8 breaths in both wvagi-intact and vagotomized
preparations. The shorter duration of stimulation in our
protocol could explain the smaller rise in inspiratory motor
drive in our study.
Phasic activation of muscle afferents

We used phasic stimulation because it is possible that
rhythmic activation of mechanosensitive afferents has

differential effects on inspiratory motor drive. It is well
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known that muscle spindles and tendon organs (innervated by
groups I and II afferents) are activated phasically. in
addition, it has recently been shown that type III afferent
fibers in limb muscle are phasically active during dynamic
exercise (18).

Recordings of spontaneocusly active phrenic afferent
fibers has demonstrated both phasic (5,19) and tonic (6,10}
firing patterns. Phasic firing has been attributed to large
fiber afferents, and tonic firing to thin-fiber afferents.
To date, there is no literature on the effects of phasic
activation of phrenic afferents on ventilatory drive. We
observed that inspiratory and expiratory phrenic nerve
stimulation produced similar changes in the peak and rate of
rise of EMG and respiratory timing. These changes were also
similar during phasic tibial nerve stimulation. This finding
is surprising since, although the ratio of stimulus duration
to phase duration was similar during inspiration and
expiration (26-52% of phase duration), fewer stimuli were
delivered during inspiration. One interpretation of these
results is that afferent fiber activation during inspiration
appears to have a more potent effect on ventilatory drive
when the vagi are intact.

The only published reports on the effects of phasic limd
muscle afferent stimulation are those of Simbulan et al.
(22,23). These authors reported that, in paralyzed cats,
high intensity gastrocnemius nerve stimulation during
inspiration produced a greater augmentation of phrenic nerve

activity than expiratory stimulation (77% versus 21% increase
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above baseline}. The differsmces between our results and
those of Simbulan et al. nmay be due to differences in species
or methodology. Simbulan et al. used paralyzed cats, thereby
eliminating dynamic afferent input from contracting
inspiratory muscles. In addition, the greater stimulation
intensity used in that study (400-600 times twitch threshold)
may have caused activation of a greater number of group IV
afferent fibers.

In our study, low intensity stimulation c¢f the ohrenic
nerve had no effect on inspiratory motor drive, whereas
similar stimulation of the tibial nerve increased respiratory
drive. These results may be explained by the anatomical
finding that limb muscles contain more muscle spindles and

tendon organs than the diaphragm and, hence, a greater number

of large afferent fibers.

It has been well established that the presence of the
vagus qerve has a significant effect on the pattern of
respiratory muscle activation as well as the timing of
respiration. Ainsworth et al. (1) reported that vagal
blockade in awake dogs during eupneic breathing increased
activity of the parasternal, diaphragm and triangularis
sterni muscles but inhibited transversus abdominus activity.
When the vagi were cooled during exercise, similar changes
were found in all muscles except the transversus abdominus
(2). Hollstein et al. (7) reported that the vagal influence
on abdominal muscle activity was caused by a balance between

excitatory activity (from pulmonary stretch receptors) and
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inhibitory activity (from lung C fibers).

Vagal blockade also affects respiratory timing.
Phillipson (17) reported that vagal blockade and occlusion in
awake dogs slowed breathing frequency and lengthened
inspiratoxy time. These results were probably due to the
influence of tonic vagal inputs, since lung stretch remained
constant during occlusion. In contrast, activation of vagal
C fibers has been reported to increase respiratory frequency
and tidal volume, and increase expiratory flow deceleration
(8). It is apparent that there are both phasic and tonic
vagal influences on respiratory motor activity.

We found that vagotomy attenuated the increased rate of
rise of EMG of the parasternal and right diaphragm during
inspiratoxry, but not expiratory, phrenic nerve stimulation.
However, vagotomy did not affect the rate of rise of EMG
during tibial nerve stimulation. These results indicate that
the presence of the vagus during inspiration augments the
excitatory effect of thin-fiber phrenic afferents. Our
results with tibial nerve stimulation contrast with the
findings of Simbulan et al. (23), who reported that vagotomy
markedly attenuated the increase in phrenic nerve activity
during both inspiratory and expiratory gastrocnemius nerve
stimulation.

The anatomical pathways involved in the facilitatory
action of the vagus nerve on phrenic nerve afferent inputs
are not known. Integration of vagal and phrenic reflexes
could occur in brain regions which receive afferent fiber

projections from both nerves. Brainstem phrenic afferent
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fiber projections include the dorsal and ventral respiratory
groups of the medulla (12,13,24), lateral reticular formation
(12), and external cuneate nucleus (14). Vagal afferent
fibers have been found to project to many nuclel within the
solitary tract, including the ventrolateral nucleus. This
nucleus appears to be the relay station for sensory input
from the respiratory system. Fibers coming from the
ventrolateral nucleus project to the nucleus ambiguus and
nucleus retroambiguus of the wventral respiratory group (4).
The site of integration of vagal and phrenic afferent inputs
might therefore be within the ventral respiratory group.
Another region which contains both vagal (4) and phrenic
afferent fibers is the external cuneate nucleus,

In summary, we have shown that high intensity
stimulation of the phrenic or tibial nerves during
inspiration or expiration produces similar changes in
inspiratory motor drive when the vagi are intact. The
presence of the vagl appears to potentiate the stimulatory
effect of inspiratory phrenic thin-fiber afferent activation,
but has no similar effect during the activation of tibial

thin-fiber afferents.
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CHAPTER 5

THE EFFECT OF PROLONGED ISCHEMIA OF THE
LEFT HEMI-DIAPHRAGM ON THE INSPIRATORY
MOTOR DRIVE
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5.1 LINK TO CEAPTER 5

In the first two projects I assessed the effects of
diaphragmatic thin-fiber afferent activation by providing
short term (one minute) chemical or electrical stimulation.
In the third project, the phrenic nerve was electrically
stimulated during either inspiration or expiration to mimic
the action of wmechanoreceptive thin-fiber afferents.
Therefore, all of these studies used protocols involving
stimulation for short periocds of time. However, during
clinical conditions causing diaphragmatic fatigue, thin-£fiber
afferents can be activated for long pericds of time (e.g.
hours) .

Therefore, in the fourth project I assessed the effects
of prolonged activation of phrenic thin-fiber afferents on
inspiratory motor drive. To approximate physiological
conditions, diaphragmatic fatigue was caused by selective
ischemia of the left-hemidiaphragm for three hours. A
previous study has shown that short term (30 minutes)
ischemia of the left hemi-diaphragm in vagotomized animals
stimulates ventilatory drive. We have found that prolonged

ischemic fatigue of the diaphragm alters this response.
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5.2 ABSTRACT

We tested the effect of prolonged diaphragmatic ischemia
on the inspiratory motor drive. In 6 chloralose
anesthetized, mechanically ventilated dogs, the left hemi-
diaphragm was made ischemic for 3 hours and reperfused for 1
hour. Peak integrated EMG of the alae nasi (AN), parasternal
(PS), right (Rdi) and left (Ldi} hemi-diaphragm muscles,
spontaneous Ldi tension (SpT), and peak Ldi M wave amplitude
(LAiM) and Ldi tension (TT) (elicited by supramaximal twitch
stimulation) were measured. Ldi, SpT, LdiM and TT decreased
throughout ischemia (18%, 32%, 39%, and 23% of baseline,
respectively, at 180 min). Rdi rose (183% of baseline, 130
min) and then £fell (137% of baseline, 180 min) during
ischemia. A similar trend was found in the AN and PS.
Inspiratory time increased during the last 30 min of ischemia
(122% of baseline at 180 min). There were no further changes
in inspiratory motor drive during reperfusion. Mean systemic
blood pressure decreased thoughout the experiment {(from 129
to 107 mmHg) . These results indicate that prolonged ischemic
fatigue of the diaphragm causes an initial stimulation of
inspiratory motor drive, with subsequent failure to maintain

this increase in drive.
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5.3 INTRODUCTION

During attempts at weaning from mechanical ventilation,
Cohen et al. (4) observed that minute ventilation sometimes
increased initially, and then fell to baseline values,
despite increasing carbon dioxide levels. The development of
diaphragmatic fatigue is these patients, indicated that
sensory input from the diaphragm may be inveolved in this
response, Similar changes in ventilatory drive have been
described during diaphragm fatigue caused by cardiogenic
shock (1) or septic shock (7).

More recently, Jammes and Balzamo (8) induced
diaphragmatic fatigue wusing intermittent direct muscle
stimulation for thirty minutes. When fatigue was produced in
this non-physiclogic manner, respiratory frequency and
phrenic efferent firing rates decreased. In contrast, under
hypercapnic conditions, ischemic fatigue of an in situ,
isolated diaphragmatic muscle strip stimulated contralateral
diaphragm EMG and respiratory frequency (15). Similarly,
Teitelbaum et al. (18) reported that twenty minutes of left
hemi-diaphragmatic ischemia increased inspiratory motor drive
and respiratory frequency. In all of these studies,
diaphragmatic fatigue was present for a short period of time
(¢ 30 minutes).

The goal of our study was to investigate changes in

ventilatory drive during both the early and late phases of
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diaphragmatic fatigue. Ischemia was chosen as the stimulus

in an effort to approximate physiological conditions.

5.4 METHODS

Animal preparation

Six mongrel dogs (24-34 kg) were anesthetized with
thiopental sodium (20 mg/kg) followed by alpha-chloralose
{60-80 mg/kg). Supplemental doses of alpha-chloralose were
given as needed. Animals were supine, intubated and
mechanically wventilated with a constant volume ventilator
(Harvard pump, initial setting of 12-15 ml/kg for tidal
volume and 20 breaths/min for ventilator frequency, S cm H,0
PEEP) . These settings were adjusted as necessary to maintain
end-tidal CO, at 3-4% (Ametek analyzer). During the surgical
procedure and protocol, supplemental oxygen was provided to
maintain arterial PO, > 100 mmHg. A catheter was placed in
the left femoral artery to monitor systemic blood pressure
(Trantec) and collect blood samples for arterial blood gas
analysis (AVL995). A second catheter was placed in the right
external jugular vein for fluid and drug administration.
Surgical procedure

The in situ, vascularly isolated and innervated left
hemi-diaphragm preparation was used for this experiment (6).
In this protocol, however, the vagus nerves were left intact.
Briefly, the muscles and ribs of the left hemi-thorax were

excised to expose the left hemi-diaphragm. The rib
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attachments of the left hemi-diaphragm were left attached to
the muscle. The two halves of the costal diaphragm were
surgically divided, and the left hemi-diaphragm was suspended
from a frame above the animal. The frame was adjusted so
that the diaphragm was at its in vivo, open thorax, end
expiratory length, as determined by measuring the distance
between three pairs of sutures placed in the anterior, middle
and posterior regions of the costal diaphragm. The rib
segments of these three regions were surgically divided. The
middle costal region of the diaphragm was attached to a force
displacement transducer (Grass model FT03}) to measure the
force generated by the contracting diaphragm.

A catheter system joining the left inferior phrenic
artery and left femoral artery provided autoperfusion of the
left hemidiaphragm. An electromagnetic flow probe (Carolina
Medical Electronics) was contained within the system, and
provided information about left phrenic arterial flow
throughout the experiment. A second catheter was threaded
into the left inferior phrenic vein, to monitor the integrity
of the vascular isolation. Body temperature was monitored
using a rectal thermometer, and a heating pad was used to
maintain the temperature above 37 degrees C. Plastic £ilm
was applied to the chest of the animal to avoid drying of the
exposed tissues.

Electromypgraphic (EMG) activity

Fine wire bipolar electrode pairs were placed in the
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lefrt alae nasi, right 2nd or 3rd parasternal muscles and left
costal hemi-diaphragm. A pair of hook electrodes (1 cm
apart) was placed in the right ceostal diaphragm. The signals
were amplified and filtered (20-1000 Hz, Disa 05A0L) and then
filtered (50-500Hz), rectified and integrated (0.1 sec time

constant) by a resistance-capacitance integrator.

Stimulation of the left phrenic nerve

A bipolar stimulating electrode was placed on the lefrt
phrenic nerve as close as possible to the diaphragm. The
twitch threshold was determined by delivering single stimuli
(0.3 ms pulse duration} to the phrenic nerve (Grass
Stimulator Model S48, Grass Constant Current Unit CCUl) until
a contraction of the left costal diaphragm was visible (range
4-9 volts). The electrode was then secured in place and
covered with paraffin-soaked gauze.
Experimental Protocol

After completion of the surgical procedure, a 30 minute
stabilization period was allowed. To obtain a stable
spontaneous breathing pattern, the frequency of the
ventilator was reduced to about 15 breaths/min. Baseline
measurements of arterial blcod gases, EMG activities,
systemic blood pressure, end-tidal C0,, spontaneous and
twitch tensions were then taken. During expiration,
supramaximal stimulation (2.7-3.5 times twitch threshold) of
the left phrenic nerve was performed three times, and the

twitch tension and EMG activities of the 1left costal
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diaphragm were recorded.

Throughout the protoccl, arterial blood gases were
controlled in several ways. Ventilator freguency was
adjusted to maintain C€0,, which was monitored continuocusly
(end-tidal CO.} in addition to the blood gas sampling done at
ten minute intervals. Boluses of bicarbonate were
administered to maintain pH. Oxygen saturation was
maintained by delivering supplemental oxygen, and using
positive end-expiratory pressure in this open-chested
preparation. Lastly, dextran was administered when necessary
to maintain adequate systemic blood pressure.

After taking baseline measurements, the phrenic artery
was occluded. Ischemia was maintained for three hours.
Every ten minutes, EMG activities, spontaneous left hemi-
diaphragm tension, respiratory frequency, and systemic blood
pressure were recorded, and arterial blood gas sampled.
Three supramaximal twitch stimulations of the left phrenic
nerve were given every 20-30 minutes, and twitch tension and
Ldi EMG activities were recorded.

After three hours of ischemia, the left phrenic artery
catheter was unclamped, and reperfusion of the left hemi-
diaphragm commenced. Recordings of variables continued at
ten minute intervals, and supramaximal twitches were done at
20-30 minute intervals. At the end of the protocol, the

animal was euthanized.
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Data analysis

Measurements  of integrated EMG activities and
spontaneous left hemi-diaphragm tension were made for ten
breaths before the onset of ischemia (baseline values) and
for 5 breaths every ten minutes during ischemia and
reperfusion. Breathing frequency, inspiratory and expiratory
times were measured from the right costal diaphragm EMG
signal. Mean systemic blood pressure (P,.) was calculated by
averaging over twenty seconds. Peak Ldi M wave amplitude and
Ldi twitch tension measurements were calculated as the
average of three twitches performed before ischemia and at
20-30 minute intervals during ischemia and reperfusion.
These values were then groured into 6 time intervals during
ischemia (20-30 min, 50-60 min, 80-90 min, 110-120 min, 140-
150 min and 170-180 min) and two time intervals during
reperfusion (20-30 min and 50-60 min).

Repeated measures analysis of variance was done
separately for the ischemic .and reperfusion periods (20).
Dunnetts post-hoc analysis was used to compare changes during
ischemia and reperfusion to pre-ischemic baseline values.

Significance was determined at p < 0.05. Values are reported

as means + SE.

5.5 RESULTS

Baseline arterial pH, pCO,, HCO, and pO, averaged 7.30 %

0.01, 47.8 + 1.5 mmHg, 22.1 + 0.4 mmoles/L and 156.0 + 10.1
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mmHg, respectively (Fig. 1). Mean systemic blood pressure
was 129.1 + 4.7 mmig. Respiratory fregquency, inspiratory aad
expiratory cimes were 11.9 = 0.8 breath/min, 0.9 + 0.09 s and
4.2 # 0.3 s, respectively. Measurements of left diaphragm
EMG activity, spontaneous tension and peak Ldi M wave
amplitude are presented for 5 dogs.

Igschemia

Arterial biood gas values did not change significantly
from pre-ischemic wvalues (Fig. 1), with the exception of a
momentary fall in pH at 130 min of ischemia (p < 0.05).
Mean systemic blood pressure fell during the ischemic period,
reaching 118 + 2 mmHg at 180 min (p < 0.02).

During ischemia, spontaneous Ldi EMG activity decreased
significantly at 40 wmin, and reached 18 + 15% of baseline at
180 min {p < 0.01, Fig. 2). Spontaneous tension of the left
diaphragm also significantly decreased at 40 min, attaining
32 + 14% of baseline (p < 0.0l1) by the end of the ischemic
period (Fig. 2). After 60 min of ischemia, supramaximal
twitch stimulation yielded Ldi tension and EMG activation
which was significantly less than before ischemia (Fig. 3).
These variables continued to decrease until the end of the
ischemic period, when twitch Ldi tension was 39 + 12% of
baseline, and peak Ldi M wave amplitude was 23 + 9% of
baseline (Fig. 3).

Right diaphragm EMG activity increased significantly by

100 min (Fig. 2). This stimulation was not maintained: Rdi
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activity fell at 140 min, and reached 137 + 39% at the end of
the ischemic period. EMG activities of the alae nasi and
parasternal muscles also showed a biphasic response to
ischemia, although these changes were not significantly
differently from baseline values (Fig. 2).

Respiratory timing was variable during the ischemic
period, yielding no significant changes in respiratory
frequency or expiratory time. Inspiratory time significantly
increased at 150 min (p < 0.01, Fig. 4), and was 122 + 10% of
pre-ischemia baseline at the end of the ischemic period.
Reperfusion

Arterial blood gas values during reperfusion were
similar to those obtained preceding ischemia (Fig. 1). Mean
systemic pressure fell significantly at 10 min, reaching 107
+ 4 mmHg after one hour of reperfusion (p < 0.01, compared to
baseline) .

Reperfusion of the left diaphragm caused Ldi EMG
activity to increase slightly at 10 min, and remain constant
throughout the remainder of the reperfusion period (41 + 18%
of baseline at 60 min, p < 0.01). Spontaneous tension of the
left diaphragm recovered slightly during reperfusion, but
remained significantly less than pre-ischemic values at 60
min (51 + 8 %, p < 0.01, Fig. 2). Although some recovery
occurred, peak Ldi M wave amplitude and twitch tension at 60
min of reperfusion remained below pre-ischemia values (49 +

8% and 71 + 6 %, respectively).
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Parasternal activity significantly decreased at 10 min

of reperfusion, but was not significantly different from pre-

ischemia baseline values at the end of the reperfusion period

{72 £ 16% of baseline). No significant changes were found in

either right diaphragm or alae nasi EMG activity during

reperfusion (109 + 18% and 117 =+ 28% of Dbaseline,
respectively, at 60 min of reperfusion, Fig. 2).

Respiratory frequency, inspiratory and expiratory times

did not change throughout the period of reperfusion (Fig. 4).

5.6 DISCUSSION

The main findings of this study are that 1) prolonged
ischemia of the left hemi-diaphragm causes an initial rise in
inspiratory motor drive followed by a return to baseline
levels; and 2) there were no further changes in inspiratory
motor drive during one hour of reperfusion of the left hemi-
diaphragm.

Critique

This study was designed to test the effects of prolonged
stimulation of phrenic afferents during ischemic fatigue on
inspiratory motor drive. However, it is possible that the
responses observed could be due to non-diaphragmatic afferent
inputs. Arterial blood gases were wmaintained relatively
constant throughout the protocol, so it is doubtful that
alterations in chemoreceptor stimulation are responsible for

the results. However, because the vagus nerves were left
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intact, sensory information ccming from wvagally innervated
receptors (e.g. pulmonary or vascular baroreceptors) could be
involved in the responses obtained. Positive end-expiratory
pressure and ventilator tidal wveolume was kept constant
throughout the protocol, and the changes in respiratory
frequency which were required to maintain end-tidal CO,
constant were minimal. Therefore, pulmonary stretch receptor
information remained relatively stable throughout the
baseline ischemia and reperfusion periods.

Baroreceptor information, however, was not constant
during the protocol. Mean systemic blood pressure (baseline
= 129 mmHg) fell 11 mmHg during the three hours of ischemia,
and continued to fall during the last hour of reperfusion
(107 mmHg at end of reperfusion period). Brunner et al. (3)
have shown that a fall in carotid sinus pressure from 125
mmig to 100 mmHg in vagotomized, anesthethetized dogs caused
a decrease in tidal volume (to 87% of baseline values), an
increase in respiratory frequency, and decreases in both
inspiratory and expiratory times. In addition, 1in
anesthetized wvagi intact cats, Bishop (2) found that a
decrease in carotid sinus pressure by common carotid
occlusion was associated with increased diaphragmatic and
abdominal muscle activation, and increased respiratory
frequency. In our protocel, inspiratory motor drive
increased, decreased, and stabilized while mean arterial

pressure continued to £fall. In addition, respiratory
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frequency did not change significantly, although inspiratory
time lengthened during the last hour of ischemia. Therefore,
although baroreceptor input was certainly changing during the
protocol, it cannot explain the biphasic nature of the
changes seen during ischemia and reperfusion.

Local effects of igchemia

Some of the initial changes which occur during muscle
ischemia include a decrease in the membrane potential of the
muscle cell, disruption of the plasma membrane, loss of
energy stores, commencement of anaerobic metabolism,
hypoxia, acidosis, and leakage of lactate, hydrogen and
potassium ions constituents into the interstitial space (9).
These <changes 1lead to problems with action potential
propagation and the generation of post-synaptic events
leading to muscle contrxaction. The decreases in Ldi EMG and
tension observed during spontaneous breathing and twitch
stimulation are presumably due to these local effects of
ischemia.

Ischemia also affects afferent fiber activity. 1In a
contracting diaphragm, ischemia increases the activity of
tonically active (5) thin-fiber afferents (11), while
decreasing the activity of phasic afferents (presumably
large-fiber afferents (5). Thin-fiber afferent activity is
further augmented during skeletal muscle ischemia by
bradykinin (10,12). In addition, it is possible that the

free oxygen radical compounds produced in the diaphragm
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during ischemia-reperfusion (14) wmay activate thin-fiber
afferents. Lastly, Teitelbaum et al. (17) have shown that
thin-fiber afferent activity mediates the changes in
inspiratory motor drive which occur during diaphragmatic
ischemia. Based on these findings, changes which occurred in
this protocel during ischemia may be largely due to
diaphragmatic thin-fiber afferent stimulation.

Changes in inspiratory motor drive

We found that three hours of left hemi-diaphragm
ischemia caused an initial increase and subsequent decrease
in right hemi-diaphragm, alae nasi and parasternal EMG
activity (although the increased activity of the latter two
muscles was not significant). A previous study from our
laboratory reported that twenty minutes of ischemia caused
significant increases in drive to these same inspiratory
muscles (Teitelbaum et al. 1892).

Despite fairly 1large changes in alae nasi and
parasternal EMG activity, statistical significance was not
reached in our study due to inter-animal variability. We
have found that EMG activities in vagi-intact preparations
exhibit more breath-to-breath wvariability than occurs in
vagotomized preparations. In addition, peak increases in
alae nasi and parasternal EMG occurred at different times
during ischemia. When the peak values for each animal were
averaged and compared by paired t-test, statistically

significant increases were found for both the alae nasi (172%
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of baseline, p < 0.001) and parasternal muscles (146% of
baseline, p < 0.016}.

Qur finding that left hemi-diaphragm EMG activity and
spontaneous tension decreased during ischemia is in agreement
with the response to fatigue of a diaphragmatic muscle strip
reported by Supinski et al.(15). However, Teitelbaum et al.
(16) repcrted that Ldi EMG activity increased and spontaneous
tension either increased or decreased during 20 min of
ischemia. The greater degree of hypercapnia present in our
animals and during the study reported by Supinski et al. may
be implicated in these different responses.

As indicated by the decrease in peak Ldi M wave
amplitude and twitch tension during ischemia, fatigue
occurred after 60 mwmin of ischemia. We also found that
inspiratory muscle EMGs, spontaneocus tension, peak Ldi M wave
amplitude and twitch Ldi tension stabilized and began to
recover toward baseline during reperfusion.

Potential mechanisms underlying the changes in inspiratory
motor drive

When left hemi-diaphragmatic¢ ischemia was preceded by
capsaicin-induced depletion cof neurotransmitter substance
from thin-fiber afferent terminals, no changes in inspiratory
motor drive occurred (17). This indicates that diaphragmatic
thin-fiber afferents are responsible for the initial increase
in inspiratory wmwotor drive during hemi-diaphragmatic

ischemia. The subsequent decrease in EMG activity could be
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caused by 1) the depletion of neurotransmitter substances
from the terminals of afferent or other nerve fibers in the
reflex pathway, or 2) the development of central inhibition
(e.g. the production of endogenous opioids) of ventilatory
drive (13,19). Our data support the former interpretation,
since ventilatory drive returned toward baseline values
during the latter part of ischemia. However, the development
of central inhibition of wventilatory drive cannot be
completely ruled out.

In conclusion, we have shown that prolonged activation
of diaphragmatic thin-fiker afferents by ischemia causes an
initial increase in ventilatory drive, with subsequent
failure to maintain this early rise. Reperfusion of the
ischemic diaphragm causes no additiocnal changes in the
inspiratory motor drive. While the initial increase in drive
has been previously shown to be due to the activation of
diaphragmatic thin-fiber afferents, we postulate that the
subsequent return to baseline activity is due to the

depletion of neurotransmitter substance in afferent pathways.
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CHAPTER 6

GENERAL CONCLUSIONS
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6.1 CONCLUSIONS

This thesis addresses the influence of diaphragmatic
afferents, particularly thin-fiber afferents, on the control
of breathing. The majority of previous studias concerned
with effect of phrenic nerve afferents on ventilatory drive
have used electrical stimulation. These studies showed that
stimulation caused wventilatory drive to either increase
(4,8,11} or decrease (3,9). In addition, a biphasic response
has been reported (5).

Differences in these results are most probably because
of different methodologies and wmodes of stimulation.
Chemical stimulation can be more selective in the types of
fibers activated, but reguires vascular isolation of the
diaphragm. Capsaicin activation of diaphragmatic thin-fiber
afferents increased inspiratory motor drive (1,7). Capsaicin
is a selective stimulant of group III and, primarily, group
IV afferents. However, it is a non-physiologic substance
which causes large and sudden changes in afferent nerve
activity, which may not be representative of activation under
more natural conditions. In the first thesis project, I used
bradykinin, a physiologic substance produced in the muscle
during exercise (10), to stimulate left hemi-diaphragmatic
thin-fiber afferents. Small iucreases in electromyographic
activity occurred in the alae nasi, parasternal and left

diaphragm muscles, while genioglossus EMG activity increased
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greatly, and right diaphragm EMG activity was unchanged. In
addition, inspiratory time decreased significantly. These
changes did not occur when bradykinin was injected after left
phrenicotomy, indicating that phrenic afferents were
responsible for the changes we observed. We conclude that
selective activation of diaphragmatic thin-fiber afferents
causes mild stimulation of inspiratory motor drive, decreases
inspiratory time, and redistributes inspiratory motor drive.

The increase in ventilation which occurs during exercise
is associated with increases in ventilatory muscle activity
and respiratory frequency, and a decrease in airway muscle
tone. Limb muscle thin-fiber afferents may be involved in
this response, since activation of these fibers causes
increases in inspiratory motor drive and decreases in
trachealis muscle tone and lung resistance. We demonstrated
in cthe first project that diaphragmatic thin-fiber afferents
also participate in reflexes leading to an augmentation of
inspiratozy motor drive. Unilateral stimulation of the
phrenic nexve has been shown to decrease lung resistance (6).
In the second project we assessed the effects of unilateral
and bilateral phrenic afferent activation on large airway
smooth muscle tone and lung resistance. We found that
unilateral and bilateral phrenic nerve stimulation at high
intensities decreased trachealis tension. In addition,
significant decreases in lung resistance occurred during high

intensity stimulation of the right or both phrenic nerves.
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Since tracheal tension and lung resistance are unchanged by
low intensity unilateral nerve stimulation, we presume that
the responses observed during high intensity stimulation are
caused by the activation of thin-fiber afferents. We have
thus shown that phrenic thin-fiber afferent activation is
associated with changes in autonomic control of airway muscle
tone as well as inspiratory motor drive.

Many thin-fiber afferents are mechanically sensitive and
may, therefore, be activated in phase with the ventilatory
cycle. 1In the third thesis project, I studied whether the
response to phrenic nerve stimulation is phase dependent,
i.e. 1if inspiratory drive responses are similar when
stimulation is done during either inspiration or expiration.
In addition, I have investigated the role of vagal input in
modulating this response. I found that, in wvagi-intact
animals, high intensity inspiratory and expiratory phrem':c
nerve stimulation caused similar changes in inspiratory motor
drive and respiratory timing. Vagotomy attenuated the rate
of rise of inspiratory muscle EMG caused by inspiratory
phrenic, but not tibial, nerve stimulation. Therefore, vagal
input potentiates the stimulatory effect of inspiratory
phrenic thin-fiber afferent activation.

As previously mentioned, studies <concerning the
ventilatory effects of phrenic thin-fiber afferent activation
have used protocols where chemical or electrical stimulation

was done for short periods of time. Thin-fiber afferents may
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provide important input during the development of muscle
fatigue. Jammes and Balzamo (2) found that tonic afferent
fiber activity increased progressively over 30 minutes
when diaphragmatic fatigue was elicited by direct muscle
stimulation. When diaphragmatic fatigue was caused by
weaning from mechanical wventilation, septic shock or
cardiogenic shock, ventilatory drive has been shown to
increase and then decrease over a time period ranging from 20
min to several hours. Phrenic afferents may play a role in
this response.

In the fourth project, we used ischemia to assess the
effect of prolonged activation of phrenic thin-£fiber
afferents on ventilatory drive. We showed that. unlike short
term ischemia, three houxs of left hemi-diaphragmic ischemia
caused an initial incr-ease in nonischemic inspiratory motor
activity, followed by a return to baseline levels. In
addition, as ischemic fatigue progressed, spontaneous EMG
activity and tension generated by the left hemi-diaphragm
fell. After one hour of reperfusion, non-ischemic
inspiratory motor drive remained at pre-ischemic baseline
levels. However, spontaneous motor drive to the left hemi-
diaphragm remained low and, despite some recovery, fatigue
was still present after reperfusion. Previous studies have
shown that the initial increase in ventilatory drive is due
to the activation of phrenic thin-fiber afferents. We

propose that the subsequent decrease in drive may be due to
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the depletion of neurotransmitter substances within afferent
pathways.

In summary, I have demonstrated that chemical and
electrical phrenic thin-fiber afferent activation leads to an
increase in inspiratory motor drive in vagotomized dogs.
When I performed phasic stimulation in vagi-intact animals,
the increases in inspiratory motor drive were similar whether
stimulation is performed during inspiration or expiration.
Vagal input during inspiration appears to modulate the
stimulatory effect of phrenic, but neot tibial, thin-fiber
afferent activation. Finally, I have demonstrated that
prolonged activation of diaphragmatic thin-fiber afferents by
ischemia causes biphasic changes in ventilatory drive to non-
ischemic respiratory muscles, as well as fatigue of the
ischemic hemi-diaphragm. Fatigue of the left-hemidiaphragm
was not eliminated by one hour of reperfusion. Finally, I
postulate that the fall in activity of non-ischemic muscles
to baseline levels during prolonged ischemia may indicate
depletion of neurotransmitter substances in afferent
pathways.

In conclusion, phrenic nerve thin-fiber afferents
participate in a number of ventilatory reflexes, and appear
to play an important role in the regulation of breathing

during physiological and pathophysiolegical states.
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CLAIMS TO ORIGINALITY

I have made the following original contributions toward
understanding the role of phrenic afferents in the control of

ventilatcion:

1. The activation of diaphragmatic afferents by bradykinin
(a substance which activates only group III and IV afferent
fibers) elicits an increase in inspiratory muscle activity

and a decrease in inspiratory time.

2. The increase in inspiratory muscle activity caused by
bradykinin stimulation of diaphragmatic afferents 1is
inhomogeneous (i.e. the increase in genioglossus EMG activity
was ten fold greater than the increases in alae nasi,

parasternal, or diaphragm EMG activity).

3. Ventilatory drive stimulation caused by bradykinin
activation of diaphragmatic afferents is not dose dependent
in the range of 10-100 micrograms. This finding suggests
that, in the isolated hemi-diaphragm preparation,
diaphragmatic afferents are maximally activated at bradykinin

dosages > 10 micrograms.
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4. High intensity electrical stimulation of the proximal
end of one or both cut phrenic nerves causes a decline in
trachealis muscle tension. Trachealis muscle tension 1is
unaffected by low intensity unilateral nerve stimulation,
indicating that group III and IV afferents exert an

inhibitory effect on large airway motor tone.

5. The effect of phrenic nerve stimulation on trachealis
tension is qualitatively similar to, but less than, the
inhibition elicited by tibial nerve stimulation. Bilateral
phirenic nerve stimulation causes decreases in trachealis
tension which are comparable to those which occur during
unilateral tibial nerve stimulation, but less than the sum of

the responses of unilateral stimulation of the right and left

phrenic nerves.

6. Phasic high intensity phrenic nerve stimulation during
either inspiration or expiration produces similar increases

in inspiratory motor drive.

7. Vagotomy eliminates the increased rate of rise of
inspiratory muscle integrated EMG activities caused by
inspiratory phrenic, but not tibial, nerve stimulation. This
indicates that vagal input during inspiration potentiates the

stimulatory effect of phrenic thin-fiber afferent activation.
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8. Unlike short periods of ischemia, prolonged (3 hours)
left hemi-diaphragmatic ischemia causes an initial increase
in motor drive to non-ischemic inspiratory muscles (e.g. alae
nasi, parasternal and right hemi-diaphragm muscles), which is

not sustained during the last hour of ischemia.

9. During three hours of left hemi-diaphragmatic ischemia,
spontaneous EMG activity and tension of the ischemic muscle
decline. These changes are probably due to the development
of ischemic fatigque, indicated by a fall in the tension
generated by the left hemi-diaphragm during Supramaximal

twitch stimulation.

10. After one hour of left hemi-diaphragmatic reperfusion,
inspiratory drive to non-ischemic muscles remains at baseline
levels, in contrast to the sustained decrease in spontaneous
EMG activity and tension generated >y the left hemi-
diaphragm. Supramaximal twitch stimulation reveals that,
despite some recovery, ischemic fatigue of the left hemi-

diaphragm is still present after one hour of reperfusion.



178

APPENDIX 1

SI unit Equivalents

1 Pascal (Pa)

0

0.075 mmHg

0.01 cmH.0



AN
ANQVA
br

BK

c
cmH,0
CO.
Fig.
EMG
exp
£a
g/cm
GG
HCO,
Hz

iD
insp
kg

1
-log [H+]

Ldi
LdiM
LP

®g
ng/kg
min
ml/kg
mmHg
mmol /1
ms

0O,

oD
Part
Paw
pCo,
PEEP
pH

PO,
P+P

PS
Reperf
Resp £
RdAi
RL

RP

APPENDIX 2

alae nasi

analysis of variance
breaths

bradykinin
Centigrade
centimeters of water
carbon dioxide
figure
«lectromyogram
expiration
respiratory frequency
grams per centimeter
genioglossus
bicarbonate

Hertz

internal diameter
inspiration

kilogram

liter

negative logarithm of the hydrogen ion

concentration
left hemi-diaphragm

peak amplitude of M wave of Ldi

left phrenic nerve
microgram

milligrams per kilogram

minute

milliliters per kilogram
millimeters of mercury

millimoles per liter
milliseconds

oxygen

outer diameter

systemic arterial pressure

airway pressure

partial pressure of carbon dioxide
positive end-expiratory pressure
hydrogen

negative logarithm
concentration

partial pressure of oxygen

bilateral phrenic
parasternal muscle

reperfusion (of the left hemi-diaphragm)

respiratory frequency
right hemi-diaphragm
lung resistance

right phrenic
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ion



s, sec
SE

SI units
SpT,
SpLdiTension
T

Te, T,
Ti, T,
TT

Ttr

%

<
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APPENDIX 2 (cont’d)

second

standard error of the mean

standard international units of measurement

spontaneous tension generated by the left
hemi-diaphragm

tibial

expiratory time

inspiratory time

twitch threshold

trachealis muscle tension

percentage

less than





