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Abbreviations

BHR* bronchial hyperresponsiveness

BHR" no bronchial hyperresponsiveness (='normal ')

BL baseline

CNAP continuous negative airway pressure

CPAP continuous positive airway pressure

CL,dyn dynamic compliance of the lung

CTRL control

EMG electromyogram

EMGdi EMG of the diaphragm

EMGei EMG; end-tidal value

EMGlCM EMG of parasternal intercostal muscles

EMGphas phasic inspiratory EMG activity

EMGphavnu. phasic inspiratory EMG activity during control breaths

EMGpk peak inspiratory EMG activity

EMGpkcT»L peak inspiratory EMG activity during control breaths

EMGpk„,sT peak inspiratory EMG activity after administration of histamine

ETIA end-tidal inspiratory activity

ETIAdi end-tidal inspiratory activity obtained from EMG of diaphragm

E T I A I C M end-tidal inspiratory activity obtained from EMG of ICM

FEV, forced expiratory volume in 1 sec

f respiratory frequency

FRC functional residual capacity

FVC forced vital capacity

ICM parasternal intercostal muscles

kPa kilo Pascal; 1 kPa = 10 cm HjO

Pao pressure at airway opening

Pbl arterial blood pressure

PC20 provocative concentration of histamine causing a fall of 20%

in FEV, relative to control

PetCOj partial pressure of carbon dioxide in end-tidal air

Pip transpulmonary pressure
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Chapter 1

1.1 INTRODUCTION

Important characteristics of acute asthma are bronchoconstriction and hyperinflation".
It has been shown that end-tidal lung volume is increased during histamine-induced
bronchoconstriction"'. Bronchoconstriction and hyperinflation have often been induced
by histamine to study the aforementioned characteristics of asthma"-*,
lnspiratory muscles are not always fully inactive during expiration. In the literature,
the end-tidal electrical activity of inspiratory muscles, just prior to the phasic increase
in iaspiratory activity, is mostly called tonic inspiratory activity". Martin et al." have
shown that during histamine-induced hyperinflation the end-tidal pleural pressure was
lower than the predicted chest wall relaxation pressure at the corresponding end-tidal
lung volume, indicating end-tidal activity of inspiratory muscles. End-tidal inspiratory
activity (ETIA) is considered as one of the causes of hyperinflation**^. ETIA has
been observed in human subjects during exacerbations of asthma and after administra-
tion of histamine both in man and animals'"". These studies have further shown a
significant correlation between the increase in thoracic gas volume and the increase in
ETIA. Recent studies in rabbits and cats have shown that lowering trachea] pressure
can also evoke ETIA"". Although histamine-induced ETIA is absent after vago-
torny"*, the physiological mechanisms causing ETIA were largely unknown when we
started this study. Therefore, we performed experiments in cats and humans to
evaluate the precise role of pulmonary receptors in generating ETIA. Further, the
contribution of ETIA to histamine-induced hyperinflation in humans was evaluated.

1.2 PULMONARY RECEPTORS

In 1868 Hering and Breuer presented the results of their investigations concerning the
role of the vagus nerve in the control of respiration'*'. Briefly, Breuer observed in
animals that if the tracheal cannula was occluded at the end of an expiration, the next
inspiration was already markedly prolonged and also more forceful, whereas connec-
tion to oxygen-free air at the end of expiration did not immediately produce these
effects. In addition, if the tracheal cannula was occluded at the end of an inspiration,
the duration of the subsequent expiration was increased. These reflexes are now
known as the Breuer-Hering inflation and deflation reflexes. Breuer and Hering
concluded that the degree of distension of the lung has a modifying influence on the
pattern of breathing, where the degree of lung distension is mediated to the central
respiratory centres through pulmonary afferents running in the vagus nerve. Recep-
tors involved in the aforementioned reflexes have been originally called pulmonary
stretch receptors. Inflation of the lung enhances the afferent impulses of these
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Introduction

receptors causing inspiratory off-switch, and their continuing discharge during
expiration lengthens the expiratory pause. Adrian' developed techniques for recording
activity from single fibres of the vagus nerve and identified pulmonary stretch
receptors on the basis of their pattern of activity. The discharge frequency of these
receptors is enhanced by lung inflation and adapts slowly when this stimulus is
maintained. Therefore, these receptors arc now called slowly adapting pulmonary
stretch receptors (SARs).

Since, exploration of afferent pathways from the lower respiratory tract has been
continued*'**. It has been shown that a second group of receptors of the trachea and
larger bronchi are sensitive to mechanical stimulation and to inhaled chemical irritants
and reflexly induce cough. These 'irritant' receptors have been renamed rapidly
adapting pulmonary stretch receptors (RARs) because these receptors adapt rapidly
when stimulated by inflation". Although the terms irritant receptors and RARs are
used interchangeably, the latter appears to be more appropriate.
Many studies have been performed on pulmonary receptors and their respiratory
reflexes'•»•*•»•«•«•'•*•. The vagus nerve is considered to contain three types of pul-
monary afferent fibres: myelinated fibres originating from SARs and RARs, and
unmyelinated fibres from so called C-fibrc endings. The importance of the vagal
afferent innervation of these receptors in modifying the breathing pattern can be
demonstrated by blockade of their afferent fibres or by vagotomy, which results in
alterations in the breathing pattern and in the loss of reaction to (noxious) stimuli.

In the studies presented in this thesis, pulmonary receptors play a prominent role in
the discussion about the mechanisms underlying the end-tidal activity of inspiratory
muscles. In the next paragraphs the three types of pulmonary receptors will be
characterised in more detail.

1.2.1 SLOWLY ADAPTING PULMONARY STRETCH RECEPTORS

Slowly adapting pulmonary stretch receptors (SARs) are responsible for the Breuer-
Hering inflation reflex. In addition, stimulation of SARs causes the tracheobronchial
smooth muscles to relax, resulting in airway dilatation". SARs are closely associated
with airway smooth muscles. Branches end as free terminals bound to connective
tissue elements between the lamina propria and the smooth muscle layer. Afferent
activity from SARs appears to increase as the tension in the airway wall increases,
and is made up of a dynamic and a static component*. When a given lung inflation is
imposed and maintained, SARs characteristically show a long-lasting discharge with
an immediate rapid rise that slows progressively into a sustained firing rate*"".
SARs cannot be distinguished from RARs by their adaptation rate alone. They can be
further identified as SARs by the remarkable regularity of the interspike interval,
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Chapter 1

reflecting their steady discharge. Conduction velocities of impulses through vagal
(myelinated) fibres of SARs have been found to be relatively high as compared to
those in afferents of RARs and C-fibre endings*'. A wide range of conduction
velocities have been found for afferents of SARs. Conduction velocities in afferents of
SARs, however, are consistently higher than those in afferents of RARs*'.
Few chemicals are known to excite SARs, and none are known to stimulate them
selectively. In rabbits high concentrations of SOj abolish receptor discharge selec-
tively, an effect utilized in this species to assess the respective contributions of SARs
and RARs to the deflation reflex'". In other species (i.e. in cats) SO; does not appear
to abolish SAR discharge*". Because of differences in conduction velocities impulses
in afferents of SARs and RARs can be blocked selectively by cooling the vagus
nerves to an appropriate temperature"-". *.'-•*>

1.2.2 RAPIDLY ADAPTING PULMONARY STRETCH RECEPTORS

Knowlton and Larrabee" identified RARs as receptors with myelinated fibres that
were stimulated by lung inflation but differed from SARs in having a more rapid
adaptation of their firing rate to sustained inflations, and a more irregular pattern of
discharge. According to their report, most of these receptors show a brief irregular
burst of impulses during lung inflation, the frequency of which decreases rapidly at
maintained inflation.
The term irritant receptor is also used for these receptors because of their response to
inhaled agents such as ammonia, dust, and cigarette smoke"'". Further, RARs can be
stimulated by forced deflations****'**. Thus, deflation increases the input from RARs
to the brain-stem and reduces that from SARs'. RARs concentrated at the carina and
in the primary bronchi are believed to mediate the cough reflex*'.
Thus, RARs are sensitive to mechanical and chemical stimuli and reflexly give rise to
several defense reflexes. The reflex actions of RARs include cough and broncho-
constriction, and probably also hyperpnoea**.

RARs are believed to have epithelial nerve endings in the tracheobronchial sub-
mucosa. Degeneration experiments have confirmed that these intra-epithelial terminals
have vagal afferents'.
Histamine is a natural drug that is often used to activate RARs*°. A major difficulty in
investigating the reflexes of RARs is that histamine (and other naturally occurring
chemicals) known to stimulate RARs are themselves powerful bronchoconstrictors.
Of particular interest, therefore, is the question how much of the reflex effects of
RARs can be ascribed to mechanical stimulation and how much to direct chemical
stimulation of the nerve endings'***.
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1.2.3 C-FIBRE ENDINGS

Formerly, C-fibre endings have been called deflation receptors because deflation was
thought to be their natural stimulus*. As it was subsequently found that these receptors
were relatively insensitive to deflations-, they were renamed juxta-pulinonary
capillary receptors (J-receptors) because of their location near pulmonary capillaries'*.
The terms pulmonary and bronchial C-fibres refer to the blood supply of the endings
and thus to their general locations, close to the pulmonary and bronchial circulations
respectively". J-receptor is equivalent to pulmonary C-fibre. In the face of their
relative insensitivity to deflations C-fibre endings differ markedly from RARs. It has
been shown that C-fibre endings can to some extent be stimulated by inflation'.
However, C-fibre endings are vigorously stimulated by pulmonary congestion'*.
Phenyl diguanide and capsaicin, two chemicals known to stimulate C-fibrc endings,
are regularly used to study reflex effects of these receptors. Conduction velocities of
impulses in the unmyelinated afferents of C-fibre endings are much lower than in the
myelinated afferents of SARs and RARs". Due to these electrophysiological proper-
ties, reflex effects of myelinated and unmyelinated afferents have been studied by
selectively cooling the vagus nerves. At temperatures below 6 °C the conduction in
myelinated fibres is markedly diminished, whereas conduction in C-fibres is still
largely intact"-".

Reflex actions of C-fibre endings include apnoea followed by rapid shallow breathing.
It is generally believed that C-fibre endings are nociceptive endings which arc
primarily activated by tissue damage, the accumulation of interstitial fluid and the
release of mediators. During intrapulmonary oedema, a strong stimulus for C-fibre
endings, lungs are more stiff, and rapid shallow breathing appears economically
favourable.

In summary: SARs can be stimulated by inflation (e.g. continuous positive airway
pressure, CPAP). RARs can be stimulated by histamine, by deflation (e.g. continuous
negative airway pressure, CNAP) and by hyperinflation. Histamine acts in two ways
on RARs: 1) indirectly by mechanical stimulation due to bronchoconstriction, 2)
directly by chemical stimulation. Further, histamine evokes bronchoconstriction in
two ways: a) by a vagal reflex due to stimulation of RARs, b) by direct stimulation of
bronchial smooth muscles. Reflex effects of the three different pulmonary receptors
can be studied by selective cooling of the vagus nerves'*. Below 6 °C conduction in
afferents of myelinated fibres (of SARs and RARs) is markedly reduced, whereas that
in C-fibres is still largely intact. Conduction of impulses in afferents of RARs appears
to be diminished at lower temperatures than conduction in afferents of SARs. Thus,
when cooling the vagus nerves from 37 °C down to 0 °C the conduction in the
afferents of SARs is affected first, followed by that in RARs and finally that in C-
fibres.

t#



Chapter I

1.3 HYPERINFLATION AND RESPIRATORY MUSCLES

Pulmonary hyperinflation can be defined as an increase in end-tidal lung volume
above functional residual capacity which is determined by the equilibrium of passive
elastic forces of the lung and thoracic wall. Hyperinflation has a static and a dynamic
component. In normal subjects the end-tidal lung volume during tidal breathing
corresponds to the relaxed lung volume of the total respiratory system. In patients
with emphysema, the elastic recoil of the lung is diminished, which results in a
marked increase in the relaxed lung volume. This and/or transformed passive elastic
characteristics of the chest wall are responsible for the static component of hyperin-
flation. In asthmatics, hyperinflation is also substantially determined by dynamic
factors. In conditions of bronchoconstriction, expiration is impaired by high airway
resistance with concomitant expiratory flow limitation. When the duration of ex-
piration is too short to fully exhale, hyperinflation develops.

Increased end-tidal lung volume is a well known feature of acute bronchoconstriction
in response to inhalation of histamine in asthmatic patients". It has been found that
the increases in end-tidal lung volume do not parallel the magnitude of intrapul-
monary gas trapping due to bronchoconstriction". Hyperinflation, associated with
histamine-induccd bronchoconstriction in normal and asthmatic subjects, is also
determined by another active component, as has öeen shown öy EiVfG recordings of
inspiratory muscles*"'. These changes are reversible by administration of broncho-
dilators. Another contributor to hyperinflation is persisting activity of inspiratory
muscles at the end of expiration*^'*. If inspiratory muscles are not completely
relaxed at end of expiration, end-tidal lung volume will be increased.
The pathophysiological effects of hyperinflation are beneficial as well as detrimental".
Hyperinflation improves the distribution of inspired air over the lung" and lowers
airway resistance'. In general, however, hyperinflation is considered to be disad-
vantageous to inspiratory muscle function'*. Hyperinflation causes an unfavourable
shift on the pressure-volume curve; i.e. the elastic recoil of the lungs is increased.
The efficiency of the diaphragm is decreased due to a shift on its length-tension curve
and a flattening of its curvature. Muscle fibres of the costal part of the diaphragm,
which are apposed to the thorax, may no longer be at more or less right angles to the
fibres of the crural part of the diaphragm. Hence, during hyperinflation the zone of
apposition is decreased and its fibres are more or less in series with the crural fibres.
This explains why in patients with severe hyperinflation the lower part of the rib cage
moves inward during inspiration, which implies that the diaphragm functions as a
fixator of the thoracic basis rather than as a major agonist of inspiration. The
mechanical disadvantages of hyperinflation for the parastemal intercostal muscles
(ICM) are much less'*»".
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1.4 AIMS AND OUTLINE OF THE STUDIES

The aims of our studies were to analyze the origin and consequences of ETIA. To
address the question of the origin of ETIA, experiments were performed in animals.
ETIA had already been shown in rabbits'" and cats". The roles of the three groups
of pulmonary receptors, RARs, SARs and C-fibre endings, in the generation of ETIA
were studied in anaesthetized spontaneously breathing cats. EMGs from the dia-
phragm and the parastemal intercostal muscles (ICM) were recorded under several
conditions. To differentiate between the reflex effects of the different pulmonary
receptors, the experiments were performed at different temperatures of the vagus
nerves and after vagotomy. It has been shown that ETIA can be induced in cats by
application of CNAP". Further, it is known that CNAP stimulates RARs mechanical-
ly. Thus, we applied CNAP to evaluate the effects of mechanical stimulation of
RARs on ETIA. Results of these experiments are presented in r/uzp/er 2. RARs can
also be stimulated by histamine*". Administration of histamine will stimulate RARs
chemically and mechanically due to the associated bronchoconstriction. Therefore, we
also studied the effects of intravenous administration of histamine on ETIA. Ad-
ditionally, SARs were stimulated by application of CPAP. Results of administration
of histamine and application of CPAP are presented in c/iapter J.
The experiments conducted in cats showed that ETIA is increased by stimulation of
RARs, and that stimulation of SARs decreases ETIA, while C-fibre endings are not
involved in the generation of ETIA.

The consequences of ETIA for breathing were evaluated in studies performed in
humans while extrapolating the above-mentioned mechanism of the generation of
ETIA obtained from our studies in animals. Accordingly, the increase in ETIA was
quantified in response to mechanical stimulation of RARs by application of CNAP.
Results are presented in c/wpfer 4. Further, histamine was administered to evaluate
the contribution of mechanical and chemical stimulation of RARs to ETIA. His-
tamine-induced increase in end-tidal lung volume and the relative contributions of
ETIA and of bronchoconstriction to the increased end-tidal lung volume were
quantified. To that end, humans were challenged with histamine, both before and
after administration of bronchodilators. EMGs of the diaphragm and ICM were
recorded simultaneously. Changes in bronchoconstriction, ETIA and end-tidal lung
volume were determined. The results of this study are presented in c/wp/er 5.
It is known that vagal afferents are involved in the control of breathing""'". We
analyzed the effects of inhalation of histamine on the breathing pattern in humans.
Results of these experiments are presented in c/wp/er 6.
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Chapter I

Initially, in the publications'"' reproduced in chapters 2 and 4, we used the term
'tonic inspiratory activity' which we adopted from the literature"-*. 'Tonic' refers to
inspiratory activity present at the end of expiration just prior to the onset of phasic
inspiratory activity. In the publications* reproduced in chapters 3 and 5, we preferred
to use the term ETIA because we think that 'tonic' does not reflect the nature of
ETIA properly (see chapters 3 and 7). Hence, in this thesis both terms 'tonic
inspiratory activity and ETIA are used.
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Chapter 2

2.1 ABSTRACT

We studied tonic inspiratory activity (TIA) induced by continuous negative airway
pressure (CNAP) in anaesthetized, spontaneously breathing cats. TIA in the dia-
phragm and parastemal intercostal muscles (ICM) was quantified in response to
tracheal pressure (Ptr )= -0.3 to -1.2 kPa. To differentiate between reflexes from
rapidly adapting receptors (RARs), slowly adapting receptors (SARs) and C-fibre
endings different temperatures of the vagus nerves (Tvg) were used between 4 and
37 °C. At Ptr= -1.2 JcPa mean TIA values were 41% and 62% of peak inspiratory
EMG activity of control breaths for the diaphragm and ICM, respectively. After
vagotomy and for Tvg<6 °C CNAP did not induce TIA any more. Changes in
duration of inspiration and duration of expiration during vagal cooling down to 4 °C
confirmed the selective block of conductance in vagal afferents of the three types of
lung receptors. We conclude that CNAP-induced TIA results from stimulation of
RARs. Our data strongly indicate that stimulation of SARs suppresses TIA, whereas
C-fibre endings are not involved in TIA at all. The results suggest that part of the
hyperinflation in bronchial asthma may be caused by TIA in response to mechanical
stimulation of RARs.

2.2 INTRODUCTION

Inspiratory muscles are not always fully inactive in expiration. The electrical activity
observed in the electromyogram (EMG) of inspiratory muscles at the end of ex-
piration- just prior to the phasic increase in inspiratory activity- is called tonic
inspiratory activity (TIA). TIA enhances functional residual capacity and has been
observed in human subjects during an exacerbation of asthma and after administration
of histamine in both man and animals^•". Recently, we have shown in cats that
histamine-induced TIA can be considered as the net result of excitation of inspiratory
activity by rapidly adapting pulmonary stretch receptors (RARs) and of inhibition of
inspiratory activity by slowly adapting pulmonary stretch receptors (SARs)".
In previous studies it has been shown that histamine stimulates RARs both by a direct
chemical effect and by an indirect mechanical effect resulting from bronchoconstric-
tion"". It is likely, therefore, that histamine-induced TIA is the result of both effects.
In both rabbits and cats phrenic activity and electrical activity of inspiratory intercostal
muscles have been observed in late expiration during mechanical stimulation of lung
receptors by decreasing tracheal pressure (Ptr) or by deflating the lungs'*-*. Activity
in the afferents of RARs has been shown to increase instantaneously after deflating
the lungs of rabbits"". Comparable effects have been observed in cats'. Although
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these studies have been useful in describing qualitative effects of mechanical stimu-
lation of lung receptors, they have not yielded adequate information concerning the
magnitude of TIA in response to mechanical stimulation of RARs.
The aim of the present investigation in anaesthetized, spontaneously breathing cats
was to quantify TIA evoked by mechanical stimulation of RARs. Continuous negative
airway pressure (CNAP) was applied to stimulate RARs. In order to differentiate
between the reflex effects of the different types of lung receptors (RARs, SARs and
C-fibre endings) the experiments were performed at different temperatures of the
cervical vagus nerves. This method has been applied before by several authors'*-". To
quantify TIA in response to decreased Ptr EMGs were recorded from both the
diaphragm and the parastemal intercostal muscles (ICM). Several other respiratory
variables were also analyzed.

2.3 METHODS

2.3 I ANIMALS AND ANAESTHESIA

Experiments were performed on 20 adult cats of either sex, weighing between 3.8
and 7.0 kg. They were sedated with ketamine-hydrochloride (10 mg/kg body weight,
i.m.) and anaesthetized by intravenous injection of a chloralose-urethane mixture
(12.5 mg/kg and 62.5 mg/kg, respectively). Supplemental doses of the anaesthetic
mixture, 5% of the initial dose, were given if needed to maintain surgical anaesthesia.
The cats were placed in the supine position on an operating table and breathed
spontaneously. Arterial blood pressure (Pw), heart rate, breathing frequency (0 and
the partial pressure of carbon dioxide in end-tidal air (PetCOj) were continuously
monitored.

2.3.2 MEASUREMENTS

Catheters were inserted into the left femoral artery and vein for monitoring PM and
for intravenous administration of fluids. Pw was measured with a differential pressure
transducer (Statham P23). The trachea was exposed in the neck and a cannula (7 mm
O.D., 40 mm long) was inserted just below the cricoid cartilage. The trachea!
cannula was connected to a flow-pressure transducer (Fleisch no. 0) of a pneumo-
tachograph (Gould) by which airflow (V) could be measured. The other end of the
Fleisch head was connected to a main tube by means of a T-piece. Tracheal pressure
(Ptr), relative to that of room air, was obtained from a side arm of the T-piece (Figure
2.1). An oesophageal balloon was used to measure oesophageal pressure. Transpul-
monary pressure (Ptp) was obtained from the difference between Ptr and oesophageal
pressure. To verify the proper operation of the oesophageal balloon an inspiratory
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effort against an occluded tracheal cannula was performed. Ptp should then remain
unchanged during the effort. Ptr and Pip were measured with differential pressure
transducers (Statham PM131TC).
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A vacuum pump was used to maintain a constant bias flow of about 18 1- min' in the
main tube, which was sufficient to prevent rebreathing of expired gas. By turning a 3-
way tap, the free connection to room air was occluded and the bias flow was then
directed through an adjustable flow resistance (Figure 2.1). At the same time the
connection to the water manometer was accomplished. With the help of this mano-
meter and the adjustable flow resistance a certain value of Ptr was preset. During an
experimental run a preset negative Ptr could be established almost instantaneously by
rapidly turning the tap. A large bottle filled with air (50 1) and a water manometer
with wide tubes (diam 9 cm) were used to minimize pressure fluctuations in the main
lube due to breathing by the cat.

The electric conductance in vagal afferents could be blocked by cooling both cervical
vagus nerves. The vagi were exposed in the mid neck and freed from the carotid
sheaths, and the two nerves were placed in the gold coated grooves of two cooling
devices. The grooves were 13 mm long, 2 mm deep and 1 mm wide. In each device
a Peltier element (cooling) and a transistors (heating) were used to achieve the
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required temperature. The temperature of the vagus nerves (Tvg) could be adjusted
between 37 and 0 °C with a precision of 0.1 °C. To protect the vagi from drying and
deterioration both nerves were immersed in oxygenated paraffin oil.
At the end of the experimental protocol bilateral section of the cervical vagi was
performed to eliminate all output from lung receptors through vagal afferents to
central respiratory centres. Temperature of both proximal ends of the cut vagi were
then maintained at 0 °C to prevent spontaneous excitations.

Hooked needle electrodes were used to obtain EMGs from inspiratory muscles. After
a small abdominal incision had been made just below the ribcage, a pair of electrodes
was inserted into the costal part of the diaphragm. Further, a second pair of elec-
trodes was inserted parasternally into the intercostal muscles approximately 1 cm
lateral to the sternum in the third or fourth intercostal space.
The electric activity of the diaphragm (EMGdi) and of ICM (EMGlCM) were
amplified, filtered (low frequency cutoff at 150 Hz and high frequency cutoff at 3000
Hz), rectified and fed into a leaky integrator with a time constant of 50 ms (Ncumlog,
Digitimer). PeiCOj was measured by a capnograph (Nellcor N-1000). Body tempera-
ture was taken from the rectum and maintained between 36-38 °C by heating the
operating table.
Signals representing EMGdi, EMGlCM, V, Pip, Ptr. PetCO,, Pw. rectal temperature
and Tvg (from both vagi) were monitored continuously and were further sampled
(50 Hz) for off-line analysis.

2.3.3 EXPERIMENTAL PROTOCOL

We studied the effects of CNAP on TIA, at normal Tvg and at decreased Tvg. The
effect of stimulation of C-fibre endings was studied in 4 animals. To that end a dose
of capsaicin (50 /ig/kg) was administered by intravenous injection at three values of
Tvg (37, 10, and 4 °C). In the final part of the experiment we studied the effect of
Ptr= -0.9 kPa on TIA after vagotomy.

a) CNAP-induced TIA at normal temperature of the cervical vagi.
After 10 control breaths had been recorded at normal Per, airway pressure was
decreased to -0.3, -0.6, -0.9 or -1.2 kPa in a steplike fashion during an expiration,
maintained at the adjusted level for at least 10 breaths and restored again to control
during an inspiration. Thus, altogether about 30 breaths were recorded. Between two
consecutive trials a recovery period of at least 3 minutes was allowed.

b) CNAP-induced TIA at different temperatures of the cervical vagi.
Before starting the recordings Tvg was maintained at the selected value for at least 2
minutes. For all temperatures the same level of CNAP (-0.9 kPa) was used. Further,
the experimental protocol was the same as the one described above. The following
values for Tvg were used: 37, 22, 14, 12, 10, 8, 6 and 4 °C.
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2.3.4 DATA ANALYSIS

From the recordings we determined end-tidal EMG activity (EMGet) and peak
inspiratory EMG activity compared to the electrical zero level from both the dia-
phragm and ICM. In order to eliminate the effects of instrumental, inter-animal and
intra-animal scatter in the measured EMG activity we quantified TIA as the ratio of
EMGet to the mean peak inspiratory EMG activity (EMGpkcnu) obtained from at least
S control breaths of the same recording.
In formula: TIA = EMGet / EMGpkoiu. x 100%.
Ratios were calculated and then averaged for at least S control breaths and for at least
5 breaths during CNAP. Next, the mean value of TIA for the control breaths was
compared to the mean value of TIA for the breaths during CNAP. For the selected
breaths several other parameters were also calculated and averaged in the same way.
This was done for duration of inspiration and expiration (tl and tE respectively) as
obtained from the flow signal, f (calculated as 60/(ti+tE)), Ptp, Ptr, PetCOj, tidal
volume (VT; by integration of flow), mean arterial blood pressure (Pw) and minute
ventilation (VE; calculated as VT-f). Total lung resistance (RL) and dynamic com-
pliance (Ci.,cJyn) were calculated by a modification of the method of Mead and
Whitlenberger". RL was calculated separately for the inspiratory and expiratory phase
of the breathing cycle (RL.UI, RL.ex). The resistance of the equipment dead space was
the same in all experiments and was not subtracted.

All values reported are means ± standard error (SE). Differences were evaluated for
statistical significance by using the Mest for paired observations.

2.4 RESULTS

Figure 2.2 shows original recordings of integrated EMG activity obtained from
inspiratory muscles before, during and after application of CNAP. After about 10
control breaths Ptr was decreased in a step-like fashion for about 20 breaths and
thereafter Ptr was restored (trace 3). This figure demonstrates that immediately after
the onset of CNAP the end-tidal levels of the integrated EMGdi and EMGlCM
activities are elevated (trace 1 and trace 2, respectively). End-tidal values of Ptp
changed in accordance with the changes in Ptr (trace 5). Further this figure demon-
strates the increase in f due to CNAP.

2.4.2 EFFECTS OF DIFFERENT LEVELS OF CNAP ON TIA

Eight out of 19 cats showed no TIA at Ptr S: -1.2 kPa. To limit the magnitude of the
applied airway pressure the results for TIA presented in this paper refer to the
remaining 'responders'. Average responses of TIA to decreasing levels of Ptr are
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shown in Figure 2.3. The increase in TIA in response to Pir^ -0.6 kPa was statis-

tically significant (p<0.05) for both the diaphragm and ICM . For all 11 animals

together, at Ptr=-1.2 kPa TIA ranged up to 67% and 86% of ÏÏMGpk,-^ in the

diaphragm and ICM, respectively. Mean ( ± SE) CNAP-induced TIA levels were

about 41% ± 4.3 and 62% ± 3.7 for the diaphragm and ICM, respectively (Figure

2.3). One cat showed TIA in the diaphragm only at Ptr=-1.2 kPa. whereas in ICM

TIA was already observed at Ptr=-0.3 kPa. In two animals airway pressures down to

-1.2 kPa hardly evoked TIA in the diaphragm although Ptr= -1.2 kPadid induce TIA
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in ICM. Mean differences in TIA between CNAP and control (ATIA) were larger for
ICM than for the diaphragm at all values of Ptr.

EFFECTS OF DIFFERENT LEVELS OF CNAP ON OTHER RESPIRATORY VARIABLES

As a result of CNAP tl, tE and VT decreased significantly relative to control values.
The increases in f and VE were significant for airway pressures below -0.6 kPa
(Table 2.1). The net result of changes in f and VT accounted for the increased VE.
Although tl decreased significantly at a higher level of CNAP (-1.2 kPa), the increase
in f was mainly caused by shortening of tE. There was no significant change in Pbi as
a result of CNAP (Table 2.1).
CL.dyn decreased significantly with decreasing Ptr (Table 2.1). A negative correlation
was obtained between the decrease in CL.dyn evoked by CNAP and ATIA, both for
the diaphragm and ICM (Figure 2.4). As compared to control RL.ex increased
significantly in response to airway pressures of -0.3 down to -1.2 kPa (Table 2.1).
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2.4.3 EFFECTS OF VAGAL COOLING ON TIA

Results for TIA in the diaphragm and ICM at different Tvg for control breaths and for
CNAP are presented in Figure 2.5. Between 37 and 12 °C CNAP-induced TIA was
comparable in magnitude. Between 10 and 4 °C we observed an attenuation of
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CNAP-induced TIA for both the diaphragm and ICM. Below temperatures of 6 *C
tonic discharges in inspiratory muscles induced by CNAP virtually disappeared being
less than the highest control value.
As we mentioned for the experiments with different levels of CNAP, TIA values for
ICM were significantly higher than those for the diaphragm within the whole
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temperature range applied (Figure 2.5). For control breaths TIA was slightly elevated
at a Tvg of 12 °C down to 8 °C compared to 37 °C.

2.4.4 EFFECTS OF VAGAL COOLING ON RESPIRATORY TIMING

Figure 2.6 shows the effects of vagal cooling on ti and tE for control and for CNAP.
As a result of vagal cooling f decreased, mainly due to an increase in U. At vagus
temperatures below 12 °C ti increased significantly compared to its value at 37 °C,
whereas tE significantly increased below 6 °C. The same pattern of effects was
demonstrated for both conditions, control and CNAP. The different responses of a
and tE to vagal cooling suggest different causal mechanisms. Immediately after the
on-switch of CNAP (Ptr= -0.9 kPa) we observed an increase in f which maintained
throughout the whole period of CNAP (Figure 2.2). Total cycle time decreased due
to the decrease in tE and in lesser part due to the decrease in ti (Figure 2.6, Tvg=37
•C).

The relationships between ti and tE at different Tvg are represented as tl-tE plots in
Figure 2.7 for control and CNAP. Despite of great inter-individual scatter these plots
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indicate that mainly tl increased as a result of vagal cooling from 37 °C down to

10 °C Below this temperature there is also an increase in tfc. In spite of the shift

towards a shortening of u and t£ caused by CNAP, the effects of vagal cooling are

comparable for both conditions, control and CNAP. > ;

2.4.5 CAPSAJCIN

Capsaicin, a chemical which is known to activate C-fibre endings in cats', was

administered in four animals in which it evoked apnoea followed by rapid shallow

breathing which is a normal response. No TIA was observed, however, at the three

values for Tvg (37, 10, 4 °C) applied. The duration of the capsaicin-induccd apnoea

at 4 °C was decreased compared to its duration at higher temperatures.

2.4.6 VAGOTOMY

After vagotomy we were not able to evoke TIA by CNAP (Ptr= -0.9 kPa) neither in

the diaphragm nor in the ICM. Induction of TIA in response to CNAP was, there-

fore, related to afferent vagal activity. For the six animals studied after vagoiomy f

was reduced to about 66% ± 5.2% of f in control conditions.

2.5 DISCUSSION

One of the characteristics of an exacerbation of asthma is hyperinflation. Although

airway resistance is decreased at increased lung volume', the increased functional

residual capacity is generally considered to be disadvantageous to inspiratory muscle

function". The mechanical disadvantages of hyperinflation for the parastcmal

intercostal muscles are much less than for the diaphragm'. In recent years TIA is

considered as one of the causal mechanisms of hyperinflation in asthmatics''. TIA is

also observed in man and animals after administration of histamine*•".

We already showed that histamine-induced TIA in cats can be considered as the net

result of excitation of inspiratory neurons by RARs and inhibition by SARs'*.

Recently, the mechanosensitive properties of RARs have been reappraised. RAR

activity is increased by hyperinflation" or when CL.dyn is decreased"-"'*, as well as

during pneumothorax" and in response to pulmonary microembolism".

CNAP is a mechanical stimulus known to activate RARs'•" "". The present study

confirms previous observations''^, carried out in anaesthetized, spontaneously

breathing cats and rabbits, that TIA can be elicited in the diaphragm and intercostal

muscles by applying CNAP.

It has been shown that in eupnoeic dogs the tnangulans stemi was active during

expiration, causing a caudal displacement of the ribs\ When breathing at rest activity
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in transversus abdominis muscles has been found in dogs'". There was no activity in
external oblique abdominal muscles during CNAP in cats whereas during CPAP the
abdominal muscles were active in expiration*. In cats we did not observe EMG
activity in expiration from the electrodes inserted into the parastemals or the dia-
phragm, neither at control conditions (present study) nor even during CPAP (other
experiments from our laboratory). Therefore, it seems very unlikely that during
CNAP, which decreases FRC, the triangularis stemi or the transversus abdominis is
active. To obtain EMGs from the diaphragm and ICM we inserted the needle
electrodes directly into these muscles. By making the distance between the two
electrodes of each pair as small as possible contamination from other sources has
been prevented. E.g., even cardiac electric activity was not observed in our EMG
recordings.

2.5.1 RESPONSE OF TIA TO CNAP

TIA in response to CNAP appeared to be significant both in the diaphragm and in the
ICM (Figures 2.3 and 2.5). In some cats TIA in response to CNAP reached values of
about 60-80% of peak inspiratory EMG activity during control conditions. If compa-
rable values also appeared in man during mechanical stimulation of RARs lung
mechanics would be much influenced. This may happen for instance during an
exacerbation of asthma due to bronchoconstriction.

From Ptr= -0.6 down to -1.2 kPa TIA was larger for ICM than for the diaphragm
(Figures 2.3 and 2.5). Although there were differences in the magnitude of the res-
ponses between animals, the sensitivity of ICM to CNAP was generally larger than
that of the diaphragm. These results indicate that in cats in a supine position stimu-
lation of RARs by CNAP affects the ICM more than the diaphragm. If in man ICM
were also more susceptible to stimulation by RARs than the diaphragm this could
have consequences for breathing therapy in asthmatics.

2.5.2 SELECTIVE BLOCK OF VAGAL LUNG AFFERENTS

To distinguish between the reflex effects of the three types of pulmonary receptors
various methods have been employed so far to block activity in the vagal afferents.
Inhalation of the irritant gas sulphur dioxide (SO,) is claimed to inhibit SARs
selectively in rabbits*. Activation of RARs and simultaneous inhibition of SARs by
SO, would be an interesting method regarding the aim of our study. However,
application of SO, to inhibit SARs has not been very successful in cats". Accor-
dingly, we did not succeed in abolishing the Hering-Breuer inflation reflex with SOj
in our cats. We suggest, therefore, that the effect of SO, on SARs is species depen-
dent. It has been reported that application of the local anaesthetic procaine on the
vagus nerves blocked the conduction in unmyelinated and in thin myelinated vagal
fibres in rabbits*. A disadvantage of applying procaine is that differentiation between
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thin myelinated afferents from RARs and unmyelmated afferents from C-fibre
endings is not possible. On the other hand, it has been shown in single fibre studies
that cooling the cervical vagus nerves can block conduction in the afferents of the
three types of pulmonary receptors selectively '*•'. In these studies RARs, SARs and
C-fibre endings were identified by their characteristic patterns of discharge in res-
ponse to lung distension and to injection of capsaicin, and by their fibre conduction
velocities. These authors conclude that at vagus temperatures between 7 °C and
12 °C activity of SARs transmitted was only one third of that observed during control
measurements at 37 °C whereas RAR activity did not fall below control levels until
the vagus had been cooled down to 7 °C or lower. At a vagus temperature of 4 °C
conduction in myelinated fibres was virtually blocked, whereas a large part of the
activity of the unmyelinated C-fibres was still transmitted.

2 5 3 LUNG RECEPTORS AND TTA

After vagotomy no TIA can be induced any more, implying that intact vagi arc
necessary for TIA to come about. When both vagus nerves were cooled to 4 °C. TIA
was also abolished (Figure 2.S). It is known that at this temperature the conductance
in myelinated fibres is blocked whereas conductance in unmyclinatcd fibres is only
reduced. Intravenous injection of capsaicin, known as a chemical stimulating pul-
monary C-fibre endings in cats', did not evoke any TIA at all vagus temperatures
applied suggesting that this type of receptor plays no role in evoking TIA.
At vagus temperatures between 8 and 12 °C, temperatures at which we may assume
that conduction of SAR activity is blocked, TIA did not change in response to CNAP
as compared to TIA at Tvg=37 °C (Figure 2.5). If SARs were responsible for TIA it
would be expected that during attenuation of the conductance in afferents from SARs
TIA would decrease. At vagus temperatures between 8 and 12 °C TIA was slightly
elevated in control breaths as compared to TIA at Tvg=37 °C. We speculate that this
is due to a reduced conductance of SAR aaivity resulting in a diminished inhibition of
TIA by SAR activity.

At each Tvg TIA was calculated with its own control value (EMGpk) obtained at the
same temperature (see methods). We noticed that during vagal cooling, especially at
Tvg=14, 12 and 10 °C, ËMGpk,-™. values were increased. Although relative TIA
values did not differ much from values at 37 °C (Figure 2.5) this implies that
absolute TIA levels at these temperatures were still higher. Both effects can be
explained by inhibition of SAR aaivity during vagal cooling.

2.5.4 LUNG RECEPTORS AND RESPIRATORY TIMING

Our data concerning changes in tl and tE confirmed indirectly the results from single
fibre studies with regard to vagal cooling as a method to block selectively conduaion
in afferent fibres of lung receptors. It is commonly agreed that stimulation of SARs
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shortens tl by activating the 'off switch' mechanism which terminates inspiratory
activity'. Previous studies have shown that in the intact rabbit u is controlled by SAR
activity, and tE by a balance between the activities of SARs and RARs in which
stimulation of RARs shortens tE*.
At normal Ptr we observed that tl already increased as compared to tl at 37 °C if the
vagi were cooled below 14 °C (Figure 2.6, upper panel). On the contrary, tE did not
increase significantly until Tvg was below 8 °C. Comparable results were obtained
during CNAP (Figure 2.6, lower panel). We showed that during vagal cooling from
37 down to 4 °C first tl increased (below 14 °C) and then (below 8 °C) tE (Figures
2.6 and 2.7). We conclude, therefore, that the gradual increase in U for Tvg below
14 °C indicates a progressive block in the afferent fibres of SARs. The increase in tE
in response to cooling below 8 °C should be attributed to impaired transmission of
activity from RARs*.

2.5.5 RESPONSES OF OTHER RESPIRATORY VARIABLES TO CNAP

At all levels of CNAP we observed an increased f as compared to control, due mainly
to a decrease in IE (Table 2.1). The decrease in tE was significant for all levels of
CNAP. Decrease of tl as a result of CNAP was only significant at -1.2 kPa. The
decrease of tE in response to progressively larger, negative airway pressures is in
agreement with stimulation of RARs by CNAP and shortening of tE by activation of
RARs.
Several authors have studied the relationship between CL.dyn and the activity of lung
receptors. It has been shown that spontaneous discharge of RARs in rabbits increased
when CL.dyn was reduced by briefly deflating the lungs and decreased when CL.dyn
was increased by briefly hyperinflating the lungs". In dogs, rabbits and cats it has
been shown that RARs discharged more vigorously during decreased CL,dyn by
removing positive end expiratory pressure'''". These authors concluded that RARs
are sensitive to changes in CL.dyn: the stiffer the lungs the larger is the activity of
RARs. Once again this suggests that changes in lung mechanics are very important in
stimulating RARs. However, despite the correlation between RAR activity and CL,dyn
no causal mechanism has been shown. It is still uncertain by which mechanism
RARs, located in the conductive airways, are stimulated when the lung parenchyma
becomes less compliant. In the present study we also observed a negative correlation
between TIA due to a decreased Ptr- and CL,dyn (Figure 2.4). We conclude that
CL.dyn decreased in response to CNAP, and TIA increased simultaneously, as the
result of mechanical stimulation of RARs.

The effect of mechanically decreased CL.dyn has also been compared to the response
of RARs to histamine in cats". It was found that in both conditions the relation
between RAR activity and CL.dyn was similar. Further, the onset of the increase in
RAR activity coincided with the increase in lung stiffness after histamine injection
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suggesting thai the increase in RAR activity in response to histamine is also related to
lung mechanical changes. It appears that stimulation of RARs is an important factor
in histamine-induced TIA. Although it is not clear yet how RARs are stimulated by
histamine, we feel that mechanical activation of RARs will be involved in histamine-
induced TIA. In the present study it was shown that mechanical stimulation of RARs
is a potent stimulus to induce TIA.

2.5.6 CONCLUSIONS

1) CNAP is a forceful stimulus to induce TIA in both the diaphragm and ICM in
anaesthetized, spontaneously breathing cats. 2) In response to CNAP TIA reached
values of at least 40 to 60% of peak EMG activity during control breaths, for the
diaphragm and ICM, respectively. 3) TIA induced by CNAP is due to mechanical
stimulation of RARs; the results strongly indicate that stimulation of SARs suppress
TIA. 4) C-fibre endings are not involved in CNAP-induccd TIA. 5) TIA in ICM was
higher than TIA in the diaphragm. 6) TIA is correlated with reduction in CL.dyn. We
speculate by extrapolating these results to asthmatic patients thai pan of the hyper-
inflation in bronchial asthma is caused by TIA in response to mechanical stimulation
of RARs.
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3.1 ABSTRACT

The main objective of the present study was to evaluate the role of rapidly adapting
receptors (RARs), slowly adapting receptors (SARs) and C-fibre endings in gener-
ating end-tidal inspiratory activity (ETIA).
ETIA was induced by intravenous administration of histamine and continuous
negative airway pressure (CNAP) in anaesthetized, spontaneously breathing cats. To
differentiate between reflex activities from the three types of lung receptors both
vagus nerves were cooled to 8 different temperatures (Tvg) between 4 and 37 °C. It is
known that CNAP stimulates RARs and inhibits SARs. Histamine was used to
stimulate RARs, and this was combined with continuous positive airway pressure
(CPAP) to further stimulate SARs.

ETIA was evoked in the diaphragm and in parastemal intercostal muscles by both
stimuli—histamine and CNAP—in 8 out of 18 cats. After vagotomy neither histamine
nor CNAP evoked ETIA any more. At Tvg=37 °C CPAP suppressed histamine-
induced ETIA whereas this suppression was diminished at Tvg between 14 and 8 °C.
ETIA sharply declined for Tvg between 8 and 4 °C, and at Tvg =4 °C ETIA had
virtually disappeared. At Tvg=37 and 22 °C values of ETIA during CNAP were
larger than those in response to histamine, whereas at Tvg = 10 °C comparable ETIA
values were obtained.

The data show that ETIA is a vagal reflex activity and that C-fibre endings are not
involved in the induction of ETIA. It is concluded that histamine-induced ETIA
originates from stimulation of RARs. Further, histamine-induced ETIA is inhibited by
stimulation of SARs. Mechanical stimulation of RARs (CNAP) is a forceful stimulus
to induce ETIA.

3.2 INTRODUCTION

Characteristics of acute asthma are bronchoconstriction and hyperinflation". Hyper-
inflation is considered to be disadvantageous to inspiratory muscle function, more to
the diaphragm than to parastemal intercostal muscles (ICM)*. Bronchoconstriction
with an increased mechanical time constant and incomplete emptying of the lungs is
one of the causes of hyperinflation'. Another factor is a persisting inspiratory muscle
activity during expiration'"'"*. The electrical activity observed in the electromyogram
(EMG) of inspiratory muscles at the end of expiration—just prior to the phasic
increase in inspiratory activity—has been called tonic inspiratory activity" '*. As the
origin of this so called tonic activity is not clear yet we prefer to use the term end-
tidal inspiratory activity (ETIA). In asymptomatic asthmatics it has been found that
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during histamine-induced hyperinflation the end-tidal pleural pressure was more
negative than the predicted chest wall relaxation pressure at the corresponding end-
tidal lung volume'"", indicating the presence of ETIA. In more direct measurements,
by evaluating electromyograms (EMGs) of inspiratory muscles, ETIA has been
observed in human subjects after administration of histamine". These studies have
shown a significant correlation between the increase in thoracic gas volume and the
increase in ETIA. Recent studies have shown that with intact vagus nerves lowering
of tracheal pressure (Ptr) could evoke ETIA in rabbits" and cats'•". Stimulation of
thin vagal afferents by administration of histamine increased the magnitude of ETIA
in rabbits*.

Although it has been indicated by several studies that histamine can induce ETIA, the
mechanism is still uncertain. It has been shown that histamine stimulates rapidly
adapting receptors (RARs) both by a direct chemical effect and by an indirect
mechanical effect resulting from bronchoconstriciion*•"•**•".
The main objective of the present study was to evaluate the role of RARs, slowly
adapting receptors (SARs) and C-fibre endings, in histamine-induced ETIA. EMGs
from the diaphragm and the ICM were recorded during control conditions and after
intravenous administration of histamine, both with and without simultaneous ap-
plication of continuous positive airway pressure (CPAP). Although histamine and
CPAP are not specific stimuli for one particular type of lung receptors, it is generally
agreed that RARs are stimulated by histamine whereas CPAP mainly activates
SARs*. In order to further differentiate between the reflex activities of the lung
receptors the experiments were performed at different temperatures of the cervical
vagus nerves (Tvg). To investigate the origin of ETIA, ETIA was also evoked by
continuous negative airway pressure (CNAP) and its magnitude was compared to that
of histamine-induced ETIA at various vagal temperatures. During CNAP RARs are
stimulated mechanically and SAR activity is inhibited. Effects on ETIA of both
stimuli, histamine and CNAP, were also studied after vagotomy.
Preliminary data have been reported in abstract form".

3.3 METHODS

3.3.1 ANIMALS AND ANAESTHESIA

Experiments were performed on 18 adult cats of either sex, body weight 4.8±0.20
kg (mean ±SE). They were anaesthetized with ketamine-hydrochloridc (10 mg/kg
body weight, i.m.) and by intravenous injection of a chloralose-urethane mixture
(12.5 mg/kg and 62.5 mg/kg, respectively). Supplemental doses of this anaesthetic
mixture, 5% of the initial dose, were given if needed to maintain surgical anaesthesia.
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The cats were placed in the supine position on an operating table and breathed
spontaneously.

3.3.2 MEASUREMENTS

Catheters were inserted into the left femoral artery and vein for monitoring blood
pressure (Pbi) and for intravenous administration of fluids. Pbi was measured with a
differential pressure transducer (Statham). The trachea was exposed in the neck and a
cannula (7 mm O.D., 40 mm long) was inserted just below the cricoid cartilage. The
trachea! cannula was connected to a flow-pressure transducer (Fleisch type 0) of a
pneumotachograph (Gould) for measuring airflow (V). The other end of the Fleisch
head was connected to a main tube by means of a T-piece. Tracheal pressure (Pu)
was measured with a differential pressure transducer (Statham). Ptr, relative to am-
bient pressure, was obtained from a side arm of the T-piece.
The breathing circuit has been described in detail previously". Briefly, a constant bias
flow of about 18 1-min' was maintained in the main tube, which was sufficient to
prevent rebreathing of expired air. By turning a 3-way tap, the direct connection of
this tube to room air was occluded and the bias flow was then directed to an adjus-
table flow resistance. At the same time the connection to a water manometer was
accomplished. With the help of this manometer and the adjustable flow resistance a
certain value of Ptr was preset. During an experimental run a preset positive Ptr could
then be established almost instantaneously by rapidly turning the tap. By reversing the
bias flow a preset negative Ptr could be applied. A large bottle filled with air (50 1)
and a water manometer with wide tubes (9 cm I.D.) were used to minimize pressure
fluctuations in the main tube due to breathing by the cat.

Conductance of vagal afferent activity can be inhibited and finally blocked by cooling
both cervical vagus nerves. The vagi were exposed in the mid neck, freed from the
carotid sheaths, and placed in the gold coated grooves of two cooling devices. The
grooves were 13 mm long, 2 mm deep and 1 mm wide. A Peltier element (cooling)
and a transistor (heating) were used to achieve the required temperature. The
temperature of the vagi (Tvg) could be adjusted between 37 and 0 °C (±0.1 °Q .
Both nerves were immersed in oxygenated paraffin oil.

At the end of the experimental protocol bilateral section of the cervical vagi was
performed to eliminate all input from vagal lung receptors to central respiratory
centres. Temperature of both proximal ends of the cut vagi were then maintained at 0
°C to prevent spontaneous excitations.
Hooked needle electrodes were used to obtain EMGs from inspiratory muscles. After
a small abdominal incision had been made just below the ribcage, a pair of electrodes
was inserted into the costal part of the diaphragm. A second pair of electrodes was
inserted parasternally into the intercostal muscles approximately 1 cm lateral to the
sternum in the third or fourth intercostal space. The electrical activities of the
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diaphragm and of the ICM were amplified, filtered (150 Hz-3000 Hz), rectified and

fed into a leaky integrator with a time constant of 50 ms (Neurolog, Digitimer). The

partial pressure of carbon dioxide in end-tidal gas (PetCO.) was measured by a

capnograph (Nellcor N-1000). Body temperature was taken from the rectum and

maintained between 36-38 °C by heating the operating table.

Signals representing integrated EMG activity of the diaphragm (EMGDI) and of ICM

(EMGlCM), V, Ptr, PöCOj, Pw, rectal temperature and Tvg of both vagi were moni-

tored continuously and were sampled (50 Hz) with a computer (Compaq 386) and

stored on hard disk for off-line analysis.

3.3.3 EXPERIMENTAL PROTOCOL

Two different experimental protocols were used to study histamine-induccd ETIA and

CNAP-induced ETIA. a) Histamine-di-phosphate (300 jig) was administered

intravenously after 10 control breaths had been recorded. After ETIA in response to

histamine was apparent for at least 8 breaths Ptr was increased to 0.9 kPa (CPAP)

during an inspiration. CPAP was maintained at the adjusted level for at least 5 breaths

after which normal Ptr was restored during an expiration. In this way, we recorded

subsequently 1) breaths during control conditions, 2) breaths during the occurrence of

histamine-induced ETIA, 3) breaths during application of CPAP, and 4) breaths at

normal Ptr. Between two consecutive experiments a recovery was allowed until blood

pressure had returned to the level prior to the administration of histamine. ETIA

disappeared much earlier, b) After 10 control breaths had been recorded at normal

Ptr, airway pressure was decreased to -0.9 kPa during an expiration, maintained at the

adjusted level for at least 10 breaths and restored again to control conditions during an

inspiration.

The two different protocols were carried out at the following values of Tvg: 37, 22,

14, 12, 10, 8, 6 and 4 °C. In practice, protocol b was carried out first and then

protocol a. After completion of these experiments, the cervical vagi were transected

whereupon the two types of experiments were repeated.

In 5 animals we studied the effects of stimulation of the C-fibre endings on ETIA.

Capsaicin (50 /ig/kg)—a chemical known to activate C-fibre endings in cats*-*—was

administered by intravenous injection at three values of Tvg (37, 10 and 4 ° Q .

3.3.4 DATA ANALYSIS

From the recordings we determined end-tidal EMG activity and peak inspiratory

EMG activity for both the diaphragm and ICM. In order to eliminate the effects of

instrumental, inter-animal and intra-animal scatter we quantified ETIA of each breath

as the ratio of EMG activity at the end of expiration and mean peak inspiratory EMG

activity (ËMGpkmJ obtained from at least 5 control breaths from the beginning of

the same recording, in formula: , , .-., . . *-. *...,
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ETIA = (end-tidal EMG activity / EMGpk^J-100%. Thus, end-tidal EMG activity
was expressed relative to the mean peak inspiratory EMG activity of control breaths.
For both the diaphragm and ICM, three mean values for ETIA were calculated from
the results of at least 5 breaths during control breaths, during histamine-induced
ETIA, and during CPAP, respectively (protocol a). Similarly, mean ETIA values
were calculated for control breaths and CNAP (protocol b). Furthermore, the
duration of expiration (tE) was calculated for all different types of experimental
conditions; control, histamine, histamine+CPAP and CNAP.
End-tidal inspiratory activity may in part be due to incomplete decay of inspiratory
activity during expiration. To evaluate this contribution the measured inspiratory
activity during the expiratory phase of the breathing cycle was fitted with the function
Ae""'+B, where t is time. A and B are amplitudes and r is the time constant of the
decay of inspiratory activity. The results for A, B and r thus followed from the fitting
procedure. From a mathematical point of view the end-tidal value of the exponential
decay of inspiratory activity at time t=tE is fully determined by Ae""*. Similar to
ETIA the contribution of the incomplete decay of inspiratory activity during ex-
piration is presented as a percentage of EMGpk,-™.. The fitting procedure was applied
to the early part of expiration in which the decay of inspiratory activity is most
pronounced and, therefore, also best defined. This procedure was further applied to
all breaths used for the determination of ETIA.

All data presented are means ±standard error (SE). Differences were evaluated for
statistical significance using the Wilcoxon test for paired observations. A p-value
<0.05 was considered to be significant.

3.4 RESULTS

In 8 out of 18 animals ETIA was evoked in response to i.v. administration of 300 jtg
of histamine at normal or at decreased Tvg. In these 8 animals ETIA could also be
induced by CNAP. In 9 out of the 18 animals no ETIA was evoked by CNAP
( ^ -0.9 kPa). In the present study the results of 7 responders to both stimuli, his-
tamine and CNAP, will be evaluated (in one responder no CPAP was applied). Mean
body weight (±SE) of the responders (5.1 ±0.3 kg; n=8) was not significantly
different from that of the non-responders (4.7±0.2 kg; n= 10).

Original recordings of integrated EMG activity obtained from inspiratory muscles
before and after i.v. administration of histamine and during subsequent application of
CPAP are shown in Figure 3.1. This figure shows that the increases in the end-tidal
levels of integrated EMGDI and EMGlCM activities (trace 1 and 2, respectively) start
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about 14 s after the administration of histamine. Immediately after the application of
CPAP— indicated by the sharp increase of Ptr (trace 3)—the end-tidal levels of both
EMG activities return to their base line levels. This figure further demonstrates that
after CPAP is released the end-tidal levels of EMG activities are increased again.
Thus, ETTA was evoked by histamine and the histamine-induced ETIA was sup-
pressed by CPAP. The decrease of PM in response to the administration of histamine
is shown in trace 5.
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In response to intravenous injection of 300 /ig of histamine mean arterial blood
pressure (PN) decreased significantly (p<0.05) compared to control in each animal
and at all values of Tvg. The average decrease in P'M for all individual experiments
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together was 8.5±0.36 kPa (n=56).

3.4.1 EFFECTS OF VAGAL COOLING ON ETTA

The mean results of histamine-induced ETIA in the diaphragm and ICM obtained
from the responders at different Tvg (ranging from 37 to 4 °C) are shown in Figure
3.2 (left panels). As compared to the values at Tvg=37 °C histamine-induced ETIA
reaches much higher levels for Tvg between 14 and 6 °C and for Tvg between 14 and
8 °C for the diaphragm and ICM, respectively. At Tvg=37 and 22 °C histamine-
induced ETIA in the diaphragm is significantly inhibited by CPAP (Figure 3.2). In
ICM the difference between the mean values (histamine versus histamine+CPAP)
just failed to reach significance (p=0.07) at Tvg=37 °C, but similar to the diaphragm
this difference is significant at Tvg=22 °C. In the diaphragm CPAP did not suppress
histamine-induced ETIA any more at Tvg between 14 and 6 °C. In 4 out of 7 cats
histamine-induced ETIA in the diaphragm even increased in response to CPAP at
Tvg=12 °C. At Tvg between 12 and 8 °C ETIA values in ICM were significantly
lower during CPAP than after histamine alone, but remained higher than control
levels, which is in contrast to the findings at Tvg=37 and 22 °C where ETIA after
CPAP was smaller than ETIA at control conditions. Thus, as compared to the

„jppWWSig«..mfluence pf CPAP on histamine-induced ETIA at Ty*=37 and 22 °C
this influence is relatively smaller at Tvg £14 °C. Between Tvg=8 and 4 °C ETIA
declines sharply, and for Tvg=4 °C no change in ETIA is found in response to
administration of histamine (Figure 3.2). At Tvg=4 °C conduction in the afferents of
both SARs and RARs is known to be largely blocked'"'.

3.4.2 NEGATIVE AIRWAY PRESSURE

In all animals in which ETIA could be evoked by histamine, ETIA was also induced
by CNAP (Ptr= -0.9 kPa). ETIA values in response to CNAP were larger for the
ICM than for the diaphragm (Figure 3.3, left panels). At Tvg =4 °C no significant
increase in ETIA was found in ICM. However, in the diaphragm a small significant
increase in ETIA remained. At Tvg=37 °C the magnitude of CNAP-induced ETIA is
much larger than that of histamine-induced ETIA both for the diaphragm and the
ICM (Figures 3.2 and 3.3), whereas at temperatures between 14 and 8 °C ETIA
values are comparable. Figure 3.3 further shows that ETIA values in response to
CNAP are about the same for Tvg between 37 and 8 °C. Between Tvg=8 and 4 °C,
however. ETIA declines sharply (Figure 3.3). This behaviour is similar to that seen
for ETIA after histamine (Figure 3.2).

3.4.3 CAPSA1CIN

C-fibre stimulation by intravenous injection of capsaicin was performed in 5 cats, of
which two were responders to both stimuli: histamine and CNAP. The administration
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of this drug caused the well-known respiratory effects, a short period of apnoca
followed by rapid breathing (Figure 3.4). In each cat capsaicin was injected at three
different values for Tvg (37, 10 and 4 °C), but in no single experiment was ETIA
evoked.
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3.4 4 VAGOTOMY

After both cervical vagus nerves had been cut end-tidal EMG levels corresponded in
all experiments to the electrical zero level. Hence, in neither condition—during
control, after administration of histamine or during CNAP—was ETIA found after
vagotomy.
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3.4.5 ETIA AND EXPONENTIAL DECAY OF INSPIRATORY ACTIVITY DURING EXPIRATION

The contribution of the incomplete decay of inspiratory activity during expiration to
ETIA was estimated from Ae^' . The amplitude A and the time constant T were
obtained by fitting the measured inspiratory activity during expiration with the
function Ae^'+B (see Methods). The results for Ae^ ' are shown in the right panels
of Figure 3.2 (control, histamine, histamine+CPAP) and Figure 3.3 (control,
CNAP). Similar to ETIA, Ae^ ' was expressed as percentage of EMGpkc™. which
facilitates the comparison with ETIA. In general, Ae* ' is much smaller than ETIA
for both the diaphragm and ICM when ETIA is enhanced by histamine, his-
tamine+CPAP or CNAP (Figures 3.2 and 3.3). This, however, is not true for
control conditions, where at several values of Tvg Ae^ ' was more than halve the
value of ETIA for either the diaphragm or ICM or both. This especially occurs at
lower vagal temperatures.
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After administration of histamine and for Tvg=14-8 °C the average values for Ac***

for both the diaphragm and ICM were about 12% of the corresponding values for

ET1A. Similarly, at CNAP and for Tvg=37-8 °C this percentage was about 23%.

Thus, in conditions in which ETIA is small, e.g. for Tvg=4 °C, most of ETIA is

due to the incomplete decay of inspiratory activity at the end of expiration, on (he

contrary in conditions in which ETTA is much elevated, ETIA is mainly due to the

remaining determinants of ETIA which will be discussed in the nexi section.

The duration of expiration, tE, and the time constant, r, for the decay of inspiratory

activity during expiration arc important determinants of Ae"**. The results for tE and

r are shown in Tables 3.1 and 3.2. These data show that in general tE and r vary

with Tvg and with changing experimental conditions.
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3.5 DISCUSSKW

ETIA was induced in response to CNAP or intravenous injection of histamine both in

the feline diaphragm and ICM. At Tvg between 8 and 4 °C the effects of both stimuli
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on ETIA decreased to low levels with decreasing temperature. After vagotomy
histamine and CNAP could not evoke ETIA any more. At Tvg=37 °C histamine-
induced ETIA was suppressed by CPAP whereas at Tvg between 14 and 8 °C this
suppression was diminished. These effects were most pronounced for the diaphragm.
Both histamine-induced ETIA and CNAP-induced ETIA were larger in ICM than in
the diaphragm (Figures 3.2 and 3.3).
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After vagotomy no ETIA was observed in response to CNAP which demonstrates
that ETIA is not evoked by extra vagal mechanisms. A considerable fraction of our
experimental animals did not respond to histamine and CNAP. This shows that there
is a wide natural variability in cats in terms of showing ETIA in response to the
applied stimuli. In human subjects a similar variability is found for the response of the
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airway resistance during histamine challenge tests.

ETIA has also been studied in other species. In rabbits ETIA has been evoked in

response to a decreased FV* and after administration of histamine, both in the

diaphragm and in ICM\ In man ETIA has been observed after administration of

histamine".
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3.5 1 ETIA AND EXPONENTIAL DECAY OF INSPIRATORY ACTTVTrY DURING EXPIRATION

It is known from the literature^'-^ that the activities of SARs and/or RARs are

affected when changing the experimental conditions from control to CNAP or CPAP

and after administration of histamine. In turn, the activities of these receptors affect

the behaviour of the inspiratory off-switch and on-switch mechanisms and, therefore,

also tE, EMGPK and r. This was also reflected by the changes in tE and r that were

observed in individual cats when changing from one experimental condition to

another (Tables 3.1 and 3.2). Increases in EMGPK or tE/r or both will result in a

larger contribution of the incomplete decay of inspiratory activity to ETIA. The

changes in these parameters induced by the applied stimuli imply that the contribution

of the incomplete decay of inspiratory activity to ETIA during stimulation cannot be
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determined independently from e.g. control breaths. For this reason, we had to
determine this contribution and ETIA from the same EMGs, as described in
Methods. Figures 3.2 and 3.3 show that the contribution of the incomplete decay of
inspiratory activity to ETIA is modest in conditions in which ETIA is much elevated.
It can be further inferred from Figures 3.2 and 3.3 that the behaviour of ETIA as a
function of Tvg is not much affected by the contribution of the incomplete decay of
inspiratory activity to ETIA. In other words, the initial rise in ETIA for histamine
(and also for histamine+CPAP) at Tvg = 14 °C and its decline for Tvg below 10"C
can be safely attributed to changes in the remaining determinants of ETIA, and this
also applies to the decline in ETIA for Tvg below 8"C for CNAP (Figure 3.3). A
further detail of Figure 3.3 is, that if the individual values for ETIA at Tvg=4 °C are
corrected for the corresponding values of Ae^ ' the mean value of corrected ETIA is
still significantly different from control but the difference is very small (about 2% of

3.5.2 C-FTORE ENDINGS AND ETTA

Badier ct al.' used procaine to block selectively the electric conduction of thin vagal
fibres and concluded that stimulation of thin sensory fibres elicits ETIA. However,
differentiation between C-fibre endings and RARs (both have thin vagal afferents)
was not possible. In the present study we used vagal cooling to block selectively the
conduction of the afferents from lung receptors. It has been shown that at temp-
eratures below 5 °C the conduction in myelinated fibres (from SARs and RARs) is
almost completely blocked whereas a large fraction of the activity of unmyeiinated C-
fibres is still transmitted'". At Tvg=4 °C hardly any histamine-induced ETIA was
found indicating that C-fibre endings are not involved in inducing ETIA (Figure 3.2).
We observed similar effects of vagal cooling on CNAP-induced ETIA (Figure 3.3).
Our conclusion that C-fibre endings are not involved in ETIA is further supported by
our observation that chemical stimulation of C-fibres by capsaicin does not induce
ETIA (Figure 3.4). It is not likely, therefore, that stimulation of C-fibre endings by
histamine* has attributed to the genesis of ETIA in our experiments. After vagotomy
the different stimuli did not evoke ETIA any more and, thus, the occurrence of ETIA
depends on vagal reflex mechanisms. Since C-fibre endings appear to play no role
ETIA may be attributed to reflex effects of either RARs or SARs or both.

3.5.3 SARS. RARS AND ETIA

It is generally accepted that stimulation of RARs excites inspiratory activity whereas
this activity can be inhibited by stimulation of SARs*. RAR activity increases and
SAR activity decreases when Ptr is lowered'-"^. Thus CNAP-induced ETIA (Figure
3.3) may result from excitation of inspiratory motoneurons by RARs or lack of
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inhibition of these neurons by SARs or both. RARs and, in particular, SARs are
stimulated by increased FRC as induced by CPAP*. As a consequence, the nearly
complete suppression of histamine-induced ETIA at Tvg = 37 °C (Figure 3.2) in
response to CPAP must be attributed to inhibition of inspiratory motoneuron activity
by SARs. Lack of inhibition of inspiratory motoneurons by SARs, however, cannot
be the only mechanism underlying ETIA because elimination of all afferent input
from SARs by vagotomy does not result in ETIA. Hence, the primary cause for
ETIA to occur in our experiments was the excitation of inspiratory motoneurons by
RARs where the amplitude of ETIA was modulated by SAR activity through
inhibition of inspiratory activity. The indicated role for RARs was further supported
by the fact that high levels of ETIA could be induced by administration of histamine,
a drug which is known to stimulate RARs.

The model resulting from the above discussion is depicted in Figure 3.5. Further
evidence for this model was obtained from the effects of vagal cooling. In dogs and
cats there is an overlap in conduction velocities of RARs and SARs though the mean
value for RARs appears to be lower**. In single fibre studies it has been found that at
vagal temperatures below 14 °C conduction in affercnts of SARs and RARs is
progressively reduced"''-''. However, diminished conduction in afferents of SARs,
occurs at slightly higher temperatures (12-10 °C) than in the afferents of RARs (9-
7 °C)". In the present study several temperatures in the range of 37 down to 4 °C
were applied. This explains the general behaviour of histamine-induced ETIA with
decreasing Tvg which first increases at Tvg=14 °C (reduced central input of SAR
activity) and then decreases again at temperatures below 10 °C (reduced central input
of RAR activity). For Tvg < 14 °C, the percentage decrease in ETIA due to CPAP is
substantially smaller than at Tvg=37 °C. This can be attributed to the reduced central
input from SARs for Tvg < 14 °C. At vagal temperatures where the conduction of
SAR activity is (largely) blocked while that of most RARs is still transmitted. CPAP
may augment ETIA through additional stimulation of RARs. This explains the
augmentation of histamine-induced ETIA by CPAP which was seen in the diaphragm
at Tvg=8-6 °C in some of our experimental animals (Figure 3.2).
At Tvg=37 °C the magnitude of ETIA in response to CNAP (-0.9 kPa) was larger
than that in response to histamine both for the diaphragm and ICM. When SAR
activity was diminished by vagal cooling ETIA values after histamine and during
CNAP were of the same magnitude. This suggests that the magnitude of RAR
activation is comparable for both types of stimuli. SAR activity is already reduced at
Ptr= -0.9 kPa' and, therefore, at this Ptr the decrease in central input of SAR activity
due to vagal cooling will be considerably less than the corresponding decrease at
Pn=0 kPa (control). In other words, at Ptr= -0.9 kPa vagal cooling can hardly
reduce afferent activity of SARs any further, resulting in much more constant levels
of ETIA for Tvg down to about 8 °C (Figure 3.3) as compared to those found after
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histamine (Figure 3.2). The right parts of the left panels of Figures 3.2 and 3.3 are
comparable; i.e. at low temperatures (Tvg from 8 °C down to 4 °C) ETIA values
decline to low levels. In this range the activity in the afferents of RARs is diminished.
The Hnding that at Tvg =4 °C there is still a small but significant increase in ETIA in
response to CNAP in the diaphragm should be ascribed to the presence of some
afferent activity from RARs. While ETIA decreases by vagal cooling FRC will
decrease simultaneously. During CNAP this additional decrease in FRC will result in
enhanced mechanical stimulation of RARs. Such an enhanced stimulation of RARs
may explain why ETIA at Tvg =4 °C is still significantly different from control values
in the diaphragm during CNAP, while this is not the case when induced by histamine
(Figures 3.2 and 3.3).In other words, the diminishing effect of vagal cooling (below 8
°C) on the afferent activity of RARs during CNAP may, at least in part, be compen-
sated for by the enhanced stimulation of RARs due to the concomitant decrease in
FRC and end-tidal transpulmonary pressure'.

SWttmaric /vwMitarion o/ <#irctt qf CP/1P. CAMP and niaamin* on S4/J and /L4/Ï
acft'Wry, a/u/ o/wywcf o/ &4R anrf /Wfl acn'viry on injptntfory moronfu/tvi acovi/y and £714.
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3.5.4 ORIGIN OF HISTAMINE-INDUCED ETIA

It has been shown in animals that the activity of RARs increases with decreasing
by hyperinflation- and by administration (intravascular or by inhalation) of

Histamine is believed to stimulate RARs both indirectly by a
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mechanical effect and by a direct chemical effect*-*. Histamine-induced ETIA in cats

may, therefore, have a dual origin arising from stimulation of RARs, by a direct,

chemical effect and indirectly by a mechanical effect.

A difficulty in investigating reflex functions mediated by RARs is that all the naturally

occurring chemicals known to stimulate RARs, such as histamine, are themselves

powerful bronchoconstrictors, acting directly on airway smooth muscle and thus

stimulating RARs also indirectly.

Although the stimuli (histamine and CNAP) are different in our experiments, the

effects in terms of ETIA appear to be about the same at a vagus temperature of 10 °C

for both the diaphragm and ICM (Figures 3.2 and 3.3). This indicates a comparable

stimulation of RARs, since at this temperature most of the afferent activity from

SARs will be abolished. CNAP is a purely mechanical stimulus exciting RARs.

Although the present study was not designed to differentiate between chemical and

mechanical stimulation of RARs by histamine the above results for ETIA at Tvg= 10

°C suggest that in histamine-induced ETIA mechanical stimulation of RARs might be

the more important stimulus.

Muller et al.'^ have shown that ETIA develops in asthmatics when their broncho-

dilator medication is withheld for 12 hours. These results can be explained by an

increased stimulation of RARs due to rebound bronchoconstriction. We think that in

asthma the balance between the levels of activity of RARs and SARs may be

disturbed resulting in ETIA (Figure 3.5). This is supported by the observation that

CPAP reduced the load on inspiratory muscles in asthmatics after inhalation of

histamine'*. It is not clear yet whether the sensitivity of the receptors or the number of

receptors or the central processing of afferent impulses or a combination of these

factors is involved in this balance.

3.5.5 CONCLUSIONS

1) In spontaneously breathing cats ETIA can be induced both in the diaphragm and

ICM by intravenous administration of histamine and by application of CNAP. 2) For

these conditions, the incomplete decay of inspiratory activity during expiration

constitutes only a modest part of ETIA. 3) ETIA is mediated by a vagal reflex. 4) C-

fibre endings are not involved in ETIA. 5) Stimulation of RARs excites ETTA,

whereas ETIA is inhibited by stimulation of SARs.
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Continuous negative airway pressure increases
tonic activity in diaphragm and intercostal muscles
in humans

Origwatfy puMu/urf or: Continuous negative airway pressure increases tonic activity in
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Chapter 4

4.1 ABSTRACT

The main objective of the present study was to quantify the increase in tonic inspira-
tory activity (ATIA) in response to continuous negative airway pressure (CNAP) in
man. TIA represents the activity in inspiratory muscles at the end of expiration. In 20
subjects, electromyograms (EMGs) were recorded from the diaphragm and paraster-
nal intercostal muscles (ICM) with surface electrodes during control and at three
different levels of CNAP (-0.3, -0.6 and -0.9 kPa). From these recordings we
determined ATIA and the amplitudes of phasic EMG activities (EMGphas) during
CNAP and control. To evaluate the effects of CNAP on functional residual capacity
(FRC), respiratory frequency, tidal volume and minute ventilation, the subjects were
connected to a closed breathing circuit. When the pressure at the airway opening was
-0.9 kPa, mean values of ATIA were 53 and 49% of EMGphav™. for the diaphragm
and ICM, respectively. In addition, EMGphas at airway opening pressure of -0.9 kPa
had increased to 195 and 162% of control EMGphas for the diaphragm and ICM,
respectively. The concomitant decrease in FRC was on average 18.7% of predicted
FRC. Minute ventilation had increased significantly (p<0.05) at all levels of CNAP
compared with control. We conclude that CNAP is a forceful stimulus to increase
TIA in humans in both the diaphragm and the ICM.

4.2 INTRODUCTION

The electrical activity observed in the electromyogram (EMG) of inspiratory muscles
at the end of expiration is called tonic inspiratory activity (TIA)"". Bronchoconstric-
tion and TIA are generally accepted as causes of hyperinflation in bronchial asthma'".
In a recent study in cats we have shown that TIA is due to a vagal reflex evoked by
stimulation of rapidly adapting receptors (RARs)*\ Several conditions have been
shown to increase the discharge of RARs. Among them are inhalation of irritant
gases*, administration of histamine" -', and deflation of the lung"-'. These properties
of RARs thus explain why TIA can be evoked by histamine both in animals^•" and in
humans"".

It has been shown in animals that TIA can also be induced by continuous negative
airway pressure (CNAP)'"~\ In the literature, however, there is no information
concerning the magnitude of TIA in response to CNAP in humans. The aim of the
present study was, therefore, to quantify the increase in TIA in the diaphragm and in
parasternal intercostal muscles (ICM) in response to CNAP in human subjects. To
evaluate whether responses to CNAP depend on the sensitivity of the airways, the
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results of subjects with bronchial hyperresponsiveness were compared with those of
normal subjects.

4.3 METHODS

4.3 I SUBJECTS

Twenty subjects, 9 men and 11 women, ranging in age from 14 to 72 yr, participated
in the study. To obtain a diversity in bronchial responsiveness, experiments were
performed in healthy subjects and in patients with mild stable asthma. Subjects with
forced expiratory volume in Is (FEVi)< 1 litre or < 50% of predicted FEVi were
excluded from the study. A histamine challenge test showed that seven subjects were
hyperresponsive (provocative concentration of histamine causing ^20% fall in FEVi
< 8.0 mg/ml). Characteristics of the subjects are presented in Table 4.1. Informed
consent was obtained from all subjects, and all but two were naive with respect to the
aim of (he study. The study was approved by the hospital Medical Ethics Committee.

4.7 Ctornctfwn'cj o/ife

n
age (yr]
sex [M/F]
height Icml
weight [kg]
FRC pred [II
FEV1 [l/min]
FEVi (%pfed)
PC20 [mg/ml]

total

20
33.4 (3.0)
9M/11F
174.3(1.7)
70.2 (2.7)
3.1 (0.8)
3.5 (0.2)
95.93 (3.6)
-

BHR'

7
35.3 (8.0)
3M/4F
169.1 (2.2)
65.0 (3.0)
3.0(0.1)
2.8 (0.2)"
85.3(7.2)
0.63 (0.22)

BHR

13
32.3 (2.0)
6M/7F
177.1 (1.9)
72.9 (3.6)
3.2(0.1)
3.9(0.21)
101.6(2.8)
>8

VaZu« are w a n j ±SE; n, no. »ƒ sidyectt. ö/fl?*, sufyVrrtt wtóft *ranc/iw/
nra,- fl/fl?~, nomia/ SKfywtt; F /?C^ , /wraïeta/ /u/jcno/w/ rwidufl/ ra/jaa/y; FEW,
expiratory w i w w in / j ; />C20, /vovocaftve conrenfraflon o//juto/nin^ causing a /a// of 2:20%
in FEW re&jflve to cwiftw/ vai^j; %pred, a5 /wcwuage o/ pr«//ct«rd vato;

WZ/caron-Afann-VWuoi<y »

4.3.2 EXPERIMENTAL SET-UP AND MEASUREMENTS

Subjects were connected to a closed breathing circuit (Figure 4.1) by a mouthpiece.
This circuit included a wedge spirometer that was connected to the mouthpiece by a
wide tube (diam 50 mm, length 100 cm). From the electrical output of this spirometer
we determined respiratory frequency (0, tidal volume (VT), minute ventilation (VE;
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=f-VT), and the changes in functional residual capacity (AFRC). Oxygen was
supplied to maintain oxygen concentration in the circuit constant (21%). Gas was
sampled continuously from the circuit for the measurement of the oxygen con-
centration (Taylor Servomex) and subsequently fed back into the system (Figure 4.1).
A pump maintained a continuous bias flow in the circuit of ^80 1/min, which
prevented rebreathing of COj. Exhaled CO2 was absorbed by soda lime. The main
tube containing the mouthpiece was cooled and maintained at - 1 8 °C.
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The breathing circuit was adapted for the application of CNAP. Under control
conditions, airflow in the circuit passed through a large three-way tap (diam 30 mm).
By turning this tap, as indicated in Figure 4.1, the airflow was forced through an
adjustable resistance. This resulted in a negative pressure, relative to ambient
pressure, in the part of the circuit containing the mouthpiece. During the entire
experiment, the wedge spirometer remained under normopressure conditions. Before
the subject was connected to the circuit, the adjustable resistance was set according to
the negative pressure required, which was measured near the mouthpiece by a water
manometer.
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Three different pressures at the airway opening (Pao) were applied (-0.3, -0.6 and
-0.9 kPa relative to ambient pressure). During CNAP a bottle (25 litres) filled with
air was connected to the circuit and was used to minimize pressure fluctuations due to
the subject's breathing.
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All subjects, while breathing spontaneously, were tested in the sitting position with
their hands resting on their legs. To minimize the subject's attention to breathing,
subjects were asked to concentrate on a poster placed in front of them.
The electrical activities of the diaphragm and ICM were obtained from two pairs of
electrodes. Each pair consisted of two silver discs (diam=7mm) which were secured
to the skin at a mutual distance of 2 cm by means of double adhesive tape rings. Low
impedance electrode conduction was improved by adding Electro-Gel (Conmed,
U.S.A.) between the electrodes and the skin. For registration of the EMG of the
ICM, the one pair of electrodes was placed parasternally in the left second intercostal
space. To obtain the EMG of the diaphragm, the other pair of electrodes was placed
between the mid-clavicular and mid-axillary line in the seventh or eighth right
intercostal space. The electrical activities were amplified, filtered (200-1,200 Hz),
rectified and fed into a leaky integrator with a time constant of 50 ms (Neurolog,
Digitimer). Figure 4.2 shows the EMG of ICM before and after integration. In the
present work, the effects of CNAP were studied from integrated EMGs. The
integrated EMGs of the diaphragm and ICM, the volume changes, and the oxygen
concentration of the gas in the circuit were recorded (Kipp chart recorder, Holland)
for off-line analysis.

CONTROL CNAP

fïjfM/r 4. J Sr/i«naft'r diagram o/ mWj?raft*/ E M G J /rwn injpira/orv muxrfe5
one/ ctvtn/iMouj nr^aa'w mnury prwsunr (CM/*), //i prrswi/ gurfy. c/w/igM in towr t/ispira-
tory (fcriWrv (A714) uvrc </</w«/ as rfiflSrwu-M fcrtuwi «id-rida/ £MG fEMGa) dunnj> CV/tP
«««ƒ awt/n>/ /?visrü/i^ (flZJ/- /" " w eï/vrim^nö, fiL MOJ r to* fo ^fectrica/ zr/w fcvW. flfwiic

HOS <i</vw</ as </#-nrn<*• /vfu^i-n prat armii)' a n j £WG«.
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4.3.3 EXPERIMENTAL PROTOCOL

After the different signals were recorded during control conditions for - 3 0 s. Pao

was decreased in a step-like fashion to -0.3, -0.6 or -0.9 kPa. Between two con-

secutive trials a recovery period of ^ 3 min was allowed. Each registration was

preceded by a deep inspiration to obtain the same starting-point for all tests with

regard to the mechanical properties and volume history of the lungs. No broncho-

dilators were used for ^ 8 h before the experiment.

4.3.4 DATA ANALYSIS

In our experiments end-tidal EMG activities (EMGet) during control were in general

small, but not always stable in time. Therefore, mean EMGet during control just

before the onset of CNAP was defined as baseline (Figure 4.3). EMGet and peak

EMG activity were calculated relative to this baseline. Phasic EMG activity

(EMGphas) was defined as the difference between peak EMG and EMGci activities.

ATIA in response to CNAP was defined as the difference between EMGet during

CNAP and control (baseline) (Figure 4.3). ATIA and EMGpha.% were determined for

5 consecutive breaths during CNAP, starting with the 3rd breath after the onset of

CNAP. Mean ATIA and mean EMGphas for these breaths were expressed as

percentage of mean EMGphas during control (EMGphas,^), which was determined

from 5 control breaths of the same recording. This analysis was carried out separately

for the two EMGs of the diaphragm and ICM, respectively. For the two selected

groups of breaths (control and CNAP) several other parameters were calculated from

the volume signal of the spirometer: f, V T , V E , AFRC. All values reported are

means ±SE.

Unless otherwise indicated, differences were evaluated for statistical significance by

using the two-tailed Wilcoxon test for paired observations; p<0.05 was considered to

be significant.

4.4 RESULTS

Figure 4.4 shows recordings of integrated EMG activity obtained from ICM before

and during application of CNAP. After at least 5 control breaths had been recorded.

Pao was decreased in a steplike fashion. Figure 4.4 demonstrates that EMGet in-

creases instantaneously after the onset of CNAP. Similar results were obtained from

the diaphragm. Figure 4.4 further shows that FRC decreases after application of

CNAP.
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4.4.1 EFFECTS OF DIFFERENT LEVELS OF CNAP ON ATTA AND ON AFRC

One of the 20 subjects showed no augmentation of EMGet in response to CNAP al
all. In the remaining 19 subjects EMGet increased in response to CNAP. Average
values of ATIA for the 20 subjects as a function of Pao are shown in Figure 4.5, left
panel. TIA was significantly (p<0.001) increased relative to control (Pao=0) for all
levels of CNAP. ATIA at Pao of -0.9 kPa was significantly larger than at Pao of -0.6
kPa. At Pao of -0.9 kPa, average ATIA was 53% and 49% of EMGptas for the
diaphragm and ICM, respectively.
During CNAP, FRC was significantly lower (p<0.001) than at control. This
occurred within the first 2 or 3 breaths after the drop in Pao. At Pao of -0.6 kPa the
decrease in FRC was significantly (p<0.001) greater than at ft» of -0.3 kPa, and at
Pao of -0.9 kPa it was significantly (p<0.001) greater than at Pao of -0.6 kPa. At P*>
of -0.9 kPa. the decrease in FRC was on average 18.7 ±1.2% of FRC predicted
(Figure 4.5, right panel).
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The relationships between the mean values of AT1A and the mean values of AFRC at
control and at the three different levels of CNAP are presented in Figure 4.6 for both
the diaphragm and ICM. The mean slopes obtained from linear regression applied to
the two sets of four data points were -2.80 ± 0.50 and -2.77 ± 0.53 for (he dia-
phragm and ICM, respectively, and both these slopes were significantly different
from zero (p<0.001).
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No significant differences were found between subjects with bronchial hyperrespon-
siveness and normal subjects for AFRC, for ATIA in the diaphragm in response to
Pao of -0.3, -0.6 and -0.9 kPa, and for ATIA in ICM in response to Pao of -0.3 and
-0.6 kPa. ATIA in ICM in response to P«o of -0.9 kPa, however, was significantly
different between the two groups (p<0.05; Mann-Whitney-U test). Mean ATIA
values of ICM (at Pao of -0.9 kPa) were 62.6 ±8.9 and 25.0 ±7.7 % of EMGphavi».
for normal subjects and subjects with bronchial hyperresponsiveness, respectively.
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-0.6 14.4(1.0) 14.8(1.1) 548(43)
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4.42 EnVCTS OF DIFFERENT LEVELS OF CNAP ON OTHER RESPIRATORY VARIABLES

In hyperrcsponsive subjects the responses of f. V T , and VE to CNAP were not

significantly different from those in normal subjects. In Table 4.2 the effects of

CNAP on f, VT and V E are presented. During CNAP f was not significantly different

from control. V T had increased significantly at all levels of CNAP as compared to

control. The significant increase in V E in response to CNAP was, therefore, mainly
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due to the increase in VT. The differences between CNAP and control in VF. and V T

were significantly larger at Pao of -0.9 kPa than at P»> of -0.6 kPa (p<0.01 and

p<0 .01 , respectively), and at Pao of -0.6 kPa the difference was significantly larger

than at Pao of -0.3 kPa (p<0.01 and p<0.05, respectively). EMGphas, expressed as

percentage of EMGphas,-™ ( = 100%), had increased significantly for all CNAP levels

(-0.3, -0.6, -0.9 kPa) both for the diaphragm and ICM. At P»o of -0.9 kPa EMGphu

was on average 195% and 162% of EMGphavnt for the diaphragm and ICM,

respectively (Figure 4.7, left panel). Plots of mean values of V T VS. mean values of

EMGphas (%EMGph»vnJ for the three levels of CNAP are shown in Figure 4.7,

right panel. In 15 and 17 of the 20 subjects, the slopes obtained from linear regres-

sion applied to the two sets of three data points were positive for (he diaphragm and

ICM, respectively. ' " - - i ;: ,-••
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4.5 DISCUSSION

4.5.1 APPLICATION OF SURFACE ELECTRODES

Application of surface electrodes to study the electrical activity of the diaphragm is
sometimes criticized 1) for possible contamination by the activity of ICM and
abdominal muscles and 2) for possible effects of variations in lung volume and
posture. It has been reported that the electrical activity of the diaphragm, detected by
surface electrodes, is comparable to the activity detected by oesophageal electrodes
indicating that there might be only a minimal contamination from the activity of other
chest muscles.'*"**. Gandevia and McKenzie'* have found changes in the EMG
signals from the diaphragm when lung volume or posture was changed. These results
mainly concerned recordings obtained from oesophageal electrodes measuring the
crural part of the diaphragm. These observations, therefore, do not apply to our
experiments in which we measured EMG activity from the costal part of the dia-
phragm by surface electrodes in the seventh interspace. During our experiments, the
subjects were sitting in the same position. Furthermore, FRC decreased in response
to CNAP; therefore, the close contact of the diaphragm with the chest wall (area of
apposition) was maintained during CNAP. It is not likely, therefore, that changes in
lung volume or posture have affected our measurements.

It is well known that expiratory muscles are activated in response to stimulation of
slowly adapting pulmonary receptors (SARs)', and this occurs, for example, when
continuous positive airway pressure is applied'. In our experiments the opposite
condition existed where SAR activity was lowered by CNAP. It has been shown that
during negative airway pressure abdominal muscles are not active*. For this reason,
EMG activity of expiratory muscles during CNAP, if any, will be smaller than that
during control. Hence, the observed increase in end-tidal EMG activity when
changing from control to CNAP can only be ascribed to enhanced activity of
inspiratory muscles. Furthermore, it may be worthwhile to note that end-tidal EMG
activity during control was very small. This further indicates that it is very unlikely
that expiratory muscles have affected the determination of TIA in our experiments.
CNAP is a typical condition which stimulates inspiratory muscles, comparable to the
Breuer-Hering deflation reflex'.

4..V2 EFFECTS OF CNAP ON TIA

The present study with human subjects largely confirmed our earlier results obtained
in cats*'. Significantly increased values of ATIA were found both in the diaphragm
and ICM in response to different levels of CNAP. In some subjects ATIA reached
values of - 130% of EMGph*v^. Our study showed that CNAP is a potent stimulus
to increase TIA. In contrast to our observations in cats* in which TIA increased more
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in ICM than in the diaphragm, in man there was no significant difference in ATIA

between the diaphragm and ICM. Apart from species differences, the body position

in which the experiments were performed (the cats in supine position and our human

subjects in sitting position) may be involved in this discrepancy.

Except for ATIA in ICM at PM of -0.9 kPa, no differences were found between

subjects with bronchial hyperresponsiveness and normal subjects. This indicates lhat

the magnitude of CNAP-induced TIA is not determined by the responsiveness of the

airways to non-specific stimuli (e.g. histamine).

It has been shown that upper airway resistance increases during CNAP with a

concomitant increase in airway collapsibility" and decreases during continuous

positive airway pressure". Furthermore, it is known that airway resistance is

increased for lung volumes below FRC*. An increased airway resistance might limit

the CNAP-induced decrease in FRC, which in turn, may limit the CNAP-induced

increase in TIA. It cannot be excluded that changes in airway resistance have affected

EMGphas.

4.5.3 LUNG RECEPTORS AND TIA

Of special interest in this respect are our earlier observations in cats, in which we

found that after vagal cooling to 6 °C or after vagotomy no TIA could be evoked by

CNAP any more. The latter result indicates that TIA is a vagal reflex activity, and the

former result indicates that C-fibre endings are not involved in this reflex*". We also

have found in cats that dis-inhibition of central inspiratory activity by a decreased

activity of SARs is not a causal mechanism involved in evoking TIA™. SARs are

mechanoreceptors which respond to changes in tension in the airway walls. RARs are

mechanoreceptors susceptible to changes in lung volume due to inflations or defla-

tions. Deflation reduces the input from SARs and increases that from RARs'. During

CNAP the activity of SARs will be reduced, whereas that of RARs will be increased.

The effects of CNAP on TIA shown in the present study are in accordance with the

effects of CNAP on TIA in rabbits and cats*^*. The things mentioned may, there-

fore, indicate that mechanical stimulation of RARs plays an important role in the

genesis of TIA also in humans.

4.5.4 HYPERINFLATION AND TIA
It is generally accepted that hyperinflation is disadvantageous to inspiratory muscles

because of a shift in their length-tension curve". TIA is one of the causes of hyper-

inflation during exacerbations of asthma'". Recently it has been suggested that

hyperinflation contributes importantly to acute breathlessness in asthma". The present

study indicates that mechanical stimulation of RARs may be important in increasing

TIA. Another effect of stimulation of RARs is a reflexly increased activity in the

efferent vagal nerve, leading to bronchial constriction". This is one of the basic
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pathophysiologic mechanisms of bronchial asthma. This bronchoconstriction again
may stimulate RARs. This suggests a positive feedback mechanism. Hyperinflation
might interfere with this feedback in the following way. RAR-stimulation by chemi-
cal, physical or immunological stimuli leads to increased TIA. This in rum causes an
increase in FRC with a concomitant increase in airway diameters, which subsequently
reduces stimulation of RARs. In this perspective, TIA seems to be a useful reflex for
counteracting the bronchoconstrictive effects of stimulation of RARs.

4.5.5 EFFECTS OF CNAP ON BREATHING PATTERN

Airway sensitivity to histamine appeared not to be a predicting parameter for the
responses of the respiratory variables (VT, f and VE) or TIA to CNAP. Except for
ATIA in ICM at Pao of -0.9 kPa, no differences were found between subjects with
bronchial hyperresponsiveness and normal subjects.
In cats we have shown that VE increased in response to CNAP, due to an increase in
f*". This was attributed to stimulation of RARs. The present study demonstrates that
in man VE also increases in response to CNAP. Expiratory duration (tE) appears to
be highly dependent on end-expiratory volume: tE decreases when end-expiratory
volume is decreased". It has been shown that when rabbit lungs are deflated with a
maintained negative airway pressure there is a large increase in f due to the decrease
in tE*. With SARs blocked, maintained lung deflation still produced decreases in tE*.
Our observations in cats during vagal cooling also indicated that the decrease in tE
was due to stimulation of RARs*\

In the present study simultaneous increases in both VT and VE were found in
response to CNAP without significant adaptation of f. In contrast with the animal
studies, VE in man thus increased because of an increase in VT, whereas f did not
change significantly, probably because of increases in inspiratory duration (tl). If the
level of end-expiratory lung volume is decreased, less stimulation of SARs will occur
during inspiration and, accordingly, the off-switch of inspiration may be delayed.
This may involve an increase in tl, which will enhance EMGphas activity. The
enhanced EMGphas activity will result in an increase in VT. f, however, did not
change. Thus, u may be increased whereas tE was decreased due to stimulation of
RARs by CNAP. The effects of CNAP on tl and tE still need to be studied.

4.5.6 CONCLUSIONS

1) CNAP is a forceful stimulus to increase TIA in humans; 2) Mean values of ATIA
in response to CNAP (P*> of -0.9 kPa) were - 5 3 and 49% of EMGphas activity
during control for the diaphragm and ICM, respectively; 3) VE was increased by
CNAP due to the increase in VT, whereas f remained constant.
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Chapter 5

5.1 A B S T R A C T -• ^ . « u - -.fii ï ; ^ *.;*:•«,:- -••.:,• - , # * .

End-tidal inspiratory activity (ETIA) in diaphragm and parastemal intercostal muscles
can be evoked in man and in animals by administration of histamine. Exacerbations
of asthma and administration of histamine are often accompanied with hyperinflation.
The aims of the study were to determine 1) the magnitude of ETIA in response to
histamine in man, 2) the relative contributions of chemical and mechanical stimulation
of airway receptors to ETIA, and 3) the importance of ETIA to hyperinflation.
The effects of inhalation of histamine on the electrical activities of the diaphragm and
parastemal intercostal muscles (ICM) measured with surface electrodes were studied
in 21 subjects. The experiments were repeated after inhalation of 600 jxg of salbuta-
mol to prevent histamine-induced bronchoconstriction and concomitant mechanical
stimulation of airway receptors. Subjects were connected to a closed breathing circuit
to measure the changes in functional residual capacity (FRC) for the different
experiments.

Mean values of histamine-induced ETIA were 60.6 and 46.9% of peak inspiratory
activities during control conditions for the diaphragm and ICM, respectively. After
salbutamol histamine-induced ETIA was reduced to about one fourth of pre-salbuta-
mol values. FRC increased by 427 ml as a result of inhalation of histamine. After
salbutamol this increase was only 53 ml. The data for ETIA and FRC were inter-
preted to indicate that the contributions of airflow limitation and ETIA to histamine-
induced hyperinflation are comparable.

Histamine is a forceful stimulus to induce ETIA. Both chemical and mechanical
stimulation of airway receptors contribute to evoke ETIA, where the contribution of
mechanical stimulation is the more important one. ETIA contributes substantially to
histamine-induced hyperinflation.

5.2 INTRODUCTION

EMG activity of inspiratory muscles at the end of expiration has been observed in
response to administration of histamine both in animals'* and man"-". We have
shown in cats that this so called end-tidal inspiratory activity (ETIA) is a vagal reflex
activity which is due to stimulation of rapidly adapting pulmonary receptors
(RARs)"*. RARs can be stimulated by histamine in cats*, dogs" and rabbits**. It is
not known whether RARs are stimulated by histamine via direct chemical effects or
via indirect mechanical effects due to bronchoconstriction or by a combination of

Exacerbations of asthma and administration of histamine are often accompanied with
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hyperinflation'^*. Although both bronchoconstriction and ETIA are accepted as
causes of hyperinflation in bronchial asthma'", it has not been demonstrated yet which
is more important. Hence, the aims of the present study were to determine 1) the
magnitude of ETIA in response to histamine in man, 2) the relative contributions of
chemical and mechanical stimulation of airway receptors to ETIA, and 3) the
importance of ETIA to hyperinflation. To this end, experiments were performed on
human subjects, who were challenged with histamine both before and after ad-
ministration of the (V,-agonist salbutamol. Salbutamol provides protection against
bronchoconstriction caused by different stimuli such as histamine*-**, therefore, in the
latter experiment histamine-induced bronchoconstriction was largely prevented.

subjects (n)
mean age (yr)
sex (M/F)
height (cm)
weight (kg)
FEV, (1)
FEV, (% pred)
FEV,/FVC (%)
FRCprad (I)
Rra« (hPa.l'.s)

21
32.5 (2.5)
9/12
174.9(1.6)
71.7(2.6)
3.6(0.19)
94.7 (3.2)
78.9(1.9)
3.1 (0.08)
3.5 (0.36)

£tato a/-e /wans ±S£. F£V„ /orc«/ «/wra/ory wto/n* (fl /*. % ywerf, a
va/u*,- FVC, /orctó ec/wratory vita/ cqpa«0V * i » . flinwy /wuto/u*

(FO7).

5.3 METHODS

5.3.1 SUBJECTS

Twenty-one subjects, 9 men and 12 women, in age in age from 14-62 yr, participated
in this study. To obtain a diversity in bronchial responsiveness, experiments were
performed in healthy subjects and in patients with mild stable asthma. Characteristics
of the subjects are presented in table 5.1. Informed consent was obtained from all
subjects, who were naive with respect to the aims of the study. The study was
approved by the hospital Medical Ethics Committee.

5.3.2 EXPERIMENTAL SET-UP

Subjects were connected to a closed breathing circuit (Figure 5.1) through a mouth-
piece. Oxygen was supplied to maintain oxygen concentration in the circuit constant
(21%). Gas was sampled continuously from the circuit for the measurement of the
oxygen concentration (Taylor Servomex) and subsequently fed back into the system
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(Figure S.I). A pump maintained a constant bias flow in the circuit of at least 120

1/min which prevented rebreathing of COj. Exhaled COj was absorbed by soda lime.

An aerosol of saline or histamine could be delivered by a jet-nebulizer (DeVilbiss

646) which was connected to the circuit near the mouthpiece (Figure 5.1). The

calibrated output of the nebulizer was 0.13 ml/min.

The electrical activities of the diaphragm and ICM were obtained from 2 pairs of

electrodes. Each pair consisted of 2 silver discs ( 0 = 7 mm) which were glued to the

skin, 2 cm apart. The electromyogram (EMG) of ICM was obtained from electrodes

placed parasternally in the left second intercostal space. EMG of the diaphragm was

obtained from another pair of electrodes placed between the mid-clavicular and mid-

axillary line in the seventh or eighth right intercostal space. The raw EMG activities

were amplified, filtered (200-1200 Hz), rectified and fed into a leaky integrator with a

time constant of 50 ms (Neurolog, Digitimer). The integrated activities of the

diaphragm and ICM, the volume signal of the wedge spirometer and oxygen con-

centration of the gas in the breathing circuit were recorded with a multi-channel X-t

recorder (Kipp, The Netherlands). The responses of the diaphragm, ICM and FRC to

inhalation of histamine were studied from these recordings. EMG activities were also

monitored by an audio monitor.

#

|V
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All subjects were tested in the sitting position. After the subjects were seated in a

relaxed posture they were asked 10 remain seated that way till the end of the recor-

ding. Thus, in good cooperation with our subjects we were able to minimize the

impact of postural muscles on recorded EMG activities. To divert their attention to

breathing, they were asked to concentrate on a poster placed in front of them.

5.3.3 EXPERIMENTAL PROTOCOL

The provocative concentration of histamine (PCjo) at which forced expiratory volume

in Is (FEV,) dropped by 20% to 80% of prc-challenge FEV, (=control FEV,) was

determined on day 1 with a concise histamine challenge test according to Hargreave

et al.". On day 2 the effects of inhalation of one single concentration of histamine on

EMGs of the diaphragm and ICM and on FRC were studied. This concentration was

the one at which on day 1 FEV, had fallen below 80% of control or, in case of a non

hyperresponsive subject, the highest concentration used on day 1 ( £ 8 mg/ml). After

the subject had been connected to the breathing circuit the recording was started. The

recording included at least 5 stable control breaths and further covered the period of 2

min of inhalation of histamine and 1.5 min thereafter. Subsequently 600 /ig of

salbutamol (Ventolin*) was administered by a standard metcred dose inhaler. Fifteen

min later the single dose histamine test was repeated. In order to evaluate effects of

histamine and salbutamol on airway mechanics, respiratory resistance (Rrs) and FEV,

were determined during four conditions: before histamine (control), after inhalation of

histamine (histamine), 15 min after inhalation of salbutamol (control^,) and after

subsequent inhalation of histamine (histamine^,).

5.3.4 PULMONARY FUNCTION MEASUREMENTS

Changes in FRC (AFRC) in response to histamine were calculated from the spiro-

gram. Forced vital capacity (FVC) and FEV, were obtained by standard spirometry

(Fukuda Sangyo). All values were related to the reference values of the European

Community for Coal and Steel*.

Ris was determined by means of the forced oscillation technique (FOT) described in

detail elsewhere". It has been reported that Rrs measured at low frequencies cor-

relates well with airway resistance (Raw)\ In the present study the resistance at 6 Hz

was used

5.3.5 DATA ANALYSIS

Mean values of end-tidal EMG activity and of peak EMG activity were calculated
from S consecutive breaths recorded about 60 s after the inhalation of histamine had
been stopped. These mean values will be referred to as EMGew and EMGpk™ ,̂
respectively. In a similar way we determined EMGpko*L from the recordings of 5
consecutive control breaths of the same experiment taken from the last part of the
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control period. ETIA is represented by EMG«. In order to minimize the effects of
instrumental, inter-subject and intra-subject scatter in the measured EMG activity
ETIA was expressed as a percentage of EMGpkmu., and for the same reason
EMGpkHm was also expressed as a percentage of EMGpk,-™.-
AFRC was determined from the difference in FRC between the same groups of
breaths, 5 control breaths and S breaths 60 s after the inhalation of histamine had
been stopped. A mismatch between Cysupply and 0}-uptake will cause the baseline
of the spirometer signal to drift one way or the other, which would affect the results
for AFRC. The shift in the baseline of the spirometer signal (AV) is proportional to
the deviation of the Oj-concentration (ACoJ from 21%. The relationship between AV
and AC,„ was determined experimentally by adding a known amount of pure oxygen
to the system and by reading the corresponding change in C^- With the help of this
relationship we have corrected the raw data for AFRC for the aforementioned CQ,-
rclatcd shift of the spirometer signal. The inaccuracy of the correction was ± 6 ml.
This error adds to the overall, random error in the determination of AFRC.
All values reported are means ± standard error (SEM). Unless otherwise indicated
differences were evaluated for statistical significance using the Wilcoxon test for
paired observations. p<0.05 was considered to be significant. Statistical analysis was
performed using the statistical software package SPSS/PC + (SPSS Inc.. Chicago.
Illinois).

5.4 RESULTS

5.4 1 EFFECTS OF HISTAMINE ON EMG AND ON FRC

Figure 5.2 shows for one subject recordings of integrated electrical activities of the
diaphragm and ICM and of the corresponding changes in lung volume. The recor-
dings show that before inhalation of salbutamol ETIA is evoked in the diaphragm and
in ICM in response to histamine as end-tidal EMGs do not return to base-line levels
(left panel). At the same time FRC is increased. After administration of salbutamol
inhalation of histamine evokes hardly any ETIA and FRC does not change at all in
this subject (right panel).
Before inhalation of salbutamol mean values (SEM) of histamine-induced ETIA,
obtained from 21 subjects, were 60.6 (8.5%) and 46.9 (7.0%) of EMGpW for the
diaphragm and ICM, respectively (Figure 5.3). The mean increase in FRC (AFRC)
was 427 (67) ml or 13.7 (2.1%) of FRC predicted (Table 5.2, Figure 5.4). In
response to histamine, peak inspiratory EMG activity increased to 375 (46)% and 364
(49)% of EMGpkrro for the diaphragm and ICM, respectively (Figure 5.5).
After inhalation of salbulamol histamine-induced ETIA was 16.6 (4.1%) and 10.9
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(2.7%) for the diaphragm and ICM, respectively (Figure 5.3). Histaminc-mduced

ETIA was significantly lower after inhalation of salbutamol as compared to pre-

salbutamol values (p<0.01 and p<0.001 for the diaphragm and ICM. respectively).

After salbutamol FRC was only slightly though significantly (p< 0.001) elevated in

response to histamine. The mean increase in FRC was S3 (16) ml or 1.7 (0.5%) of

FRC predicted (Table 5.2, Figure 5.4). After salbutamol peak inspiratory EMG

activity did not change significantly in response to histamine, 109 (10%) and 110

(11 %) of EMGpkmt of t^c same recording for the diaphragm and ICM, respectively

(Figure 5.5).

control histamine control histamine
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5.4.2 EFFECTS OF HISTAMINE AND SALBUTAMOL ON Ri\ AND FEV,

Changes in airway diameter will influence Rr\, and FEV,. Effects of histamine on
Ri\ and FEV, obtained from 21 subjects before and after inhalation of salbutamol are
shown in Table 5.2 and Figure 5.6. Ri^ increased significantly (p<0.001) in
response to histamine as compared to control. After salbutamol only a small increase
in Rn* was found in response to histamine as compared to post salbutamol control
values (Figure 5.6). FEV, decreased significantly as compared to control (p<0.001)
in response to histamine (Table 5.2, Figure 5.6). After salbutamol a small but still
significant (p<0.01) fraction of that response remained (Table 5.2, Figure 5.6).
For the sake of the further interpretation of the results a subgroup was defined
including only those subjects whose FEV, decreased by less than 2 percent in
response to histamine after salbutamol. The mean values of ETIA, AFRC and FEV,
for this subgroup are presented in Table 5.3.

5.5 DISCUSSION
Inhalation of histamine evoked ETIA in the diaphragm and ICM in all of our
subjects. After administration of salbutamol the magnitude of histamine-induced
ETIA was considerably diminished. Similarly, FRC increased significantly in
response to histamine, while this increase was minimal after salbutamol. FEV,
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decreased and Rr^ increased in response to histamine. After salbutamol, inhalation of
histamine only slightly affected these indices of bronchoconstriction.
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5.5.1 KMOS AND SURFACE ELECTRODES

It has been reported that the electrical activity of the diaphragm, detected by surface
electrodes, is comparable with that detected by oesophageal electrodes'"*", and the
authors conclude that there is only a minimal contamination from the activity of other
chest muscles. In man electrical expiratory activity was found in trans versus ab-
dominis muscle, but not in external oblique nor in the rectus abdominis muscles
during expiration-*. It is not likely, therefore, that the EMG of the diaphragm,
detected by surface electrodes, is contaminated by electrical activity of abdominal
muscles during expiration. Furthermore, the relationship between surface and
oesophageal EMGs has not been found to be modified by changes in lung volume*^*.
Contamination of inspiratory EMGs by expiratory activity is unlikely since our results
for the EMGs of the diaphragm and ICM (Figures 5.3 and 5.5) were comparable and
were qualitatively the same as found in our experiments in animals-*, in which we

84



Bronchoconsriction >nd cnd-nd»l inspiratory activity

used intramuscular electrodes. It appears valid, therefore, to use surface electrodes to
record EMGs of the diaphragm and 1CM during the experimental conditions as
applied in this study.

5.5.2 INDICES OF BRONCHOCONSTRICTION

Several pulmonary function variables can quantify the patency of the airways. FEV,
decreases with increasing bronchoconstriction. It has been shown that Rrs» is in-
creased in patients with chronic obstructive pulmonary disease (COPD) and with
asthma'. The changes in FEV, and Rn„ in response to histamine and after salbutamol
were as expected (Table 5.2, Figure 5.6). After salbutamoi these indices reached
values which were not different from pre-salbutamol control values or even 'better'.
FEV, decreased significantly in response to histamine even after inhalation of
salbutamol (Table 5.2, Figure 5.6). Thus, histamine-induced bronchoconstriction was
not fully prevented by salbutamol, although mean values of FEV, after histamine
(94.8% of predicted) were comparable with prc-salbutamol control values (94.7% of
predicted). Further, changes in FEV, and Ri\ were very similar with respect to
administration of histamine and salbutamol (Figure 5.6).

ra*
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Rra, (hPa.l'.s)

'fe 5.2flejpons

before
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Mo/ fKC. FEV,
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••
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control histamine

3.7(0.21)
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5.5.3 PEAK INSPIRATORY EMG ACTIVITY

EMGpk was increased considerably in response to histamine (about 3.5 times control
values). A delayed off-switch of inspiration because of elevated airway resistance as
well as enhanced stimulation of inspiratory activity by airway receptors may account
for this finding. This is supported by the observation that no increase in EMGpk
activity was observed any more after bronchoconstriction had been prevented by
salbutamol. Further, mean minute ventilation after administration of histamine (8.7 ±
0.5 1/min) was not significantly different from control (8.1 ± 0.5 1/min). Hence,
changes in EMGpk activity cannot be attributed to changes in arterial P ^ .
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5.5.4 END-TIDAL INSPIRATORY ACTIVITY

It has been shown thai histamine can induce ETÏA in rabbits', cats'" and man"-*'. In a
previous study in cats we have shown that stimulation of RARs elicits ETTA, whereas
ETIA is inhibited by stimulation of slowly adapting receptors (SARs)"-*. Histamine-
induced bronchoconstriction is caused both by stimulation of Hi-receptors in bron-
chial smooth muscles and by stimulation of RARs via a vagal reflex". In animals
RAR activity has been found to be increased in response to inhalation of irritant
gases' and by intravenous or intratracheal application of histamine"-^. It has been
shown in dogs that when histamine is administered at intervals greater than IS min
the responses of RARs were reproducible". In the further discussion we start from
the assumption that the underlying mechanisms of ETIA in man are similar to those
found in experimental animals summarized above.

The present study shows that inhalation of histamine is a powerful stimulus to induce
ETIA both in the diaphragm and in ICM in man. After inhalation of salbutamol
histamine-induced ETIA was considerably reduced indicating that bronchoconstriction
was involved in causing ETIA, and by extrapolation of the abovementioned findings
obtained in experimental animals this would mean that the enhanced ETIA after
administration of histamine is mainly due to mechanical stimulation of RARs by
bronchoconstriction. This will be discussed in more detail below. SARs are stimu-
lated by increased lung volume, therefore, if stimulation of SARs also inhibits ETIA
in man, histamine-induced hyperinflation may diminish the magnitude of histamine-
induced ETIA through RARs.

After salbutamol+histamine, FEV, and Ri^ reached levels which didn't differ from
their control values before salbutamol (p=0.71 and 0.69, respectively). This suggests
that the remaining ETIA after salbutamol-(-histamine is due to direct chemical
stimulation of RARs. After salbutamol. however, a small but significant decrease in
FEV, and increase in Rrs» (as compared to control^,) were still observed in response
to histamine (Figure 5.6). Thus, it cannot be ruled out that after salbutamol some
mechanical stimulation of RARs by histamine-induced bronchoconstriction was still
present. In the section Results a subgroup was defined including 9 subjects. FEV, in
these subjects decreased in response to histamine before salbutamol. After salbutamol,
however, there was no significant decrease in FEV, in response to histamine as
compared to control^, (Table 5.3). Values of ETIA after salbutamol+histamine
should, therefore, be attributed to chemical stimulation of RARs in these subjects.
Mean values of histamine-induced ETIA in these nine subjects were 41 % and 36% of
their pre-salbutamol values for the diaphragm and ICM, respectively. Thus, chemical
stimulation of RARs contributed for somewhat more than one third to the magnitude
of ETIA. Hence, with respect to this subgroup we may conclude that mechanical
stimulation of RARs by contraction of bronchial smooth muscles was the more
important stimulus in histamine-induced ETIA before salbutamol. That ETIA can be
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induced by mechanical stimulation of RARs is in accordance with our previous
findings that continuous negative airway pressure (CNAP) -which is a strong
mechanical stimulus for RARs- induces ETIA in cats'" and in man''.
The contribution of chemical stimulation to the total stimulation of RARs may depend
on the magnitude of the applied histamine concentration. In subjects with bronchial
hyperresponsiveness a low dose of histamine causes a rather pronounced broncho-
constriction with corresponding mechanical stimulation of RARs, but because of the
low histamine concentration chemical stimulation of RARs may be small. PC» of 8
out of our 9 subjects discussed above was ^ 8 mg/ml histamine. Consequently, the
concentration of histamine which was administered to these subjects was rather high
(mean 12.5 (1.9) mg/ml). In the remaining 12 subjects this concentration was lower
(mean 9.68 ± 2.03 mg/ml). It is likely, therefore, that the conclusion derived from
the subgroup of 9 non-responsive subjects will also apply to the responsive subjects,
namely that mechanical stimulation of RARs is the more important stimulus in
histamine-induced ETIA.

The properties of RARs suggest a positive feedback mechanism, as stimulation of
RARs induces reflex-bronchoconstriction, which in turn stimulates RARs. However,
the concomitant increases in ETIA and flow limitation result in an increase in FRC
which is beneficial by increasing airway diameter.
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5.5.5 ETIA AND HYPERINFLATION

In asymptomatic asthmatics the end-expiratory pleural pressure has been shown to be
more negative during histamine-induced hyperinflation than can be accounted for by
the chest wall relaxation pressure, indicating the presence of ETIA". Therefore, in
addition to airflow limitation ETIA may be one of the causes of hyperinflation. As
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mentioned before, after salbutamol+histamine FEV, and Rrŝ  reached levels which
were comparable to their pre-salbutamol control values. It is likely, therefore, that the
small histamine-induced increase in FRC after salbutamol (Table 5.2, Figure 5.4) is
solely due to ETIA which is also small in that condition (Figure 5.3). Siafakas et al."
showed that there is a close, proportional relationship between phrenic activity and the
driving pressure of the respiratory system (Prs) during inspiration. In static respi-
ratory conditions Pre is linearly related to lung volume in the mid-range of lung
volumes'. In quiet breathing as occurred in our experiments static conditions are
approximated at the turning points of inspiration and expiration. The findings of
Siafakas et al. then suggest that in control conditions with quiet breathing restricted to
the mid-range of lung volumes tidal volume (VT) is proportional to EMGplc, and
further that ETIA alone may account for an increase in FRC equal to ETIA times
VT(-rm. or AFRC = ETIA • VT<-n,i. Note that ETIA is expressed as a percentage of
EMGpk™. Computation of this product for the total group of 21 subjects, using the
mean values of ETIA for the diaphragm and ICM, resulted in the following, es-
timated values for AFRC for ETIA alone: 328 (55) ml for the experiments before
salbutamol and 90 (24) ml for the experiments after salbutamol. A comparison of
these data with the measured data for AFRC (Table 5.2) suggests that at least in our
experiments the contribution of ETIA to histamine-induced hyperinflation is larger
than that of flow limitation before salbutamol, and that ETIA is the sole determinant
of hyperinflation after salbutamol, which is consistent with the absence of flow
limitation in that condition.
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6.1 ABSTRACT

Increases in minute ventilation (VE) have been observed during exacerbation of
asthma and in response to administration of histamine. However, it is not clear yet
how the breathing pattern is affected and whether the increase in VE is generally
found. In the present study effects of inhalation of histamine on breathing frequency
(0, tidal volume (VT), (VE) and on functional residual capacity (FRC) were evaluated
in 75 humans. Fifty subjects were hyperresponsive. The applied doses of histamine
for the present study in these subjects (mean 5.0 mg/ml) in each subject caused a
decrease in forced expiratory volume in 1 s (FEV,) that was larger than 20% of
control FEV|. The doses of histamine applied in the 25 non-hyperresponsive subjects
were substantially larger (mean 9.9 mg/ml) while for these doses the decrease in
FEV, was less than 20% of control FEV,. The changes in VE, f and VT were non-
uniform; comparable numbers of subjects responded with increases (n=42) and
decreases (n=33) in VE, and for f these numbers were n=44 and n=31, respec-
tively, and similar for VT n=36 and n=39, respectively. We interpret these findings
to indicate that different mechanisms, excitation of central inspiratory activity by
stimulation of rapidly adapting receptors and bronchoconstriction, with opposite
contributions are involved in the effects of histamine on VE, f and VT. AS a conse-
quence, dependent on the net result of these opposite contributions to e.g. VE,
administration of histamine will cause an increase in VE in one subject and a decrease
in VE in the other subject.

6.2 INTRODUCTION

Bronchoconstriction and hyperventilation occur during exacerbations of asthma.
Generally PaCOj does not change or even decreases during exacerbations of asthma,
indicating that ventilation must have increased "•**. It has been known for years that
patients with asthma hyperventilate, when acutely ill*-"-". It has also been found that
minute ventilation (VE) increases in response to progressive methacholine-induced
and histamine-induccd bronchoconstriction^""''^". Other studies, however, have
indicated that inhaled histamine or methacholine may result in a rapid, sometimes
shallow, breathing pattern" or that the breathing pattern is not changed in response to
histamine and methacholine'*-*''. Thus, results on ventilatory responses to induced
bronchocoastriction reported in the literature are not consistent. Stromberg and
Gustafssoir* have found that during a histamine challenge four out of eight patients
responded with an increase in VE, whereas VE was unchanged or tended to decrease
in the remaining patients. These authors suggested that the latter patients were
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'ventilatory nonresponden'.

Recently, it has been shown in a selected group of patients with asthma, that during

histamine challenge tests changes in breathing pattern occur prior to changes in the

forced expiratory volume in 1 s (FEV,)'. This finding suggests thai airway obstruc-

tion does not play the only role in the change in the pattern of breathing, and further

this finding suggests that vagal airway receptors may be involved by direct stimu-

lation. It is well known that pulmonary receptors influence the breathing pattern'**'.

The duration of inspiration (u) is mainly controlled by slowly adapting stretch

receptors (SARs) through the off-switch mechanism, and, at least in part, the duration

of expiration (tE) is determined by rapidly adapting stretch receptors (RARs)'•«•*. In a

previous study in cats we found that breathing frequency (0 increased significantly

(p<0.01) in response to stimulation of RARs by intravenous administration of

histamine. During mechanical stimulation of RARs by continuous negative airway

pressure, an increase in f was also found". RARs can be stimulated by histamine in

two ways: mechanically by bronchoconstriction and chemically »•»•'*•".

Control of breathing during exacerbations of asthma may also be affected by the

concomitant anxiety and increased catecholamines. The asthmatic patient may get into

a vicious circle of irritation of airway receptors (i.e. stimulation of RARs), broncho-

constriction, hyperventilation, anxiety, hypocapnia, bronchoconstriction, increased

stimulation of RARs, and so on.

It is not clear yet how the breathing pattern changes during exacerbations of asthma

and induced bronchoconstriction. Aims of the present study, therefore, were: 1) to

evaluate the effects of administration of histamine on the breathing pattern and on

FRC in man and 2) to evaluate whether the degree of bronchial responsiveness plays

a role in histamine-induced changes in ventilation.

6.3 METHODS

6.3.1 SUBJECTS

Seventy five subjects participated in this study. To obtain a diversity in bronchial

responsiveness, experiments were performed in healthy subjects and in patients with

mild stable asthma. Characteristics of the subjects are shown in Table 6.1. Broncho-

dilators were withheld for at least 8h prior to the study. In a standardised histamine

challenge test the histamine concentration was determined which caused a fall of 20%

in FEV, (PC»)'•". Generally a histamine concentration of 8 mg/ml was used as upper

limit of the histamine challenge test. In our experiments some subjects received a

histamine concentration up to 16 mg/ml. Fifty subjects showed bronchial hyper-

responsiveness (PCa, ^ 16 mg/ml). These subjects will be indicated by BHR* and
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the remaining subjects by BHR~. Informed consent was obtained from all subjects.
They were naive with respect to the scientific goals of the study. The study was
approved by the hospital Medical Ethics Committee.

6. / Dui&vwn <>ƒ frmuft/n£ cinrutf. / , .ndyirr « w i « t « / to a / tw/ fry mouz/i/J»«*,' 2,
tow,- i , /wrt /or .supp/yz/ij? O, 4, Mtmvr /or /war /IOHV 5, H « / # £ ip/romrter.- 6, 0 j -

m/.

6.3.2 EXPERIMENTAL SET-UP

In all subjects bronchial hyperresponsiveness was measured by a histamine challenge
test'. To shorten the duration of the test the starting concentration of histamine varied
depending on the response to an aerosol of saline and medication requirements* "•*.
Aerosols were generated by a DeVilbiss 646 jet nebulizer. The calibrated output of
the nebulizer was 0.13 ml/min. The histamine concentration that was used depended
on the individual result of the challenge protocol. In BHR* subjects, ventilatory
parameters were studied at the PC20 FEV,-dose. In BHR~ subjects, the ventilatory
parameters were studied at the highest histamine dose used in the challenge protocol
(8 or 16 mg/ml).
FEV, and FVC were measured by a pneumotachograph (Fukuda Sangyo). Changes
in FRC, f, tidal volume (VT) and VE were calculated from the recordings obtained
before and after inhalation of histamine. Two methods were applied to record these
spirograms: 1) by a wedge spirometer which was part of a closed breathing circuit, 2)
by respiratory inductive plethysmography (RIP) (Respitrace*). Values were related to
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the reference values of the European Respiratory Society".

Fifty-three subjects (35 BHR* and 18 B H R ) were connected to the dosed breathing

circuit by a mouthpiece. Gas was sampled continuously from the circuit for measure-

ment of the oxygen concentration (Taylor Servomex) and subsequently fed back into

the system (Figure 6.1). Oxygen was supplied to maintain oxygen concentration in

the circuit constant (21%). A blower maintained a constant bias flow in the circuit

(120 1/min). Exhaled CO, was absorbed by soda lime. An aerosol of histamine could

be delivered by a nebulizer which was connected to (he circuit near the mouthpiece

(Figure 6.1).

The remaining subjects (15 BHR* and 7 BHR~) were connected to the RIP system

and connected with a mouthpiece to a nebulizer. The RIP was used in the DC-mode.

Volume calibration of the Respitrace was performed with a spirometer (Hospal,

Littleton, Colorado, USA) just prior to the administration of the aerosol and im-

mediately after the last measurements while the subject was still sitting in the same

position. If the two calibration factors differed by more than 10% the measurement

was excluded from the study. Thus, for each subject a conversion factor was calcu-

lated from the lung volume changes measured with the spirometer and the associated

deflections obtained from the RIP.

The spirograms were recorded with a multi-channel X-t recorder (Kipp, The Nether-

lands) for off-line analysis of the changes in VE, VT, f and FRC.

All subjects were tested in the sitting position while breathing through the mouthpiece

with the nose clipped. To minimize the subject's attention to breathing, they were

asked to concentrate on a poster placed in front of them.

6. ƒ
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6.3.3 EXPERIMENTAL PROTOCOL

Recording was started after the subjects had been connected to the mouthpiece. The
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uninterrupted recording included control ventilation, the period of 2 min of inhalation
of histamine and at least 1 min following inhalation of histamine. FEV, and FVC
were measured immediately before this recording and l.S min after inhalation of
histamine had been stopped.

6.3.4 DATA ANALYSIS

Mean values ± standard error (SE) of f, VT, VE and changes in FRC (AFRC) were
calculated from 5 consecutive control breaths just prior to the inhalation of histamine,
and from 5 consecutive breaths 1 min after inhalation of histamine.
Differences between the results before (control) and after inhalation of histamine and
differences between the results of the two groups (BHR* and BHR~) were evaluated
for statistical significance using the t-test for paired observations and the t-test for
unpaired observations, respectively. p<0.05 was considered to be significant.

7a/»ir 6.2 £jJS»rti o/or nuoftzo/ nu&vwn? on

n

Vt WminV.

f |/minj:

VT [mil:

AFRC (%FRCprad)

AFRC [ml]

control
histamine

control
histamine

control
histamine

Total

75

8.CM0.3)
8.7(0.4)'

16.1(0.6)
17.3(0.8)"

521(18)
533(21)

8.4(0.9)

265(28)

BHR'

50

8.2(0.4)
8.7(0.5)

17.1(0.7)
18.4(0.9)'

498(18)
496(22)

10.0(1.2)

317(37)

BHR-

25

7.5(0.5)
8.5(0.7)'

14.1(1.0)'
16.2(1.3)"

568(40)
605(40)"

5.2(1.0)"

160(32)"

Da/a anr m«vu ±SE ybr atf ju/y>cu (tota/). suoywB Httfi ny/wnwponjrvwtws (fl/fl?*^ and
(fl/fl? j . A rc/ro to cna/i£M rrtorivr to ron/ro/. Asfcrifltj ind/ca»

B///J* anrf B/flf and W tndirafc
*.#. /)<0.05 and *•.##. p<0.0/ .

6.4 RESULTS

In Table 6.1 characteristics of the subjects are shown. Sex. age and height were not
significantly different between BHR* and BHR. For BHR*, BHR" and the whole
group together, FEV, decreased significantly in response to the applied dose of
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histamine as compared with control values. Mean concentration of histamine ad-

ministered to BHR* (5.0 mg/ml) was only half that administered to BHR~ (9.9

mg/ml).

Ventilaiory responses to inhalation of histamine determined with spirometcr system

and RIP were qualitatively and quantitatively the same, and. as a consequence, the

data were pooled. Table 6.2 shows the results. Vi- increased significantly in the whole

group and in BHR~ as compared with control values before inhalation of histamine.

However, the changes in V E were not significant in BHR' . Breathing frequency

increased significantly in the whole group and in BHR*. but not in BHR Control

values of f were significantly different between BHR* and BHR". This difference

persisted after inhalation of histamine. Thus, although, on average, the control values

of f were higher in BHR*, a further significant increase in f in response to histamine

was found. In the whole group, BHR* and BHR , no significant changes were found

in V T between control and histamine values. Histamine values of V T were significant-

ly higher in BHR- as compared to BHR*. Mean (±SE) increase in FRC after

inhalation of histamine was 8.4 (0.9) % of FRC predicted (0.27 ±0.03 litre). This

increase in FRC was significantly (p<0.01) larger in BHR* than in BHR .
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76(21)

2.2(0.4)

7.9(0.8)

-20.2(1.6)
9.4(1.1)

(AVE>0)
BHR*

26

2.6(0.7)

66(26)

2.3(0.5)

6.3(1.0)

-27.3(1.0)
11.2(1.4)

BHR-

16

1.2(0.8)
91(37)

1.9(0.4)

10.5(1.0)"
-8.6(1.4)"'

6.5(1.5)'

norwesponders (AVE <
total

33

0.2(0.5!'
-70(17)'"

-1.3(0.2)'"

5.0(0.9)'
-26.8(2.7)'

7.1(1.4)

BHR*

24

-0.1(0.7)"

-75(20)'"

-1.5(0.3)'"

3.5(1.0)

-33.5(2.6)'

8.7(1.9)
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9
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#, p<0.05, ••, p<0.07, •••,*#*, /X0.00/

In 16 out of 25 BHR", and in 26 out of 50 BHR*, minute ventilation increased in

response to histamine (ventilatory responders; Table 6.3). Ventilatory responders

were not different from nonresponders with regard to sex, age, height, weight, and
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control values of f and VT. Significant differences, however, were found for Af,

AVT, AVE, histamine concentration and histamine-induced decrease in FEV, between

ventilatory responders and non-responders (Table 6.3).

10 -

5 -

0 -

- 5 -J

10 -

•5?

5 -

0 -

-5 -I

O

A

BHR+
BHR-

A

A

A
* * A

r*
0

0

A

* A i ^
A

BHR+
BHH-

o

O

o
o»

A °
o o

E—i i nn

0

1

25

0
0 OO

fcr" o

00

0

FEV, [X

0

1

50
control]

o
•—»•

7

O

I

0.01 0.1 1

Histamine cone tmg/tnl]

10 20

6.2 {//ipw /xi/iW.- /frtow/uty> fttfwwi dian^r in Vt (AVÖ anrf cfevt£i in FEV,
in /wpoav to tostumw <V«aw«/ ^nm 50 su/>/«u wu/i /ryp̂ mfiiponCTvw

ant/ 25 ntyrca wirtow /»v/vrrr^wirhvw« ffl/fl? ). AfEV, u «prrxs«/ ai
iffrW vwiW5. For fl«R* r=-0. J/2 ^<0.05j, Jbr flHR" r=-0.//9 (TVS,

).- Jbr wVioif JJ/TKV /•=-().26/ Jp<0.05). Lowr paw/.- /toariondiv? ftrtnrwi AVt a«/
w «Miriumaon (VwatnA//h)m 50 SHR* am/ 25 S/fl? . For flHR* r=0.202 0V5;, /or

SHR r-O.Oi/ (NS).- jiv n to* /rro(v> r=0./99 (p=0.

98



Brattling pattern and hisaminc

In the 42 responders the increase in AVE was due to an increase in f (n= 11) or VT
(n= 12) or both (n=19). in the 33 non-responders the decrease in VE was due to a
decrease in f (n=5) or VT(n = 14)or both (n=14).
No significant difference in AFRC was found between ventilatory responders and
non-responders (Table 6.3). Both for responders and for non-rcsponders AFRC was
significantly larger in BHR* compared with BHR~.
In Figure 6.2 relationships are shown between AVE and AFEV, in response to
histamine (upper panel), and between AVE and the applied histamine concentration
(lower panel). Results are presented separately for BHR* and BHR . A significant
correlation was found for the relationship between AVE and AFEV, for BHR* (r»
-0.312, p<0.05) and for the whole group (r=-0.261, p<0.05) but not for BHR".
Thus, it appeared that the subjects with the largest decrease in VE showed a relatively
large decrease in FEV,. No significant relationships were found between AVE and the
applied histamine concentration.

6.5 DISCUSSION

The use of a mouthpiece and noseclip may be criticized. Effects of a mouthpiece on
breathing pattern have been described in the literature, but conclusions arc not
consistent''. In the present study we have evaluated the effects of inhalation of
histamine on respiratory variables. Values after histamine were compared to com rol
values; i.e., before starting nebulising histamine. Thus, baseline values were obtained
after subjects had been connected to the mouthpiece and the nose had been clipped.
Hence, the differences in breathing pattern found in response to histamine may not be
attributed to an effect of the mouthpiece or noseclip. It has been reported recently that
ventilatory responses (i.e. VE) to inhaled histamine, measured by respiratory induc-
tive plethysmography, were diminished when breathing through a mouthpiece whilst
wearing a noseclip^. All of our subjects breathed through a mouthpiece with the nose
clipped. This might explain why we found a considerable number of ventilatory
nonresponders. If changes in breathing pattern induced by inhalation of histamine are
masked by an effect of the mouthpiece and noseclip, responses in our study may be
underestimated.

Our results indicate that in most subjects VE and f increase in response to histamine.
The changes in VE, f and VT, however, were non-uniform; comparable numbers of
subjects responded with increases (n=42) and decreases (n=33) in VE, and for f
these numbers were n=44 and n=31, respectively, and similar for VT n=36 and
n=39, respectively. These results are in agreement with the observations of Strom-
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berg and Gustafsson who had found that 50% of the subjects responded to histamine
with an increase in VE whereas in the remaining 50% VE was unchanged or tended to
decrease. We think that histamine-induced increases in VE and f are, at least in part,
due to a vagal reflex in which RARs are involved. From our previous studies in
cats" " we learnt that stimulation of RARs, either by negative airway pressure or by
administration of histamine, led to an increase in f.

RARs are stimulated by histamine in two ways: mechanically by histamine-induced
bronchoconstriction, and chemically. The decrease in FEV, is a measure of airflow
limitation due to histamine and may be inversely related to the magnitude of mechani-
cal stimulation of RARs. If stimulation of RARs causes an increase in VE, a positive
correlation between AFEV, and AVE may be expected. In our experiments, however,
a negative correlation was found (Figure 6.2). In several subjects opposite responses
were seen for f and VT; i.e. f increased and simultaneously VT decreased. The net
result was that VE did not alter much. In BHR* the change of FRC on histamine was
larger than in normal subjects (Table 6.3). This can be attributed to the more
pronounced airflow limitation and the possible presence of end-tidal inspiratory
activity during increased activity of RARs '*•'*. An increase in FRC may prevent an
increase in VT or even cause a decrease in VT with a concomitant decrease in VE.
Also the increased airway resistance after inhalation of histamine may cause a
decrease in VT and Vn in subjects with large decreases in FEV,. This can explain
why we found that VK was negatively correlated to AFEV, (Figure 6.2), and
therefore, VE decreased especially in subjects with large decreases in FEV, (BHR*).

In conclusion, in our subjects non-uniform responses were observed concerning the
effects of inhaled histamine on the breathing pattern, in particular tidal volume and
minute ventilation. I.e., both increases and decreases in these quantities were found.
These findings imply that different mechanisms are involved with opposite effects,
e.g. excitation of central inspiratory activity by stimulation of rapidly adapting
pulmonary stretch receptors which will promote increases in respiratory rate, tidal
volume and minute ventilation, and bronchoconstriction with increased airway
resistance which will promote decreases in these quantities. In that case the final
results arc unpredictable so that different subjects may respond differently.
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Chapter 7

7.1 PULMONARY RECEPTORS AND ETTA

Figure 7.1 is a schematic representation of the respiratory system. The investigations
presented in this thesis were concentrated on the activity of inspiratory muscles which
can be derived from their electrical activity (EMG) and indirectly from changes in
airway pressure, in parameters of the breathing pattern and in lung volume. Hyper-
inflation and the reflex activity in inspiratory muscles caused by stimulation of
pulmonary receptors were the main objects of our studies.
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There are three types of mechanoreceptors in the lungs: RARs, SARs and C-fibrc
endings. Reflex effects of these receptors have been extensively studied in the

past I.2.M.» The end-tidal inspiratory activity (ETIA) as a reflex effect has received
attention only in recent studies"'". In the literature several techniques have been
described to differentiate between reflex effects of the three pulmonary receptors.
Anodal polarisation" and vagal cooling techniques have been used to selectively block
conduction in myelinated vagal nerve fibres (i.e. afferents of SARs and RARs) while
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leaving conduction in non-myelinated C-fibres relatively unaffected*-""**. Vagal
cooling is based on the principle 'the greater the conduction velocity, the higher the
blocking temperature'". Franz and Iggo" have shown in cats that the blocking
temperature of non-myelinated axons was significantly lower than that of nwclinated
axons. Besides differences in conduction velocities between myclmated and non-
myelinated fibres, also differences in conduction velocities between SARs and RARs
have been found*, although some overlap remained"". Conduction in affcrcnts of
SARs, however, is consistently faster than that in afferents of RARs**'. In dogs it has
been found that between vagal temperatures of 7-12 °C the decrease in activity of
SARs was markedly greater than that RARs"^*. At 10 °C, the recorded activity of
RARs had decreased on average by approximately 33%, and that of SARs by 75%,
and the relative decrease of RAR activity continued to be less at each subsequent
lower temperature*. At 9 °C, impulse frequency in afferents of SARs during
hyperinflation was only one third of that during control ventilation, whereas RAR
activity did not fall significantly below control level until the vagus nerves were
cooled down to 7 °C". Below 6-4 °C conduction in myelinated fibres (afferents from
SARs and RARs) was almost abolished whereas a large fraction of the activity of
non-myelinated C-fibres was still transmitted'''. Our experiments in cats, during
control and during CNAP, showed that gradual cooling of both vagus nerves first
affected u (below 14 °C) and then tE (below 8 °C). These effects on (I and tE can be
attributed to reduced activity from SARs (inhibition of inspiratory off-switch) and
from RARs (inhibition of facilitation of inspiratory on-switch), respectively. Our
observations concerning the effects of vagal cooling on tl and tE (chapter 2) confirm
similar findings in dogs and indicate that vagal cooling provides a valid and useful
technique to selectively block conduction in afferents of SARs and RARs in cats.

In the animal studies presented in this thesis the role of the three types of pulmonary
receptors in generating ETIA was studied. The experiments were performed in cats.
Nearly all of our experimental animals showed considerably increased levels of ETIA
at application of CNAP (^-1.8 kPa) and this was also seen in about 40% of them
after i.v. administration of histamine 300 jig. In none of the cats, however, was ETIA
found after vagotomy. It was concluded, therefore, that ETIA is a vagal reflex
activity. To differentiate between the reflex effects of RARs and SARs, the vagus
nerves were cooled and the lung receptors were additionally stimulated by application
of CNAP, histamine and CPAP. Although these stimuli are not specific for one
particular type of lung receptors, it is generally agreed that RARs are stimulated by
CNAP and histamine whereas CPAP mainly activates SARs*. During CNAP, RARs
are stimulated mechanically while SAR activity is inhibited.

Figure 7.2 represents a schematic diagram of the airway epithelium. Contraction of
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airway smooth muscles by histamine may be evoked in two ways; by direct stimu-

lation of H|-receptors or by a vagal reflex evoked by stimulation of RARs. ;>•=- - -
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Patbcrg" has also found ETIA in response to a lowered trachea] pressure in rabbits.

One of his conclusions is that, with vagus nerves at normal temperature, ETIA can be

increased by reflexes mediated by the vagus nerves. Further, he found at a vagus

temperature of 8 °C an increase in ETIA not only at lowered but also at increased

tracheal pressure. He discussed two possible mechanisms to explain these results.

Assuming that the cold block at 8 °C is complete for all myelinated fibres, the reflex

effects must be due to stimulation of non-myelinated fibres. It was argued that if the

cold block were not complete an increase in ETIA should be attributed to a decreased

level of SAR activity. Our experiments in cats (chapters 2 and 3) showed that only

when the vagus nerves were cooled below 4 °C no ETIA was found. This indicates

that non-myelinated C-fibres were not involved in the generation of ETIA. We agree

with Patberg that at 8 °C activity of SARs is markedly reduced. However, a disin-

hibition of inspiratory activity due to a diminished lung volume at lowered tracheal

pressure cannot explain his results sufficiently. E.g., it does not explain why ETIA

disappeared after vagotomy. Patberg" suggested that besides a reduced SAR activity
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other receptors may be involved. Our results indicate that ai 8 °C RARs may still be
stimulated by deflations and inflations (CNAP and CPAP. respectively). This RAR
activity together with the abolished SAR activity can explain the presence of ETIA at
this temperature. Our results further show that at a normal vagus temperature
increased activity of SARs may mask or reduce ETIA. This is further confirmed by
our findings that in some experiments at vagus temperatures (14-8 °C) at which SAR
activity is likely to be diminished, ETIA was even enhanced by application of CPAP
( F i g . 3 . 2 ) . • ; . • • - • - . • : - • • . ^ . . . • _ - - . ^ - v - YV.-S *.,->.

Martin et al." suggested that during histamine-induced bronchoconstriction in humans

inspiratory muscles are active during expiration. Muller et al." studied this so called

'tonic' inspiratory activity during expiration by recording EMGs of the diaphragm

and ICM. Their results confirmed that there is an increase in end-tidal inspiratory

muscle activity during histamine-induced bronchoconstriction. It was suggested that

the persistent inspiratory activity during expiration was a determinant of histamine-

induced hyperinflation. Muller et al." reported that if lung volume was elevated 1

litre above FRC by positive end-expiratory pressure, no 'tonic' inspiratory activity

was observed any more. This is in agreement with our findings in cats where at a

normal vagus temperature histamine-induced ETIA was suppressed during CPAP.

This can be explained by the inhibiting effect of SAR activity on ETIA. During

CPAP and if lung volume is increased above FRC, SARs are stimulated and thus

ETIA will be reduced or abolished.

The model concerning the mechanism underlying ETIA that we found for cats was

extrapolated to humans. Histamine and CNAP are stimuli known to activate RARs in

animals"-". Vagal reflex effects found in animal studies are also found in humans,

including the Breuer-Hering reflexes and responses to histamine and irritant agents'.

Studies in humans have demonstrated that expiration is prolonged through passive

lung inflation"". It has been shown in dogs that this reflex is mediated by the vagus

nerves*. After bilateral lung transplantation expression of this Breuer-Hering reflex in

humans is abolished"'. This indicates that intact vagus nerves are necessary for this

reflex. In humans we found that during CPAP the duration of inspiration was

shortened, the duration of expiration was prolonged and FRC was increased (un-

published data from our laboratory). Further, we showed that inhalation of histamine

and application of CNAP evoked ETIA in man similar to what we found in cats.

Thus, as responses to these stimuli in animals and humans are similar, it is very likely

that the underlying mechanisms are similar too.
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7.2 ORIGIN OF END-TIDAL INSPIRATORY ACTIVITY j v ^ -fes^

We have studied ETIA under different conditions: at control, after i.v. administration
of histamine at normal and elevated airway pressures, and during CNAP. These
experiments were repeated at different temperatures of the vagus nerves and after
vagotomy. RARs are stimulated by intravenous administration of histamine and
CNAP. Stimulation of RARs by histamine was combined with additional stimulation
of SARs by CPAP. To differentiate between reflex activities from the three types of
lung receptors (RARs, SARs and C-fibre endings) both vagus nerves were cooled.
The model derived from our experiments in cats (chapters 2 and 3) is depicted in
Figure 3.5. The primary cause for ETIA to occur in our experiments was the
excitation of inspiratory motoneurons by stimulation of RARs. The amplitude of
ETIA was modulated by SAR activity through inhibition of inspiratory activity.
Further, our experiments with vagal cooling and vagotomy showed that C-fibre
endings are not involved in the generation of ETIA.

In the literature, end-tidal electrical activity of inspiratory muscles, just prior to the
phasic increase in inspiratory activity, is mostly called tonic inspiratory activity^-".
Initially, we adopted the term tonic inspiratory activity, to describe the phenomenon
of inspiratory activity at end of expiration (chapters 2 and 4). From our analysis of
the origin of histamine-induced ETIA (chapter 3) we leamt that the origin of ETIA is
more complex and cannot be described fully by the term 'tonic'. It has been argued in
chapter 3 that the magnitude of ETIA may also be influenced by tE and the time
constant of the decay of the inspiratory activity (r). When the ratio tE/r is decreased,
the delayed decay of inspiratory activity will also affect the magnitude of ETIA. In
chapter 3, however, it was shown that the incomplete decay of inspiratory activity
during expiration plays a minor role in histamine-induced and CNAP-induced ETIA.

Figure 7.3 is a schematic representation of different models which may explain the
generation of ETIA. For 4 different conditions (panels I-IV) EMG activity of
inspiratory muscles during expiration (e) and during the subsequent inspiration (i) is
shown. In Figure 7.3 (panel I) EMG activity returns to the baseline value (BL) during
expiration, thus no ETIA remains. v
If the ratio tE/r is decreased, e.g. due to decrease in tE, the subsequent inspiration
may already start while inspiratory activity may not have reached the baseline value
during the previous expiration (Figure 7.3, panel 10- This will result in ETIA. It was
found that this factor is not very important both during CNAP and during histamine
challenge (chapter 3).
ETIA can be evoked if RARs are stimulated continuously (Figure 7.3, panel III).
This part of Figure 7.3 reflects the situation where RARs are stimulated tonicly
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throughout expiration leading to a constant level of inspiratory activity at end
expiration.
It can be argued, however, that RARs do not discharge tonically during expiration.
As expiration continues, airway diameter will decrease. Hence, mechanical stimu-
lation of RARs may increase during expiration. This will be more pronounced when
airways are already narrowed, e.g. during CNAP or during histamine-induced
bronchoconstriction. We think, therefore, that in those conditions reflex inspiratory
activity may increase progressively in late expiration due to increasing stimulation of
RARs which will also result in ETIA (Figure 7.3, panel IV). In this last model
stimulation of RARs is purely mechanical. Note that the start of inspiration is defined
as the moment at which inspiratory activity increases abruptly. The resultant EMG
activity from several different mechanisms determines the final magnitude of ETIA
(Figure 7.3, panel IV, curve 'r'). During CNAP we observed in some cats EMG
activity which closely resembled model IV, where integrated inspiratory EMG
activity actually increased in late expiration.

One could argue that model IV applies to CNAP induced ETIA whereas a com-
bination of model III and IV applies to histamine-induced ETIA. From these models
it is clear that ETIA cannot be obtained from curve fitting procedures of the descen-
ding part of the EMG of the inspiratory muscles. Therefore, the measurement of the
actual end-tidal EMG activity is necessary.
ETIA can be evoked by mechanical stimulation of RARs during CNAP in cats
(chapter 2) and humans (chapter 4). In humans stimulation of RARs by broncho-
constriction (i.e. mechanical stimulation of RARs) appeared to be more important
than direct chemical stimulation of RARs by histamine (chapter 5). It can be con-
cluded, therefore, that mechanical stimulation of RARs plays a more important role in
the generation of ETIA than chemical stimulation of RARs.

7.3 HISTAMINE AND BREATHING PATTERN

It has been shown that pulmonary stretch receptors can influence the breathing
pattern'"'. Our experiments in humans and animals showed that on average breathing
frequency (0 increased in response to histamine. Tables 6.2 and 7.1, respectively. It
can be argued that the histamine-induced increase in f and V^ are, at least in part, due
to a vagal reflex in which RARs are involved. In about fifty percent of the cases,
however, minute ventilation (V,.) was not increased in response to administration of
histamine. We think that this non-uniform response of Vg to histamine can be
explained by the histamine-induced airflow limitation and increased airway resistance.
Accordingly, the occurrence of a decreased V^ was relatively more frequent in the
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subjects who showed bronchial hyperresponsiveness (Table 6.3). The non-uniform
effects of histamine on V,. may be explained in the same way. Increases and de-
creases in Vj, therefore, may occur depending on the contribution of factors which
will increase Vg (e.g. by stimulation of RARs) and decrease V,. (e.g. histamine-
induced increase in airway resistance).
The similarity of results in humans and cats concerning the effects of stimulation of
airway receptors by histamine on the breathing pattern lends support to the assump-
tion that underlying mechanisms are the same for both species.

raWf 7.7 ^ rc f i

Control
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7.4 HYPERINFLATION AND ASTHMA

Hyperinflation and bronchoconstriction are characteristics of asthma. With an
increased airway smooth muscle tone there is a greater tendency to airway closure,
which is opposed by an increased distending force on the airways due to the recoil of
surrounding lung tissue. Although airway closure probably contributes to an increase
in end-tidal lung volume, the flow limitation is not the sole explanation. ETIA is
considered as another factor which contributes to hyperinflation"*'". Muller et al."
showed a significant correlation between the increase in lung volume and ETIA.
Hyperinflation is considered disadvantageous to inspiratory muscle function'". Ninane
and GorinP showed in dogs that hyperinflation affects the action of the ICM. Rib
elevating activity was decreased, whereas the action on the sternum was increased.
Hence, the force to inflate the lungs was reduced. Although mechanical disadvantages
of hyperinflation for ICM are less than for the diaphragm™ " the inflationary force of
both the diaphragm and ICM were reduced".

In humans we observed an increase in FRC in response to inhalation of histamine. It
was shown that both ETIA and bronchoconstriction (expiratory flow limitation) were
involved in evoking hyperinflation. It was found that bronchoconstriction was the
more important factor.
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ETIA is primarily evoked by stimulation of RARs. Stimulation of RARs also
increases airway smooth muscle tone. The concomitant bronchoconstriction will, in
turn, stimulate RARs. This suggests a positive feedback mechanism. The simul-
taneous occurrence of hyperinflation, however, will interfere with this mechanism
because increased lung volume reduces mechanical stimulation of RARs and, in
addition, increases SAR activity. These changes in RAR and SAR activity will result
in decreased levels of ETIA as was shown in our experiments with cats.

Although ETTA may not be the most important factor in the generation of hyper-
inflation, it may contribute to muscle fatigue and thus to respiratory failure during
exacerbations of asthma. We think, therefore, that the often applied therapeutical
method of intentionally lengthening the duration of expiration which may reduce FRC
is not indicated in asthmatics as this may result in reflex bronchoconstriction and
ETIA by stimulation of RARs. On the contrary, our results indicate that it might be
more useful to increase FRC, e.g. by application of CPAP. This will reduce stimu-
lation of RARs. Thus, application of CPAP may facilitate breathing in asthmatics
during exacerbations by decreasing both airway resistance and ETIA. It might be
worthwhile, therefore, to evaluate this hypothesis in future investigations.
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Important characteristics of acute asthma are bronchoconstriction and hyperinflation.
Hyperinflation can be considered to be disadvantageous to inspiratory muscle
function. Martin et al.' have shown that during histamine-induced hyperinflation the
end-tidal pleural pressure was lower than the predicted chest wall relaxation pressure
at the corresponding end-tidal lung volume, indicating end-tidal activity of inspiratory
muscles. Muller et al.* observed end-tidal activity of inspiratory muscles after
administration of histamine. These authors further showed a linear relationship
between end-tidal thoracic gas volume and the activity of inspiratory muscles in
response to histamine. Both flow limitation and end-tidal inspiratory activity are
considered to be causes of hyperinflation during exacerbations of asthma and during
histamine-induced bronchoconstriction. Studies in cats and rabbits have shown that
lowering tracheal pressure can also evoke end-tidal inspiratory activity. In the
literature, the end-tidal electrical activity of inspiratory muscles is usually called /o/zic
inspiratory activity.

Three types of pulmonary stretch receptors are distinguished: 'rapidly adapting
pulmonary receptors (RARs), 'slowly adapting pulmonary receptors (SARs) en 'C-
fibre endings' which are described in more detail in c/wpffr / . These receptors are
connected to the respiratory centres by afferents in the vagus nerves.
The aim of the studies was to answer the following questions: What are the
mechanisms underlying end-tidal inspiratory activity? What is the role of the three
types of pulmonary stretch receptors in evoking end-tidal inspiratory activity? What is
the contribution of end-tidal inspiratory activity to the histamine-induced increase in
end-tidal lung volume? What effects have bronchodilating agents on the end-tidal
inspiratory activity?

Initially we adopted the term 'tonic inspiratory activity' from the literature. During
our study it appeared, however, that the origin of this so called tonic inspiratory
activity is more complex than the term 'tonic' suggests. We prefer, therefore, to use
the term Wirf-ridW i/upira/orv acriviiy' (£7X4).

The physiological mechanisms causing ETIA were largely unknown when we started
this study. The roles of the three types of pulmonary receptors -RARs, SARs and C-
fibre endings- in generating ETIA were studied in anaesthetized spontaneously
breathing cats. Impulse conduction in the afferent fibres of these receptors can be
affected selectively by cooling the vagus nerves. In this way the reflex effects of the
different receptors on ETIA were studied. Roughly, this means that the reflexes of
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SARs disappear at a temperature of the vagus nerves (Tvg) below 8 °C and those of

RARs below 4 °C and those of C-fibres at 0 °C. Electromyograms (EMGs) of

inspiratory muscles (parastemal intercostal muscles and the diaphragm) were recorded

with needle electrodes. To induce ETIA in the animals we applied two different

stimuli: continuous negative airway pressure (CNAP) and intravenous administration

of histamine. We have evaluated only the experiments of animals in which ETIA was

observed. During CNAP RARs are stimulated mechanically whereas histamine

stimulates RARs in two ways: mechanically due to the bronchoconstriction and

chemically.

Effects of CNAP in cats are presented in c t o ^ w 2. It was found that CNAP is a

forceful stimulus to induce ETIA in cats. CNAP is a stimulus known to activate

RARs mechanically. At Tvg below 6 °C and after vagotomy CNAP did not induce

ETIA any more.

In c/u^pfcr 5 the effects of administration of histamine in cats are described.

Histamine was used to stimulate RARs and this was combined with continuous

positive airway pressure (CPAP) to further stimulate SARs. At a vagus temperature

of 37 °C CPAP largely suppressed histamine-induced ETIA. This suppression

diminished between 14 and 8 °C. ETIA sharply declined for Tvg between 8 and 4

°C, and at Tvg= 4°C ETIA had virtually disappeared. After vagotomy neither

histamine nor CNAP evoked ETIA any more. The experiments during vagal cooling

and after vagotomy showed that C-fibre endings are not involved in evoking ETIA.

The experiments in cats indicated that excitation of inspiratory motoneurons by

stimulation of RARs is the primary cause of ETIA. During CPAP histamine-induced

ETIA was reduced or even completely abolished by stimulation of SARs. Thus,

histamine-induced ETIA originates from stimulation of RARs and is inhibited by

stimulation of SARs.

Evaluation of the experiments with histamine in cats indicated that the magnitude of

ETIA also depends on the decay of inspiratory activity during expiration. Especially

the magnitude of the ratio of the duration of expiration and the time constant of this

decay is involved. It was shown, however, that this contribution to ETIA is modest.

After the underlying mechanisms of ETIA were clarified, we studied ETIA in human

subjects. The experimental protocol aimed at estimating ETIA and the concomitant

changes in FRC. EMGs of inspiratory muscles obtained from surface electrodes were

analyzed, and the changes in the lung volume were assessed with use of a closed

breathing circuit. The same stimuli (CNAP and histamine) were used as in our studies

with experimental animals.

In c/wpter 4 the results of the experiments with CNAP in humans are presented. Also

in humans CNAP appears to be a forceful stimulus to induce ETIA in the diaphragm

and in ICM.

In c/wp/er 5 the effects in humans of inhalation of histamine on ETIA and FRC are
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presented. The contributions of ETIA and flow limitation to the histamine-induced
increase in end-tidal lung volume were quantified as well as the contribution of
mechanical stimulation of RARs to ETIA. To that end, humans were challenged with
histamine both before and after administration of a bronchodilator which should
prevent mechanical stimulation of RARs. After inhalation of salbutamol (600 /xg)
ETIA, evoked by inhalation of histamine (PC20), was reduced to about one fourth of
pre-salbutamol values and the increase in FRC was about one eighth of that before
salbutamol. Hence, ETIA was evoked by both mechanical and chemical stimulation
of RARs. Mechanical stimulation due to contraction of bronchial smooth muscles
appeared to be the more important factor. FRC increased in response to histamine
due to both flow limitation and ETIA. A substantial part of the increase in FRC may
be attributed to ETIA.

In c/wprer 6 the responses of several respiratory variables to histamine are described.
Both in humans and cats administration of histamine caused an increase in breathing
frequency. Only in part of the human subjects this increase in breathing frequency
was accompanied by an increase in minute ventilation. Our results indicate that this
may be explained by the concomitant bronchoconstriction which leads to an increased
airway resistance and flow limitation.
In c/tqpfer 7 a model is presented which summarizes the main findings of this study.

End-tidal inspiratory activity may be considered to be unfavourable for inspiratory
muscles. Further, ETIA limits the expiration which leads to hyperinflation. This may
cause an unfavourable shift on the force-length curve of the diaphragm. As
inspiratory muscles in the case of elevated ETIA contract more or less continuously,
blood flow may also be diminished which may contribute to muscle fatigue and thus
to respiratory failure during exacerbations of asthma. This implies that elimination of
bronchoconstriction in asthma may be favourable for several reasons. Brochodilation
will decrease airway resistance which, in turn, results in a decrease in mechanical
stimulation of RARs with a concomitant disappearance of ETIA.

1. Martin JG, Powell E, Shore SA, Emrich J and Engel LA (1980). The role of respiratory
muscles in the hyperinflation of bronchial asthma. Am Rev Respir Dis 121: 441-447.

2. Muller N, Bryan AC and Zamel N (1980). Tonic inspiratory muscle activity as a cause of
hyperinflation in histamine-induced asthma. J Appl Ptiysiol : Respirat Environ Exercise
Physiol 49: 869-874.
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Karakteristieke kenmerken van een exacerbatie van astma zijn bronchoconstrictie en
hyperinflatie. Hyperinflatie wordt beschouwd als ongunstig voor de werking van de
inspiratiespieren. Martin et al.' toonden aan dat tijdens histamine-geïnduceerde
hyperinflatie de eind-expiratoire pleuradnik meer negatief was dan op grond van de
relaxatiedruk van de thoraxwand bij een corresponderend longvolume te verwachten
was. Zij schreven dit toe aan de aanwezigheid van inspiratie-activiteit aan het einde
van de expiratie (end-tidal). Ook Muller et al.̂  vonden aanwijzingen voor de
aanwezigheid van end-tidal inspiratie-activiteit na toediening van histamine. Tevens
vonden zij een lineair verband tussen het end-tidal thoracaal gasvolume en de activiteit
van inspiratiespieren. Deze end-tidal inspiratie-activiteit wordt in de literatuur /onwcfe
inspiratie-activiteit genoemd. Zowel bronchoconstrictie als end-tidal inspiratie-
activiteit worden gezien als oorzaak voor hyperinflatie tijdens exacerbaties van astma
of tijdens histamine-geïnduceerde bronchoconstrictie.

In longen en luchtwegen bevinden zich rek-gevoelige receptoren, die via de nervus
vagus verbonden zijn met de ademhalingscentra. Men onderscheidt: 'rapidly adapting
l»u/iiK)iuuy itxcpiois (KAKs), 'slowly aUapiüig puinioiuuy receptor;» ^SAKs) en C-

fibre endings'. Een meer gedetailleerde beschrijving van de receptoren is gegeven in

Vraagstellingen van het onderzoek beschreven in dit proefschrift zijn: Wat is het
mechanisme dat ten grondslag ligt aan de end-tidal inspiratie-activiteit? Wat is de rol
van de verschillende typen longreceptoren bij de totstandkoming van dit verschijnsel?
In welke mate draagt end-tidal inspiratie-activiteit bij tot de toename van het eind-
expiratoire longvolume? Welke effecten hebben bronchusverwijdende farmaca op de
end-tidal inspiratie-activiteit?

Aanvankelijk werd de term 'tonische inspiratie-activiteit' overgenomen uit de
literatuur. Tijdens het onderzoek bleek dat de oorzaak van de end-tidal inspiratie-
activiteit complexer is dan de term 'tonische inspiratie-activiteit' suggereert. Daarom
is de voorkeur gegeven aan de term Vnrf-toftrf inspiratie-activiteit' (£714).
Ten aanzien van de opheldering van het mechanisme dat ten grondslag ligt aan ETIA,
werd gebruik gemaakt van een diermodel. De experimenten werden uit-gevoerd in
genarcotiseerde spontaan ademende katten. Het electromyogram (EMG) van
inspiratiespieren (parasternale intercostaal spieren en diafragma) werd gemeten
m.b.v. naaldelectrodes. Het onderzoek naar de functie van RARs, SARs en C-fibre
endings bij de totstandkoming van ETIA vormde een essentieel onderdeel van deze
studie. Door middel van koelen van de nervus vagus werden de bijdragen van de
verschillende typen receptoren op ETIA selectief bestudeerd. Ruwweg komt dit erop

120



Samenvatting

neer, dat de reflexen van SARs niet meer worden waargenomen bij een temperatuur

van de nervus vagus (Tvg) onder 8 °C en die van RARs onder 4 °C en die van C-

fibres bij 0 °C. Om bij de proefdieren ETIA op te wekken werden twee typen stimuli

toegepast: 'continuous negative airway pressure' (CNAP) en intraveneu/e toediening

van histamine. Alleen de resultaten van de proefdieren waarin na stimulatie ETIA

ontstond, werden geëvalueerd.

De resultaten van CNAP bij katten zijn beschreven in /joo/dffu* 2. Het bleek dat

CNAP een adequate stimulus is om ETIA te induceren bij katten. CNAP kan

beschouwd worden als een mechanische stimulus van RARs. Bij een Tvg lager dan 6

°C en na vagotomie was CNAP niet meer in staat ETIA op te wekken.

De resultaten van stimulatie met histamine bij katten zijn beschreven in /uw/i/rruk i .

Histamine werd toegediend om RARs te stimuleren. Dit werd gecombineerd met

'continuous positive airway pressure' (CPAP) om additioneel ook de SARs te

stimuleren. Bij een Tvg van 37 °C onderdrukte CPAP de histaminc-gcïnduccerde

ETIA terwijl deze suppressie verdween tussen 14 en 8 °C. Bij Tvg tussen 8 en 4 "C

werd een scherpe afname in ETIA waargenomen en bij cen Tvg =4 °C was ETIA

nagenoeg verdwenen. Na vagotomie kon met histamine geen ETIA meer worden

geïnduceerd. De experimenten in katten toonden aldus aan dat excitatie van

ïnspiratoire motoneuronen door stimulatie van RARs de primaire oor/aak van ETIA

is. De experimenten met vagale koeling en vagotomie toonden aan dat de C-fibrc

endings niet betrokken zijn bij het opwekken van ETIA. Tijdens CPAP was de door

histamine geïnduceerde ETIA gereduceerd of zelfs geheel verdwenen. Dit kan

worden toegeschreven aan stimulatie van SARs tijdens CPAP en hun inhiberende

werking op ETIA. Uit analyse van de histamine-provocatie experimenten bij katten

bleek dat de grootte van ETIA ook afhangt van het verval van de inspiratie-activiteit

tijdens de expiratie-fase. Met name de grootte van de ratio van de expiratieduur en de

tijdconstante van dit verval speelt daarbij een rol. Uit de experimenten met katten

bleek echter, dat het niet volledige verval van de inspiratie-activiteit slechts een

geringe bijdrage levert aan de grootte van ETIA.

Nadat het mechanisme van ETIA was opgehelderd, werd ETIA bestudeerd bij de

mens. Essentieel hierbij was het ontwikkelen van een methode om ETIA en de hieruit

voortkomende longvolume-veranderingen te kunnen meten. ETIA werd geanalyseerd

uit EMGs geregistreerd m.b.v. oppervlakte-electrodes. Veranderingen in het

longvolume als gevolg van de toegediende stimuli (CNAP en histamine) werden

gemeten met een gesloten spirometersysteem.

De resultaten van de experimenten bij de mens met CNAP zijn beschreven in

/2oo/_tf_<: 4. Ook uit de humane experimenten is gebleken dat CNAP een krachtige

stimulus is om ETIA op te wekken in de intercostaalspieren en het diafragma.

In Aoo/fttf_<: 5 zijn de resultaten weergegeven van de experimenten met histamine bij

de mens. ETIA werd waargenomen na inhalatie van histamine. De functionele
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residuale capaciteit (FRC) bleek toe te nemen als respons op histamine. Om de

effecten van histamine te bestuderen zonder de aanwezigheid van bronchoconstrictie

werden de experimenten herhaald na toediening van een l^-agonist (salbutamol). Na

toediening van salbutamol was de door histamine opgewekte ETIA slechts W van de

ETIA voor salbutamol en was de toename in FRC ongeveer Vfc van die voor

salbutamol. De toename in FRC na histamine werd veroorzaakt door ademstroom-

limitatie en door ETIA. ETIA was verantwoordelijk voor een substantiële bijdrage in

de toename in FRC na histamine. . •* • ••• •-:•• : - ~ ,.•

In /IOO/ÜÏM 6 zijn de effecten van histamine op een aantal ademhalingsparameters

beschreven. Veranderingen in het adempatroon (ademfrequentie, teugvolume en

adem-mimmtvolume) ten gevolge van histamine blijken niet uniform te zijn. Zowel

stimulatie van RARs als de aanwezigheid van bronchoconstrictie blijken een rol te

spelen bij het effect van histamine op het adem-minuutvolume.

In /joo/üstaJt 7 zijn bovengenoemde bevindingen in een model weergegeven. De

belangrijkste kenmerken van dit model zijn dat ETIA wordt opgewekt door stimulatie

van RARs en wordt geïnhibeerd door stimulatie van SARs. .r -

ETIA kan als ongunstig beschouwd worden voor de ademhaling. Immers, ETIA

limiteert de expiratie mede waardoor hyperinflatie ontstaat. Hierdoor wordt de

wciMng van in.n. Iici ülanagina ongunstig bcuivlueU Uoor üe verschuiving op üe

kracht-lengte relatie van de spier. Ook de doorbloeding van de inspiratiespieren kan

ongunstig beïnvloed worden doordat de inspiratiespieren min of meer continu contra-

heren. Hierdoor treedt mogelijk eerder vermoeidheid op van de ademhalingsspieren.

Het één en ander betekent dat het opheffen van de bronchoconstrictie bij astma om

meerdere redenen belangrijk is. Enerzijds zal door bronchodilatatie de luchtweg-

weerstand verminderen en anderzijds zal de stimulatie van RARs afnemen met als

gevolg afname/verdwijnen van ETIA. Hierdoor zal dan eveneens de hyperinflatie

afnemen.

1. Martin JG. Powell E, Shore SA. Emrich J and Engel L \ (1980). The role of respiratory
muscles in the hyperinflation of bronchial asthma. Am Rev Respir Dts 121: 441-447.

2. Muller N. Bryan AC and Zamel N (1980). Tonic inspiratory muscle activity as a cause of
hyperinflation in histamine-induced asthma. J Appl Physiol : Respint Environ Exercise
Physiol 49: 869-874. * ^ - . . . . . , , . , •-, - ,, .
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