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ABSTRACT

This thesis examines concepts for respiratory rhythm generation in relation to how 

the central inspiratory activity interacts with the peripheral inputs responsible for the reflex 

control of the heart rate by the vagus nerve.

The aim of the study was to examine the beat to beat parasympathetic control of the 

heart in the anaesthetized cat in eupnoea, in ventilation-induced hyperoxic- hypocapnic 

apnoea and during transitions between the two states. Morphine was used to slow respiration 

and elevate the threshold for rhythm generation, and p-blockade to eliminate the cardiac 

sympathetic drive.

Hypocapnic apnoea caused a largely parasympathetically mediated tachycardia, 

subsequent CO2 titrations showed a CO2 dependent bradycardia and a titratable increase in 

the beat to beat heart rate variability (HRV). When expiration was prolonged the bradycardia 

phase of the respiratory sinus arrhythmia (RS A) was generally larger, and closely followed 

the firing pattern of the expiratory EMG. Late in the expiratory phase there was a greater 

HRV which is analogous to the CO2 dependent HRV seen during hypocapnic apnoea. 

Morphine significantly augmented RSA and HRV by an increase in vagal tone (VT), which 

was not completely eliminated during inspiration.

In the young cat changing from normoxic to hyperoxic breathing caused a marked 

bradycardia and increase in RSA. During apnoea hyperoxia significantly increased VT and 

HRV, which was then phasically inhibited at the onset of rhythm to give a substantial RSA.

The results show that both moiphine and the central CO2 drive can evoke a tonic VT 

which is not completely inhibited by the inspiratory related inhibition of the cardiovagal 

motoneurones (CVMs). In the young animal the peripheral chemoreceptors powerfully 

inhibit VT via the respiratory rhythm generating mechanisms, which is not seen in the adult. 

During apnoea the CVMs receive a central CO2 dependent tonic cardiac drive, which is 

rendered phasic with the onset of rhythm, and is analogous to the tonic expiratory drive to 

the expiratory bulbospinal neurones.
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ABBREVIATIONS AND SYMBOLS

nTS Nucleus Tractus Solitarius

nA Nucleus Ambiguus

PaCOj Arterial Carbon Dioxide tension (%)

PgOz Arterial Oxygen tension (%)

FetCOs Fractional End-iidai Carbon Dioxide (%)

CO2TRG CO2 Threshold for Respiratory Rhythm Generation (%)

Frequency of breathing (Respiratory rate, Breaths min ’) 

Ti Inspiratory time (s)

Te Expiratory time (s)

BPM Beats minute'*

RSA Respiratory sinus arrhythmia ( b p m )

HR Mean heart rate ( b pm )

HP Heart period (s)

HPyar Heart period variance (s)

HRp Filtered heart rate ( b p m )

HR; Instantaneous heart rate ( b pm )

HRpK Mean heart rate of RSA Peaks ( b pm )

H R j r  Mean heart rate of RSA Troughs ( b p m )

RSApK RSA Peak values (inspiratory - tachycardias, b p m )

RSA-tr RSA Trough values (expiratory - bradycardias, b p m )

RRj, RR2, RR3 X, Y, & Z axis on 3-Dimensional R-R cluster plot 

BP Mean blood pressure (mmHg)

CTCH Cycle Triggered Cardiac Histogram

CV Coefficient of variability (R-R cf. R-R mean, %)

CVS Coefficient of variability (R-R; cf. R-R;+;, %)

SEM Standard error of the mean

HRV Heart rate variability (R-R)

H R V m a x  Maximum value of the HRV ( b pm )

HRVmin Minimum value of the HRV ( b p m )

HF-HRV High frequency (>0.1 Hz) HRV in power spectra

LF-HRV Low frequency (<0.1 Hz) HRV in power spectra



VLF-HRV Very low frequency (<0.02 Hz) in power spectra

VHP-HRV Very high frequency HRV (beat to beat R-R variability)

a.u. Spectral power arbitrary units

Î Step increase in variable

i Step decrease in variable

No change in variable 

/ Steady ramp increase in variable

\ Steady ramp decrease in variable

Integrated Inspiratory (Ig^G ) or Expiratory (Eemg ) EMG. Integrator ‘low pass 

I  filter’ (leaky) type with time constant (TC)
EMG

TC

EMG Electromyograph

I emg Inspiratory EMG

E emg Expiratory EMG

Epii Expiratory filament

Efisu Expiratory Bulbospinal Units

MS Morphine Sulphate

DLH DL-homocysteic acid

CVMs Cardiovagal Motoneurones

PCs Peripheral Chemoreceptors

VT Vagal Tone

NS Not significant

CRDPs Central Respiratory Drive Potentials

RAS Reticular Activating System

SEN Superior Laryngeal Nerve
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CHAPTER 1 INTRODUCTION

1.1 Preamble

During the last few decades there has been a rapid development in understanding of 

the cardiovascular system, in particular, of the neural control of the heart. Similarly, advances 

in understanding the genesis of the respiratory rhythm and its ability to maintain ventilation 

following severe disturbance has been remarkable. Such interest in these ‘systems’ is 

understandable both because of their individual and essential contributions to maintaining 

life and their close interactions in maintaining homeostasis by efficiently matching gas 

exchange and blood supply. The regulatory adjustments can either be marked, for example, 

as during exercise or in disease states, or subtle and not easy to detect due to simultaneous 

changes in ventilation, vascular resistance and cardiac output.

The neural drive to the heart is crucial for normal cardiovascular control because it 

determines both the heart rate and contractile force. Changes within each breath cause heart 

rate to increase during inspiration and to decrease in the expiratory phase. This type of heart 

rate variability (HRV) is known as respiratory sinus arrhythmia (RSA) and stands out as the 

most easily recognised cardiorespiratory interaction. Such an interaction was classically 

attributed to ‘irradiation’ between cardiac and respiratory centres, but the actual neural 

mechanism underlying this has been difficult to define.

The fimctional significance of RSA per se is obscure. Nevertheless, its measurement 

has become an important clinical diagnostic procedure for studying autonomic control 

systems. Indeed, it is sometimes the most relied upon parameter in prognostic investigations 

aimed principally at predicting death in the sudden infant death syndrome (SIDS), in which 

infants are found dead, sometimes after being unattended for only a few minutes. With the 

elimination of other causes of neonatal death SIDS has become the largest cause of infant 

death after the first week of life. A definite cause of such deaths has not been established (see 

Hunt & Brouillette, 1987; Valdes-Dapena 1980, 1988a,b for reviews), and the many 

anomalies in anatomy, physiology and epidemiology have tended to cloud some of the issues, 

as have the individual circumstances leading to SIDs. First, there is usually no clear 

indication of illness before the event, certainly nothing which could be regarded as life 

threatening. Second, the event can occur very quickly. This suggests a catastrophic failure 

of either the cardiovascular or respiratory systems or both, and yet there is little direct
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evidence for either. Indeed, absence of obvious pathology is a precondition of the diagnosis, 

hence the assumption that it represents a functional disorder of a developmental nature.

Neonates normally have periods of apnoea and it is possible that the mechanisms 

responsible for maintaining respiratory rhythm fail at some point leading to a terminal 

apnoea. Alternatively, the cardiovascular system could be involved. At present there is no 

clear pathological evidence for a myocardial abnormality. However, life threatening 

arrhythmias (e.g ventricular fibrillation) cannot be ruled out.

Over the last ten years there has been a widespread expectation that by measuring 

parameters such as respiration and heart rate and their variability in prospective studies on 

a large number of infants, paediatricians could identify risk factors in those who died of 

SIDS, and also define the physiological mechanisms responsible. However, the number of 

measurements available is limited. For long term (>24h hours) ambulatory recordings this 

was restricted to ECG and respiration and possibly BEG for sleep analysis. Such studies have 

given mixed results. Some found an increased respiratory and heart rate variability (Gordon, 

Cohen, Kelly, Akselrod & Shannon, 1984) or just increased respiratory variability (Shannon, 

Kelly, Akselrod & Kilbom, 1987); others show a lower overall heart rate variation in SIDS 

victims under one month of age compared with their controls (Schechtman, Harper, Kluge, 

Wilson, Hoffman & Southall, 1989).

Studies in normal infants (39-75 Hours old) indicate a dominance of low frequency 

modulation of the heart rate related to breath amplitude variation (not RSA), in contrast to 

older infants and adults where the heart rate variability is dominated by RSA (Dykes, 

Ahmann, Baldzer, Carrigan, Kitney & Giddens, 1986). Heart rate and its variability increase 

in the first month of life and then decline over the next six months in both when awake and 

in quiet sleep (Harper, Hoppenbrouwers, Sterman, McGinty & Hodgman, 1976), and RSA 

decreases throughout the rest of life (Shannon, Carley & Benson, 1987). Thus, RSA and 

other heart rate modulations allow some quantification and comparison of autonomic 

parameters between statistically matched groups, leading to some workers to claim from the 

results ‘autonomic instability’ as a possible mechanism for SIDS (Shannon et al., 1987).

Whether these small differences in respiratory variability, heart rate and HRV 

genuinely could predict an impending fatal episode is unknown. They might indicate a true 

difference, pointing to those infants which are ‘at risk’ but only become victims of SIDS 

under particular circumstances. One possible ‘trigger’ is the presence of hyperthermia, which 

has been shown to greatly to increase the incidence of SIDS (Fox & Mathews, 1989).
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Department of Health guidelines (DOH, 1992) now recommend a safe ambient temperature 

for infants under one year, which although halving the incidence of SIDS in the U.K. has not 

established the cause of death. The guidelines also recommend positioning the baby on its 

back or side, but it is not known which has the most significant effect.

Any further refinement of the analytical techniques mentioned above clearly depends 

upon a better understanding of the mechanisms that produce RSA and other variations in the 

heart period. RSA is an important component of the overall heart rate variation, however, 

during an apnoea there is no respiratory modulation and the pressure (baroreceptor) and 

chemical (peripheral and central chemoreceptors) sources of the neural drive to the heart are 

free from those periodic influences. The resultant mean heart rate depends on the ‘balance’ 

of the drives and the degree of control the respiratory system exerts over the cardiovascular 

neural drive to the heart during apnoea.

The aim of this study is to further investigate the character of RSA and the overall 

heart rate variability in the anaesthetized and largely intact animal, with particular emphasis 

on the modulation of the heart rate during apnoea, during the transition from apnoea to 

respiratory rhythm generation, and its modification by changing chemical drives.

1.2 Respiratory Control

History. During the early 19th century LeGallois embarked on his search for the 

‘respiratory centre’. It had been known since Roman times that high cervical injuries stopped 

breathing (Galen of Pergamon, see Spillane, 1981) so by successive ablation of the brain and 

spinal cord discovered that respiration was controlled by an area located within the brainstem 

and hence accorded it the function "the primum mobile" of respiratory movements 

(LeGallois, 1812, see Sears, 1963a). Shortly after, Flourens claimed that small lesions in this 

area (le noed vitale) were able to stop respiration (Flourens, 1851). However, it was not until 

the classic lesioning experiments of Lumsden (1923a) in decerebrate cats that a clearer 

relationship between the lesion site and the change in respiration was seen, implicating 

supramedullary structures in the control of breathing. By lesioning at different levels in the 

brainstem he observed different gross types of respiratory state. Rostral pontine section 

produced long bursts of tonic inspiratory activity which he termed inspiratory apneusis. In 

the upper half of the pons he defined a ‘pneumotaxic centre’ which produces normal 

breathing rhythm by inhibiting the apneustic centre, which otherwise would be tonically 

active. Transection of the pontomedullary junction resulted in gasping.
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Lumsden’s lesions were necessarily gross and suffered from all manner of 

experimental problems, nevertheless, they showed that respiratory rhythm generation is 

distributed over the brainstem, and is resistant to quite marked insult.

Lumsden (1923b,c) showed that these areas were under chemical and nervous control. 

Hypercapnia stimulated all the centres and hypoxia particularly affected the apneustic centre, 

determining the depth of apneusis. During either phase of apneustic respiration, vagal 

stimulation inhibited the existing phase and released the reverse phase.

Electrical stimulation of the medulla promotes both inspiratory and expiratory 

responses (Pitts, Magoun & Ranson, 1939a,b; Andersen & Sears, 1970). Using strong tetanic 

stimulation a variety of respiratory responses were obtained from most medullary sites. 

However, two responses dominated, inspiratory or expiratory apneusis, the former 

corresponding to the sustained inspiratory apneusis due to rostro-pontine lesions. Pitts (1946) 

concluded that respiratory rhythmogenesis could be produced by either an inherent 

rhythmicity of the medullary centres, or, more likely, that the inspiratory and expiratory 

centres were tonically active and were periodically inhibited by the pneumotaxic centre or 

vagus inputs to produce rhythm.

Functional anatomy. The anatomical location and functional connectivity of the 

respiratory related neurones in the medulla have been extensively reviewed (Euler, 1986; 

Feldman, 1986; Monteau & Hilaire, 1991).

Briefly, neurones with respiratory related discharges are found in the medulla, 

concentrated in, but not restricted to, two main areas known as the dorsal and ventral 

respiratory groups (DRG and VRG). The former is in the lateral part of the Nucleus of the 

Solitary Tract (NTS), the latter is further subdivided into a caudal part (cVRG) which 

includes the N. ambiguus (nA) and N. retroambiguualis, and a rostral part (rVRG) which 

includes the area designated as the retrofacial nucleus.

Respiratory neurones within the DRG and VRG have been classified by their pattern 

of discharge, location of the cell body and by their axonal projection. Three main populations 

are recognised. 1, Bulbospinal neurones sending an axon towards the spinal cord, which 

transmit the respiratory drive to the respiratory motoneurones (diaphragm, intercostal and 

abdominal muscles). 2, Cranial motoneurones sending axons into cranial nerves which 

control the upper airways (vagal or glossopharyngeal), and 3, Propriobulbar neurones whose 

axons remain within the brainstem.

In the cat the DRG is a relatively discrete region extending from the obex to 2mm
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rostral and 1.7-2.5mm laterally. Most of the DRG neurones receive an inspiratory drive of 

central origin and show a peak firing late in inspiration (Berger, 1977). Almost all the 

neurones have a spinal axons (Bianchi, 1971). The DRG neurones can also be subdivided 

into several functional groups. R„ bulbospinal neurones are inhibited by increases in lung 

volume (Baumgarten & Kanzow, 1958) whereas Rp are excited by lung inflation. Another 

group of cells in the DRG (P-cells) fire synchronously with lung inflation (Fedorko, Merrill 

& Lipski, 1983) but do not receive an inspiratory drive of central origin, and in the paralysed 

ventilated animal cease discharging when lung inflation is withheld (Berger, 1977). 50-90% 

of the DRG inspiratory neurones are bulbospinal, crossing the midline rostral to the obex and 

projecting to phrenic and external intercostal motoneurones (see Feldman, 1986; Monteau 

& Hilaire, 1991).

The VRG is more extensive than the DRG, extending from the N. retrofacialis to the 

first cervical roots. In the most caudal and rostral areas are expiratory neurones. In between 

and overlapping are the inspiratory neurones of the rVRG. (This region correspond to the 

rostral part of the nRA (Merrill, 1970; 1974) or to the N. para-ambigualis (Kalia, 1981a). In 

the cat the reported number of inspiratory bulbospinal neurones varies considerably from 

45-51% (Bianchi, 1971; Hilaire & Monteau, 1976) to 88-100% (Merrill, 1970; Fedorko, 

Hoskin & Duffin, 1989). Various firing patterns are seen in this region with most of the 

augmenting inspiratory type neurones showing a bulbospinal projection. There is also a small 

population of neurones which have a decrementing pattern during inspiration which are 

propriobulbar (Feldman, 1986). The bulbospinal neurones in the rVRG are the source of 

excitatory inputs to the phrenic and intercostal motoneurones.

The expiratory bulbospinal neurones are located caudally in the VRG, extending from 

the first cervical roots to a region of overlap with the inspiratory neurones of the rVRG. The 

full extent of the overlap is unknown, as no experiments have been reported taking into 

account the pattern of breathing and ‘state dependent balance’ between inspiratory and 

expiratory activities (see Wyman, 1977; Bainton, Kirkwood & Sears, 1978b).

Few if any axons from the cVRG neurones terminate within the brainstem (Feldman, 

Sommer & Cohen, 1980; Merrill, 1974). Almost all send axons to the contralateral spinal 

cord and to the expiratory motoneurones (see Monteau & Hilaire, 1991). They show an 

expiratory augmenting pattern starting either early in expiration or with a variable time lag 

after the onset of expiration. Intracellular recordings show that expiratory neurones have a 

ramp-like depolarization during expiration due to an augmenting pattern of EPSPs (Arita,
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Kogo & Koshiya, 1987), terminating with an abrupt repolarization on inspiration. There is 

no evidence for the existence of concurrent IPSPs during the active phase (Richter, Camerer, 

Meesmann & Rohrig, 1979; Ballantyne & Richter (1986) showed that the shape and time 

course of the membrane potential depended upon the overall breathing pattern, which may 

develop smoothly during the expiratory phase or proceed in two stages, separated by a 

transition phase of hyperpolarization in the early part of expiration.

In the most rostral part of the VRG is a region known as the Botzinger complex 

(Lipski & Merrill, 1980), or the retrofacial nucleus (Kalia, Feldman & Cohen, 1979). It 

mainly contains neurones which have an augmenting firing pattern, which fire at a high 

frequency at the end of inspiration (Lipski & Merrill, 1980; Otake, Sasaki, Ezure & Manabe, 

1988; Fedorko, Duffm & England, 1989). These neurones send a major inhibitory projection 

to other respiratory neurones and also send axons to the contralateral spinal cord (Merrill,

1982). Intracellular recordings from Botzinger neurones show a progressive depolarization 

throughout expiration (Otake, Sasaki, Mannen & Ezure, 1987). but only about 30% of them 

can be antidromically activated by spinal stimulation (Otake et al., 1987; Blanchi, Grelot, 

Iscoe & Remmers, 1988). Therefore it would appear that the majority of these neurones are 

propriobulbar. They are located in the ventromedial border of the retrofacial nucleus and their 

axons project caudally to both the ipsi- and contralateral brainstem, giving off collaterals 

within the Botzinger complex, retrofacial N. and nA (Otake et al., 1988), the latter including 

inhibitory axons.

The retrofacial area also contains inspiratory neurones and motoneurones associated 

with the upper airways (Grelot, Blanchi, Iscoe & Remmers, 1988).

The dorsolateral rostral pons contains inspiratory, expiratory and phase-spanning 

(inspiratory-expiratory) neurones in the regions of the N. parabrachialis and the 

Kolliker-Fuse nucleus. This area correspond to the levels containing Lumsden’s 

pneumotaxic centre.

Rhythm Generation. How does the regular cycle of inspiration and expiration occur, 

and how is this activity modified by external inputs to maintain gaseous homeostasis? (for 

reviews see, Cohen, 1979,1981; Euler, 1983,1986; Richter, 1982; Richter & Spyer, 1990; 

Sears, 1990).

During inspiration the downward movement of the diaphragm and the contraction of 

the external intercostal muscles combine to increase thoracic volume and to decrease the 

pleural pressure, thus causing air to enter the lungs. On cessation of this activity the lungs
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passively recoil under their own elastic recoil forces. Eupnoea in man shows little or no early 

expiratory activity, but expiratory muscles do show activity in late expiration (Newsom 

Davis, Sears, Stagg & Taylor, 1966) which is increased markedly in phonation, exercise and 

with pathology. However, in most descriptions expiration is given a passive role (Euler,

1983).

This view of respiration is reflected in the neural output of the phrenic nerve, which 

shows a ramp of increasing activity terminated by an abrupt silence as the expiratory phase 

begins. It is not surprising that this concept should be used to model respiration. The ramp 

can be explained by integration of an augmenting synaptic input due to the recruitment in 

number and frequency of the inspiratory pre-motor neurones. However, a mechanism is then 

required to terminate inspiration, and to create a pause (the expiratory (E) phase) until the 

next inspiratory ramp occurs. Thus, the eupnoeic pattern of breathing is defined (Cohen, 

1979).

To summarise their results from the study of chemical and thermal drives and 

volume-time relationships in respiration, von Euler and colleagues (Bradley, Euler, Marttila 

& Ross, 1974a,b, 1975; Euler & Trippenbach, 1975) developed a model (Fig. 1.2.1) which 

encapsulates the idea of an integrating inspiratory centre.

This model is based on a pool of neurones (A-Pool) which generate a conceptual 

central drive (central inspiratory activity, CIA) to the inspiratory motoneurones, which is 

reflected in the ramp of activity seen in the integrated phrenic neurogram. The time course 

of the A-Pool ramp of activity is strongly dependent upon the prevailing chemical (net CO2 

drive from central and peripheral chemoreceptors) drive. Thus, the output to the inspiratory 

motoneurones is a product of the chemical drive and t, the time the ramp is allowed to 

increase. The A-Pool also provides a conceptual input to the B-Pool of neurones. The 

B-Pool combines the CIA input from the A-Pool and the volume signal (vagal) from the 

pulmonary stretch receptors mediating the Breuer-Hering reflex to form an input to the third 

group of neurones (C-Pool) which acts as an ‘off-switch’ (the non-linear element of the 

system) to terminate the CIA. This means that when there is no pulmonary input (i.e. after 

vagotomy) the CIA itself terminates inspiration by activating the B and C pools

When the C-Pool reaches a threshold it abruptly switches off the A-Pool neurones, 

and the inspiratory ramp is terminated. The threshold for the ‘off-switch’ mechanism of the 

C-Pool is dependent upon several inputs including the chemical drives and a hypothalamic 

temperature drive, which may be excitatory, causing inspiration to be terminated at a lower
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volume with a given rate of rise in inspiratory activity (Bradley et al., 1974).
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Figure 1.2.1 Model of inspiratory off-switch mechanism. Redrawn from Bradley, Euler, 

Marttila & Roos (1975). See text for detailed description.

It has been suggested that the progressive increase in off-switch excitability might 

be derived from a separate ‘timing integrator’ independent from the CIA integrator (Younes, 

Remmers & Baker, 1978; Speck & Feldman, 1982). Thus, modulation of the C-Pool 

‘off-switch’ mechanisms is important for the control of volume and rate in the intact animal. 

In the absence of lung afferent input, the C-Pool ‘off-switch’ mechanism is disabled in the 

low decerebrate animal or with lesions in the N. parabrachialis, as previously discussed.

Therefore, in the Euler model the chemical drive for breathing reaches the respiratory 

motoneurones as the CIA, but is dependent upon the operation of the rhythm generator. Thus,
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for normal operation the pattern generator is in series with the system, hence; "no rhythm, 

no drive" (Sears, 1990).

When inspiration has been terminated by the action of the off-switch, the CIA is kept 

inhibited during the expiratory phase. These central inspiratory-inhibiting (CII) effects are 

most powerful in early expiration, and decay during expiration until a threshold is crossed 

and the CIA mechanisms can initiate an inspiration (Euler, 1986). The decay rate of CII is 

slowed by lung inflation (increasing Tg), and increased by inspiratory-facilitating influences 

such as the ‘deflation reflex’, which shortens the expiratory duration (Knox, 1973; Knox & 

King, 1976).

During the expiratory phase the inspiratory activity is assumed to be inhibited, even 

though there is continuous excitatory influence by the chemical drive (Bradley et al., 1975). 

The expiratory duration is governed by a declining CII, which may be facilitated by 

influences like the ‘deflation reflex’, which shortens the expiratory duration (Knox, 1973; 

Knox & King, 1976). In contrast, lung inflations decrease the decay rate of the CII thus 

prolonging the expiration (Clark & Euler, 1972; Knox, 1973).

Richter, Ballantyne & Remmers (1986) proposed an alternative model of respiratory 

rhythm generation, based upon knowledge of the neuronal network, discharge properties of 

the respiratory neurones and the modulation of synaptic excitability. In contrast to Euler’s 

model which only addresses the phasing of respiration in terms of gross output, i.e.; 

inspiratory and expiratory phases, Richter introduces a third phase called the post-inspiratory 

phase, which corresponds to the declining activity seen in the phrenic nerve at the onset of 

expiration. Six classes of respiratory neurone are characterized by their firing patterns and 

timing with reference to the phrenic nerve, which are used to form a network.

There are inspiratory and expiratory bulbospinal neurones providing the drive to the 

motoneurones, and four classes of intemeurones (propriobulbar); early inspiratory (e-I); 

ramp inspiratory (Ir); late inspiratory (L-I) and post-inspiratory (p-I). The e-I and p-I 

constitute key elements in the model. They have an abrupt onset in discharge, reaching their 

peak frequency quickly before declining. Richter et al. (1986) propose that these two 

neurones act as ‘oscillating’ neurones each inhibitory to the other and each to the other four 

kinds of neurones. The Ir and e-I neurones are fed with a tonic excitatory drive from the 

classical ‘reticular activating system’ (RAS). Inspiratory activity is accumulated by recycling 

synaptic excitation within the Ir neurones (cf. Long & Duffm, 1984).

The inspiratory sequence is therefore provided with a driving force (analogous to
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Electro Motive Force, EMF) to power the process of CIA generation (cf. Bainton, Kirkwood 

& Sears, 1978a). A proposed sequence of phasic activation and inhibition then follows, with 

the p-I having the essential role of exerting widespread inhibition throughout the network, 

directly inhibiting the e-I, I r , I rs and E neurones, and through a parallel inhibition of the 

reticular formation, the disfacilitation of the I r , e-I and E neurones, thus irreversibly 

terminating inspiration.

An essential feature of this model is the recycling synaptic excitation within the Ir 

neurones which is the CIA ramp of activity. In the model this ramp is transmitted to the Iĝ  

and L-I neurones. However, as Sears (1990) points out, it is not necessarily the Ir neurones 

which are forming the inspiratory ramp, and there is evidence for involvement of the Igg in 

rhythm generation. Recent work by Ezure and Manabe (1989) shows the Igg neurones are 

monosynaptically coupled to their contralateral counterparts in the VRG, making it likely, 

though not proven, that the short term synchronization seen among ipsilateral neuronal pairs 

(Feldman & Speck, 1983) has the same mechanism. If this is found to be true, the role of the 

Igg in rhythm generation needs to be reexamined because the Igg could play a significant role 

in rhythm generation, as their output could form the CIA to the ‘off-switch’ mechanism.

Central respiratory drive potentials (CRDPs ). At the respiratory motoneurone level 

Eccles, Sears & Shealy (1962) and Sears (1963b) were able to demonstrate an important 

functional feature of the respiratory output. From intracellular recordings of the respiratory 

motoneurones during spontaneous breathing they were able to show that neurones undergo 

rhythmic depolarization and repolarization which was abolished by transection of the spinal 

cord. If the membrane potential reached threshold then some neurones would give an output, 

but substantial numbers only displayed membrane oscillation alone at eupnoeic levels of 

drive. This finding challenged the idea that the discharge of respiratory neurones originated 

solely from an alternating burst of excitation from the ‘respiratory centres’ and emphasised 

a much more significant role for integration at the segmental level than had been previously 

supposed. This waxing and waning of the membrane potential was named the central 

respiratory drive potential (CRDP) to link it with the supraspinal demand for breathing 

movements, and to distinguish it from the synaptic inputs contributing to segmental stretch 

reflexes.

The CRDP could have been interpreted simply as representing the waxing and waning 

of excitatory output of the ‘classical centres’, with the repolarization being due to declining 

synaptic excitation. However, Sears (1964c) showed by injection of chloride ions that there
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is a phase reversal of the membrane potential during the antagonistic phase indicating that 

neurones were indeed receiving periodic inhibitory drives of central origin alternating with 

excitation. Phase reversal by hyperpolarizing current has also been demonstrated in phrenic 

motoneurones, (Berger, 1979) and both procedures proved subsequently essential to the 

dissection of the process underlying rhythm generation particularly in the work of Richter 

and colleagues.

The intemeurones presumed to mediate the inhibitory phase of the CRDP are closely 

coupled to the excitatory drive to the antagonistic motoneurones and the degree of 

hyperpolarization mirrors the breath by breath variations of their discharge (Sears, 1964c). 

Initially indirect, (Aminoff & Sears, 1971) and now direct evidence is available that some of 

the relevant intemeurones are segmental, Kirkwood & Sears (1989).

Central Apnoea. What happens when there is no central respiratory rhythm 

generation? From the models previously described it would be expected that the respiratory 

motoneurones would be silent, but this is not the case,

Lumsden (1923a) showed that transection of the pons resulted in a prolonged 

inspiration which he called inspiratory apneusis. Later, Stella (1938) showed that rate and 

depth of apneusis was influenced by CO2 tension. With low CO2 the apneustic activity was 

absent or very small. As CO2 was increased the apneustic activity increased concomitantly. 

Importantly this is accompanied by a reciprocal inhibition of the expiratory output (fusimotor 

and a-motoneurone activity) (Sears, 1964b).

Andersen & Sears (1970) stimulated tetanically in the region of the N reticularis 

gigantocellularis and ventralis, the areas from which inspiratory and expiratory ‘apneusis’ 

is obtained by electrical stimulation (Pitts et al., 1939). They found that sectioning of the 

dorsal roots decreased the tonic output, and concluded the apneustic response was mediated 

by two different mechanisms; one involving a direct effect on the a-motoneurone, and the 

other the activation of fusimotor neurones and thereby the spindle loop.

Cooling of the medulla (Budzinska, Euler, Kao, Pantaleo & Yamamoto, 1985) also 

leads to apneustic activity. Similarly the tonic activation of medullary inspiratory and 

expiratory neurones occurs in hypocapnic apnoea (Nesland, Plum, Nelson & Siedler, 1966; 

Batsel, 1967; Cohen, 1968).

Cohen (1968) describes three types of response of respiratory related units (RRU) 

activity to hypocapnia. In the Type 1 response to decreasing CO2 there is a progressive 

decrease in peak frequency with eventual cessation of discharge. Almost all I and IE
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neurones had this response and two-thirds of the phasic E neurones.

In the Type 2 response, lowering CO2 reduces the phasic modulation and may 

increase firing rate, and at sufficiently low CO2 the discharge becomes completely tonic in 

about 50% of all E neurones and 80 % of E -I neurones. This type of response to hypocapnia 

is observed in most E motoneurones and muscles (internal intercostal, laryngeal).

Thus, in the absence of central respiratory rhythm the basic state is ‘expiratory 

apnoea’ where previously active E motoneurones (Sears, 1964b; Bainton, Kirkwood & Sears, 

1974) and many brainstem E neurones exhibit tonic activity.

This state also occurs in apnoea under other conditions: elimination of descending 

inputs projections (Bainton et al, 1974, 1978a), deep anaesthesia, (Koepchen, Klussendorf 

& Phillip, 1973) and during the absence of breathing movements in the fetus (Bystrzycha, 

Nail & Purves, 1977), and in the conscious dog (Homer, Kozar & Phillipson, 1994).

The type 3 response shows a reduction in the firing in the high-frequency portion of 

the cycle with relatively little change in the low-frequency, so that eventually neurones of 

this type lose their respiratory modulation and fire tonically. This response is typical of 

pontine neurones and was observed in 70% of tonically firing I and E modulated neurones.

Euler (1983) questions whether the tonic activity seen in hypocapnic apnoea 

represents ‘genuine’ respiratory activity or if it reflects any of the non-respiratory inputs. 

Duron (1966, 1973) has emphasized a purely ‘postural role’ for the tonic activation of the 

intercostal motoneurones, such activation would have an important role in the stabilization 

of the rib cage by optimizing the position of the diaphragm (see Da Silva, Sayers, Sears & 

Stagg, 1977).

In the decerebrate cat ventilated with O2 and CO2, Bainton et al., (1978a) showed that 

during hyperoxic hypocapnic apnoea there is a tonic output of either the expiratory or 

inspiratory motoneurones (EMG). Experiments were classified as either having an inspiratory 

or expiratory bias depending on whether the tonic activity was inspiratory, or the more 

frequently seen tonic expiratory activity, which proved to be more stable than the inspiratory 

tonic activity. The tonic expiratory activity showed a graded increase with rising F^jC02 

{Fractional End-ridai CO2 concentration %) from as low as 10 ton* P^C02. When central rhythm 

restarted at the CO2 threshold (CO2TRG), this was expressed as a phasic inhibition of the tonic 

drive, but the graded increase with increasing CO2 continued with the rhythmic activity. 

Therefore, CO2 showed a continuous drive through the tonic state and into rhythm 

generation.
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Sears (1964c), Aminoff & Sears (1971) and Merrill (1974) have shown that the 

excitatory drives to inspiratory and expiratory motoneurones are associated with reciprocal 

inhibition of their respective antagonistic motoneurones. Therefore, as the COj dependent 

drive is increased there is a progressive inhibition of the opposite activity (if present) until, 

at the onset of rhythm, there is inhibition of the expiratory activity by inspiratory activity and 

an oscillating pattern of respiration begins. Thus, the two states (tonic and rhythmic) are not 

necessarily independent processes but represent two aspects of the same bulbospinal drive.

Slowly lowering the PaCOj from a state of rhythm generation invariably led to 

elements of rhythm persisting at low levels of PaC0 2 , although eventually it was abolished 

(Bainton et al., 1978a). This delay was probably due to the washout time of P^COz from the 

brain which creates a hysterisis in the CO2 vs Rhythm response curve. The onset of rhythm 

at relatively low levels of PaC0 2  restricted the range over which the PaC0 2  could be titrated.

A mid-sagittal lesion of the medulla in the region of the obex has shovm to abolish 

the activity of spinal respiratory neurones in the cat (Salmoiraghi & Bums, 1960; Sears, 

1966). Bainton et al. (1978a) used sagittal lesions in the vicinity of the obex (obex-2.0mm 

rostrally) to intermpt the axons of the inspiratory bulbospinal neurones which decussate 

rostral to the obex (Merrill, 1974). With rostral extension of the lesions they found that the 

CO2 threshold for rhythm generation was elevated to as high as 50-60 torr, but such lesions 

left the expiratory bulbospinal output substantially intact. This enabled the CO2 titration of 

the tonic activity to be extended into the eupnoeic range, and above, without the occurrence 

of respiratory rhythm; rhythm could only be inferred from the periodic inhibition of 

expiratory activity, as all inspiratory activity ceased following the lesion. Because the 

inspiratory drive was abolished, any reciprocal effect on the expiratory motoneurones at the 

segmental level was removed allowing the full extent of the CO2 drive to be revealed. All the 

CO2 related responses were abolished when the lesion was extended caudally to the level of 

the first cervical segment, indicating that these effects were dependent on fibres decussating 

at these levels, namely those from expiratory bulbospinal neurones.

Single unit recordings of medullary expiratory neurones and their corresponding 

motoneurone discharges in the intercostal filaments at different levels of CO2 confirmed these 

results by clearly shoving that the same bulbospinal respiratory neurones convey both tonic 

and rhythmic excitation to spinal respiratory motoneurones (Bainton & Kirkwood, 1979).

The left-hand panel of Fig. 1.2.2 (Sears, 1984) shows a schematic representation of 

the brain stem mediated central and peripheral chemoreceptor drives to the respiratory
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Reproduced from Sears (1984).



motoneurones. As the bulbospinal inspiratory neurones are inactive during hypocapnic 

apnoea there would be no reciprocal inhibition of the inspiratory motoneurones, thus 

allowing the expiratory motoneurones fully to express the prevailing tonic expiratory 

bulbospinal drive. When CO2 is slowly elevated, but before the onset of rhythm, tonic 

activity may occur in both inspiratory and expiratory groups in hypocapnic apnoea (Bainton 

et al., 1978a; Sears, Berger & Phillipson, 1982).

The above experiments were made in hyperoxic hypocapnic apnoea where the 

peripheral chemoreceptor input is minimal. If however, a peripheral chemoreceptor input is 

added (Fig. 1.2.2 centre panel), it produces a tonic inspiratory bias to the system (Sears et al., 

1982). With graded hypoxia there is a graded discharge of inspiratory motoneurones and a 

graded reciprocal inhibition of expiratory motoneurones discharge, thus causing an 

‘inspiratory shift’ in the pattern of respiratory motoneurone activation. If O2 is reduced 

further, rhythm is now seen as a periodic, expiratory phased inhibition of the tonic inspiratory 

discharge.

Sears et al. (1982) recognised three distinct effects of hypoxia. First, during normoxic 

normocapnia, hypoxic stimulation of peripheral chemoreceptors causes an increase in peak 

phrenic and external intercostal muscle activity with a reciprocal decrease in expiratory 

activity; a similar pattern occurs with deepening anaesthesia. Second, during normoxic 

hypocapnic apnoea, hypoxic stimulation of the peripheral chemoreceptors increases the tonic 

discharge of phrenic and external intercostal motoneurones, and there is a graded reciprocal 

inhibition of the tonic expiratory discharge. Thus the ‘inspiratory shift’ is expressed 

independently of rhythm generation. This state, when there are balanced drives (peripheral 

and central), giving co-activation of inspiratory and expiratory neurones, is represented 

schematically in Fig. 1.2.2 (centre panel). If either the PaC02 was increased, or hypoxia 

added, respiratory rhythm started. The third effect of hypoxia is a dynamic version of the 

second with the pump switched off.

The right hand panel of Fig. 1.2.2 illustrates the onset of rhythm generation following 

a further increase in either the hypoxic or peripheral chemoreceptor drive and this is seen to 

be sculpted from inhibition of the underlying tonic expiratory activity (Sears et al., 1982; 

Berger, Phillipson & Sears, 1982). If the animal is ‘inspiratory biased’ then increasing 

hypoxia or hypercapnia stimulation leads to the onset of rhythm due to periodic expiratory 

phased inhibition of the tonic inspiratory motoneurone discharge.

This model differs significantly from those proposed by Euler and Richter. These
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concepts and experimental results do not exclude the mechanisms of previous models, but 

help to enhance their understanding. Conceptually the condition of apnoea is often regarded 

as being the absence of respiration, both neurally and mechanically. However, it is not 

possible to ignore the relevance of the these results when the same neurones are involved in 

both ‘states’. Thus, in terms of chemical drive the apnoea is the respiratory ‘state’ in the 

absence of rhythm generation.

Clearly these two major states of respiration are not equivalent. At high levels of CO2, 

and with the addition of peripheral chemoreceptor inputs the inspiratory neurones provide 

an overriding drive for oscillation. When CO2 is lowered the expiratory part of the drive is 

revealed. The marked asymmetry of such an arrangement would guarantee respiratory rhythm 

generation in all but the most extreme circumstances.

Narcotics such as morphine are known to depress the ventilatory response to CO2 (see 

later), Howard & Sears (1991) have recently shown in the rabbit that morphine elevates the 

CO2 threshold for rhythm generation without significantly depressing the inspiratory or 

expiratory response to increasing F^C02, either in the rhythmic or tonic state. Morphine had 

no effect on the threshold of the recruitment of fusimotor or a-motoneurones, which with 

increasing F ^C 0 2  showed a continuous recruitment up to and beyond the pre-morphine CO2 

threshold. The primary effect on ventilation was a prolongation of the expiratory duration 

(Te). Morphine did not significantly alter the amplitude of either the inspiratory output, thus 

morphine decoupled the mechanisms through which the chemical drives gained access to the 

motoneurones fi*om those concerned in the process of rhythm generation, further supporting 

the idea that the ventilatory drive (central and peripheral chemoreceptors) has a relatively 

direct access to the bulbospinal neurones as opposed to the Euler model in which the central 

and peripheral chemoreceptor drives can only drive the bulbospinal neurones through the 

central pattern generator mechanism.

Therefore, morphine can be used in a similar way to the saggital lesions for studying 

the tonic drives of hypocapnic apnoea over an extended range.

1.3 Autonomic regulation o f the heart

The neural control of the heart is mediated by both parasympathetic and sympathetic 

innervation which together control the heart rate and contractile force to meet the current 

homeostatic needs. Sympathetic changes take longer to affect the heart and last longer, 

whereas the vagus can alter the heart period within one beat (Warner & Cox, 1962), and
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hence contribute principally to respiratory sinus arrhythmia (RSA), which is the acceleration 

of the heart during inspiration and the slowing of the heart during expiration. RSA is almost 

completely abolished by atropine or vagotomy, and the cardiomotor fibres responsible have 

their origin in two possible areas of the brainstem, the dorsal motor vagal nucleus (DMV) and 

the nucleus ambiguus (nA) (see Loewy & Spyer, 1990 for review).

1.3.1 Anatomy

Dorsal motor nucleus o f  the vagus (DMV). The DMV is located dorso-medially in 

the caudal medulla near the fourth ventricle. In the cat it comprises a 10- 15mm column of 

cells extending rostrally from the first cervical spinal segment lying dorsal lateral to the 

central canal (Kalia, 1981b). The DMV is composed of two types of neurone, 80% medium 

sized neurones which are nearly all vagal motoneurones, and 15-20% small cells which 

either project to other levels of the brainstem, or are intrinsic neurones terminating within the 

DMV. The DMV projects to the heart, lungs, bronchi, pharynx, stomach and intestines (Kalia 

& Mesulam, 1980b; Kalia, 1981b and Hopkins, 1987 for reviews). Cells innervating the 

supradiaphragmatic structures lie within the lateral third of the nucleus whereas the medial 

two thirds innervate subdiaphragmatic structures, but with extensive overlapping (Kalia, 

1981b).

Cardiac Innervation. The role of the DMV in the control of the heart remains unclear 

and controversial (see Loewy & Spyer, 1990 for review). Early experiments in the dog 

reported that electrical stimulation of the DMV elicited a bradycardia (Miller & Bowman, 

1916) and confirmed later (Gunn, Sevelius, Puiggari & Myers, 1968; Weiss & Priola, 1972); 

and for the rabbit (Ellenberger, Haselton, Liskowsky & Schneiderman, 1983); and rat 

(Nosaka, Yamamoto & Yasunaga, 1979); but not the cat (Calaresu & Pearce, 1965; Geiss & 

Wurster, 1980b; Gunn et al., 1968). However, DMV stimulation in the cat, decreased the 

strength (dP/dt^aJ of ventricular contraction (Geis, Kozelka & Wurster, 1981). And in both 

cat and dog stimulation of the DMV and nA showed a decrease in ventricular contraction, 

but only nA  stimulation slowed the heart; cardiac pacing during nA stimulation removed the 

inotropic effect indicating it was secondary to the bradycardia. In neither group of 

experiments was the heart paced during DMV stimulation, therefore, a pure inotropic effect 

of DMV stimulation has not been confirmed. But clouding all of these results is the problem 

of the inevitable current spread to adjacent sites, especially in the NTS.

Retrograde Labelling. A limited destruction of the DMV in the cat shows only a
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sparse axonal degeneration of the cardiac branches of the vagus (Calaresu & Cottle, 1965), 

whereas injections of HRP into the right myocardium show marked labelling of the nA, and 

a sparse labelling of the DMV and the intermediate zone (rat: Stuesse, 1982; cat: Geiss & 

Wurster, 1980a; Kalia & Musalam, 1990).

Direct application of HRP to the cardiac branches of the vagus shows a clear labelling 

of the nA and DMV (rat: Nosaka et al., 1979; dog: Bennett, Kidd, Latif & McWilliam, 1981; 

Hopkins & Armour, 1982; cat: Sugimoto, Itoh, Mizuno, Nomura & Konishi, 1979; Bennett 

et al., 1981; Jordan, Spyer, Withington- Wray & Wood, 1986). Bennett et al. (1981) found 

approximately equal distribution of labelling in nA and DMV from both pulmonary and 

cardiac nerves in the cat, in contrast the dog showed much more labelling in the nA  than the 

DMV, and in the rat also (Nosaka et al., 1979). Injections into the myocardium around the 

sino atrial node are fraught with difficulty both in accuracy of placement, and restricting its 

spread to other structures. Similarly, the use of the cardiac nerve in the cat creates problems 

because proximally it contains a pulmonary branch (McAllen & Spyer, 1976).

Antidromic Activation. Antidromic mapping techniques have also been used to locate 

the origin of the cardiac preganglionic neurones. McAllen & Spyer (1976) in the cat found 

that neurones in the nA could be antidromically activated by electrical stimulation of the 

right cardiac vagal branches, whose axons had conduction velocities in the B-fibre range 

(3-15 ms’'). When neurones were sampled in the DMV most were found to send axons down 

the thoracic vagus below the cardiac branches. Only 3/33 could be antidromically activated 

with high intensity stimulation, but it was though that these were unlikely to be cardio- 

inhibitory based upon their thresholds and conduction velocities. In contrast, Cirello & 

Calaresu (1980, 1982) have antidromically activated neurones in both the nA and DMV 

regions with latencies corresponding to B-fibre velocities. Bennett, Ford, Kidd & McWilliam 

(1984a) have also identified neurones in the DMV with non-myelinated axons in the cardiac 

and pulmonary branches. Only a small number showed spontaneous activity, the rest being 

silent. Spontaneous and DL-homocysteic acid (DLH) activated neurones showed no relation 

to the cardiac cycle, increased BP or lung inflation. In an extensive investigation in the cat, 

94 neurones in the DMV have been analyzed by antidromic stimulation, for their cardiac 

(55/94) and pulmonary (39/94) projections (Ford, Bennett, Kidd & McWilliam, 1990). All 

but a few had C-fibre conduction velocities and were assumed to be non-myelinated fibres. 

Extracellular recording showed little spontaneous activity, and only one neurone responded 

to an increase in carotid sinus pressure. lonotophoretic application of DLH to cardiac
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projecting neurones had no effect on the HR (cf. with nA, McAllen & Spyer, 1978a). It 

would appear the cat cardiac vagus has myelinated and non-myelinated fibres and there is 

evidence the DMV gives rise to non-myelinated fibres to the cardiac and pulmonary 

branches. However, stimulation in the DMV has failed to show convincingly a cardiac 

chronotropic effect in the cat (see above). The lack of response to DLH and carotid sinus 

inputs contribute to the conclusion that in the cat the DMV has no part in the chronotropic 

control of the heart.

In the rabbit the situation is a little clearer. Antidromically activated neurones have 

been identified in both the DMV and nA by stimulation of the right cervical vagus (Jordan, 

Khalid, Schneiderman & Spyer, 1982) or right cardiac nerve (Ellenberger et al., 1983). 

Axons with B-fibre conduction velocities gave a bradycardia upon stimulation. DLH 

activation showed an increased firing and concomitant fall in heart rate for both DMV and 

nA groups of cells (Jordan et al., 1982). Slower conducting fibres were also identified 

consistent with non-myelinated fibres, but these were only found in the DMV.

Nucleus Ambiguus (NÀ). The nA justifies its name for confusion and ambiguity. It lies 

in the ventrolateral part of the medullary reticular formation, extending from the Cl level to 

the level of the facial nucleus, i.e., about 8mm in the cat (Kalia, 1981b), or 4 -5mm in the 

rabbit (Lawn, 1966b). However, the delineation of the borders of this group of nuclei is still 

unclear.

In Lawn’s classic study (Lawn, 1966a,b) of the rabbit he describes the nA  as being 

formed from a rostral compact formation and a caudal diffuse formation. The rostral compact 

division can then be subdivided into a lateral ‘principal’ column and a ‘medial’ column. 

More recent studies in the rat (Bieger & Hopkins, 1987) using HRP labelling have broadly 

agreed with Lawn’s description. More recently the terms Nucleus Retrofacialis and Nucleus 

Retroambiguualis have been used to describe the divisions of the nA (see Kalia & Mesulam, 

1980a,b).

Retrograde labelling by intracardiac injections of HRP shows a clear column of 

labelled cells in the nA (Kalia, 1981b). More extensive labelling is seen when HRP is applied 

to the cut end of the cardiac vagus; Dog: Bennett et al., 1981; Hopkins & Armour, 1982; Rat: 

Nosaka et al., 1979; and cat: Bennett et al., 1981, Ciriello & Calaresu, 1982; Jordan et al.,

1986). The extent of labelling in the cat is from below the level of the obex (perhaps as much 

as 2mm, Bennett et al., 1981) to 5mm rostral (Kalia, 1981b; Bennett, et al., 1981). The 

maximum density of labelled cells tends to be clustered at about 2mm rostral to the obex (cf.
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McAllen & Spyer, 1976 (marked neurones); Bennett et a l, 1981; Ciriello & Calresu, 1982); 

Jordan et al., 1986).

The overall numbers of cells found in the nA following HRP labelling of the cardiac 

branches of the cat is variable (range 10 to 341, Bennett et al., 1981) and is approximately 

the same as in the DMV. Whereas, in the dog a much higher proportion of cardiac efferents 

have their cell bodies in the nA (Bennett et al., (1981). A small proportion of HRP labelled 

cells are found in the reticular formation between the DMV and nA.

Microstimulation in the nA consistently produces a marked bradycardia in the cat: 

(Geiss & Wurster, 1980b; Gunn et al., 1968) and dog: (Laubie, Schmitt & Vincent, 1979; 

Geiss et al., 1981). However, the validity of this technique in such a density populated area, 

close to the ventrolateral cell groups has been questioned (Loewy & Spyer, 1990). On the 

other hand, antidromic activation of medullary units is more appropriate in identifying 

electrophysiologically the location of the cardiac preganglionic neurones (cat: McAllen & 

Spyer, 1976,1978a; Ciriello & Calaresu, 1982; rabbit: Jordan et al., 1982).

1.3.2 Termination o f Sinus nerve inputs

The termination of the chemoreceptor and baroreceptor afferent fibres entering the 

brainstem via the IX and X nerves and terminating in the NTS and its subnuclei has been 

extensively studied by anatomical tracing and antidromic techniques (see Jordan & Spyer, 

1986; Spyer, 1990 for reviews).

Both baroreceptor and chemoreceptor nerves contain a mixture of relatively small 

diameter non-myelinated and myelinated fibres (Fidone & Sato, 1969), therefore it is 

difficult to selectively stimulate them electrically, although attempts have been made (De 

Groat & Lalley, 1974).

Baroreceptor Terminations. The central projections of the myelinated and 

non-myelinated fibres of carotid sinus are similar, being restricted to the ipsilateral NTS, 

most often in its lateral divisions rostral to the obex, and most densely in the dorsolateral and 

dorsomedial subdivisions, with some innervation of the ventrolateral and commissural NTS 

(Donoghue, Felder, Jordan & Spyer, 1984; Claps & Torrealba, 1988). Their projection 

patterns are identical to those of aortic bodies in the cat (Donoghue, Garcia, Jordan & Spyer, 

1982) with the exception that whilst myelinated aortic baroreceptors are shown to project 

bilaterally to include the contralateral commissural nuclei of the NTS, no such projection is 

seen for myelinated or non-myelinated fibres from the carotid sinus (Donoghue et al., 1984).
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In recordings from nTS neurones sinus nerve stimulation evokes responses vvith a 

latency compatible with a monosynaptic pathway in only 17% of neurones tested, additional 

polysynaptic connections have been shovm to the parahypoglossal area and the area of the 

nA (Lipski, McAllen & Spyer, 1975).

Chemoreceptor Terminations. Whilst all baroreceptor afferents appear to show a 

preference for the lateral aspect of the NTS, although not the ventral and ventrolateral 

portions, the chemoreceptors showed more extensive terminations in medial regions of the 

NTS, in contralateral as well as the commissural NTS. Donoghue et al. (1984) point out that 

even though the sample size was small (12), the results strongly suggest that the two receptor 

groups innervate distinctly different populations of NTS neurones. All the axons studied had 

conduction velocities attributed to non-myelinated fibres. Fidone & Sato (1969) have shovm 

that 66% of the fibres in the sinus nerve distal to the petrosal ganglion are non-myelinated, 

but the majority of the myelinated fibres had a chemoreceptor function. Therefore, the 

distribution so far might be a limited picture of the true distribution in the NTS (Spyer, 1990).

It is well knovm that stimulation of the peripheral chemoreceptors has marked short 

latency excitatory effects on inspiration when timed to occur in the inspiratory phase ( Black 

& Torrance, 1967,1971; Band, Cameron & Semple, 1970; Eldridge, 1976; Lipski, McAllen 

& Spyer, 1977). When the stimuli occur in expiration, expiratory activity maybe slightly 

enhanced, although the response had a much longer latency than the inspiratory response, 

which suggests a different pathway (Eldridge, 1976).

Intracellular recordings from inspiratory neurones in the VRG have failed to show 

any subthreshold change in membrane potential when chemoreceptors were stimulated 

(Mitchell & Herbert, 1974). Therefore, the site of action is in the NTS region which contains 

the only other group (DRG) of inspiratory neurones. However, there is still some debate as 

to how the chemoreceptor afferents influence the respiratory activity.

Investigations in the DRG have shown that both categories of inspiratory neurones, 

R„ and Rp are excited by chemoreceptor stimuli delivered to the carotid body during 

inspiration, but not during expiration (Lipski et al., 1977). It is not knovm whether the 

inspiratory neurones receive an input throughout the respiratory cycle, which becomes 

subliminal during expiration, or, they only receive an input during inspiration. Lipski et al. 

(1977) showed that when the R„ and Rp neurones were made to fire tonically during 

expiration by the ionotophoretic application of DLH, chemoreceptor stimuli were capable of 

inhibiting this activity. This and other evidence led to the conclusion (Lipski et al., 1977) that
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the inspiratory neurones in the DRG do not receive a direct chemoreceptor input, but that the 

response to chemoreceptor stimulation is due to an enhanced inspiratory drive.

While Lipski et al. (1977) were unable to show a direct excitatory action, Kirkwood, 

Nisimaru & Sears (1979) have used cross-correlation analysis to demonstrate a 

monosynaptic excitation of identified inspiratory bulbospinal neurones by single 

chemoreceptor afferents recorded in the petrosal ganglion. Several other studies have also 

shown a direct input to neurones in a similar region of the NTS, although these were not 

respiratory neurones (Lipski, McAllen & Trzebski, 1976; Izzo, Lin, Richter & Spyer, 1988; 

Mifflin, Spyer & Withington-Wray, 1988a). The chemoreceptor input to these putative 

intemeurones is not gated as no difference is seen in their excitatory responses during 

inspiration and expiration.

Intracellular recordings from inspiratory neurones in the DRG (Lipski & Voss, 1990) 

have been used to demonstrate that peripheral chemoreceptor activation causes excitation 

during inspiration, and inhibition during expiration, the latter is believed to be due to 

expiratory neurones in the Botzinger complex. These neurones are known to receive a short 

latency excitation to chemoreceptor stimulation (Lipski, Trzebski, Chodobska & Kruk, 

1984). Anatomical (Kalia et al., 1979; Smith, Morrison, Ellenberger, Otto & Feldman, 1989) 

and electrophysiological (Kubin & Lipski, 1980; Lipski & Merrill, 1980) studies have 

demonstrated axonal projections from the Botzinger group to the DRG. Also, intracellular 

recording and spike-triggered averaging has shown there are mono-synaptic inhibitory 

connections between the Botzinger neurones and inspiratory neurones in the DRG (Kubin 

& Lipski, 1980; Merrill, Lipski, Kubin & Fedorko, 1983).

nTS and nA connections. Neurones within the subnuclei of the NTS distribute 

baroreceptor and other signals to many different areas, including the Cl region in the 

medulla, which, in turn, projects to the intermediolateral cell column of the spinal cord 

controlling sympathetic outflow (Ross, Ruggiero & Reis, 1985).

The NTS also projects to the lower brainstem and the spinal cord. Anatomical studies 

in the cat with HRP and tracing (Loewy & Burton, 1978) indicate that the NTS projects 

to a number of sites including the medial and lateral parabrachial nuclei, Kolliker-Fuse 

nucleus, lateral periaqueductal grey matter, nA (retrofacial, ambiguus and retro-ambiguus), 

medial accessory olive, paramedian reticular formation and the lateral cuneate nucleus. 

Bilateral ventrolateral NTS - spinal connections were traced to the region of the phrenic 

motor neurones in the C4-C6 ventral horn. Descending ventrolateral NTS axonal projections
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to the contralateral T3-T5 segments show a mainly monosynaptic excitation of thoracic 

intercostal motoneurones (Lipski & Duffin, 1987).

The nA  receives inputs from many regions (see Loewy & Spyer, 1990 for review). 

However, on the basis of HRP retrograde labelling in the rat of electrophysiologically 

identified neurones in the rostral nA which show cardioinhibition, it appears that the greatest 

input is from the medial nucleus of the nTS (Stuesse & Fish, 1984). There are other inputs 

to the nA  jfrom the medial and lateral paraventricular nuclei, Kolliker-Fuse nucleus and the 

hypothalamus. The hypothalamic connection is particularly important as there is evidence 

that its stimulation has a direct inhibitory action on the vagal cardioinhibitory neurones in the 

nA, which is blocked by the ionotophoretic application of bicuculline, a GAB A antagonist 

(see below) (Jordan & Spyer, 1987; Spyer, 1989).

1.3.3 Vagal pre- ganglionic firing patterns

The cervical vagus of the cat contains some 30,000 myelinated and un-myelinated 

fibres, of which about 6,000 are efferent. All the large (>12pm 0 ) myelinated fibres are 

afferent and dominated by pulmonary stretch receptor fibres, while 40-50% of the smaller 

(<6pm 0 ) myelinated are efferent as determined by selective degeneration experiments 

(Agostoni, Chinnock, Daly & Murray, 1957). In the cat most of the cardiac efferent fibres 

are non-myelinated (Agostini et al., 1957).

Recordings from single vagal pre-ganglionic fibres in the cervical vagus reveal 

several different firing patterns in the dog which have been associated with 

bronchoconstrictors (Type II) (Widdicombe, 1966), recurrent laryngeal (Type III) and 

cardiac fibres (Type I) (Jewett, 1964). Type I fibres are thought to be cardio-inhibitory 

because a carotid sinus induced reflex increase in their activity is associated with slowing of 

the heart rate, while a decrease in baroreceptor input by carotid occlusion decreases their 

activity, the number of impulses in the preceding 2 -3s being positively related to the cardiac 

cycle length. Also, recordings from the cardiac branches of the vagus, which are thought only 

to contain vagal efferents, show the same Type I activity. All the fibres are modulated at the 

pulse frequency, but this is not always conspicuous or constant and often needs cardiac cycle 

histograms to reveal the modulation. Under optimum conditions the same pulse modulation 

is also seen in the cat (Kunze, 1972).

The normal firing rates of cardiac vagal motoneurones is quite low, normally under 

20 impulses/s (Katona, Poittras, Barnett & Terry, 1970). If BP is elevated then the firing rate
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increases (30-40Hz), (Jewett, 1964; Kunze, 1972). Jewett (1964) found that the shortest 

single fibre spike interval was 10 msec (100 impulses/s instantaneous frequency) following 

adrenaline hypertension and discharges up to 26 impulses/cardiac cycle, which corresponds 

to a firing rate of 120Hz, were obtained by Okada, Okamoto & Nisida (1961) in response to 

Ringer injected into the jugular vein.

When the mean BP is raised above about 180 mmHg most units lose their pulse 

modulation, and the efferent activity becomes continuous (cat: Kunze, 1972). Conversely, 

if BP is lower (140-150 mmHg) vagal fibres are silent in the cat (Kunze, 1972). McAllen & 

Spyer (1978a) found that only about 16% (10/64) of antidromically identified neurones were 

active in the chloralose anaesthetized cat, consistent with the general belief that the cat 

normally displays little vagal tone (Kunze, 1972; McAllen & Spyer, 1978a). In the 

morphine-chloralose anaesthetized dog sinus arrhythmia is very conspicuous, and 

cardiac-vagal efferent activity is marked during expiration (Jewett, 1964; Dong & Reitz, 

1970). Opiates are known to increase vagal tone (see later) and its use in the dog could 

account for the more marked vagal tone. But there is plenty of evidence of an increased vagal 

tone in the dog with other anaesthetic regimes (cf. Koizumi & Kollai, 1992; Gandevia, 

McCloskey & Potter, 1978). In some experiments morphine was only used as a 

pre-medication, which makes it unlikely it is still active at the time of recording, (see, Daly 

& Hazzeldine, 1963; Iriuchijima & Kumada, 1964; Levy & Zieske, 1969; Potter, 1981). 

Although opiates increase vagal tone and RSA, they are not a pre-requisite in the dog for 

vagal tone and there appears to be a genuine difference between the cat and other species.

The reflex increase in cardiac vagal activity in response to a rise in systemic BP was 

reduced after sectioning of the aortic depressor nerves, and a further graded decrease occurred 

after the sectioning of the carotid sinus nerves, so that no response was seen with complete 

buffer nerve denervation (Kunze, 1972).

The pulse related discharge occurs between 50-240ms after the systolic rise in BP 

(Jewett, 1964; Katona et al., 1970). However, Kunze (1972) found that the relationship 

between the arterial pressure pulse and the occurrence of the impulses was variable and 

depended on the length of the cardiac cycle. For example, if the cardiac cycle was >3 50ms 

discharges did not occur until the falling phase of the pressure pulse, and then continued for 

the rest of the cycle. If the cardiac cycle was <350ms the discharges were distributed 

throughout the cycle.

Electrical stimulation of the carotid sinus nerve increases cardiac vagal activity after
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a latency of 26-90ms (mean 60ms, Iriuchijima & Kumada, 1963; 51ms, Kunze, 1972).

Type I fibres (Jewett, 1964) are also modulated by respiration. During inspiration they 

either cease firing or have markedly reduced firing rates, causing the HR to increase (Jewett, 

1964; Katona et al., 1970). In hypocapnic apnoea tonic firing replaces the respiratory 

modulation of cardiac vagal efferents (Kunze, 1972).

Some firing in the cardiac vagal nerve can occur during inspiration (fig 2, Iriuchijima 

& Kumada, 1964; Jewett, 1964) or can be induced to fire during inspiration by the 

ionotophoretic application of DLH (McAllen & Spyer, 1978a).

Electrical stimulation of the carotid sinus nerve also stimulates the cardiovagal fibres 

but a marked inspiratory-phased inhibition still occurs. Nearly all the stimulated bursts of 

carotid sinus input are inhibited, although a few can get through in the inspiratory phase 

(Iriuchijima & Kumada, 1964) which indicates that although powerful the inhibition is not 

absolute.

Little attention has been paid to the actual pattern of vagal discharge during the 

expiratory phase of the respiratory cycle. Immediately following the end of inspiration a brief 

burst of cardiac vagal discharges might occur, and then silence until the end of the next 

inspiration (Iriuchijima & Kumada, 1964). But vagal firing can also continue throughout 

expiration, with single fibres showing a faster discharge rate in early expiration (phrenic 

silence), with gradual slowing during the course of expiration, finally to be inhibited during 

inspiration (Davidson, Goldner & McCloskey, 1976).

Two distinct firing patterns have been identified by Koizumi & Kollai, (1987). Type 

1 ; the vagal discharge appears immediately after the cessation of the phrenic discharge and 

exhibits a steady discharge throughout expiration. Expiratory nerve activity (internal 

intercostal T6) appears in a similar pattern as the vagal discharges (see also Koizumi, Terui 

& Kollai, 1983). This pattern matches the ‘classic’ description of the cardiovagal discharge. 

In the type 2 pattern, the respiratory activity was weaker, and post-inspiratory activity was 

seen in the phrenic discharge, during which little vagal activity occurred. As the phrenic 

discharge subsided, vagal activity increased, reaching a peak towards the end of expiration.

Koizumi & Kollai (1987) suggest that the Type 1 pattern, which is commonly 

observed, might reflect a slightly hypoxic brainstem circulation resulting from long 

experiments, and that the type 2 pattern is more representative of normal conditions. This is 

supported by the finding that the respiratory rates were higher than in the Type 2 pattern and 

the observation that the post-inspiratory discharge (see Richter, 1982), which is regarded as
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part of the ‘normal’ respiratory cycle, was missing. This was supported by experiments where 

the Pa0 2  was deliberately lowered, which tended to change the type 2 pattern into a type 1 

pattern.

Simultaneous recordings o f cardiac vagal and sympathetic efferents. Included in the 

above analyses (Koizumi et al., 1983; Koizumi & Kollai, 1987) were simultaneous 

recordings of cardiac postganglionic sympathetic fibres and cardiovagal preganglionic fibres. 

Sympathetic activity can occur during different phases of the respiratory cycle (see Gugenet 

& Koshiga, 1992 for review) according to species and target organ. In the cat, cardiac 

sympathetic nerve activity increases more or less in parallel with the amplitude and timing 

of the phrenic discharge (Kollai & Koizumi, 1981; Connelly & Wurster, 1985; McAllen,

1987). Detailed analysis reveals that the individual sympathetic fibres can show an increased 

firing preceding, or following (up to 200ms), the phrenic discharge (Preiss, Kirchner & 

Polosa, 1975). On the other hand Bainton, Richter, Seller, Ballantyne & Klein (1985) found 

that cardiac sympathetic activity in the cat was most active during peak phrenic discharge, 

with less activity during stage II expiration. This patterning of the cardiac sympathetic 

discharge corresponds to the type 1 pattern observed by Koizumi & Kollai (1987).

However, in the type 2 pattern of Koizumi & Kollai (1987), cardiac sympathetic 

discharges were less uniform showing either augmenting activity during expiration reaching 

a peak at end expiration (as for vagal efferents), or showing a second peak of activity during 

late inspiration which equalled or exceeded the one during expiration. HR was always 

significantly lower in the type 2 pattern and respiratory cycle length an integer multiple of 

cardiac cycle length. Hence, type 2 patterning appears to be the result of synchronization 

between respiration and the baroreceptor inputs at low respiratory and heart rates.

1.3.4 Gating o f Baroreceptor and Chemoreceptor inputs

It is well known that stimulation of the baroreceptors produces a prompt and marked 

bradycardia. It has little direct effect on respiration, and does not alter HR when timed to 

occur in inspiration, although when timed to occur in expiration there is a rapid and marked 

bradycardia (Koepchen, Lux & Wagner, 1961).

Chemoreceptor stimulation, like baroreceptor stimulation, has no effect on HR during 

inspiration but causes a marked bradycardia in expiration. There appears to be no relationship 

between the heart rate response and the timing of the stimuli within the expiratory phase 

(Haymet & McCloskey, 1975). The expiratory gating of the baroreceptor and chemoreceptor
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inputs still persists in the paralysed animal providing there is evidence of respiratory rhythm 

generation (phrenic nerve- Davidson et al., 1976). This indicates that the action of central 

inspiratory neurones is sufficient to impose the gating of the chemoreceptor and baroreceptor 

reflexes. The reflex response is abolished or markedly reduced by atropine but persists in 

cardiac vagal efferents after bilateral cervical vagotomy (Davidson et al., 1976) or lung 

denervation (Haymet & McCloskey, 1975; Gandevia, McCloskey & Potter, 1978).

If artificial ventilation is temporarily stopped in the paralysed animal, the central 

respiratory gating of the chemoreceptor and baroreceptor reflex continues in the absence of 

lung movement and a decrease in lung volume. If chemoreceptor or baroreceptor stimuli are 

timed to occur during rapid expansion of the lungs, in the absence of any phrenic discharge, 

no changes in heart rate are seen (Gandevia et al., 1978). When the lungs were inflated 

slowly, chemoreceptor and baroreceptor stimuli continued to cause a bradycardia. The 

effectiveness of both stimuli was clearly inversely related to the rate of airflow into the lungs. 

If the lungs were held inflated at the end of a rapid inflation a graded response to 

chemoreceptor and baroreceptor inputs was seen which depended on the delay between the 

peak of the inflation and the time of the stimuli. As this delay increased, a greater bradycardia 

was seen. When the lungs were allowed to deflate both stimuli caused a marked bradycardia 

(Gandevia et al., 1978). Therefore, it is clear that the effectiveness of the baroreceptor and 

chemoreceptor afferents in slowing the heart is affected by the dynamics of lung inflation. 

The lung receptors responsible should respond to inflation of the lung, with a sensitivity to 

the rate of inflation, show a significant degree of adaption during maintained lung volume 

and to have no output during lung deflation. The pulmonary stretch receptors would best fit 

these requirements (Paintal, 1973).

In the dog, and much less so in the cat, there are bursts of cardiac vagal activity 

occurring in the expiratory phase which causes slowing of the heart (vagal tone, see above). 

The chemoreceptor and baroreceptor stimulation evoked reflexes described above add to this 

slowing.

Potter (1981) has also shown that baroreceptor and chemoreceptors stimuli increases 

the activity of identified cardiac vagal efferent fibres, but only during the expiratory phase 

and when the lungs are motionless. The increased cardiomotor activity outlasted the stimulus 

by 1 -3s. If stimuli were given during inspiration but with the lungs motionless, there was no 

increase in cardiomotor discharge, however, background vagal discharges were inhibited 

during the inspiratory phase. Similarly lung inflation inhibited the reflex discharge of the
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cardiomotor fibres during expiration, but did not significantly alter the background tonic 

vagal discharge. Only when vagal tone was high, was it inhibited by lung inflation in the 

expiratory phase.

These results suggest that the mechanism which completely blocks tonic vagal 

activity is not the same as the mechanism active during rapid lung inflation, and the action 

of lung inflation occurs somewhere before the cardiovagal motoneurones.

Jordan & Spyer (1979) found no evidence for an increase excitability of CSN primary 

afferent fibres during the respiratory cycle, therefore, presynaptic inhibition was not 

considered to be the mechanism responsible for respiratory modulation of the chemoreceptor 

input. Recent studies by Mifflin (1993) support these findings, who concluded that there is 

no evidence for pre- or post-synaptic inhibition on NTS neurones. These results are similar 

to those findings on baroreceptor inputs to the NTS where there was no evidence of 

post-synaptic ‘gating’ by lung inflation, Mifflin et al., (1988a).

Daly, Ward & Wood (1986) demonstrated that the increase in hindlimb resistance 

evoked by baroreceptor unloading was caused by an increase in sympathetic activity, and was 

not affected by lung inflation. However, chemoreceptor evoked increases in vascular 

resistance were attenuated by lung inflation. As lung stretch afferents inhibit both vagal and 

sympathetic components of the chemoreflex, the inhibition could occur at an earlier stage in 

the chemoreceptor pathway than in the baroreceptor pathway, that is before the vagal and 

sympathetic limbs diverge. Mifflin (1993) was unable to find any evidence for the 

modulation of chemoreceptor inputs by lung afferents early in the pathway. This could be due 

simply to the modulated cells being located at a remote site in the NTS, or modulation occurs 

at some unknown point in the pathway (Potter 1981).

Hyperventilation can be used to produce expiratory apnoeas. Haymet & McCloskey 

(1975) found that during the early part of an apnoea chemoreceptor or baroreceptor stimuli 

were less effective in producing a bradycardia, but later as the chemical stimuli built up the 

bradycardia to the stimuli gradually increased. They also found during longer periods (period 

not stated) of artificial ventilation that baroreceptor and chemoreceptor stimuli were usually 

ineffective regardless of the state of lung inflation. Only when ventilation was adjusted so 

that occasional spontaneous breaths were seen did the stimuli slow the heart, and then only 

when timed for the expiratory phase.

Presynaptic modification. There is some evidence (Jordan & Spyer, 1986; Spyer, 

1990 for review) for the presynaptic modification of synaptic transmission by superior
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laryngeal afferents (Rudomin, 1967) and mediated by SARs (Barillot, 1970) which in turn 

can be modified by conditioning stimuli in the NTS. Jordan & Spyer (1979) have shown that 

after stimulation of the hypothalamic defence area (HD A) glossopharyngeal inputs have an 

increased effectiveness, but no presynaptic modification of sinus inputs was found (Jordan 

& Spyer, 1979). Richter, Jordan, Ballantyne, Meesmann & Spyer (1986) have confirmed that 

this is a property of SAR and SLR afferents, but they were unable to demonstrate any 

presynaptic modulation by respiration of identified aortic baroreceptor afferent terminals.

Similarly, arterial chemoreceptors have been investigated and like the baroreceptors 

show no evidence of presynaptic modification of their inputs, which could explain the gating 

of the inputs by respiration (Mifflin, 1993).

Postsynaptic modification. In order to establish whether the NTS is simply a relay 

system to the brainstem or whether it performs a more active role in modifying and 

combining inputs to form an integrated output, postsynaptic interactions of the NTS neurones 

have been studied (see Jordan & Spyer, (1986) for review). This has led to mixed results, 

some authors finding that most interactions occur outside the NTS (Biscoe & Sampson, 

1970). Convergence of CSN and ADN inputs on neurones outside the NTS has been shown, 

but also significant numbers within the NTS (Hildebrandt, 1974; Ciriello & Calaresu, 1980b, 

1981, see Kidd, 1987 for review).

The number of NTS neurones showing convergence from CSN and X* nerve 

stimulation in the dog is also very small (Kidd, 1979) but in the cat greater numbers are seen 

(Donoghue, Fox, Kidd & Koley 1981; Donoghue, Fox, Kidd & McWilliam, 1981; Bennett, 

Goodchild, Kidd & McWilliam, 1981) although neurones activated by non-myelinated 

cardiac afferent fibres were not found in the NA. However, these experiments relied upon 

extracellular recording techniques which, as Jordan & Spyer (1986) point out, would reveal 

only suprathreshold interactions and would require careful interpretation. More recent work 

using intracellular recording has examined neurones in the NTS receiving baroreceptive 

inputs for postsynaptic influences. Mifflin et al., (1988a) found that individual neurones 

could show three distinct patterns of postsynaptic response, EPSP, an EPSP-IPSP sequence 

or an IPSP to carotid sinus stimulation by balloon inflation. Also, a variety of responses was 

seen in these neurones to SEN, Aortic nerve and vagal stimulation. Thus, there is clear 

evidence of convergence of inputs in the NTS, indicating that it is an important area for the 

integration of inputs which have a baroreflex effect.

Although many baroreceptive neurones have been recorded over a wide area of the
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nTS, it is surprising how few show a pulsatile discharge. Sinus nerve recordings clearly show 

a pulsatile discharge and the primary output from both parasympathetic and sympathetic 

cardiomotor neurones show a clear pulse related rhythm, which is known to originate from 

these inputs. Several mechanisms might account for this apparent ‘local’ smoothing of the 

pulse related activity (see Spyer, 1981 and Jordan & Spyer, 1986 for discussion) but this 

paucity of baroreceptive neurones with pulse activity is not understood.

Mifflin et al (1988a) were unable to find any evidence that the SN, AN and Vagus 

nerve evoked postsynaptic potentials in the NTS neurones were modified by lung inflation 

or by timing of the stimuli in the respiratory cycle. This included all the neurones studied, 

some of which might have had chemoreceptor inputs. Thus, the observation in the dog made 

by Potter (1981) that lung stretch receptors modified the baroreceptor control of cardiac vagal 

efferents, whilst failing to modify the tonic discharge of vagal cardiomotor neurones, makes 

it more likely that the lung afferent modification of baroreceptor input is after the NTS.

1.3.5 Modulation o f cardiovagal motoneurones in the nA

In previous sections it has been established that RSA is almost completely due to the 

vagal innervation of the heart and that in the cat the relevant motoneurones are located 

primarily in the nA. Thus the baroreceptor - NTS - nA vagus forms the baroreflex loop, 

producing a primary bradycardia in consequence of a blood pressure increase.

Furthermore, it is reasonably clear that ‘gating’ of the cardiovagal motoneurone 

(CVM) output during the respiratory cycle does not take place within the NTS, even though 

there are inspiratory related neurones in close proximity. There also remains the un-resolved 

issue of where the lung stretch reflex inputs modify the baroreflex input. There is little 

evidence that this occurs in the NTS, although the hypothalamic defence response has a 

marked inhibitory effect in the NTS (see later).

These results have led to the conclusion that respiratory gating of the baroreflex and 

other inputs takes place later in the pathway and at least in cat at the site of the CVMs in the 

nA.

Cardiac efferents. The small branches of the vagus in the cat coursing towards the 

heart and lung have been found to contain axons with conduction velocities in the B-fibre 

range (McAllen & Spyer, 1976,1978a; Ciriello & Calaresu, 1980a) and rabbit (Jordan et al., 

1982). McAllen & Spyer (1976) have identified several cardiac branches in the cat arising 

near the azygos vein, which slow the heart when stimulated. Small filaments of these nerves
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were observed projecting towards the lung which were identified as pulmonary branches. The 

major pulmonary branches could be identified caudal to the azygos vein. Stimulation of the 

pulmonary branches increases respiratory resistance. Discharges from the pulmonary branch 

show a spontaneous firing pattern in phase with inspiration, without any pulse modulation 

or increase in firing upon carotid occlusion.

Some neurones within the cardiac branch have these properties and are also 

considered to be bronchomotor. The pulmonary group appear to be more rostral and dorsal 

than the cardioinhibitory neurones in the nA (McAllen & Spyer, 1978a). An increase in 

oesophageal contraction was seen when the pulmonary branches were stimulated but not 

when the cardiac branches were stimulated.

With the expected low vagal tone in the cat it is not surprising that most of the CVMs 

are silent. However, these could be activated by the iontophoresis of L-glutamic acid or DLH 

(McAllen & Spyer, 1978a), with the majority showing a pulse modulation which could be 

abolished when the baroreceptor input was removed by denervation or carotid occlusion 

(McAllen & Spyer, 1978a; Kunze, 1982).

The ionotophoretic application of DLH produces a small but reproducible fall in heart 

rate. McAllen & Spyer (1978a) suggest that DLH is capable of exciting a single CVM, which 

in turn is capable of producing a measurable slowing of the heart. Therefore, even though the 

numbers of CVMs in the nA is low, the ‘gain’ of each one is sufficient to produce a slowing 

of the heart.

Baroreceptor input has a very marked effect on CVM activity and is responsible for 

the pulse related modulation. Bilateral reduction of the baroreceptor input by carotid 

occlusion (aortic baroreceptors denervated) removed any pulse modulated activity on the 

CVM (McAllen & Spyer, 1978b). Some pulse activity is seen if either the contralateral or 

ipsilateral carotid sinus is left open, indicating the CVMs possibly receive a bilateral input. 

Aortic baroreceptor input on its own only produces a small degree of cardiac modulation. 

Also, when the central delay was measured after natural stimulation of the baroreceptors it 

had two ranges of conduction delay indicating the possible existence of two pathways 

between the NTS and nA (McAllen & Spyer, 1978b).

When the dose of DLH is increased the CVMs can be made to discharge during 

inspiration as well as expiration with the same pulse modulated pattern. This indicates the 

baroreceptor input is being inhibited during inspiration. Thus, a large part of the respiratory 

‘gating’ of the baroreflex probably occurs at the CVM membrane (McAllen & Spyer, 1978b),
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although other mechanisms which have a minor influence cannot be ruled out.

The modulation of the baroreflex by respiration and its manifestation as RS A clearly 

indicates a strong effect of respiration on the CVMs in the nA. But, is this due to the 

inspiratory neurones inhibiting a tonic but pulse modulated input, or an active depolarisation 

of the CVM by the expiratory related respiratory neurones, or some combination of these?

Intracellular recording from the CVM shows rhythmic depolarising synaptic 

potentials occurring at the heart rate but delayed by 110ms to 120 ms from the blood pressure 

wave. This is consistent with the baroreceptor input to the CVMs (Gilbey, Jordan, Richter 

& Spyer, 1984). The pulse related e.p.s.ps were themselves modulated by a changing 

membrane potential at the respiratory rate. The maximum values of membrane potential were 

reached during the inspiratory phase.

Action potentials were seen at the onset of expiration. And then there was a variable 

degree of repolarization, with the discharges decreasing or stopping. Often a further period 

of depolarization occurred during stage II expiration which peaked shortly before the next 

inspiration.

During inspiration the membrane was repolarized. This was due to a 

chloride-dependent wave of i.p.s.p.s. as the injection of chloride ions (negative current) 

reversed the repolarization changing it into a depolarization. The i.p.s.p.s steadily increased 

during inspiration and ended abruptly at the start of expiration. However, the e.p.s.ps from 

the baroreceptor input were not completely absent during the inspiratory phase, although they 

are almost completely attenuated in the latter part of inspiration.

Therefore, it can be seen that the CVMs have an important role in the baroreflex. 

They receive a very powerful and pulse synchronized input from the arterial baroreceptors. 

This input appears always to be present (with adequate blood pressure) so that with sufficient 

DLH induced depolarisation of the membrane, a pulse modulated CVM output can occur 

even during inspiration. Second, the application of atropine blocks the inspiratory related 

inhibition of the CVM output which is consistent with evidence that Ach inhibits CVMs (see 

below).

nA Pharmacology. The pharmacology of the nA has been recently reviewed (see 

Loewy & Spyer, 1990). Large doses of atropine always show a dominant peripheral 

parasympathetic blockade of the heart which obscures a bradycardia due to a small central 

effect of atropine.

Neurones activated by DLH can be inhibited by the ionotophoretic application of
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Acetylcholine (Ach), which in turn can be antagonized by atropine. When atropine is applied 

on its own there is increased neuronal firing and discharges occur during the inspiratory 

phase (Garcia, Jordan & Spyer, 1978; Gilbey et al., 1984). This helps to explain earlier 

observations on the central action of atropine, which showed small doses given intravenously 

could paradoxically produce a bradycardia (Katona, Lipson & Dauchot, 1977). This also 

occurs in man (Raczkowska, Eckberg & Ebert, 1983), and an increase in RSA is seen with 

a corresponding increase in the heart rate power spectrum at the respiratory frequency 

(Weise, Baltrusch & Heydenreich, 1989).

Katona et al. (1977) showed that small doses of atropine (O.OOBmg to 1.5mg) 

significantly increased cardiac vagal efferent activity (cervical vagus) in the spontaneously 

breathing dog. This increase was not abolished by vagotomy as long as the animal was 

breathing spontaneously. When the animals were hyperventilated so that spontaneous 

respiration stopped, (Type III experiment) the central stimulating effects of atropine were 

abolished. Therefore, in the absence of a central respiratory inhibition of the CVMs atropine 

has little effect.

HYPOTHALAMIC 
DEFENCE AREA

GABAGABA

ACh
NTS

N u c le u s  CVM 
A m b ig u u s

Lung Inflation
R e s p ir a to r y

M usc les
Heart

Baroreceptor
afferent

Figure 1.3.1 Illustrates the pharmacological properties of cardiovagal motoneurone (CVM) 

by inspiratory neurones (INSP) and the hypothalamic defence area. Open circles are 

inhibitory inputs. GABA, y aminobutyric acid; NTS, nucleus tractus solitarius; ACh, 

acetycholine. Redrawn from Spyer (1989).

GABA. There is evidence for a tonic y-aminobutyric acid (GABA)-mediated
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inhibitory input to the CVMs, which is antagonized by the ionotophoretic application of 

bicuculline (Gilbey, Jordan, Spyer & Wood, 1985) but does not affect Ach inhibition of the 

CVMs. Microinjection of bicuculline into the nA produces a marked, dose related depression 

of the heart rate and blood pressure in the cat (DiMicco, Gale, Hamilton & Gillis, 1979).

The main inputs to the CVMs and their pharmacological properties are summarised 

in Fig. 1.3.1 above, redrawn from Spyer (1989).

5-HTia (8-OH-DP AT) also causes vagally mediated bradycardias when 

microinjected into the nA of the cat. And immunocytochemistry reveals 5-HT- 

immunoreactive boutons in contact with retrogradely labelled CVMs (Izzo, Jordan & 

Ramage, 1988). Therefore, it seems likely that serotonergic pathways are involved in the 

excitatory control of CVMs, operating in a similar way to the sympathoexcitation which also 

occurs with 5-HT (Ramage, Shepheard, Jordan & Koss, 1993).

Hypothalamic Defence Area responses. The NTS receives descending inputs from a 

number of CNS structures, many of which produce cardiovascular changes including the 

cerebral cortex, amygdala and hypothalamus. Stimulation in the HDA usually produces an 

increase in muscle blood flow, increased respiratory rate and tachycardia. Stimulation of a 

particular area of the hypothalamus has repeatedly shown to inhibit the bradycardia produced 

by chemoreceptor stimulation (Thomas & Calaresu, 1973), baroreceptor stimulation (Lopes 

& Palmer, 1978; Humphreys, Joels & McAllen, 1971) and by electrical stimulation of the 

sinus nerve or by noradrenaline (Gebber & Snyder, 1970). Mifflin, Spyer & 

Withington- Wray (1988b) have shown that stimulation of the HDA was very specific in 

producing inhibition of baroreceptive units in the NTS. All NTS units shown to receive an 

excitatory input from the carotid sinus baroreceptors were inhibited. Intracellular recordings 

from NTS neurones revealed that the HDA stimulation evoked a long lasting, cl -dependent, 

postsynaptic hyperpolarization which was unaffected by the timing of the stimulation in the 

respiratory cycle. HDA stimulation was seen to inhibit all cells found to receive an input 

from the carotid sinus baroreceptors. Thus, producing a very specific shutting off of the 

baroreceptor input. Other neurones excited by sinus nerve stimulation and receiving input 

from the hypothalamus were also seen, but these were never excited by increases in 

intra-sinusal pressure so the relevant inputs were attributed to chemoreceptor afferents 

(Mifflin et al., 1988b).

nTS tonic inhibition. Potentiation of baroreceptor reflexes by the iontophoresis of 

bicuculline suggests that the NTS receives tonic inhibitory inputs mediated by GABA
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(Bennett, Ford, Kidd & McWilliam, 1984b; Bennett, McWilliam & Shepheard, 1985; 

Bennett & Kidd, 1985; McWilliam, 1987). Subsequent, work has shown that the 

iontophoretic application of GABA reduced or inhibited the neuronal discharge, which could 

be partly or totally restored by the application of the GABA agonist bicuculline (Jordan, 

Mifflin & Spyer, 1988). Also, both ongoing or evoked activities were often enhanced by 

bicuculline, suggesting that spontaneously active GAB Anergic neurones within the NTS 

provide a basal level of inhibitory tone within the NTS.

Glycine was also demonstrated to have inhibitory effects by the application of 

strychnine, but strychnine alone had no effect on ongoing or evoked discharges or GABA- 

or HDA-evoked inhibitions (Jordan et al., 1988).

Stimulation within the HDA of the cat has an inhibitory effect on CVMs for up to 200 

ms following a single shock. Also, the excitatory response of vagal neurones to aortic nerve 

stimulation was suppressed by a conditioning stimulus delivered to the hypothalamus 

(Jordan, Khalid, Schneiderman & Spyer, 1980). This inhibitory effect was not blocked by 

atropine unlike the respiratory phased inhibition, which suggests that there are two distinct 

inhibitory influences on the CVMs.

1.3.6 Cardiovascular Reflexes

Chemoreceptors of the carotid and aortic bodies are stimulated by a rise in P^COz, a 

fall in Pa02 or arterial pH, and also by haemorrhage and increased sympathetic output (for 

review see Biscoe (1971)). They not only act as sensors and drive for the respiratory system, 

but have profound effects on the cardiovascular system.

Stimulation of the carotid bodies by hypoxic blood from a donor animal (cross 

perfusion experiments) or with chemical agents invariably cause an increase in ventilation 

in the spontaneously breathing animal, but changes in heart rate, cardiac output and 

peripheral resistance are often difficult to predict (Daly, 1986). In the dog the HR may 

increase, decrease or remain the same (Day & Scott, 1958), the most common response being 

tachycardia, an increased cardiac output and a reduction in the total peripheral resistance 

(Daly & Scott, 1963). Brief stimulation of the carotid bodies with cyanide causes an initial 

bradycardia, followed by a tachycardia and a reduction in cardiac output (Daly & Scott, 

1962).

In contrast, stimulation of the carotid body with hypoxic blood in the spontaneously 

breathing cat cross perfusion experiments also increases ventilation, but gives a variable HR
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response, although, a bradycardia occurs most commonly (MacLeod & Scott, 1964).

When ventilation is held constant carotid body stimulation in the dog invariably 

causes bradycardia (Daly & Scott (1958,1962), and vasoconstriction (Daly & Ungar, 1966; 

Angell-James & Daly, 1969; Hainsworth, Karim, McGregor & Wood, 1983). The 

bradycardia is reduced or abolished by atropine, or by cervical vagotomy (Daly & Scott, 

1958).

This counteracts the response seen in the spontaneously breathing dog where there 

is a close relationship between the size of increase in pulmonary ventilation and the direction 

of the change in HR, tachycardia being associated with the larger changes in ventilation, 

bradycardia with small changes (Daly & Scott, 1958). This relationship is also seen in the 

spontaneously breathing cat (MacLeod & Scott, 1964).

In the ventilated cat (MacLeod & Scott, 1964) and seal (Eisner, Angell-James, Daly, 

1977) the heart slows when the carotid bodies are stimulated.

Hypoxia. Systemic hypoxic stimulation with gases of low Oj content invariably 

causes an increase in pulmonary ventilation, but variable cardiovascular responses (see 

Coleridge & Coleridge, 1979 for review). Changes in heart rate, cardiac output and peripheral 

resistance are difficult to predict (see Daly, Wood & Ward, 1987). In several species 

including man systemic hypoxia initially causes hyperventilation, tachycardia and a reduction 

in peripheral resistance. Severe systemic hypoxia in ventilated animals tends to cause 

bradycardia, and an increased peripheral resistance (dog: Daly & Scott, 1964) and severe 

cardiac failure (dog: Cross, Rieben, Barron & Salisbury, 1963). In mild hypoxia a 

tachycardia, increased cardiac output and variable changes in BP are seen (dog: Daly & Scott, 

1964; rat: Marshall & Metcalfe, 1988).

If during systemic hypoxia (which causes a tachycardia) the carotid body is 

independently perfused with normoxic blood, a further tachycardia occurs and a reduction 

in ventilation rate (Daly & Scott, 1959). Restoration of the hypoxic blood to the carotid body 

causes the heart to slow. Similarly, in un-anaesthetized (Kontos, Levasseur, Richardson, 

Mauck & Patterson, 1967) and anaesthetized dogs (Penna, Soma & Aviado, 1962) 

denervation of the carotid and aortic chemoreceptors does not change the responses to 

hypoxia, although there is a reduction in the control level of cardiac output. Also, CNS 

perfusion with hypoxic blood shows a marked increase in HR, cardiac output and peripheral 

vascular resistance. Thus, the carotid bodies do not appear to participate in this response, and 

systemic hypoxia does not have the same effect as carotid chemoreceptor stimulation by
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hypoxic blood which causes a primary bradycardia (see above).

In humans the tachycardia of hypoxia cannot be accounted for by changes in BP or 

ventilation (Bristow, Brown, Cunningham, Goode, Howson & Sleight, 1971). Moderate 

hypoxia (“90% O2 saturation, measured by oximetry) reduced the magnitude of the RSA, 

however, it did not alter the baroreflex responsiveness (Eckberg, Bastow & Scruby, 1982).

Hypercapnia. Inhalation of small concentrations of CO2 causes a rapid increase in 

pulmonary ventilation, tachycardia, increased cardiac output and peripheral vasodilatation 

in man (Richardson, Wasserman & Paterson, 1961; Bristow et al., 1971).

In the dog, where ventilation can be controlled, the general pattern to a very high 

PaC02 (10%) is a moderate bradycardia, decreased cardiac output, and increased BP and 

vasoconstriction (Wendling, Eckstein & Abboud, 1967). After ganglion blockade with 

hexaméthonium, there is peripheral vasodilation, decreased BP and HR, and increased 

cardiac output in response to increased PaC02. This change in peripheral response from 

vasoconstriction to vasodilation under hexaméthonium suggests that the direct vasodilator 

effect of CO2 is masked by an increased sympathetic vasoconstrictor tone, so when the 

sympathetic output is blocked by hexaméthonium the peripheral action of CO2 is revealed.

Severe hypercapnia (15% and 30% CO2 in O2) for short periods (lOmins) decreases 

BP and HR (Manley, Nash & Woodbury, 1964). BP decreases over the first two minutes and 

then increases towards the control levels. The results suggest there is an elevation in plasma 

catecholamine concentration which increases the systemic BP.

Hypercapnia in man appears to reset the baroreflex control of HR, causing a 

tachycardia, especially if combined with hypoxia. The baroreflex sensitivity (A 

pulse-interval / A BP) shows no consistent change (Bristow et al., 1971). If the effects of 

increased PaC0 2  and ventilation are dissociated by voluntarily holding ventilation constant, 

the tachycardia persists in most subjects, but the reflex sensitivity is reduced (Bristow, 

Brown, Cunningham, Howson, Lee, Pickering & Sleight, 1974). Therefore, changes in 

baroreflex setting and sensitivity may vary independently in response to PaC0 2  and to 

changes in ventilation.

Stimulation of the intracranial, carotid and aortic chemoreceptors has different effects 

on the inotropic response of the heart. A negative inotropic response (i dP/dt^aJ is seen with 

stimulation of the carotid chemoreceptors (DeGeest, Levy & Zieske, 1965a; Hainsworth, 

Karim & Sofola, 1979) and an increase in the ionotropic response (Karim, Hainsworth, 

Sofola & Wood, 1980), and vascular resistance (Daly & Ungar, 1966) is seen in response to

56



aortic chemoreceptor stimulation.

If cephalic CO2 is held constant by a dual disc oxygenator system which separately 

perfuse the cephalic circulation, a graded increase in HR and an increased inotropic response 

is seen with increasing CO2 concentration (Downing, Mitchell & Wallace, 1963; DeGeest, 

Levy & Zieske, 1965b), this response being virtually abolished after sectioning the left 

cardiac sympathetic nerves (Hainsworth, McGregor, Rankin & Soladoye, 1984).

According to Hainsworth, Rankin & Soladoye (1985) stimulation of carotid 

chemoreceptors by venous blood at all values of cephalic P^C0 2  always results in a decrease 

in dP/dtmax Any increase in cephalic PaC02 whilst the chemoreceptor input is held steady 

results in an increase in dP/dt^ax and the response to chemoreceptor stimulation is also 

enhanced. Therefore, the two mechanisms are believed to interact to modify the ‘gain’ of the 

carotid sinus reflex. If the carotid, cephalic and body circulations were all separated, 

stimulation of the carotid chemoreceptors by venous blood decreased the inotropic effect on 

the heart, but arterial blood perfusion increased the inotropic response.

Therefore the results show that an increase to cephalic PCO2 and stimulation of 

carotid chemoreceptors results in opposite responses of the cardiac inotropic state. The 

inotropic responses to chemoreceptor stimulation were enhanced when there was an 

increased cephalic PCO2. But, the inotropic responses to cephalic hypercapnia, but not to 

hypocapnia, were suppressed by chemoreceptor stimulation.

These experiments were all carried out in the ventilated, paralysed animal, but with 

no measurement of the central state of respiration. It is therefore difficult to differentiate 

these responses from the primary response to increased cephalic/carotid CO2 on respiratory 

rhythm generation which affects both vagal and sympathetic control of the heart (cf. Anrep, 

Pascual & Rossler, 1936a,b).

Hypocapnia. Hyperventilation has two principle effects. First, it changes the 

mechanical state of a preparation, especially the lung afferent inputs. Second, it induces 

hypocapnia unless CO2 is added to the inspired gases.

Increasing the lung volume under conditions where the P^C02, PaÛ2 and pH are held 

constant causes a decrease in systemic BP, which is blocked by hexaméthonium but 

unaffected by atropine (Daly, Hazzeldine & Ungar, 1967; Daly & Robinson, 1968). The 

magnitude of this systemic vasodilator response varies directly with the tidal volume and the 

vasodilator responses are abolished when the pulmonary branches of the vagus are cut.

If PaC02 is not held constant (eg. 38.8mmHg \ 25.1mmHg) during hyperventilation
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(increasing pump stroke volume) a significant decrease in cardiac output and mean BP is 

seen, and an increase in the systemic vascular resistance (dog: Kontos, Mauck, Richardson 

& Patterson, 1965). However, if hypocapnia was induced by changing the inspired gas 

content, ie. with no mechanical change, no significant change is seen in systemic vascular 

resistance, cardiac output or mean BP. Heart rate was not shown in these papers.

When a limb is isolated and perfused at constant flow allowing P^COz, PaOz and pH 

to be held constant, lowering systemic PjCOj reduces the perfusion pressure indicating a 

decrease in vascular resistance. This response is abolished by sectioning the spinal cord (T5) 

(cat: Lioy, Hanna & Polosa, 1978a), and the same decrease in vascular resistance persists in 

the peripheral chemoreceptor deafferented cat, but is abolished when central chemoreceptors 

are blocked by cooling (Hanna, Lioy & Polosa (1978b). Therefore, low CO2 decreases 

sympathetic tone independently of any reduction in peripheral chemoreceptor input. 

Furthermore, this happens in spite of the local vasoconstriction due to low PaC02 (see 

Somlyo & Somlyo, 1970).

Hanna et al. (1979) also showed an increase in HR when the PaC02 is reduced (Fig 

1), which is blocked by cooling the medullary chemosensitive areas.

In chemoreceptor and baroreceptor denervated cats Trzebski & Kubin (1981) have 

shown that renal, cervical and splanchnic sympathetic activity can increase as PaC0 2  is 

increased during hypocapnic apnoea. The onset of this pressor response was lower than the 

CO2 threshold for respiratory rhythm generation which suggests that the neuronal pool 

responsible for the sympathetic activity is different from the one involved in respiratory 

rhythm generation. Similar results were obtained in the rat and the central chemoreceptor 

sites isolated to the ponto-medullary region (Lioy & Trzebski, 1984).

Direct recording from the cardiac sympathetic and cardiac vagal nerves reveals that 

both arms of the autonomic control of the heart show a decreased discharge during 

hypocapnia, which can be titrated against PaC02 (Kollai & Koizuimi, 1979).

Reciprocal and Non-reciprocal reflex responses. For decades the study of the 

autonomic nervous system was dominated by the concept of balanced mass action of the two 

autonomic arms. If vagal activity increases it was not unreasonable that there should be a 

corresponding reciprocal action in the sympathetic arm, and vice versa, thus the traditional 

concept of innervation of the heart was fulfilled (McDonald, 1980).

As previously discussed, sympathetic preganglionic neurones are more likely to fire 

during inspiration with a graded increase, while cardiovagal motoneurones discharge during
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expiration with a more or less steady pattern. When the vagal cardiac and sympathetic cardiac 

nerves are recorded from simultaneously the rhythms of respiration and arterial (previously 

described) pulse are clearly seen in their true relationships to each other. If spontaneous 

activity is recorded from the right cardiac sympathetic nerve, and from a few branches of the 

cardiac vagus (assumed to be representative) then linear relationships are seen between the 

net activities in these nerves and pulse interval (Koizumi, Terui & Kollai, 1985). Figure 1.3.2 

shows these results (Fig 1). The slope of the vagal arm is greater than for the sympathetic 

arm, which further illustrates the finding that the gain of the vagal control of the heart is 

greater than that of the sympathetic.

An increase in pressure of the isolated carotid sinus increases vagal activity, and 

decreases sympathetic activity (Kollai & Koizumi, 1979). This may occur after a step 

increase in blood pressure or in the steady state. Kollai & Koizumi (1989) found that the 

‘sinus pressure vs reflex gain’ relationships revealed greater gain and rate of change in the 

vagal than in the sympathetic arm, but the threshold sinus pressure was similar in both. This 

is the classic reciprocal response of the ‘Baroreflex’.

On the other hand chemoreceptor stimulation (NaCN) can evoke a non-reciprocal 

response from the cardiac efferents, with marked co-activation of the vagus and sympathetic 

nerves (Kollai & Koizumi, 1979). The HR generally falls in the dog because the chronotropic 

action of the vagus is very strong (Jewett, 1964; Koizuimi & Kollai, 1979). If blood pressure 

increases the baroreceptors are secondarily activated and a reciprocal pattern rapidly follows, 

with a marked decrease in sympathetic activity.

Steady state steps in FetC02 induced by hypoventilation, from 4.4% to 5% also 

increases vagal and sympathetic activity, decreases HR and increases RSA (Kollai & 

Koizumi, 1979). Vagal firing still occurs between phrenic discharges, and the sympathetic 

bursts still coincide with the phrenic bursts. Decreasing to 4% reduced the vagal

activity, which lost its regular rhythm, although when it occurred it still fell in the expiratory 

phase. Sympathetic activity also decreased, HR increased and RSA decreased.

Figure 1.3.3 (Redrawn from Kollai & Koizumi, 1979) shows a graph of peak vagus 

and sympathetic discharges in the anaesthetized dog at different levels of 7^^002 obtained 

by altering the ventilation volume. It shows the change in magnitude of the vagal drive to the 

heart is much steeper than the sympathetic. A significant increase in sympathetic activity 

only occurs at higher levels of FetC02 (4.8%). Thus, as with the electrical stimulation 

experiments done by Levy (Levy, 1977) the vagal and sympathetic drives have response
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curves which are very different, which means that a small change in one arm of the neural 

drive can have a small or large effect on heart rate, depending upon the prevailing drive in 

the other autonomic arm. The frequency response of the parasympathetic arm is very fast, 

whereas the sympathetic drive has a comparatively low frequency response (see Appendix 

3), therefore, the HR response to any change in the neural drives may show an initial 

instability as the drives equilibrate.

In the above experiments phrenic activity was always present as evidence of central 

respiratory rhythm generation, even though there was a mild hypocapnia. The shape of the 

vagal and sympathetic activity response curves in the absence of rhythm generation and at 

lower levels of F^jCOj is unknown.

Increasing Pa02 (90mmHg to lOSmmHg) with P^COz held constant reduces both 

vagal and sympathetic activity, and HR increases. When the P^Oj was reduced to 86mmHg 

both vagal and sympathetic activities were augmented, the vagal proportionally greater than 

the sympathetic, mean HR being decreased and RSA markedly increased (Fig. 5, Kollai & 

Koizumi, 1981).

This work demonstrates that the autonomic control of the heart can have "multiple 

modes of operation" (Koizumi & Kollai, 1992), with reciprocal responses (eg. baroreflex) 

and non-reciprocal responses (Chemoreceptor reflex) in parasympathetic and sympathetic 

drives. Furthermore, it has also been shown that co-activation of the drives can occur in 

response to changes in PaC0 2 .

1.4 Aims of the study.

The work on the respiratory system cited in Section 1.2 shows that in the absence of 

central rhythm generation in hyperoxic- hypocapnic apnoea there is CO2 dependent 

brainstem-mediated graded increase in tonic expiratory activity. It is also clear from the 

discussion above that the cardiac vagal and sympathetic drives can be co-activated by a CO2 

dependent chemical drive. However, the existence of these expiratory phased drives to 

motoneurones has not been considered in relation to CVMs where the overall pattern of 

activation is seen only as a inspiratory-linked inhibition of other reflex inputs (carotid sinus 

etc).

The aims of this study are to examine the effect of hypocapnic apnoea on heart rate 

and heart rate variability, both with (normoxic) and without (hyperoxic) a peripheral 

chemoreceptor drive. The heart rate and HRY responses to increasing CO2 during apnoea will
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be examined, and during the transition to respiratory rhythm generation.

Exogenous opiates have also been shown to have marked and variable effects on the 

cardiovascular system. In particular, it has been demonstrated that morphine-like drugs 

activate cardioinhibitory fibres, increase RSA (dog: Inoue, Nashan & Arndt, 1985) and have 

an inhibitory effect on sympathetic discharge (cat: Daskalopoulos, Laubie & Schmitt, 1975). 

Therefore, morphine has a potential second effect of increasing vagal tone and hence RSA 

in the cat.

By recording inspiratory and expiratory EMGs in the anaesthetized, un-paralysed cat 

it is possible to correlate the respiratory state with the breath to breath control of heart rate. 

The spontaneously breathing animal allows the overall state of the preparation to be assessed 

in terms of CO2 threshold, heart rate, respiratory sinus arrhythmia and blood pressure, but 

does not preclude the use of high frequency ventilation to induce a state of apnoea. In 

contrast, animals which are paralysed and continuously ventilated acquire very different 

respiratory and cardiovascular conditions. Thus, in intact animals cardiorespiratory control 

systems can be investigated during spontaneous breathing, assisted breathing and in apnoea.

This study will investigate cardiorespiratory interactions by measuring R-R 

variability, RSA and with power spectral analysis of the HR under five conditions. First, in 

the spontaneously breathing animal; second, in the ventilated animal, when these parameters 

can be measured during the transition from rhythmic to hypocapnic apnoeic states, with 

normoxic, hyperoxic of hypoxic conditions; third, in hypocapnic apnoea with CO2 titrations 

to determine the CO2 threshold of respiratory rhythm generation; fourth, with selective 

blockade of the contributing neural drives to the heart to assess their respective contributions 

to the overall heart rate and its variability; fifth, under morphine (a), to raise the CO2 

threshold for rhythm generation, and hence to extend the range over which the CO2 titration 

can be performed without the onset of rhythm; and (b), to increases cardiovagal output in the 

cat.

By manipulating the CO2 threshold using morphine, and controlling the expiratory 

period (lengthening Tg) it is possible to gain unique insight into the expiratory phased control 

of the heart rate.

Outline o f Experiments. The experiments are divided into seven sections. In Section

3.1 tBaseline Observations! after the major surgical procedures had been completed, each 

animal was left un-disturbed so that its anaesthetic state could lighten and its general 

metabolic state assessed by blood gas measurements etc. The resting physiological state of
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the animal was assessed by measurements of end-tidal CO2, heart rate, blood pressure and 

heart rate variability. Throughout the subsequent experimental protocols the animal was 

returned to the ‘resting state’ for periods of not less than 30 minutes during which it was re

assessed. This allowed long term physiological changes to be identified, and a new baseline 

to be established before proceeding with the next experimental protocol.

Autonomic blockade was used during many experiments to eliminate either the 

parasympathetic or sympathetic drives to the heart. This is predominately p-blockade 

because the subsequent experiments will concentrate on the parasympathetic modulation of 

the heart and its modulation by respiration. Respiratory rate was found to be significantly 

changed by p-blockade, therefore some experiments were done during hypocapnic apnoea, 

so that the changes in HR can be seen without any changes in respiration. In some animals 

a double pharmacological blockade was established to measure the ‘neutral’ heart rate, where 

both parasympathetic and sympathetic blockade was used simultaneously.

During the post-surgery period observations were made on the effect of decerebration 

on the cardiorespiratory variables, in particular the changes in the inspiratory and expiratory 

modulation of the heart rate.

In Section 3.2 IMorphinel experiments are described where intravenous morphine 

sulphate is given. This has two principle actions; first, it slows respiration by increasing the 

expiratory period, second, it increases vagal tone and hence the respiratory sinus arrhythmia 

(RSA). The aim of these experiments was to examine how the changes in respiration and the 

increase in vagal tone interact to increase RSA. Experiments were done on spontaneously 

breathing animals to allow the changes in respiratory rate due to the increase in CO2 

threshold for rhythm generation to be correlated with the expected increase in vagal tone and 

RSA. Also, experiments were done on artificially ventilated animals in which the respiratory 

changes will be closely controlled, either by maintaining respiratory rhythm at a sufficiently 

high inspired CO2 to prevent an apnoea, or, by maintaining CO2 constant, thus allowing an 

apnoea to ensue. MS was also given during hypocapnic apnoea to study the effects of the MS 

on the CVMs uncomplicated by changes in the respiratory rhythm. Naloxone was used to 

reverse the effects of the morphine.

When hypocapnic apnoea is induced the respiratory system is not quiescent but shows 

CO2 dependent tonic expiratory activity. In the un-paralysed anaesthetized cat, high 

frequency low tidal volume ventilation was used to control the end-tidal CO2. By reducing 

the inspired concentration of the inspired CO2 hypocapnic apnoea can be achieved without
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any change in the mechanical state of the lungs. In Section 3.3 (Hypocapnic Apnoea") the 

experiments investigate the changes to the heart rate and heart rate variability which occur 

as the respiratory rhythm disappears and is replaced by tonic expiratory activity, and the 

CVMs become dis-inhibited and free to express fully their current inputs. The contribution 

of the peripheral chemoreceptors to the chemical drive to breath was also investigated by 

using hyperoxic gases (100% O2) to reduce their input. This is then compared and contrasted 

to the effects during normoxic-hypocapnic apnoea. Recordings were also made from the right 

cardiac efferent fibres to compare the phase relationship of the expiratory phased bradycardia 

with the discharge pattern of the CVMs during rhythm generation and in hypocapnic-apnoea.

Following the induction of hypocapnic apnoea the respiratory rhythm was slowly re

established by gradually increasing the inspired CO2 (Section 3.4. COn Titrations in 

Normoxic- and Hyperoxic-Hvpocapnic Apnoea!  After each increment of CO2 during apnoea 

the heart rate and heart rate variability was quantified by power spectral analysis and interval 

statistics (see Section 2.8\ This allows the increasing chemical drive to breath to be 

correlated with the hearts response to a changing CVM output in the absence of respiratory 

rhythm generation. Experiments using 100% O2 (hyperoxic) significantly reduce the 

peripheral chemoreceptor input so that the chemical drive to the CVMs is dominated by the 

central chemical drive. Also, the reduction in the peripheral chemoreceptor input extends the 

physiological range over which CO2 titration can be performed without the occurrence of 

respiratory rhythm. Of particular interest is the onset of the respiratory rhythm when the 

expiratory periods are very long and only punctuated by brief inspirations.

Section 3.5 (Expiratory Modulation of the Heart Period  ̂ analyses the RSA from 

animals under various experimental conditions. Marked differences in the expiratory phase 

of the RSA are described, particularly when examined with the cycle triggered cardiac 

histogram (see Appendix 2). Expiratory duration (T^) is identified as being critical in 

determining the time-course of the expiratory bradycardia.

To contrast with the experiments in the adults cat Section 3.6 (Modification of 

Cardiorespiratorv Interactions bv Hvperoxial describes experiments done in the young cat 

(<27 weeks). The aim of these experiments was to see if there are any significant differences 

between the age groups in their responses to morphine, hypocapnic-apnoea, hyperoxia etc. 

The results describe significant differences in the responses to changes from normoxic to 

hyperoxic inspired gases during positive pressure ventilation and during spontaneous 

breathing of different gases at room pressure. The cardiorespiratory response to morphine
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was also altered significantly.

In the last section of the results fSection 3.7. Post-MS Residual Bradvcardiai the 

phenomenon of the ‘residual bradycardia’ is described. This is the difference between the 

RSA during a strong inspiratory effort (RSAp^) and the heart rate of the double 

pharmacologically blocked animal. The residual vagal tone was found to be significant after 

morphine and represents the vagal tone which cannot be inhibited by the CVMs. The heart 

rate responses to blockade with either atropine or the ganglion blocker hexaméthonium were 

tested to try an establish the origin and nature of the CVMs generating the residual vagal 

tone.
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CHAPTER 2 METHODS

2.1 Animals and Anaesthesia

The experiments were performed on male or female cats (body weight 1.8-3.5Kg). 

Anaesthesia was induced by intraperitoneal injection of 40 mg/kg of Pentobarbitone Sodium 

(Sagatal, May & Baker Ltd, UK). Veins in both forelimbs were cannulated (Venisystems 

butterfly, 0.6mm, Abbott Ireland Ltd) for the infusion of drugs and fluid replacement. 

Anaesthesia was maintained by intravenous injection of Pentobarbitone Sodium at a rate of 

5 mg/kg/hr by single injection, or by continuous infusion from a syringe pump (Pump 22, 

Harvard Apparatus Ltd), at a rate of 5 -10 mls/hr. The infusate consisted of Pentobarbitone 

Sodium with either 0.9% NaCl, or a fluid replacement solution so that the anaesthetic dose 

was 2-3 mg/kg/hr. Small adjustments were made to the infusion rate to achieve a satisfactory 

level of anaesthesia for the duration of the procedure. Eight animals were decerebrated, see 

later.

While preparatory surgical procedures were undertaken a deep level of anaesthesia 

was maintained, in which there was no response to a strong sustained pinch to either the fore 

or hindlimbs. During experimental procedures it was preferable that anaesthesia was 

maintained at a moderate level when there was likely to be a pupillary light reflex, 

conjunctival reflex, and a brief non-sustained contraction of shoulder muscles but not the 

hindlimb, so as to preserve the expiratory output. Sears (1964b) found that anaesthesia 

influenced the discharge pattern of intercostal spike output more than any other single factor. 

As anaesthesia is deepened there is a reduction in the number of large and small spikes, 

particularly in the expiratory filaments, in which often only small spikes (fusimotor) 

persisted.

In the few experiments where animals were paralysed the anaesthetic was given at the 

same rate as before paralysis (see above) and the level of anaesthesia was judged by the 

response of the heart rate and blood pressure to noxious stimuli, and the general pattern of 

respiration.

All animals received constant fluid replacement by either intravenous infusion of 

‘Hartmanns’ solution (Sodium Lactate), or a solution containing; 500ml Haemaccel (Hoechst 

UK Ltd), 500ml distilled water, 8.4g Sodium Bicarbonate and 2.0g Glucose (Bennett, Ford, 

Goodchild, Kidd & McWilliam, 1982). This solution was used alone in the decerebrate
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animals, or for the continuous infusion of anaesthetic.

To check the effectiveness of the fluid replacement and to monitor for possible 

development of acidosis, small samples (<0.5 ml) of arterial blood were taken regularly for 

the analysis of pH in a automatic blood gas analyser (AVL 990, AVL Instruments UK Ltd).

2.2 Surgical Procedures

All surgical procedures were carried out by the author except for the thoracic surgery 

and cardiac nerve dissection which were done by Professor T.A. Sears. All animal 

experiments were carried out according to the Animals (Scientific Procedures) Act 1986.

The animal was placed supine and a ventral midline incision made in the neck. The 

stemo-hyoid muscles were separated and the trachea intubated below the larynx with a nylon 

Y-shaped cannula.

An electrode was devised for stimulating the vagus in continuity. Two silver wires 

spaced 3mm apart were embedded in a 2.7mm 0 , 8mm long slotted plastic tube. The right 

vagus was separated from the sympathetic nerve and carotid artery and laid on the electrodes 

through a slot, and the tube was sutured to the surrounding muscle. Petroleum jelly 

(Vaseline) was piped in to the tube to prevent fluid accumulation.

The right femoral artery was cannulated for measuring arterial blood pressure and 

taking blood samples. In most experiments a 1.65mm 0 catheter was inserted after dividing 

the inguinal ligament. The larger size of catheter reduced the chances of blocking and 

increased the frequency response of the blood pressure recording. In some experiments the 

carotid artery in the neck was cannulated for blood pressure recording, whilst the rostral end 

of the common carotid was cannulated so that saline or CO2 enriched saline could be injected.

Decerebration. In eight animals initially anaesthetized with Pentobarbitone Sodium 

a decerebration was performed. The right and left common carotid arteries were separated 

from the vagal-sympathetic trunk and occluded by clamps (11mm blalock. Downs Surgical 

Instruments, UK), which were removed after the decerebration (approximately one hour) so 

that the carotid sinus received the ftill pulse pressure.

The animal was held in a prone position on a frame (Transvertex) with its head fixed 

by ear bars set at the same level as the heart to reduce venous pressure and minimise the 

chance of air emboli. A sagittal incision was made and the overlying skin and muscle 

reflected. A large area of parietal bone was removed by dental drill and rongeurs. Bone wax 

was used to stop bleeding and to prevent the entry of air. The mid-sagittal sinus was ligated
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and cut. The dura were incised and reflected to expose the cerebrum. Decerebration was 

performed by a blunt curved tool which was inserted to transect the brain at the 

mid-collicular level. By maintaining a moderate pressure the blunt edge of the tool could be 

used to compress the basilar artery and prevent bleeding. All structures rostral to the 

mid-collicular level were removed by suction. Anaesthesia was then discontinued. After 

approximately 10 minutes the pressure of the basilar artery could be released and if there was 

no bleeding the brainstem was covered in 1 cm  ̂pieces of gel gauze (Sterispon No 1, Allen 

& Howburys Ltd, UK) and then sealed with cyanoacrylate glue (‘superglue’ Ref 567-159, 

RS Components, UK). The cranium was loosely packed with cotton wool and monitored for 

any signs of bleeding. A period of at least 6 hours elapsed after the discontinuation of the 

anaesthetic before any experimental procedures were done to allow the anaesthetic levels to 

decline.

2.3 Respiration

Respiration was recorded either neurographically or by electromyography (EMG). 

Inspiration and expiration were recorded from nerve filaments dissected from the external 

(inspiratory) and internal (expiratory) intercostal muscles.

The aim was to maintain the steady state eupnoeic breathing between the 

experimental procedures. This allowed first, an assessment of the general state of the animal, 

in particular its pattern of breathing and heart rate modulation. Second, to observe the 

recovery from hypocapnic apnoea and the effects of drugs, in particular morphine in the 

spontaneously breathing animal.

In the majority of experiments, EMG recordings were made by implanted electrodes 

on the external and internal intercostal muscles. In the anaesthetized cat in the prone position 

there is a characteristic distribution of inspiratory activity across the surface of the thorax. 

More inspiratory activity is present in the rostral segments than the caudal segments 

(Kirkwood, Sears, Stagg & Westgaard, 1982). A similar gradient exists along the 

proximal-distal axis of each intercostal space (Kirkwood & Sears, 1978). These gradients 

of activity are maintained at different levels of CO2 above the eupnoeic level (Kirkwood, 

Sears & Westgaard, 1984). For internal (expiratory) activity the gradient is reversed so that 

the greatest activity is in the caudal segments. However, the proximal-distal distribution is 

maintained. Therefore, inspiratory recordings were made at either T4 or T5 segments and 

expiratory recordings proximally from T6, T7, or T8 segments.
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EMG electrodes were made from two silver wires, 0.25mm 0  (Clark Electromedical 

Instruments, UK), approximately 100mm long and terminated in a silver ball formed by 

melting (0 =0 . 5  - 0.85mm). The wires were threaded through a piece of polythene (0.25mm 

thick) spaced 2 -3mm apart, insulated with thin catheter tubing (0 =0 .8mm) and bonded to the 

polythene with epoxy resin (Araldite Rapid, Ciba-Geigy, UK). A smooth rounded shape was 

formed behind the electrode tips to give support. The wires were terminated with 1mm gold 

connectors soldered to the wires to connect to the amplifiers.

Various angles and spacings for the electrodes were always available to suit the shape 

of the hole in the levator costi. The electrode was trimmed of excess epoxy resin before use 

which allowed the electrode to be shaped to fit the hole in the muscle. The wires were then 

guided out of the hole at steep angle so that the electrode sat comfortably in place without 

undue pressure being applied to the muscle surface. The hole in the levator costi was packed 

with shreds of cotton gauze and then soaked in cyanoacrylate glue. Within a few minutes the 

electrode was held very firmly in place and provided extremely stable recordings.

Expiratory EMG. To record expiratory filaments the levator costae would usually be 

completely removed, however, this was avoided to reduce the damage to the muscle and 

hence decrease the occurrence of injury discharges. Also, by preserving the levator costi the 

ribs are mechanically stiffer, which helps to preserve the shape of the ribcage. With the 

animal prone a midline incision was made from T3 to TIO. The skin and superficial muscle 

layers were retracted. Longissimus Dorsi was removed along the complete length of the 

incision by ligation and blunt dissection. This revealed the levator costae and intercostal 

spaces. To gain access to the internal intercostal muscle a small window (approximately 3 

mm^) was made under microscopic control (M5 A, Wild Ltd, Switzerland) in the levator costi 

adjacent to the caudal border of the target segment. The hole was deepened until the internal 

intercostal muscle could be identified by the orientation of its muscle fibres.

The muscle was then tested for activity by a small EMG recording probe. Internal 

intercostal muscles were not always active at this stage (see Results), so the only reliable 

identification of the internal intercostal muscle was the anatomical description (Sears, 1964a).

To minimise EMG contamination from the external intercostal muscle in the same 

segment, the external intercostal nerve was identified and cut. This was done by making a 

small window in the rostral border of the external intercostal muscle close to the overlap with 

the lateral margin of levator costi. The external intercostal nerve could be identified passing 

within the bulk of the muscle. It was then cut before the first filament branched off. By
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denervating the muscle in this conservative way the internal intercostal muscle was fully 

preserved at the recording site.

Inspiratory EMG. The external intercostal muscle was found by dissecting a window 

through the iliocostalis muscle. At T3 and T4 levels the external intercostal tends to fall 

steeply away from the plane of view. Therefore, care was needed in placing the EMG 

electrode and its fixation if the electrodes were to remain in close contact with the muscle. 

This was particularly relevant if the animal was subsequently suspended prone, as the change 

in ribcage position could move the electrodes.

Denervation of the internal intercostal muscle was made proximally at the point of 

separation of the internal and external nerves. In spite of the denervation procedures some 

experiments do show contamination by their antiphase EMG (see results). The occurrence 

of this depended on the respiratory state of the animal and its exact posture. Antiphase EMG 

usually came from the intact adjacent segment but sometimes from abdominal muscles 

(abdominal oblique) and the diaphragm.

Occasionally, EMG recordings were made from the diaphragm. A pair of enamel 

coated stainless steel wires was inserted using a hypodermic needle under the 13* rib to 

record from the diaphragm.

Ventilation. Artificial ventilation was accomplished with an ‘Ideal’ pump (Model 

16/24 C.F.Palmer Ltd,UK) set to a low stroke volume of 60cc but at a high rate of 58 

strokes/minute. CO2, O2, N2 and air were supplied by cylinders and mixed in a 2 litre 

anaesthetic bag from calibrated flow manometers. The ventilator was connected to one arm 

of the tracheal Y-piece, the other had a 3cm piece of tubing with a screw clamp, which 

formed a leak. With the clamp fully open very little ventilation occurred. Ventilation could 

be established by gradually closing the outlet with the clamp, and was adjusted so that 

without the addition of CO2 to the inspired gases, a FejC0 2  of 1.0-2% could be obtained with 

only minimum movement of the chest wall, but with a moderately high mean lung volume. 

This regime minimised the effect of phasic afferent input from lung stretch receptors, and 

also helped maintain the afferent input to the respiratory motoneurones thus increasing their 

excitability and facilitating intercostal muscle output.

Brainstem Recordings. The skin and superficial muscles were removed or retracted. 

A craniotomy was performed. Where possible the cerebellum was retracted but sometimes 

it was necessary to remove the posterior cerebellum by suction to explore the IV ventricle.

Recordings were made by glass coated platinum plated tungsten electrodes (10pm)
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(Merrill & Ainsworth, 1972). Using the obex as a reference, the electrodes were used to 

search the ventral respiratory group using a computer controlled microdrive (S-Cat, 

Digitimer, UK).

2.4 Cardiac Nerve Recording

Pre-ganglionic activity was recorded from the cardiac branches of the right vagus in 

ventilated open-chested animals (T.A.Sears). The animal was laid supine, and after removal 

of superficial muscles the third, fourth and fifth ribs were ligated and removed. The upper 

lobe of the right lung was ligated and removed or reflected as necessary, to expose the azygos 

vein which was also doubly ligated and removed to expose the thoracic vagus. Several 

branches coursing towards the apex of the heart could identified as described by McAllen & 

Spyer (1976). Electrical stimulation of the intact branches was used to confirm their probable 

function as cardiac nerves by slowing of the heart. The cardiac branches were dissected free 

from surrounding tissue and placed under paraffin oil on a dissecting plate. After further fine 

dissection, the nerve filaments were mounted on platinum recording electrodes and sampled 

for cardiac related efferent activity.

2.5 Instrumentation

During experiments all signals were recorded on a 14 channel V2  FM magnetic tape 

(Store 14, Racal Thermionic, UK) with continuous voice annotation on one channel. 

Neurograms and EMGs were first buffered by high impedance unity gain input amplifiers 

close to the preparation and then amplified by AC coupled physiological amplifiers (D150, 

Digitimer Ltd, UK). Neurograms were filtered with a high frequency (HP) cut-off of 3KHz 

and time constant (TC) of either 0.3s or 0.8s, recorded at a tape speed of 7!4" per second 

(DC-2.5KHz). EMG recordings were filtered HF=lKHz and TC=0.8ms and recorded at 3%" 

per second (D C-1.25KHz).

Expired CO2  concentration. Fractional End-tidal CO2 concentration (F^T^Oz) was 

measured at the trachea Y-piece with a deeply sited sampling tube, well below the Y 

intersection of the inlet and outlet tubes. An infra-red CO2 gas analyser (901 Mkll, 

P.K.Morgan Ltd,UK) was sited about 2.5m from the sampling site. This gave a measured 

delay in response to a step change in CO2 concentration of 1.7 seconds (flow rate 0.6 1/min, 

mean=l .7, SD=0.1 Is). Also, a liquid trap was incorporated in the sample line which reduced
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the peak amplitude of the sample by 0.1%. The analyser had an overall 99% response time 

of 0.1s and was calibrated with known CO2 concentrations of 5% and 10% CO2 in N 2.

Airflow from the ventilator was recorded with a pneumotachograph (Fleisch N- 0) 

connected to a differential pressure galvanometer (Mercury Electronics,UK).

Blood Pressure. The carotid or femoral arterial line was connected to a transducer 

(Harvard Instruments, No 50-8952) and a transducer interface (Harvard Instruments, No 

50-7996). The output was low-pass filtered (Kemo filter Type VBF/3, Kemo Ltd, UK) at 

50Hz before going to the recording system. It was also displayed numerically on an 

integrating digital display specifically built for the purpose. It was calibrated by a modified 

sphygmomanometer.

The arterial catheter/blood pressure transducer system was constantly flushed with 

0.9% saline or Hartmanns solution supplied by a pressure bag (Travenol, UK) at 200mmHg 

through a vented IV pump set (Venisystems, Abbott Ireland Ltd). This gave an infusion at 

“64 ml H r’ to maintain the patency of the catheter. A 3-way tap system at the junction of 

the pressure bag and transducer allowed small samples of blood (0.1ml) to be removed for 

blood gas analysis of pH, and arterial CO2 and O2 (PaC02 and P^02).

Temperature. Body temperature was maintained within the range 38±0.5°C by an 

overhead heating lamp and a rectal temperature feedback controlled heating blanket (CFP 

8185, Bioscience,UK).

Electrocardiogram. The ECG was recorded by two methods. First, a limb lead was 

recorded from the right forelimb to mid thorax by subdermal needle electrodes (21 gauge). 

The electrode was positioned to optimise the amplitude of the R-wave component of the 

ECG, and to minimise the variation in amplitude due to respiration. Second, an array of 

electrodes was passed down the oesophagus to record close to the SA node. This array was 

formed by six rings of stainless steel wire (0 = 0.15mm) at 1cm intervals which were tightly 

wrapped around the circumference of a catheter (0 =2 .76mm) and bonded into place with 

epoxy resin. The electrode array could be positioned in the oesophagus so that the bottom 

ring was near the base of the heart, and the top ring rostral to the SA node. Different electrode 

combinations could be selected to optimise the amplitude of the P-wave component of the 

ECG.

Cardiac Event Detection. During the experiment the R-waves of the limb ECG were 

detected by a threshold discriminator (D130, Digitimer Ltd,UK). The output is a digital pulse 

which was then sent to a computer system. It was sometimes necessary to prevent the
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occurrence of a second puise which might occur if the T-wave component of the ECG was 

of comparable height to the R-wave. To prevent this a 120 ms ‘lockout’ time was imposed 

which stopped the output to the computer. Very large P-waves which would have fooled this 

method were never seen in the limb lead. Processing of the oesophageal ECG lead during the 

experiment was not attempted.

It is well known that the ECG fluctuates in amplitude and morphology due to the 

change in heart position with respect to the electrodes, during the respiratory cycle. This can 

lead to errors in defining the occurrence time of the cardiac event, especially the QRS 

complex (Rompelman, 1987).

After double pharmacological blockade of the heart (p-blocker and atropine) the 

hearts rhythm should be monotonie. Often a very small modulation at the respiratory 

frequency can be detected which is partly due to an error in detecting the R-wave trigger 

point, and may also be due to a residual RSA. The modulation was measured and found to 

be <0.6±0.02 b p m  change in heart rate in the worst case (Fig. 2.1). Therefore, any RSA 

detected which is < 1  b p m  is assumed to be insignificant for the purpose of this study.

Heart rate display. During the experimental protocol it is essential to monitor the 

degree of heart rate variation in the ECG. A computer program was written (see software! 

which would continuously display the instantaneous heart rate for many minutes.

Figure 2.2 shows a image from the computer screen showing two panels of 120 

seconds. In each panel four traces are shown (seen in four colours on the screen) which 

overlap. Thus, eight runs of 120 seconds or 16 minutes of HRY were displayed.

ECG, integrated EMG and blood pressure were constantly displayed on a six beam 

oscilloscope (5111 Tektronix,USA)

Off-line data acquisition. After the experiment data segments were transferred from 

the tape recorder into a computer system.

EMG recordings were full wave rectified and passed to a integrator which had a time 

constant of 100ms or 200ms, this ‘leaky integrator’ acting as a low-pass filter:

/rc  with a frequency bandwidth of DC to 1.59Hz and DC to 0.79Hz respectively.

The FgjCOj, BP, Airflow and EMG signals were all amplified (x5) and then 

filtered by a programmable digital filter with a cut-off frequency of lOHz and a overall gain 

of 5 (CED 1903, Cambridge Electronic Design Ltd,UK (CED)). The signals were then 

digitised at either lOOHz or 20Hz by a 16 channel analogue to digital convertor
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Figure 2.1 Illustration of the residual modulation of the heart rate (RSA) seen after complete 

autonomic blockade of the heart.
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Figure 2.2 Computer screen image of instantaneous heart rate program used during 

experiments.
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programmable computer interface (CED 1401, CED Ltd) using Spike2 V4.01 software (CED 

UK, Ltd).

Signals were digitized at lOOHz only for the initial experiments. This was done to 

establish the bandwidths of the signals. Sampling at 20Hz was found to be more than 

adequate, so subsequent data acquisition was done at 20Hz.

ECG events were either detected by a single channel spike window discriminator 

(D130 Digitimer,UK) or by using a 8 channel programmable event conditioner (1401-18 

CED Ltd) which was also used to discriminate neural spikes, trigger signals and the P and 

R waves from the oesophageal electrode. This was also controlled by the Spike2 software, 

thus the analogue data and multi-channel event data were combined into a single data file.

Data were passed from the CED 1401 interface to a personal computer (Tandon MCS 

Pro 486/50, Tandon Corporation, USA) and stored on a optical disk system (LF7010H 

Optical Disk, Panasonic Ltd, Japan).

Pharmaceuticals. The following drugs were used during the experiments.

Pentobarbitone Sodium 

Propranolol Hydrochloride 

Atenolol

Atropine Sulphate 

Morphine Sulphate 

Hexaméthonium Bromide

Sagatal May & Baker Ltd, UK.

Inderal ICI PLC, UK.

Tenormin Stuart Phamaceuticals Ltd, UK.

Antigen Pharmaceuticals Ltd, Ireland. 

Evans Medical Ltd, UK.

Sigma Ltd, UK.

2.6 Software

Commercial Software 

Turbo Pascal V5.0 

Excel V4.0

Windows for Workgroups V 3.ll 

Wordperfect V6.0a (Windows) 

Drawperfect V l.l 

Origin (Graphs)

Idealist V2.0 for Windows 

Spike2 V4.2

Son Filing System Library 

Fast Arithmatic Library

Borland International Ltd 

Microsoft Ltd

Microcal Ltd

Blackwell Scientific Software 

Cambridge Electronic Design Ltd
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Metawindows Graphics Library Metagraphics Software Corporation

User written software. For the processing and analysis of data a considerable amount 

of software has been written by the author.

As already described, data acquisition to the CED 1401 system was done with Spike2 

software. To analyse data, Spike2 allows ‘scripts’ to be written, in a high level language, 

similar to Pascal, which allows access to the Spike2 data file contents and reasonably flexible 

manipulation of the analogue and event (R-wave occurrences) data.

Most of the data analysis was done by programs written in this language. Individual 

programs will be described in the analysis section. However, it was found necessary to use 

a more powerful language for the power spectral analysis. To do this. Turbo Pascal V5.0 

(Borland International, USA) was used. This is a compiled language and hence very much 

faster and more flexible than the Spike2 interpreted language. It is also used for the on-line 

data display of instantaneous heart rate during the experiment (Fig. 2.1). Two libraries of 

software routines were used with the Turbo Pascal; Spike2 file reading library (SON Library, 

CED Ltd) and a fast arithmetic library for fast Fourier analysis (Spectrum Library, CED Ltd).

2.7 Data Analysis

Data analysis were performed off-line after the data had been acquired by the 

computer as previously described.

Data were acquired to the computer in convenient blocks whose length depended 

upon the experimental protocol. This ranged from a simple control run of 50 seconds to a 

complete CO2 titration of >2500 seconds. The entire compressed data set was printed on a 

single A4 page with the R-R intervals displayed as instantaneous heart rate. This enabled the 

data to be visually checked for artifacts.

Cardiac Event series pre -processing. One important part of data acquisition was the 

accurate measurement of the R-wave occurrence times from the ECG. The display of the 

instantaneous heart rate immediately shows the two problems associated with acquiring the 

cardiac event series. First, extra events are recorded (representing R-waves) caused by 

artifacts in the ECG and, second, missing events, usually caused by a change in the ECG 

baseline.

The ECG recordings in this study were optimised by electrode positioning and were 

usually very stable, which meant the errors in discriminating the R-waves were <0.01% of
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the total number of R-wave events recorded, and of these, about 80% were due to random 

external events. As it would seem unreasonable to expect 100% accuracy for the acquisition 

of these events the following protocol was therefore followed to ‘repair’ data files before 

analysis. If an extra pulse was seen in the record, easily detected as an abnormally high heart 

rate, the original data on tape were checked for ECG arrhythmias. If none were seen, the extra 

data point was erased from the data file by placing cursors around the event manually erasing 

it. If two points occurred almost simultaneously then both were erased and a new point 

inserted mid-way between the proceeding event and following event. If an event was missing 

altogether (20% of the errors) an event was inserted mid-way between the last event and the 

next event in the series.

Cardiac event series filtering. After the cardiac event series had been cleared of any 

errors it was used to create a new channel which held the low pass filtered version of the 

cardiac event series. This did not alter the original event series which was subsequently used 

for the statistical analysis of the heart rate. In brief, the cardiac event series is transformed 

into a continuous waveform which is representative of the modulating input of the heart rate.

The theory and method for the low pass filtering of the heart rate event data is 

described fully in Appendix 1. Originally a program was written in Pascal to perform this 

operation, however, a software routine became available from Cambridge Electronic Design 

in the Spike 2 script language which was faster and more convenient. The algorithm used 

does not use a sin x/x function as discussed in Appendix 1, but a cosine function. The filter 

characteristics of the cosine filter are very similar to the sine (sin x/x) filter. In practice most 

forms of the low-pass filter would give adequate results. The cosine filter is used because 

it is easier and efficient to implement in software, and may even be used in real time 

applications (Coenen, Rompelman & Kitney, 1977). All data presented were processed by 

a cosine shape low-pass filter algorithm (Spike 2 v4.6 NEWANA subroutine, CED Ltd).

2.8 Statistical analysis

For each of the experimental protocols an assessment was made of the basic 

properties of the cardiac event series, the mean heart rate and its variance.

Throughout this study both heart period (time between R-R events) and instantaneous 

heart rate will be used. Changes in heart rate are a much more meaningful way of presenting 

some of the physiological changes seen. But as Me William, Yang & Chen (1991) and others 

have pointed out the use of heart rate implies a reciprocal relationship, that is:
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Heart Rate {Beats/sec)  =

H e a r t  P e r i o d

which is a hyperbolic relationship. Thus a change in heart rate from 150 to 200 beats/min 

represents a change in heart period of 0.1 s. Whereas the same change in heart rate from 100 

to 150 beats/min corresponds to a heart period of 0.2 s. For this reason data are presented 

either as heart rate or heart period depending which is most appropriate for understanding the 

data.

Statistical values are expressed as the mean and standard errors of the mean (SEM), 

bars shown on graphs represent the SEM at each point. Significant changes in mean values 

of heart period were tested by the Students T-Test, where levels of significance (p) of less 

than 0.05 were considered significant.

Data Analysis. Date were all corrected for linear trend. The mean heart (HR) rate, 

heart period (HP), variance (HP̂ ar) and standard error of the mean were calculated. For most 

of the data epochs of 256s were used to calculate the statistics which matched the analysis 

epoch of the power spectra. Occasionally, some data segments were shorter than 256s due 

experimental constraints, such as artifacts, but these were never less than 50s.

The coefficient of variation of the R-R periods was calculated for each data segment 

(Tarlo, Valimaki & Rautaharju, 1971; Valimaki, Nieminen, Antila & Southall, 1988). This 

is the standard deviation expressed as a percentage of the mean. Two measures were 

calculated, first, the overall HRV was quantified by determining the root mean square R-R 

differences from the R-R mean (RR^^g), where:

RMSM \

c v . ^ x  100
^ ^ A V G

and the interval to interval variation is calculated from the root mean square differences 

between successive intervals:
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N -1
2

CVS = X  100
^̂ AVG

where RR̂  is the f '  R-Rj interval, RRavg is the mean R-R interval and n is the number 

of R-R  intervals. CV and CVS are the coefficients of variation and a useful description of 

variance where a change in conditions under which the measurements are made alters the 

standard deviation in the same proportion as the mean, but the coefficients of variation 

remain unchanged (Armitage & Berry, 1987).

Respiratory Sinus Arrhythmia. Respiratory sinus arrhythmia (RS A) is defined as the 

amplitude between successive tachycardias and bradycardias associated with respiration. 

Breath to breath RS A is variable, therefore, the mean RSA is calculated over the full analysis 

period.

To calculate the RSA automatically has proved to be a difficult task (see Appendix 

2). It requires the identification of the maximum (inspiratory) and minimum (expiratory) HR 

during each of the respiration cycles, here called ‘Peaks’ (RSAp^) and ‘Troughs’ (RSA-nJ. 

The scripts programming language in Spike2 (CED Ltd, UK) has been used to develop 

algorithms for detecting the RSAp^ and RSA^r in the HR (see Appendix 2). Detection of the 

points was done by measuring the slope of the instantaneous HR either side of the analysis 

point, eg, if the slope indicated that the HR was increasing for three intervals either side of 

the analysis point then this was defined as a trough (bradycardia).

The protocols and conditions were optimised in these experiments, even so, there was 

approximately a 5% error rate in the detection of the peaks and troughs. The software 

carefully checked the results of the detection process for incorrect sequences ie, two peaks 

in succession and incorrect sums of peaks and troughs. Errors were highlighted and manual 

editing used to remove or insert points.

Cycle Triggered Cardiac Histograms (CTCH). The second method of assessing RSA 

was devised as a way of examining HP in relation to respiratory cycle phase, and was based 

on the cycle triggered averaging of Cohen (1968) (also Koizumi et al., 1983). The integrated 

inspiratory EMG ( I emg)  was used to generate trigger points to mark the beginning of the 

respiratory cycle. The largest cycle was found and all the respiratory cycles normalised to the 

same period and the integrated inspiratory and expiratory EMG (Eemg) averaged. The X axis
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was scaled from 0 - 100% of the respiratory cycle. Simultaneously the R-waves occurring 

during the respiratory cycle were accumulated in an histogram. And from this the 

instantaneous HP was calculated for 99 bins through the respiratory cycle. Bin 100 was not 

used because this involved using the R-wave from the next respiratory cycle (see Appendix 

2 for detailed description and validation of the technique).

The CTCH gives two results, first, the difference between the peak HP and lowest HP 

is equivalent to the mean RSA. Second, the CTCH plots the HP through the respiratory cycle, 

this allows the phase of maximum and minimum HP to be found.

Power Spectral Analysis. The use of power spectral analysis of cardiac variability has 

been already described. A signal is considered to be random if it cannot be described by an 

explicit mathematical relationship (that is, the opposite of deterministic). The signal is 

described as ‘strictly’ stationary if none of its statistics are affected by a shift in the time 

origin. Most physiological signals would form a wider group of "weakly stationary" This 

means only some of their statistical properties are unaffected by such a time shift. These 

include the mean, variance, autocorrelation function and power spectrum.

Data which are non-stationary are extremely difficult to analyse and exclude the use 

of the power spectrum analysis. Thus, it is important to establish even weak stationarity in 

a signal, which for many practical purposes will justify a strong stationarity (Bendat & 

Piersol, 1986).

A simple test can be employed to test for stationarity (Bendat & Piersol, 1986). The 

data are divided into N equal time intervals, where the data for each interval is calculated and 

arranged in sequence. The arranged sequence of the data are then tested for underlying trends 

or variations other than those due to expected variations.

The ‘reverse arrangements test’ is a non-parametric test designed to evaluate 

statistical independence and underlying trends (Bendat & Piersol, 1986).

Before using power spectral analysis on the cardiac event series data the reverse 

trends test was used on random sections of data to establish the presence of stationarity. The 

results were variable. Some records show an acceptable amount of stationarity, whilst other 

sections of data failed the test.

The experimental protocols were designed to allow as much time as possible for HR, 

CO2 etc to stabilise before the next step in the procedure and this was balanced against the 

need to limit the overall procedure time, particularly in the anaesthetized animals.

Figure 2.3 A shows a section of filtered HR during a CO2 titration. It clearly shows
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Figure 2.3 Top, Section of filtered heart rate data, showing a marked trend. Bottom, same 

data after removal of the trend.
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Figure 2.4 Power spectra is divided into 3 bands, HF - High frequency, LF - Low frequency, 

VLF - Very low frequency. The power in each band is calculated by summing the area under 

the curve.
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a trend in the HR because the CO2 level had not completely stabilised. This type of data fails 

the stationarity test.

To overcome this problem all data were fitted with a straight line using a least squares 

estimation (Johnson, 1991) Data which did not fit were discarded. Fitted data then had the 

linear trend removed by subtracting the slope, Fig. 2.3B. This was found to give good results 

without the need for more complex forms of curve fitting, such as polynomial.

Power spectra were analysed by dividing the spectra into frequency bands, and then 

calculating the power in each band by summing the area under the curve. Fig. 2.4

Five parameters were calculated:

High frequency power (HF) >0.1Hz - 0.5Hz 

Low frequency power (LF) >0.2Hz - 0.1 Hz 

Very low frequency power (VLF) <0.02Hz 

Power ratio HF/(LF+VLF)

Bandwidth Entrainment factor (BWEF)

(DeTrafford, Lafferty, Kitney, Cotton & Roberts, 1982).

The BWEF is defined as:

BWEF % .  RSA p e a k  ± 0 . 0 1  Hz  ^  ^
T o t a l  s p e c t r a l  p o w e r  0 . 0 2  - 0 . 5 H z

this was used to measure the amount of power in the RSA peak as an fraction of the total 

power in the HRV spectra.

A fourth frequency may be defined. The coefficient of variability CVS is a measure 

of the beat to beat changes in the heart rate. This can be defined as the very high frequency 

(VHF) power of the cardiac power spectrum. However, the low pass filtering process used 

to change the R-R intervals into a continuously sampled signal used for power spectral 

analysis (see Appendix 1) efficiently removes spectral power at this frequency. Power 

spectral analysis could be used to measure the power at these frequencies by changing the 

low pass filter characteristics, but this is beyond the scope of the current investigation.

Experimental Protocols. Detailed descriptions of the individual experimental 

procedures appear in the relevant results sections.

In general, after all the surgical procedures and the instrumentation of the experiment 

had been completed a period of not less than one hour was left before any experimental 

procedure was performed. This period was used to assess the general condition of the animal 

in terms of anaesthesia, respiration, blood gases, heart rate and blood pressure during
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spontaneous respiration or during un-paralysed ventilation. Control periods like this were 

used before and during all the experiments as a means of assessing the current ‘state’ of the 

animal.

All drugs were administered intravenously at 37.5 °C. Frequently, although not always 

the injections were proceeded by an equal volume of saline to flush the cannulae, and to act 

as a control for the experimental drug. After the administration of any drugs as much time 

as possible was left to be sure of observing the maximum effect of the agent and to allow a 

new steady state to be reached.

CO2 titrations were carried out either with small rapid increments, or by incrementing 

in 0.2-0.5% FetCOj steps with at least five minutes equilibration between steps. The method 

employed was determined by the general stability of the preparation, and the result being 

seeked. Steady state periods of not less than five minutes were required for power spectral 

analysis of the heart rate, and this was often the major factor determining the FetC0 2  

increment and duration of the step in the titration.
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C H A PT E R  3 R ESU LTS

3.1.1 Baseline Observations

Aims. After the preparatory surgery had been completed and before the main 

experimental protocols described in subsequent sections of the results were carried out, 

baseline observations were made of the animals cardiorespiratory state. At the beginning of 

every experiment the animal was left undisturbed for at least 30 minutes so that its 

anaesthetic state could lighten and its general metabolic state could be evaluated by blood gas 

measurements. The ‘resting’ state of the anaesthetized or decerebrate cat was assessed in 

terms of the mean heart rate (HR), respiratory rate (/g) and heart rate variability (HRV). In 

many experiments p-blockade is used to eliminate the sympathetic drive to the heart. This 

section also describes the effect p-blockade has upon HR and RSA, and the unexpected 

changes which occur to the respiratory state. Parasympathetic blockade is also used in some 

animals before the main protocols, and the results from these experiments are collected 

together here. At the end of many experiments both p-blockade and parasympathetic 

blockade were used together, so that a double pharmacological blockade was established, in 

which the heart rate was reduced to a very narrow range, this was called the ‘neutral’ heart 

rate.

The spontaneously breathing animal showed marked spontaneous changes in 

respiration and HR. Figure 3.1.1 A shows the changes HR, BP, fractional end-tidal CO2 

(FetC02 ) and EMGs during periodic breathing. As respiration slows, the CO2 increases and 

the HR decreases, the cycle being terminated by an augmented breath, a rapid tachycardia 

and apnoea. Prior to each augmented breath the inspiratory EMG ( I e m g )  increases and the 

expiratory EMG (Eemg) decreases in a reciprocal manner, this period of change 

corresponding to the marked slowing of respiratory rate and increasing bradycardia. The HR 

is high (>200 b p m )  and the changes in HR are comparatively small. Superimposed on this 

baseline of activity is a complex combination of low-frequency (LF-HRY) and very 

low-frequency (VLF-HRV) heart rate variability. Power spectral analysis of the HR (see Fig. 

3.1.1C) shows low amplitude spectral peaks at the respiratory frequencies (0.26Hz and 

0.28Hz) which represent a heart rate change of 0.5 - 1.5 b p m . Although, this is small, and 

within the range (= 1 b p m )  in which errors can occur in the measurement of the R-R  intervals 

(see Methods), close examination (Fig. 3. LIB) clearly shows a highly structured lengthening
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Figure 3.1.1 A, spontaneously breathing animal during a control period showing slow 

periodic changes in respiratory rate and mean heart rate (HR). B, expanded section of ‘A’ 

showing the shape of the low amplitude ‘RSA’, and the effect on the RSA and HR of an 

augmented breath. C, power spectra of the HRV after the augmented breath shows a low 

amplitude peak at the respiratory frequency (RSA). HR;=instantaneous heart rate, F^jC02= 

fractional end-tidal CO2, JIemg JEemg integrated intercostal EMGs, BP= blood pressure.
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of the heart period (HP) during expiration over four to five R-R intervals followed by a rapid 

shortening during inspiration. The phase relation of the HP changes with respiration and their 

structure are indicative of respiratory sinus arrhythmia (RSA). Thus, in this experiment, there 

is a small RSA, which is superimposed on a larger low frequency modulation, occurring at 

a high resting HR in the anaesthetized resting cat.

The high HR and the apparent absence of RSA implies a lack of vagal tone (VT), and 

is often reported as typical for the anaesthetized cat, which has led to its reputation for having 

a "notoriously low" VT (Spyer & Jordan, 1987). However, VT and subsequently RSA may 

be increased by raising the BP (Kunze, 1972), the ionotophoretic or intravenous use of 

opiates, (see Section 3.2f or by decerebration (Glasser, 1962).

Figure 3.1.2 A shows an example of RSA in the spontaneously breathing decerebrate 

cat. Before decerebration (not shown) the HR and RSA were similar to the animal shown in 

Fig. 3.1.1 A. During the early post-decerebration period (>15 min post-decerebration) there 

was a marked decrease in HR and a significant increase in the RSA. This declined in 

amplitude over the following 23 minutes a s^  steadily increased (13.8/15 Breaths min^), and 

the F ejC02 decreased (3.6^3.3%).

Figure 3.1.2B is an expanded section from A showing the instantaneous heart rate 

(HRj) and low pass filtered (HRp) heart rate. C shows an expanded section between 4-5 in 

Fig. 3.1.2 A, which illustrates the marked low frequency modulation of the RSA during parts 

of this recording.

Previously it has been shown that the amplitude of the RSA has a reciprocal 

relationship with the respiratory rate (see Appendix 3). The experiment in Fig. 3.1.2A shows 

this occurring dynamically as the respiratory rate slowly increases following the 

decerebration. Interestingly, the greater part of the reduction in the amplitude of the RSA is 

due to a reduction in the bradycardia, or Trough (TR) component of the RSA (RSA^r), there 

being only a relatively small increase in the tachycardia or Peak (Pk) component of the RSA

(RSApj^.

Tables 3.1.1 and 3.1.2 summarise Fig. 3.1.2A by segmenting the data into five 250s 

epochs. The HR (mean heart rate) increases slowly over the 23 minutes of the recording, 

so that:-

Instantaneous RSA (Inspiratory tachycardia -  Expiratory bradycardia) over one

respiratory cycle = RSAp^ - RSAjr
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Figure 3.1.2 A, Post-decerebration control period (>15 minutes). Animal breathing 

spontaneously. Marked RSA seen which gradually decreases as the respiratory rate increases 

which is largely due to the increase in RSAjr compared to RSAp^ (see B). Ie^g is silent 

throughout the control period. 1-5 mark the epochs which were used to create Table 3.1.1 in 

text. B. expanded section between 1-2 in ‘A’ showing the instantaneous (HRJ and low-pass 

filtered (HRp) heart rates respectively, and the marked RSA. C. expanded section between 

4-5 showing the underlying LF modulation of the RSA.
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where

RSApK= maximum heart rate during inspiration 

RSAjr= minimum heart rate during expiration

and

Mean heart rate (HR) = HR^r + (HRp^ - HR^r) / 2

where

HRpR = mean peak heart rate (mean of all inspiratory tachycardias)

HRjr = mean trough heart rate (mean of all the expiratory bradycardias)

Both the HRpR and HR-pr decrease, however, the decrease in HR-pR is greater than that 

of HRpK, thus, the RSA amplitude is reduced.

The beat to beat variability (R-R variability) in the experiment in Fig. 3.1.2A was 

quantified by calculating the coefficients of heart rate variability CV and CVS (see 

Methods), which both decrease (Table 3.1.1), as does the power spectral equivalent of RSA 

(Table 3.1.2), the high-frequency HRV (HF-HRV, see Methods).

Epoch HR CV CVS HRp^ H R ^ RSA
3 1 2A BPM BPM BPM BPM

1 170.8 6.37 3.66 187.6±0.24 155.8±0.58 31.6

2 172.5 5.78 3.32 187.5±0.24 159.0±0.55 28.5

3 173.6 5.39 3.21 187.6±0.21 160.3±0.57 27.2

4 176.6 5.08 2.81 189.5±0.3 164.8±0.6 24.7

5 179.6 4.51 2.55 191.5±0.25 168.8±0.53 22.7
Table 3.1.1 Summary of data in Fig. 3.1.2A segmented into five 250 second steady state 

periods. HR=mean heart rate calculated from interval tachogram. CV and CVS are the 

coefficients of variation of the heart period (see Methods). HRp^ = mean heart rate of all the 

RSA peaks, ie. mean of all the inspiratory tachycardias. HR-pr = mean of all the expiratory 

troughs or bradycardias. Mean heart rate (HR) = HR-pR + (HRp^ - HR-pr) / 2. The RSA is the 

mean difference between the inspiratory tachycardia (RSAp^) and bradycardia (RSAjr) 

where: RSA = HRp^ - HRpR. If applicable data is ± the standard error of the mean (SEM).
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Epoch HF Power a.u. LF Power a.u. HF/LF

4230

3380

2870

2410

739

80 1

625

136

10.1

6.03

5.99

3.6

5 2000 68 4.9
Table 3.1.2 Summary of power spectra data over 250 second epochs in Fig. 3.1.2A. Power

spectra measured in two bands, Low Frequency = 0.02 to 0.1 Hz and High Frequency = 0.1

to 0.5 Hz (see Methods, Fig. 2.4). a.u. = arbitrary units. HF/LF = ratio of the high frequency

and low frequency spectral powers, which illustrates the change in balance of the autonomic

drives to the heart.

The HF/LF ratio gradually decreased reflecting a greater decrease in the HF compared 

to the LF power as the amplitude of the RSA decreases. The marked differences between 

inspiratory tachycardias (RSAp^) and expiratory bradycardias (RSA^r) can be seen when they 

are plotted independently (Fig. 3.1.3). RSA^ clearly shows the greatest breath to breath 

variability (Table 3.1.1), and the largest change in its mean value (HR^ ,̂ Table 3.1.1), which 

causes the RSA to decrease.

0.44

0.42

0.40

0.38

IS  0.36

0.34

OP0.32

0.30, flbo600

seconds
400

Figure 3.1.3 Graph of the inspiratory tachycardia (RSAp^, o) and expiratory bradycardia 

( R S A j r , □) for each respiratory cycle for the data in experiment Fig. 3 .1 .2 A, which shows
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the greater breath to breath variation in RS A^r. The amplitude of the RSA (RS Ap^-RS Ajr) 

is dominated by the change in R S A j r ) . Lines fitted by polynomial regression.

p-blockade. In this experiment the HR is being modulated by changes in both the 

parasympathetic and sympathetic cardiac drives. To assess the overall sympathetic 

contribution of the neural drive to the heart a p-blocker (propranolol or atenolol, 1 mg/kg) 

was used. The following example (Fig. 3.1.4A and Table 3.1.3) shows atenolol (1 mg/kg) 

being given in the spontaneously breathing anaesthetized animal.

The control period shows a small (4 b p m )  but stable RSA. The HRV power spectra 

(Fig. 3.1.4B) show a moderate HF-HRV and LF-HRV modulation. After p-blockade 

respiration slows, and there is an ‘expiratory shift’ (iIemg , ^Eemg) (Table 3.1.3). In the 

absence of a cardiac sympathetic drive the parasympathetic modulation of the heart (RSA) 

shows a (37%) reduction in the HF power (Fig. 3.1.4C, calculated from the area under the 

curve, see Methods), indicating that the RSA in this experiment essentially survived the 

p-blockade (RSA measured by Cycle Triggered Cardiac Histogram (CTCH), see Appendix

2.1, I “50%). The LF-HRV showed 93% reduction in power, which reflects the expected 

result from the sympathetic blockade, which has been previously shown to ‘selectively’ 

reduce the LF components of the heart rate variability (see Appendix 3).

Before Atenolol After Atenolol (1 mg/kg)

% 3.3 3.5

HR BPM 196.4 139.1

BP mmHg 116.3 105.6

/ q Breaths min"^ 14.7 19.2

RSA BPM 4 1.9

LF power a.u. 116.9 7.69

HF power a.u. 90.6 56.4

HF/LF 0.77 7.33 
Table 3.1.3 Summarises the data from experiment in Fig. 3.1.4A . = Traction End-

CO2, measured by infra-red CO2 expired gas analyser, = frequency of breathing 

(respiratory rate) measured between inspirations. BP = mean blood pressure. See text for 

details.

In contrast, the following experiment in a spontaneously breathing anaesthetized
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Figure 3.1.4 A, Control period in spontaneously breathing animal showing a small RSA. 

When Atenolol (îB, 1 mg/kg) is given there is a marked bradycardia and a progressive 

increase in/e- Power spectra before B and after C p-blockade show a very marked 

reduction in LF-HRV and a 37% decrease in the HF-HRV (RSA). Thus, in contrast to Fig. 

3.1.3 the RSA survives the sympathetic blockade.
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animal shows a complete loss of RSA after p-blockade (Fig. 3.1.5A, Table 3.1.4). There is 

a resting HR of approximately 170 bpm  and a moderate amount of RSA. (Table 3.1.4), while 

the Eemg recording (not shown) from the internal intercostal muscle at Tg showed no phasic 

activity. During the control period respiration was slow and unstable, with changes in rate 

(7.4/14.4\7.1 Breaths min'^) and F^jCOj (4.35^3.97/4.44%) over a period of “200s. RSA 

showed a decrease in amplitude during the respiratory accelerations.

Control After Atenolol 1 mg/kg

F e j C 0 2  % 4.0 3.5

HR BPM 170 138

BP mmHg 126 114

/ q breaths min"^ 9.2 16.7

LF power a.u. 166 10.3

HF power a.u. 358 3

Total power a.u. 524 13.3

HF/LF 2.16 0.35
Table 3.1.4 Summary of data in Fig. 3.1.5 before and after p-blockade. Respiration increases 

and there is a decrease in the FetC0 2 .

p-blockade (1 mg/kg Atenolol) significantly reduces the HR, BP and FejCOj, and 

increases^ (see Table 3.1.4). The power spectra during the control period (Fig. 3.1.5B) show 

a mixture of HF-HRV peaks, indicating a significant RSA but spread over a range of 

respiratory frequencies. After p-blockade the RSA is completely absent from the recording 

(Fig. 3.1.5A) and from the power spectra ‘C ’, and there has been a marked reduction in the 

LF-HRV.

Previous work (see Appendix 3) has suggested that the HF-HRV and LF-HRV in 

the power spectrum maybe attributable to the parasympathetic and sympathetic modulation 

of the heart period. However, the selective blocking of the sympathetic or parasympathetic 

drives gives variable results, this may in part be due the different conditions under which the 

experiments were performed. In these experiments the respiratory rate increased, and FetCOj 

has been allowed to change following the p-blockade. Therefore, the response to 

sympathetic blockade was tested in the un-paralysed ventilated animal in which FejC0 2  

could be better controlled (Fig. 3.1.6A, Table 3.1.5 below).
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Figure 3.1.5 A, Control period in a anaesthetized spontaneously breathing animal showing 

a moderate RSA which decreases in amplitude as the^  increases. When atenolol (tp 

Img/kg) is given there is a marked bradycardia (see Table 3.1.1), an increase in |  and 

a marked decrease in RSA. Power spectra before B and after C the p-blockade confirm 

the disappearance of the RSA, and show a marked reduction in the LF power.
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Before After Atenolol 1 mg/kg

F etC 0 2  % 3.7 3.7-3.82t

H R  BPM 235.2 132

BP mmHg 95 81

Breaths min ’ 13.7 12.5

LF Power a.u. 24.6 34.4

HF Power a.u. 37.6 168.7

HF/LF 1.5 4.9

H R pK  BPM 236.7±0.08 135.7±0.19

H R j r  bpm 234.2^0.09 129.4±0.16

R S A  BPM 2.6 6.3
Table 3.1.5 Summary of results from the experiment in Fig. 3.1.6. HRp^ and HR^r 

calculated by Cycle triggered cardiac histograms and peak and trough detection (see 

Appendix 2.1 for description of technique), f  All other measurements were made at 

FejC02=3.7%, see text below for details.

In the experiment illustrated in Fig. 3.1.6A the primary effect of p-blockade was 

to lower HR.7b starts to decrease « 100s after the p-blockade, and there is a small increase 

in FetC02 (3.7/3.8%) which then returns to 3.7% after another “ 100s. In the immediate 

post-blockade period when the HR is at a minimum, the RSA is larger than before the 

blockade, but as the respiratory rate increases again, both HRp^ and HRjr increase, but 

because AHRp^ < AHRjr, the RSA decreases. Power spectra (Fig. 3.1.6, B control, C 

p-blockade) show a substantial increase in HF-HRV and a small increase in the LF-HRV.

This experiment shows that when FexC02 is held relatively constant, the increase 

in respiratory rate observed in response to p-blockade in the spontaneously breathing 

animal changes to a respiratory slowing, and an increase in the LF-HRV and HF-HRV 

modulation of the heart (see Table 3.1.5). Therefore, the ‘selective’ blockade of the 

sympathetic drive to the heart has effectively caused an increase in the modulation of the 

heart which is usually attributed to the sympathetic component of the HRV (LF-HRV), and 

an increase in the RSA, which is presumably due to a change in the VT or its modulation.

p-blockade during Hypocapnic apnoea. If CO2 is not added to the inspired gases 

during artificial ventilation the FETCO2 will be reduced and central rhythm generation stops 

(hypocapnic apnoea, see Section 3.31 In this state the response to p-blockade is
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Figure 3.1.6 A, Anaesthetized animal, non-paralysed and ventilated. FetC02=3.7%. 

Following p-blockade (îB) there is a marked bradycardia (see Table 3.1.3) and a decrease 

in the respiratory rate. Power spectra before (B) and after (C) p-blockade show an increase 

in HF-HRV (RSA) and a small increase in the LF-HRV.
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uncomplicated by the mechanisms of respiration and changing Figure 3.1.7A

shows such an experiment. There is no RSA and the HRV is comprised of LF-HRV with 

some superimposed HF ‘noise’ (HF power which is not related to the respiratory frequency, 

ie. not RSA). Before hyperoxic-hypocapnic apnoea was induced (not shown), there was 

a substantial RSA indicating a high VT. In the absence of the central respiratory rhythm the 

HR is low (139 b pm )  reflecting the action of the tonic parasympathetic drive, and the HRV 

is dominated by LF rhythms (Fig. 3.1.7B). p-blockade reduces the HR and LF-HRV 

(i34%) and, the coefficients of variability of the HRV (CV and CVS) show an increase. 

There is an increase in the HF-HRV (î63%, see Fig. 3.1.7D), but it is spread over a wide 

range of frequencies.

The coefficient CVS increases more than CV after p-blockade (see Fig. 3.1.7D), 

which indicates that the verv high frequencv (VHF-HRV) beat to beat variability (RRj - 

RRj+i) has increased more than the average RR variability (RR, - RR̂ vg, see Methods). This 

is seen as a greater scatter in the R-R intervals (Fig. 3.1.7A, HRJ after the p-blockade, but 

is only partly seen in the HF-HRV in the power spectra (Fig. 3.1.7C) because the 

VHF-HRV beat to beat variability is not completely resolved by the power spectra (see 

Methods).

The difference in the HRV between the control and sympathetic blocked states can 

be best illustrated by a ‘RR Cluster Plot’ (see Fig. 3.1.8 bottom, for description of the RR 

Cluster Plot). The red squares (□) are derived from the control period and show a tight 

clustering, with only a small spread due to the underlying LF modulation of the HR. In 

contrast, after p-blockade (green o, Fig. 3.1.8) the R-R intervals show a far greater scatter.

The experiment in Fig. 3.1.8 demonstrates that in the absence of central respiratory 

rhythm generation the prevailing cardio-vagal efferent activity produces a considerable 

amount of variability in the heart period (HRV) over a broad frequency band, which is 

dominated by a VLF-HRV (0.025Hz) component. Following p-blockade both VLF-HRV 

and LF-HRV components are reduced and the VHF R-R variability measured by ‘CVS’ 

increases, reflecting the rapid changes in heart period occurring during each R -R  interval.

3.1.2 Summary o f responses to p-blockade

Table 3.1.6 summarises the data from 14 p-blockade experiments in which there 

was a significant reduction in the HR and to a lesser extent the BP. In the spontaneous 

breathing animals there is tendency for the respiratory rate to increase, although the FetC0 2
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D
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HF Power 108 177
LF Power 1498 982

Figure 3.1.7 A, Ventilated animal in Hyperoxic-hypocapnic apnoea. p-blockade (îB) 

shows a decrease in the HR. Power spectra show a decrease in the LF-HRV and an increase 

in HF-HRV (B, before and C, after p-blockade). CV and CVS coefficients of variability 

both increase (D), with CVS»CV.
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FIGURE 3.1.8 RR cluster plot before (red □) and after (green o) p-blockade during 

hyperoxic-hypocapnic apnoea in the un-paralysed ventilated animal in Fig. 3.1.7A. 

Following the p-blockade there is a considerable increase in the scatter of points indicating 

a greater R-R-R variability as the parasympathetic modulation of the heart period increases.

RR cluster plots can be used to help visualise the relationship between a single R-R interval 

and its adjacent intervals eg;

consider four R-waves:

R, R^ R3 R4

which have three R-R intervals:

R2 - R; — RR] (X)

R3 - R2 ~ RR2 (Y)

R4 -  Rg =  RR3 (Z )

If the central interval (RR2) is regarded as the reference point, then RR, and RR2 are 

the preceding and following intervals respectively. The RR cluster plot is created by stepping 

through all the intervals (R-R+, - R-Rn-2) and plotting RR,, RR2 and RR3 on the X, Y and

Z planes respectively. Therefore, if RR, or RR3 are significantly different from RR2 then the

plot shows an increased scatter, and indicates a greater short term variability. RSA in contrast 

(see Fig. 3.6.6 later) shows a very distinctive pattern when plotted by this method.

98



showed a mixed response. When the animals were ventilated (but un-paralysed) 

p-blockade caused a fall in the respiratory rate (see Fig. 3.1.6 below). Measurements of the 

HRV (HPyar, CV and CVS) do not show any consistent pattern of change, or any clear 

relationship with e i t h e r o r  FejCOj.

N=14 Change 
M eaniSEM  

( propranolol or 
Atenolol)

Spontaneous 
Respiration 
Direction o f 
change. N=9

Ventilated 
Respiration 
Direction o f 
change. N=5

F e t C 0 2  % 0.03±0.12 3î 4i 3« ll  2 1  2 «

HR BPM -49.3±6.8 9i 51

BP mmHg -5.2±2.8 3î 4i 2« l l  4l

CV 0.089 5î 4i 2l 31

CVS 0.126 5î 4i 31 21

HF power a.u. 112.9±98.1 t 41 21 (N=6 ) 3i 21

LF Power a.u. 90.4±30.7 t 41 21 (N=6 ) 4l l l

Breaths min"' 0.031±0.76 6 1  2 1  1« 51
Table 3.1.6 Summary of data in spontaneously breathing and ventilated animals to 

p-adrenergic blockade (1 mg/kg propranolol or atenolol) in the absence of any other drugs. 

Data from both groups combined, see above, l = increase in variable, i = decrease in 

variable, « = no change in variable, f  Note large SEM due to the wide range of spectral 

power.

Table 3.1.7 below summarises the effect of p-blockade on the HRV measured by 

the power spectra.

N=19 Average Change in HR LF Power HF Power
starting HR after p-blockade change change

No drugs 193 -49 3î 8 1  5l 6 1

Post-MS 183 -31 I t  6 1  Ot 71

T otal - - 5 1 14 i 5 1 141
Table 3.1.7 Summary of p-blocker effects on heart rate variability (HRV) parameters

measured by power spectral analysis. Arrows indicate direction of response.

p-blockade has an variable effect on the LF and HF power in the HRV spectrum, 

although there is a tendency for power to reduce in both the frequency bands. After 

morphine (see Section 3.2). p-blockade shows a more consistent reduction in LF power.
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Also, 14/19 experiments showed a significant decrease in the HF power, which represents 

the parasympathetic mediated RSA. There is no clear correlation between the degree and 

direction of the change in HF power and FetC02, HR, BP or respiratory rate.

3.1.3 Summary o f responses to Parasympathetic Blockade

Atropine was usually given after MS or a p-blocker had been given, this meant that 

the starting HR was <200 b p m . Tables 3.1.8 and 9 summarise the results.

N=21 Before Atropine After Atropine Change

F e t C O j % 5.0±0.34 5.1±0.37 l i  5l 15-

HR BPM 170.1±7.74 185.1±7.5 71 14î

CV % 2.285 0.338 201 I t

CVS% 1.488 0.313 211

HR Power a.u. f 1275.3±620.5 13.7±4.6 141 (N=14)

LF Power a.u. | 1347.1±845.7 34.5±9.7 131 It (N=14)
Table 3.1.8 Summary of responses to parasympathetic blockade with atropine (1 mg/kg), f  

HF and LF power had significantly large range of starting values, however, atropine caused 

a significant decrease in power at all frequencies. Arrows indicate direction of change for 

the variable.

14/21 experiments show a rise in the HR after atropine reflecting the decrease 

parasympathetic drive to the heart (Table 3.1.8). Not surprisingly the lower the starting HR 

the greater the increase in HR, and the experiments with the lower HR had received MS. The 

p-blockade experiments also showed a marked increase in HR, but less so than the MS.

HR increases with Atropine HR decreases with Atropine

Starting HR HR increase Starting HR HR decrease

N 14 14 7 7

MeaniSE 162.8±8 26.2±5.9 184.5±16.5 -7.3±2.9
Table 3.1.9 The HR ( b p m )  response to Atropine in animals with either morphine or

p-blocked was more variable than the response to p-blockade. 14 experiments show an

increase in the HR, whereas, 7 experiments show a decrease.

In the second group (see Table 3.1.9) seven showed a decrease in the HR, however.
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this was significantly less than the increase in HR seen in the first group (l7.3±2.87 cf. 

î26.2±5.91 b p m ) .  Although the starting HR is different between the two groups of 

experiments, this was not found to be significant.

The two groups were compared by using heart periods so that the hyperbolic 

relationship between heart rate and heart period did not distort the results. The data is 

presented in terms of HR for convenience.

Figure 3.1.9 shows the before atropine ‘A’ and after atropine B power spectra from 

the experiment in Fig. 3.7.3 (see Section 71 The data are summarised in Table 3.1.10.

Before Atropine After Atropine Change

HR BPM 184.8 206 21.2

HF Power a.u. 83 11.5 -86%

LF Power a.u. 3447 8.7 -99.7%

CV% 1.0654 0.2224 -0.843

CVS % 0.4841 0.204 -0.280
Table 3.1.10 Summary of HRV and power spectra data in Fig. 3.1.9. See text for details.

In this experiment there is a marked increase in the HR in response to atropine, and 

the HF peak is reduced ( 18 6 %) as the atropine blocks the parasympathetic mediated RSA. 

However, there is also a very marked decrease (i99.7%) in the LF power (Table 3.1.7, HF 

power 14l, LF power 131, 1 î, N=14).

The power spectra from 14 experiments showed that in all but one experiment there 

was a decrease in the LF power indicating that atropine does not selectively block the HF 

power but reduces the HRV power over all frequencies.

Figure 3.1.10 shows an example of an experiment in which there is a high resting HR 

( 2 6 5  bpm ) and a decrease in the HR following atropine. Electrical stimulation of the right 

cervical vagus was used before (VI) and after atropine (V3) to test the effectiveness of the 

parasympathetic blockade. Follovdng atropine (1 mg/kg) there is a progressive bradycardia 

( 2 6 5 \ 2 4 5  bpm ). 3 7 s  after the onset of the bradycardia there is a marked decrease in the 

respiratory rate, and the ïg^G is reduced in amplitude.

3.1.4 Parasympathetic blockade with a p-blockade

p-blockade reduces the total spectral power (LF + HF) indicating a reduction in the
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Figure 3.1.9 Power spectra from Fig. 3.7.3. A, control, B after atropine Img/kg, showing a 

marked decrease in the HF and LF power.
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Figure 3.1.10 Atropine in spontaneously breathing animal. Vagal stimulation Vl= 9v, 0.2ms, 

2 sec', V2= 1 sec'. When atropine is given 1 mg/kg ( I  A) there is a progressive decrease in 

the HR, followed after 37s by a decrease in the respiratory rate. V3= 2 sec'.
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total HRV. The remaining R-R modulation is assumed to be due to the pre-ganglionic 

parasympathetic drive to the heart. This was tested by blocking the vagal drive to the heart 

with atropine to establish a pharmacologically denervated heart (double blockade).

Control After p-Blockade After Atropine
(Img/kg) (Img/kg)

HR BPM 181 122.6 148.9

CV % 8.307 10.505 0.807

CVS % 3.789 4.586 0.240

HRpR BPM 194.3iO.75 140.li0.59 = 150.7

H R ^ r b p m 161.9iO.94 llliO .87 = 147.7

RSApK BPM 181-204$ 132-146$ *

RS A j r  b p m 146-180$ 99-122$ *

RSA BPM 43.2 36.1 3 t
Table 3.1.11 Summary of double autonomic blockade data from Fig. 3 .1 .1 1  A. HRpj. and 

H R j r  were measured by CTCH. f  ‘RSA’ after double blockade is actually < 3  bpm  due to 

small drift in the HR. { max and min extent of peak or trough of the RSA. *, not measurable.

The following example (Fig. 3.1.11 A) shows an anaesthetized spontaneously 

breathing animal in which there is a marked RSA. During the control period the HRp^ values 

are stable at 202 b p m , in contrast the HR-pR values show a marked variability. This pattern of 

RSA continues after p-blockade but at a lower HR (see Table 3.1.11).

Double autonomic blockade

FetCOj % 5.1il.8

HR BPM 167.8i5.1

BP mmHg 120.2i7.9

RSA BPM < 3 t

CV % 0.404

CVS % 0.296

HF Power a. u. 13.4i4.4

LF Power a. u. 17.6i4.1
Table 3.1.12 Summary data from 10 experiments following double autonomic blockade 

(propranolol+atropine). t=  Poor quality ‘RSA’, values too small for reliable statistics.
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Figure 3.1.11 A, Experiment in a spontaneously breathing animal showing the effect of a 

complete autonomic pharmacological blockade. Control period shows a marked RSA. ‘B’= 

propranolol (Img/kg), the HR and RSA are decreased. A= atropine (Img/kg), the HR 

increases and the RSA disappears, leaving an almost monotonie heart beat. Power spectra 

during control (C), p-blockade (B) and double autonomic blockade (D).
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Atropine (Img/kg) is then given to block the parasympathetic drive. This constrains 

the expiratory phased bradycardias responsible for the RSA. The HP now becomes virtually 

monotonie (with a small ‘RSA’ <3 b p m )  and a HR (148.9 b pm )  which is close to the peak heart 

rate (RSApK=146 b pm )  before the double blockade. The significance of this result is discussed 

in Section 3.7.

The data in Table 3.1.12 (above) summarises the data from 10 experiments which 

received both a atropine and propranolol and is compiled from animals under different 

experimental conditions; either ventilated or breathing spontaneously, with or without MS. 

Despite this the HR at which there is a minimum drive from the autonomic inputs to the 

heart during a double pharmacological blockade falls into a narrow range which can be 

defined as the ‘neutral’ heart rate.

3.1.5 Discussion

The are many physiological parameters which determine the resting heart rate, 

however, the heart responds to its neural input faster than any other input parameter, such 

that the heart rate responds in both the beat to beat and breath by breath frequency ranges 

(see Levy & Martin, 1981). In contrast, the low frequency homeostatic modulation of the 

cardiovascular system (3"̂  ̂ order Mayer waves, see Appendix 3) determines the resting 

baseline heart rate either directly via changes in the force of contraction and stroke volume 

etc, or indirectly via changes in the BP, temperature or P^C02.

In the present experiments the cardio-respiratory control systems are largely intact, 

although modified by the presence of anaesthesia, which allows their interactions to be 

observed during simple manipulations of FejCOj etc. A wide range of resting HR has been 

observed which makes predicting a ‘baseline’ HR for any one animal almost impossible. 

Many experiments had a resting HR greater than 200 b p m ,  however, the low frequency 

modulation accompanying this made any meaningful measurement of the HR difficult in 

these animals (eg. Fig. 3.1.1 A).

As the primary aim was to investigate the parasympathetic drive to the heart, 

p-adrenergic blockade was used systematically to block the sympathetic drive to the heart 

using dosages commonly used by several authors (Davis, McCloskey & Potter, 1977). The 

block was then confirmed by isoprenaline (5pg) which gave only a fraction of the HR rise 

seen before the blockade. Table 3.1.6 shows that the HR was markedly reduced in all 

experiments and was often accompanied by a small decrease in the BP.
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Previous work (see Appendix 3) has suggested that autonomic blockade of the heart 

with atropine could be used as a "probe" to investigate cardiorespiratory interactions in man 

by selectively removing the parasympathetic component of the HRV power spectrum, ie. the 

RSA. It was thought that any remaining variability was due to the sympathetic drive 

(Akselrod et al., 1981). Conversely, when a p-blocker was used, the low frequency 

component of the HRV spectra could be removed, leaving the RSA peak intact. However, 

the experimental results were often unpredictable, particularly when the resting sympathetic 

tone was low. Under these conditions p-blockade could equally increase or decrease the LF 

power (Pomeranz et al., 1985). If the sympathetic tone was enhanced, eg., by having the 

subject stand then p-blockade consistently decreased the LF power. Under both conditions 

(supine and standing) atropine abolished the RSA peak and reduced the LF power 

(Pomeranz et al., 1985). Thus, LF fluctuations are believed to be jointly mediated by 

parasympathetic and p-adrenergic systems (Akselrod et al., 1985).

Figures 3.1.4, 3.1.5 and 3.1.6 show three different responses to p-blockade. In Fig. 

3.1.4A before the p-blockade there is a significant RSA. p-blockade reduces both the LF 

and HF power so that there is very little HRV remaining in the power spectrum (total power 

HF+LF decreased by 97.4%). Figure 3.1.3 represents the ‘classic’ response, with the HF 

peak largely preserved and there is a reduction in the LF power. In contrast. Fig. 3.1.6 

actually shows an increase in the HF power after p-blockade.

Several factors contribute to the complexity of the response to the p-blockade. First, 

the respiratory rate nearly always changes in response to the p-blockade. The direction of 

change is not predictable and neither propranolol which has an equal affinity for p, and p2 

receptors, or atenolol, which is a selective p i blocker, could be distinguished. Propranolol 

and atenolol are the lipophillic and hydrophillic extremes of p-blockers, propranolol readily 

entering the CNS, whereas atenolol penetrates the brain to only a limited extent (Gilman, 

Rail, Nies & Taylor, 1990). Although p-blockers are known to have CNS effects (fatigue, 

sleep disturbances etc), there is no clear relationship between the lipophilicity and the 

various p-blockers (Hoffman & Lefkowitz, 1990). Also, there appears to be little difference 

in their effects on respiration (see Table 3.1.13), although, there is tendency for propranolol 

to cause a decrease in the HR in the ventilated animal. It would be interesting to know if this 

were true, because, it suggests a central action of propranolol on respiration which is in some 

way dependent upon the P^GOz.
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Spontaneous Ventilated

Increase Decrease Increase Decrease

Propranolol 4 3 1 6

Atenolol 3 5 2 1
Table 3.1.13 Comparison of respiratory effects between atenolol and propranolol. After a

standard dose of propranolol there was often an increase in the respiratory rate. This was less

in the ventilated animals when propranolol was used, which showed a decrease in respiratory

rate.

Second, in the experiment in Fig. 3.1.6 the FetC02 is being held relatively constant 

by artificial ventilation, therefore, both the respiratory rate increase and decrease that

occur in the spontaneously breathing animal following p-blockade are absent. In subsequent 

sections the effect of changing the level of on HR and RSA is examined further.

The data shows why the dissection of the neural drives to the heart by 

pharmacological blockade in man is so variable. Respiratory rate is often poorly controlled 

(see Section 3.51 and it is clear from the data that this is an important parameter in 

determining the response from the heart. Whether, p-blockade has a measurable effect on 

respiration with the doses commonly used in man is unknown, however, the fact that a 

intravenous infusion is being used in these human experiment is enough in itself to alter the 

respiratory rate and pattern.

Third, a contributing factor to the unpredictability of the RSA response to 

p-blockade comes from the known vagal-sympathetic interactions involved in the control 

of HR. For example, Rosenblueth & Simeone (1934) have shown that tonic sympathetic 

stimulation could enhance the effectiveness of vagal stimulation. Figure 3.1.12 (reproduced 

from Levy & Zieske, 1969) illustrates the results from 10 anaesthetized dogs where the 

cervical vagi and stellate ganglion were stimulated at random in a variety of frequency 

combinations. By comparing the lower left and upper right edges of the response, it is 

evident that a progressive increase in the frequency of vagal stimulation produces a much 

greater reduction in HR as the frequency of the concomitant sympathetic stimulation is 

raised. Therefore, by using p-blockade the effectiveness of the vagal drive is reduced, which 

could contribute to the reduction of RSA following p-blockade (eg. Fig. 3.1.5 A). Whether 

this stimulus-response data can be applied to the naturally occurring periodic 

parasympathetic and sympathetic drives to the heart is unknown.
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Figure 3.1.12 Change in heart rate as a function of the frequency of vagal and sympathetic 

cardiac nerve stimulation in the anaesthetized dog (N=10). Reproduced from Levy & Zieske 

(1969).

When p-blockade is done during hypocapnic apnoea there is a significant change in 

the modulation of the heart. In the absence of RSA during apnoea there is a marked HRV 

(see Section 3.41 comprised of a low frequency (LF) modulation and a superimposed high 

frequency (HF) HRV. When the p-blocker is given, the low frequency power is reduced 

(power spectra, Fig. 3.1.7C) and there is an increase in the higher frequency (0.1 -  0.3Hz) 

HRV (see HRj Fig. 3.1.7C) which is assumed to arise from the parasympathetic drive. 

Therefore, there is evidence that when the sympathetic drive is blocked it not only reduces 

the HR but can change the action of the parasympathetic drive, which during eupnoea would 

have been seen as an increase or decrease in the RSA, depending partly upon the 

accompanying change in respiratory rate. Interactions between the cardiac sympathetic and 

parasympathetic drives are discussed further in Section 3.7.

Authors frequently report that the cat is "notorious" for having little vagal tone (VT) 

(Spyer & Jordan, 1987). This is presumably estimated from the amount of RSA that can be 

measured, and the mean heart rate (HR), but VT is not normally quantified by
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parasympathetic blockade (see Section 3.71 The lack of RSA in the cat has always been 

regarded as significant, and implies a lack of VT, indicating that the cat has a different 

parasympathetic drive to the heart from that of the dog, or man, in which significant amounts 

of RSA are commonly seen.

The control periods in this study confirm the view that the baseline mean heart rate 

(HR) in the pentobarbitone anaesthetized cat is often high (>200 b pm )  and there is little RSA. 

Figure 3.1.1 A shows a record where the HR varies between 203 b p m  and 214 b p m ; close 

examination of the instantaneous HR (HRj, B) and the power spectra (C) clearly shows a 

well defined, although small RSA. The same Figure (3.1.1 A) also shows an example of 

periodic breathing, where the respiratory rate gradually slows, until the decline is terminated 

by an augmented breath (‘sigh’, see Section 3.71 The HR follows the same decreasing 

pattern (Fig. 3.1.1 A) until the sigh occurs. However, as the respiratory rate decreases there 

is an increase in the RSA, which rapidly reduces again following the sigh and the increase 

in respiration (see Fig. 3.1.IB).

Therefore, a relationship between the frequency of breathing and the amplitude of 

the RSA (see Appendix 3) can exist with low levels of modulation, even at high heart rates. 

However, it is important to stress the ‘quality’ of the modulation when the overall change 

in the RSA is small (0.5-1.5 b pm )  where there is a characteristic lengthening of the R-R 

interval over 4-5 cardiac cycles, indicating that the modulation is indeed RSA and not due 

to an error in determining the time of occurrence of the R-wave.

Mid-collicular decerebration was performed in ten experiments to study the effects 

of hypocapnic apnoea and MS in the absence of anaesthetic. Decerebration is known to 

increase the RSA in cats (Glasser, 1962). Following the initial trauma of the decerebration 

the RSA can become very marked. The overall effect on HR and BP of decerebration 

depends upon the level at which the decerebration was performed. Glasser (1962) showed 

that mid-mesencephalic decerebration did not significantly alter the HR, BP or respiration, 

however, mid-pontine decerebration significantly reduced these parameters, which slowly 

recovered over 30 minutes. The mid-collicular decerebration used during this study 

produced less severe changes, but nevertheless significantly reduced HR, BP and the 

respiratory rate. RSA was often increased, but the overall instability of the HR made the 

preparation unsuitable for the subsequent hypocapnic CO2 titrations Ŝection 3.41

The example in Fig. 3.1.2A is exceptional because the post-decerebration period 

shows a remarkable short term stability with an underlying slow change in the respiratory
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‘state’, which gradually alters the amplitude of the RSA. The observation that the HR is 

increasing completely disguises the true nature of the change in the RSA which is revealed 

by comparing the values of the HRp^ and HR^r at the start and end of the control period.

Start o f  recording End o f recording Change

HRpK BPM 187.6±0.24 191.4±0.25 3.8

HRto b p m  155.9±0.58 168.7±0.53 12.8
Table 3.1.14 Summary of data in Fig. 3.1.2 demonstrating that the change in RSA amplitude

is due to a greater change in HR-pR compared to HRp^.

The RSA which dominates this experiment is slowly reduced by a decrease in its 

expiratory phased bradycardia, and the inspiratory tachycardia (HRrk) changes much less. 

It is also clear that the HR^R is more variable than HRp^. Thus, in the face of a slowing 

increasing respiratory rate the RSA changes, mainly through a reduction in the variable 

bradycardia during expiration (see Section 3.5).

When both the parasympathetic and sympathetic drives to the heart are blocked the 

heart loses most, if not all, of its modulation and the HRj becomes virtually monotonie in 

appearance. The HR becomes stabilized at a relatively low level (167.8±5.1 b p m . Table 

3.1.14), although there can be long term drift due to changes in anaesthesia and temperature.

After p-blockade alone the HRj reflects the instantaneous level of neural activity of 

the cardiovagal motoneurones (CVM). When the VT is sufficiently large the periodic 

inhibition of the CYMs results in RSA. The powerful inhibition of the CYMs is generally 

believed to be due to two mechanism. First, arising from the respiratory generating 

mechanism which acts centrally to inhibit the CYMs. Second, an inhibitory input which 

arises from the pulmonary afferents (see Anrep et al., 1936a,b).

The frequency response of the heart rate to sympathetic stimulation is very low, 

whereas, that to the parasympathetic drive is high (see Levy & Martin, 1981), so that during 

each inspiration there is enough time for the CYE activity to be completely inhibited, which 

allows the heart to accelerate to a rate which is equivalent to the atropine blocked HR (cf. 

Sections 3.5 and 3.71 If the animal is in a relatively stable state, then each inspiratory 

tachycardia (RSArr) can reach the same level (eg. Figures 3.1.2 and 3.1.11). The rate to 

which the heart accelerates depends upon the current level of the sympathetic drive. In the 

experiment in Fig. 3.1.11 before the p -blockade each tachycardia during inspiration (far left) 

reached the same level (204 b pm  = HRp^ , Table 3.1.11), with little variation from breath to
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breath. After p - blockade the inspiratory tachycardias (RSAp^) frequently reach 146 bpm, 

although the mean level of the tachycardias was reduced (HRpK=140.1 bpm ) due to the small 

amount of LF modulation of the HR. Thus, in the absence of a sympathetic drive to the heart 

the patterning of the inspiratory acceleration is preserved. The bradycardia following the 

p-blockade markedly affects the expiratory bradycardias (Fig. 3.1.11), but by the time the 

atropine is given these also have recovered the same pattern of expiratory modulation seen 

in the pre- p - blockade control period. When the parasympathetic blockade occurs the change 

in the HR is almost completely due to the removal of the expiratory bradycardia, but not 

because of any significant change in the level of RSApK- Therefore, the final double blocked 

HR, or ‘neutral HR’ is close to, if not the same as, the RSAp^ after p-blockade (150 cf. 146 

b p m ), indicating that in this experiment the inspiratory tachycardia is probably due to a 

complete inhibition of the parasympathetic drive with each breath.

The ‘neutral HR’ found from 10 animals is summarised in Table 3.1.12. This data 

is compiled from the end of long experiments, which means that the absolute values need 

to be treated with some caution. Nevertheless, the mean ‘neutral’ HR (167.8±5.1 bpm ) shows 

a surprisingly small difference between animals, as does the BP (120.2±7.9 mmHg), which 

suggests that after double blockade in the cat the HR lies in the range 162 bpm to 172 bpm. The 

‘neutral HR’ also compares closely with recent work by Jones, Wang & Jordan (1995) who 

obtained a HR of 162±12 bpm in the anaesthetized cat after sympathetic and parasympathetic 

blockade.

The heart rate variability (HRV) is also markedly reduced after double blockade, 

leaving on average <3 bpm of HRV in the RSA frequency range. This residual RSA is very 

small and is within the range of variability in detecting the R-wave from which HR is 

derived (see Methods), requiring close inspection to assess the ‘quality’ of the RSA. Not 

only is the ‘RSA’ reduced but also the higher frequency HRV (see Table 3.1.12, CV & CVS 

and power spectra Fig. 3.1.11B,C,D). This indicates a marked reduction in the beat to beat 

HRV, i.e. a marked reduction in the instantaneous high frequency modulation of the heart 

due to the parasympathetic drive.

In the following section (3.2) of the results the baseline HR and RSA, and respiratory 

state are modified by giving intravenous morphine sulphate.
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3.2.1 Morphine

Aims. Previously it has been shown that morphine slows respiration by elevating the 

CO2 threshold (CO2TRG) for rhythm generation, and reduces the HR by a parasympathetically 

mediated bradycardia. The aim of the experiments in this section is to examine in detail the 

time-course of the cardiorespiratory changes that occur when morphine sulphate (MS) is 

given as a single intravenous bolus of Img/kg, and the their modification by different 

respiratory states and autonomic blockade. During spontaneous respiration there are complex 

initial respiratory and cardiovascular responses to MS which last 20-60s. This is followed 

after a delay by a sustained slowing of respiration and a progressive bradycardia, during 

which the development of a greatly increased RSA could be followed. Experiments are then 

carried out in ventilated animals, this allows the F^jC0 2  to be closely controlled and 

respiratory and cardiovascular changes to be separated. CO2 is set higher than CO2TRG so that 

respiratory rhythm can be maintained despite any increase in CO2TRG due to MS, or set at a 

level which allows apnoea to ensue. MS is also given during hypocapnic-apnoea allowing 

its action on the HRV to be observed without the central respiratory modulation (RSA). 

Naloxone is then used to reverse the actions of the MS.

Morphine sulphate (Evans Medical Ltd, England) was given IV, usually in a single 

bolus of 1 mg/kg (see Howard & Sears, 1990). The ‘primary’ or sustained response to MS 

was a bradycardia and this was preceded by an ‘initial’ response that could be either a 

tachycardia or bradycardia. Figure 3.2.1 A shows a typical response to this dose in the 

spontaneously breathing cat. During the control period the HR is high (see Table 3.2.1) and 

there is a small RSA (see Fig. 3.2.IB power spectra and 3.2.ID expanded view). MS, after 

a short delay, causes a small tachycardia (see below) and an increase in BP, followed by a 

profound slowing of respiration (17.3^8.3 breaths min'^) and eventually a 12s apnoea, during 

which there is tonic Eemg» a small bradycardia. When rhythm resumes the Ig^G rapidly 

assumes the same peak amplitude as before the MS, however, the Eê g disappears. F^yC02 

steadily increases towards a new level (3.5/6.38 %) and there is a steady fall in the HR, with 

a concomitant increase in the RSA. When the Eemg reappears “490s after the resumption of 

respiration, it has a very different timecourse than in the control period. Before MS (see Fig.

3.2. ID) it is comprised of a gradual ramp which lasts all of Te. After MS, Te has increased 

(2.07±0.023s / 5.26±0.111s) and shows greater variation. The Eemg now shows a greater 

drive with a marked increase in activity in the post-inspiratory period. Thus, the Eemg shows 

almost continuous activity interrupted by brief bursts of inhibition, although the ramp-like
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Figure 3.2.1 A, Spontaneously breathing animal. Control period without any 

pharmacological blockade, i MS = Morphine Sulphate IV (Img/kg). VS = electrical 

stimulation of the whole right cervical vagus (1 sec'% 0.2ms, lOv). B, Power spectra before 

and C, after MS.
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Figure 3.2.1 D, Before MS, expanded section showing the relationship between T%, Tg and 

RSA. Mean Te=2.07±0.024s. E, after MS, is much longer (5.27±0.11s) and the Eemg 

shows a marked increase in activity starting in the post-inspiratory period. In constrast, before 

MS there is a gradual ramp of activity thoughout expiration. The RSA mimics the shape of 

the Eemg more clearly when Te is longer.
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form persists in phase II expiration.

After MS the RSA has increased (2.1/12.3 bpm ) and there is a marked difference in 

its shape. Before MS (Fig. 3.2.ID) the HR showed a small increase during the inspiratory 

phase, followed by a slow ramp decrease throughout expiration, until terminated by the next 

inspiratory tachycardia. This progressive shortening and lengthening throughout the 

respiratory cycle gives the RSA a distinctive ‘sinusoidal-like’ appearance. In contrast, after 

MS (Fig. 3.2.IE) Te is much longer (5.26s cf. 2.07s) and the HR slows to its lowest level 

towards the end of Tg. And instead of a progressive lengthening of the R-R  intervals there 

is a marked variability (HRV) in the beat to beat R-R intervals, particularly near the end of 

Te (Fig. 3.2. IE) which can often mimic the shape of the Eemg-

Electrical stimulation of the intact right cervical vagus (VS 1/sec, 0.2ms, lOv) 

produces an additional bradycardia (1911 178 bpm ) and an increase in the RSA (12.3/15.9 

b pm ), without any change in the respiratory rate. Power spectra before MS Fig. 3.2.1 (B) and 

after MS (C) show a marked increase in power, especially the HF power, which reflects the 

significant increase in the RSA.

Control After MS Img/kg After MS with
Vagal stimulation

FetC02 % 3.5 6.38 6.38

HR BPM 229.6 191.4 178.4

CV % 0.4943 2.6638 3.2844

CVS % 0.2199 1.2023 2.6495

RSA BPM 2.1 12.3 15.9

BP mmHg 117.9 103.9 104

/ b  min ‘ 17.34 8.34 8.3

HF Power a.u. 13.6 1279 1552

LF Power a.u. 98 929 595

HF/LF 0.14 1.3 2.6
Table 3.2.1 Summary of data in Fig. 3.2.1 A. See text for details. Vagal stimulation of intact 

whole vagus in the neck = 1 sec"\ 0.2ms, lOv.

3.2.2 Overview o f MS responses

Initial responses. In the absence of any sympathetic or parasympathetic blockade, 

intravenous MS after a 5 - 10s delay evoked either a transient bradycardia or tachycardia.
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Figure 3.2.2A shows a bradycardia response in a spontaneously breathing anaesthetized 

animal. After a bradycardia lasting 4 -9s, the HR increases again above the control value and 

there is a concomitant increase in BP. After reaching a peak both the HR and BP decrease, 

and respiration begins to slow as the primary stage of the MS response begins (see below). 

An inspiratory gasp was sometimes seen, but was not necessarily associated with the initial 

bradycardia.

One animal responded to MS with a significant apnoea (30s) during which there was 

a depressor response and marked bradycardia (Fig. 3.2.2B). When rhythm resumed the HR 

remained low, and a prominent RSA was seen.

In some experiments the initial response was a simultaneous tachycardia, pressor 

response and apnoea (Fig. 3.2.2C). The tachycardia was followed by a transient bradycardia 

in response to the increased BP.

p-blockade did not significantly alter any of these initial responses. Either 

bradycardia or tachycardia with a pressor response were still observed. In experiments where 

a parasympathetic blockade had been used either bradycardias or tachycardias were observed 

in the initial response, with variable BP responses.

Primary MS response. After the initial bradycardia or tachycardia response to the MS 

had finished, the primary response to MS was almost invariably a bradycardia. The results 

from 17 experiments after the HR and respiration had stabilised are summarised in Table

3.2.2.

Control MS 1 mg/kg (N) Change

F^jCOj % 3.82±0.19 +0.69±0.16t (17) 16î 1«

HR BPM 222.7±6.9 -21.26±4.58t(17) I t 161

HPvar S 8.21E-6 -9.91E5 t  (17) 131 41

CV% 0.7203 1.2028 t  (17) 121 51

cvs% 0.4350 0.6046 t  (17) 111 6 1

/ b  m i n * 18.7±1.2 -7.01±1.56t(13) 121 4«

BP mmHg 114.4±4 -21.95±4.25 t(1 6 ) 161
Table 3.2.2 Summary of results after a standard dose of morphine sulphate (Img/kg). 

Means±SEM, t=significant at p<0.05.

In this first group of experiments (N=17) no other drugs had been given before the 

MS; 10 runs were done with spontaneously breathing animals; and 7 with non-paralysed
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ventilated animals (marked ★ in Fig. 3.2.3D).

Figure 3.2.3 summarises the changes following MS in 17 experiments. Figure 3.2.3A 

shows the effect on MS of the F^tCOj. All the spontaneously breathing animals showed a 

consistent increase in CO2TRG and F^tCOj. Three out of seven ventilated animals show no 

significant change in FejC02, the other four showed a marked rise in FetC02. In these latter 

animals although the F ^C 0 2  had been set to each animal’s eupnoeic level, the central pattern 

of breathing in the ventilated animal was different so that its own ventilation added to that 

of the pump to determine the final (control) FetC02. After MS the animals contribution to 

the FetC0 2  is still altered by the increase in CO2TRG although this increase may be slightly 

underestimated (cf. Fig. 3.2.8). Therefore, the ventilated and spontaneously ventilated groups 

have been treated as one group in these experiments.

Table 3.2.2 shows a significant increase of 0.69% in the FetC02 from its 

pre-morphine control value of 3.82±0.19%, associated with a decrease in the respiratory rate 

of 7.01±1.56 breaths min * (Fig. 3.2.3D). In all but one experiment the respiratory rate 

slowed or apnoea ensued. However, in that experiment even though a moderate rise in 

respiratory rate occurred (21.9/25.7 Breaths min ’) the FetC02 still increased (4.08/4.4%, 

Fig. 3.2.3A #3).

Blood Pressure. After the initial effects of the MS (see above) all experiments showed 

a decrease in BP (-21.95±4.25 mmHg) from the control value (Table 3.2.2) as summarized 

in Fig. 3.2.3C. The fall in BP was variable, ranging from 2mmHg to 61 mmHg, with no clear 

relationship between the degree of blood pressure change and the HR change (Fig. 3.2.3B), 

nor any significant difference between spontaneously breathing and ventilated animals.

16/17 experiments showed a decrease in the HR (-21.26±4.58, range +14.5 -  -63.4 

bpm ) (Table 3.2.2, Fig. 3.2.3B). In one experiment an increase in HR was seen. This also had 

the second highest control HR (238.9 bpm ). In general, the lower the control HR, the greater 

the bradycardia in response to MS (Fig. 3.2.3B).

No clear relationship can be seen between the changes in HR and BP or between the 

changes in FetC02 and HR which suggests that the fall in HR is independent of the other 

parameters, particularly the BP which is considered to be the major source of VT via the 

sinus reflex.

Heart rate variability. The parameters of heart rate variability show a general increase 

following MS, although there was greater inter-experiment variability (Table 3.2.2). The 

increase in heart period variability was the dominant response (CV mean = 1.76 %, N = 12,
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CVS mean = 0.978 %, N = 11) compared to the small decrease in HRV (CV mean = -0.143 

%, N = 5, CVS mean = -0.079 %, N = 6) shown by Fig. 3.2.4.

The increase in the HRV parameters (Fig. 3.2.4 HPŷ r, CV and CVS) correlates very 

strongly with the increase in RSA as in Figures 3.2.5 and 3.2.8 (Fig. 3.2.4, #8 and #9). 

Whereas, in the experiment #2 in Fig. 3.2.4, the decrease in CV and CVS reflect the decrease 

in RSA and corresponding increase in HR in this experiment.

Power Spectra. Long term stability (250s) of the recording is required to calculate 

power spectra (see Methods) and this was only satisfactory in nine experiments. In the 

others, data were excluded because the control period before the MS was too unstable for 

comparison with the post-MS response. In contrast, the post-MS record nearly always 

showed a stable HR and respiratory pattern (see later).

Control Morphine Img/kg Change

HF Power a.u. 613.1±248.1 +1548±1228 (9) 8î l i

LF Power a.u. 187.8±60.6 +279±104(9) 8î l i

HF/LF 0.647±0.31 +1.424±L47 (9) 7î l i
Table 3.2.3 Summary of changes in heart rate spectral power with a standard 1 mg/kg dose

of MS in spontaneously breathing or ventilated preparations. + indicates an increase in

power, Î & i indicate direction of change of response.

The results are shown in Table 3.2.3 are from experiments in both ventilated and 

spontaneously breathing animals. Power spectra showed a general increase but with 

considerable variability (SEM). This variation reflects the occurrence, or not, of RSA as a 

response to MS. Although the LF and HF power both increase with MS indicating the overall 

increase in HRV, there is also a shift in the HF/LF ratio towards the HF power indicating an 

increase in RSA.

p-blockade. In the second group of experiments (N =ll), MS was given after 

p-blockade (propranolol or atenolol Img/kg). The control values for BP, respiratory rate and 

FgjCOj after p-blockade (Table 3.2.4 below) were not significantly different firom the 

non- p-blockade group (p<0.05), although, FgjCOj is increased fi-om 3.82% (Table 3.2.2) 

to 4.28% following the p-blockade (see Section 3.L IT The control HR decreases from 222.7 

BPM (Table 3.2.2) to 154.9 b p m  reflecting the sympathetic blockade.
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Control 
1 mg/kg 

p -blocker

Morphine
Img/kg

Change Effect o f 
p -Blockade 

p<0.05

F e t C O j % 4.28±Q.12 +0.54±0.14 (11) 9î 2i NS

HR BPM 154.9±5.1 -6.37±2.87 (11) 2î 9i SIG

t lP v a r  S 2.175E-5 -2.76E-5NS(11) 8î 3i -

cv% 0.8532 -0.3913 NS (11) 8î 3i -

CVS % 0.4803 -0.2425 N S ( ll) 7î 4i -

7b Breaths min' * 15.5±1.4 -7.45±2.14 (10) lOi 1« NS

BP mmHg 106±6.4 -10.4±3.43 (10) 2î 8i 
Table 3.2.4 MS dose after sympathetic blockade (propranolol or atenolo

NS
1 mg/kg). Right

hand column, comparison of control values with controls in Table 3.2.2. + or - indicate 

increase and decrease respectively. Figure in brackets equals N. Right hand column compares 

data with the non-p-blockade group in Table 3.2.2

Following MS the mean change i n ^  (-7.45±2.14 Breaths min *) and 

(+0.54±0.14 %) is similar to that in the non-p-blocked experiments. However, the HR 

change (-6.37±2.87 b p m )  and BP change (-10.4±3.43 mmHg) are only 30% and 47%, 

respectively, of their pre- p-blockade response; also, there are no significant differences in 

the HRV values. Thus, the basic action of MS with a sympathetic blockade is the same, but 

with a reduced cardiomotor response. The heart rate power spectra (Table 3.2.5) still show 

a general increase in HF and LF-HRV, but less than the pre- p-blockade control group.

Control MS + p-Blockade Change

HF Power a.u. 

LF Power a.u.

176.5±102 +245±152(8) 7î l i

174±124 +29.49±74(8) 7î l i

HF/LF 1.312±0.787 +0.304±1 (8) 7î l i
Table 3.2.5 Summary of power spectra results from p-blocked MS experiments.

3.2.3 Modulation o f the HR after MS

The overall respiratory and cardiovascular response to MS depended upon the 

prevailing experimental conditions. Several different characteristic responses were seen.

Figure 3.2.5 A shows a complex pattern of response to a single dose of MS (Img/kg) 

in the spontaneously breathing animal. In the control period RSA is present. Following MS
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Figure 3.2.5 A, Spontaneously breathing animal with no autonomie blockade. Single dose 

of Morphine Sulphate IV, î MS =1 mg/kg. The steady state E e^ g is decreased and the Iĝ G 

increased. There is a marked decrease in HR and increase in RSA, which is characterised by 

a marked variability in the RSAjr compared to the RSA^r. B, expanded section showing the 

limits of the RSAp^ (A RSAp^) and RSAyp (A RSAyp).
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there was an initial increase in HR, BP and respiration (Table 3.2.6), followed after 120s by 

a marked slowing of respiration (22\9 Breaths min’*), which then remained stable during 

which there was a slow rise in F^jC02 (3.25/4.4 %) over the next “850s, reflecting a 

progressive elevation of CO2TRG, these changes were accompanied by a progressive change 

in the balance of Iemg and Ee^g activities.

Before MS After MS (1 mg/kg)t

F e t C 0 2  % 3.7 4.4

HR BPM 188.4 159.1

CV % 0.782 6.596

CVS % 0.412 3.518

BP mmHg 115.3 75.8

Breaths min'* 14.1 9.7
Table 3.2.6 Summary of data from experiment in Fig. 3.2.5. f  Note, parameters measured 

during the steady state, approximately 800s after the MS.

There is a significant increase in RSA with an interesting pattern of evolution. 

Initially, the tachycardia component (inspiratory peak, RSAp^J shows a relatively steady 

decrease reflecting the decreasing HR, but only a small breath to breath variation. In contrast, 

the bradycardia component of the RSA (expiratory trough, RSA-tr) shows considerable 

variation from breath to breath (Fig. 3.2.5B, see also Fig. 3.5.12 which shows a plot of the 

RSApK and RSA^r). The shape of these responses is discussed in Section 3.5.1.

In the experiment in Fig. 3.2.5 there is a greater expiratory output than inspiratory 

from the selected intercostal segments (Insp.=T6 and Exp.=Tg) in the control period. MS 

changes the ‘balance’ of these drives, substantially reducing the Eemg and increasing the Iemg 

in a reciprocal fashion. Thus, MS can give an ‘inspiratory shift’ in the same way as the 

deepening of anaesthesia, or with a high concentration of CO2 during spontaneous breathing, 

or by selective stimulation of the peripheral chemoreceptors.

In some experiments MS caused a bradycardia but without any apparent increase in 

RSA. Figure 3.2.6 shows an example in a spontaneously breathing decerebrate animal. The 

pre- and post-MS parameters are summarised below (Table 3.2.7).
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Pre-MS Post-MS

F e t C 0 2  % 3.3 3.9

HR BPM 177.5 154.3

BP mmHg 131.7 94.9

Breaths min ’ 18 10

RSA BPM 7.4 9.5

HF Power a.u. 191 644

LF Power a.u. 454 492

HF/LF ratio 0.42 1.3
Table 3.2.7 Summary of data before and after MS for Fig. 3.2.6. HF/LF = ratio of the high 

frequency spectral power to the low frequency spectral power, which describes the change 

in balance of the autonomic drives to the heart.

Before MS there is a strong respiratory rhythm at a modest rate which gives a F^C02 

of 3.3%. There is a modest RSA (7.4 bpm )  which is clearly detectable in the power spectra (@ 

0.3Hz =18 breaths min % Fig. 3.2.6D). Following MS there is the usual marked change in 

respiratory parameters, 7  ̂decreases, FejCOs increases and there is a clear inspiratory shift 

(1 Eemgs  ̂ Iemg)- Figures 3.2.6B and C are expanded views of the data in the pre-MS and 

post-MS periods which show a dominant low frequency modulation (LF-HRV) 

superimposed with RSA, with an overall heart rate range of 14-16 b p m . Power spectra in the 

control period show a narrow peak at the respiratory frequency. Follo^ving MS the peak more 

than doubles in amplitude (278%) corresponding to the increased RSA at the low er^. The 

amount of RSA compared with the LF modulation of the heart has increased, which is 

reflected in the HF/LF parameter which measures the distribution of the total HRV spectral 

power (HF/LF = 0.42/1.3). Therefore, MS has decreased the HR, increased the RSA, and 

enhanced the regularity of the heart rate by increasing the amount of the RSA dominated 

HF-HRV compared with the LF-HRV.

Another interesting feature of Fig. 3.2.5 is the Eemg» which persists until the Iemg 

7b begin to increase. Figure 3.2.6 supports this finding, showing the survival of the expiratory 

drive for “ 150s after the MS until the central rhythm generation undergoes an inspiratory 

shift, which is probably due to enhanced stimulation of the central chemoreceptors at the 

elevated FetCOj (cf. Sears et al., 1982).
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Figure 3.2.7 Morphine dose ( î  MS, 1 mg/kg) in spontaneously breathing animal. Marked 

apnoea and profound bradycardia and the transient occurrence of RSA at the onset of rhythm 

generation. Inspiratory gasps ( I ) and are in both EMG recordings, and an increase in HR.

Figure 3.2.7 is an example from a spontaneously breathing animal with a high resting 

HR (225 b pm )  and little evidence of RSA, which is a typical finding in the lightly 

anaesthetized cat. MS initially induced an apnoea (31s), a significant bradycardia (225\173 

bpm ) ,  and mild hypotension (BP 110^99 mmHg). When rhythm resumed at a higher level of 

FetC02 there was a clear RSA, which is especially apparent following three inspiratory gasps 

(Fig. 3.2.7 marked I). As the FetC02 and/g increase, the RSA is gradually replaced by 

LF-HRV, and a lower HR despite the increased chemical drive.

This example shows that as the respiratory rate is lowered RSA can increase in 

amplitude. When the respiratory rate increases again the RSA decreases in amplitude as the 

HR decreases, until it is completely replaced by non-respiratory related HRV. However, 

p-blockade had not been used therefore it is not possible to assess the contribution from the 

sympathetic drive to this response.

Ventilated preparations. Figure 3.2.8A shows the response to MS in a non-paralysed 

animal, ventilated with O2 and CO2. In the control period before MS, the F^jCOj was set to
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O 2  and CO 2 . Response to Morphine Sulphate, î MS 1 mg/kg. B, Power spectra o f  the heart 

rate before and C, after MS (note change in scale).
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4.9%, well above the eupnoeic level. There were strong Eemg corresponding

spontaneous respiratory movements contributing to the overall ventilation. The power spectra 

of the heart rate show some RSA and LF-HRV (Fig. 3.2.8B). MS causes a transient 

tachycardia followed by a bradycardia (184^155 b pm )  and a marked increase in RSA. There 

is a marked reduction in the sp o n tan e o u s(20.5^9.5 Breaths min ’), and F^jC02 increases 

(4.9/5.4 %).

In this experiment the FetC0 2  during spontaneous respiration was =4.5%. During the 

experimental run the respiratory drive was deliberately enhanced by setting the FetC0 2  at 

4.9%. Thus, when MS was given the increase in CO2TRG was insufficient to cause an apnoea, 

although, there was a profound slowing of breathing fi*equency (201 8  Breaths min’ )̂ as seen 

in most of the MS experiments. First, the Eemg disappears. Second, the Iemg is maintained, 

but at a reduced amplitude (i 13%). In contrast to Fig. 3.2.5 the two RSA components (RSAp^ 

and RSAer) show far less variability in their amplitude. Hence, the resultant RSA in very 

regular and sinusoidal in its form, and gives a clear peak at the respiratory frequency and two 

harmonics of the respiratory rate in the power spectra (Fig. 3.2.8C).

Figure 3.2.9A shows an animal ventilated with O2 and CO2 where the FetC0 2  has 

been set to 5.05% (eupnoeic level = 4.5%). Both Iemg ^nd Eemg show a marked drive 

contributing to the ventilation. A moderate RSA is seen in the control period with a 

significant peak in the power spectra (Fig. 3.2.8B). After MS there is a transient increase in 

HR and, within 60s, an apnoea with the loss of the phasic Iemg conversion of the phasic 

Eemg to a low amplitude tonic discharge, which itself eventually disappears. The HR peaks 

as the apnoea develops, followed by a sustained bradycardia over the next =900s.

Control Post-Morphine

HR BPM 225.4 203.5

BP mmHg 121.6 114.5

HF Power a.u. 55.9 66.2

LF Power a.u. 51.5 456

CV%  0.589 1.058

CVS % 0.243 0.277
Table 3.2.8 Summary of data from the CO2 ‘clamped’ experiment in Fig. 3.2.9.

In this example there are considerable changes in the heart rate modulation. With 

the onset of apnoea the RSA is lost, although the underlying low-frequency modulation
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Figure 3.2.9 A, Un-paralysed animal ventilated with CO2 and O2, without p-blockade. 

FejC02 is ‘clamped’ at 5.05% so there is a strong chemical drive for respiratory rhythm 

generation. The heart rate power spectra in the control period (B) shows a narrow peak at the 

respiratory frequency (RSA). After MS (t MS 1 mg/kg) the CO2 TRG is elevated above the 

clamped level o f  5.05% so there is an apnoea. The RSA is replaced by marked LF-HRV (C, 

post-MS power spectra) and very little HF-HRV.
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(LF-HRV) of the HR seen in the power spectra of the pre-MS control is greatly increased 

(“x9) during the apnoea. This is also reflected in the increase in CV (see Table 3.2.8). 

However, the beat to beat variability (CVS, Table 3.2.8) does not change significantly 

because the HR during apnoea remains highly modulated (see power spectra. Fig. 3.2.9C 

peak at -0.05Hz). Therefore during apnoea, and in the absence of a peripheral 

chemoreceptor input, but with a strong central CO2 drive MS has caused a bradycardia and 

an increase in HRV.

Hypocapnic Apnoea. The detailed effects of artificially reducing are

described in the next section (3.3). Figure 3.2.lOA and Table 3.2.9 illustrate the effect of 

giving MS during hyperoxic-hypocapnic apnoea in an p-blocked animal (propranolol 

Img/kg).

In the absence of respiratory rhythm there is a tonic Eemg modulated by the chest 

wall inflation reflex at =60/min, but no Iemg* Relative to the control period (hyperoxia and 

normocapnia, not shown) there is a small tachycardia reflecting the hypocapnia (see 

Section 3.31 but the HR is low (144.5 b pm )  reflecting the p-blockade. MS (IMS) gives 

a transient rise followed by a rapid and sustained fall in HR. There is a significant increase 

in the HRV (CV and CVS and spectral power. Table 3.2.9, Figures 3.2.1 OB,C) between 

the control and post-MS periods.

Control Post-M S Post-M S 

after increase in 

F EJCO2

F e t C 0 2  % 2.5 2.52 3.35

HR BPM 144.5 123.3 116

HRvarS 3.37E-6 4.38E-5 3.13545E-5

CV% 0.426 1.261 1.055

CVS % 0.367 0.914 1.007

LF Power a.u. 76.3 373 227.6

HF Power a.u. 10.9 86.5 65.1
Table 3.2.9 Summary of data from Fig. 3.2.lOA, before and after MS in hyperoxic 

hypocapnia after p-blockade. And following an increase in FejCOs whilst still in apnoea.

Therefore, in the absence of a sympathetic drive to the heart, the cardiovascular

131



200  

BP mmHg

50
4

%

0
1 51

H R ^  BPM

111

100

80

60

20

PS

2 0 0  s

A

Î MS PS

W # l*i|&WW#IMWWWiWWiW^

B

0.0 0.1 0.2 0.3 0.4 0.5
FREQUENCY (Hz)

100

I  ®§
t

0.0 0.1 0.2 0.3 0.4 0.5
FREQUENCY (Hz)

Figure 3.2.10 A, p-blocked animal (1 mg/kg propranolol), Ventilated with O2+CO2, and in 

hypocapnic apnoea (FetC02=2.5%). Note the pump modulated tonic Ê mg the absence 

of IgMGactivity. MS dose (î MS) reduces the HR and increases the LF-HRV. FetC02 was 

increased from 2.52/3.35% without rhythm starting, further decreases the HR. Tonic Eemg 

is depressed following MS. B, and C power spectra (PS) before and after MS at 

FErC02=2.52%.
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response to MS in hyperoxic-hypocapnic apnoea is an increase in vagal tone, seen both 

as a decrease in HR and an increase in the R-R variability of the heart period. Increasing 

the FetC02, shows a further decrease in the HR and increase in the beat to beat variability 

(CVS).

Parasympathetic Blockade. To examine the effects of MS on the sympathetic 

cardiac drive the preparation was pre-treated with atropine to block the parasympathetic 

drive to the heart in the spontaneously breathing animal (Fig. 3.2.11).

Following MS there is an initial bradycardia (246^231 bpm ) ,  which declines slowly 

parripassu with the increase in the FetCOj. BP shows little change to the decrease in HR. 

Analysis of the R-R variability over this period indicates a slight increase in the beat to 

beat variability (CVS) with increasing CO2 drive. Therefore, atropine abolishes the 

expected increase in RSA vrith MS. There is still a bradycardia which is attributed to the 

reduction of the sympathetic drive to the heart. The bradycardia lessens as the FejC02 

increases, indicating an increased sympathetic drive concomitant with the increased CO2 

drive. Vagal stimulation during this period has no effect on the HR (VS, Fig. 3.2.11).

Before atropine (not shown) parameters for HRV (CV, CVS, HP^^ LF, HF Table 

3.2.10) all have very low values.

Pre-
Atropine

Post-
Atropine

Post-
MS

Post-MS 
recovery

FetC02 % 3.72 4.05 4.9 4.9

HR BPM 267 246.8 231.1 238.6

BP mmHg 130.8 136.6 127.8 130.9

Breaths min'* 24.6 16.4 11 11

H P var 4.67E-7 7.49E-7 6.8E-7 2.56E-7

cv% 0.2106 0.2225 0.2231 0.1905

CVS % 0.2696 0.2312 0.1231 0.1702

LF Power a.u. 18.7 16.1 22.2 17.8

HF Power a.u. 3.6 2.2 3.9 1.5
Table 3.2.10. Summarises the data in Fig. 3.2.11 and resulting from atropine. See text for 

details.

Electrical stimulation of the intact right cervical vagus (1/sec 9v, 0.2ms) produced 

a bradycardia (267^231 bpm ) .  Following atropine (1 mg/kg) repeated vagal stimulation had
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Figure 3.2.11 Spontaneously breathing animal. Pre-treated with atropine sulphate (1 mg/kg). 

When MS is given (î MS, 1 mg/kg IV) there is a bradycardia, which lessens over a long 

period. MS also stops the periodic breathing and abolishes the EEMo- electrical 
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Figure 3.2.12 Non-paralysed preparation ventilated with O2 . F ^ jC 02  held constant at 3.9%. 

Parasympathetic blockade with atropine sulphate (1 mg/kg IV) not shown. î MS= morphine 

sulphate (1 mg/kg IV).
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no effect on the HR. However, some very small modulation of the heart rate could still be 

detected in the HR  ̂and power spectra, at the respiratory rate (HRpK =246.5, HRtr=245.5, 

AHRxr = 1 b pm ) .  This persisted throughout the example in Fig. 3.2.11 and contributed to 

the HRV parameters. Further vagal stimulation (Fig. 3.2.11) failed to show any response. 

It is therefore assumed that this remaining ‘RSA’ represents the small mechanical 

modulation of the shape of the ECG and hence an artifactual variability in the HP (see 

Appendix 2).

This example also shows a very characteristic pattern of respiration. The 

inspiratory activity shows a progressive augmentation of its peak activity which is often 

terminated by a deep inspiration (‘sigh’, see Section 3.71 in a repeating pattern with a mean 

period= 155.9s (Range=l 19s-226s).

MS has a marked effect on this pattern of respiration. The Eemg is greatly reduced 

(175%) but still retains its expiratory phasing. Inspiratory activity changes from the 

periodic pattern to one with little variation in amplitude and timing, and a relatively small 

decrease in amplitude (l 11%).

If the CO2 is clamped (3.9%) in a hyperoxic-atropine-blocked experiment, MS has 

a similar initial effect (Fig. 3.2.12). MS elevates the CO2TRG and causes an apnoea. Iemg 

disappears, E e m g  becomes tonic, and a modest bradycardia (207\197 b pm )  develops. When 

the CO2 is held constant the HR is maintained at a low level with no lessening as occurred 

in the experiment in Fig. 3.2.11, or none of the fast beat to beat variability which 

characterizes the vagally driven heart.

Thus, in the absence of a vagal drive, MS depresses the cardiac sympathetic drive 

resulting in a relative bradycardia. As the FexC02 is held constant, there is no increase in 

the chemoreceptor drive to stimulate sympathetic activity, and the HR remains the same.

Low Blood Pressure. MS produces a marked hypotension in some animals. Figure 

3.2.13 shows an example in a animal ventilated in air, with CO2 added to elevate the 

chemical drive to above its eupnoeic level, so that following MS, the increase in CO2TRG 

would not produce a permanent apnoea. After a delay of 46s there is a brief apnoea, a 

significant drop in BP (144\75mmHg) and a bi-phasic response in the HR. When rhythm 

resumes, initially there is a marked RSA which gradually decreases as the HR and BP 

gradually increases. Thus, even with a low BP, sufficient VT can be produced by other 

sources to generate RSA. In this example there is an increase in F e j C 0 2  s o  it is not 

possible to state what were the relative contributions of MS and CO2 to the RSA.
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Figure 3.2.13 Morphine dose (î MS, 1 mg/kg) in animal ventilated with air and 

CO2. FetCOj was elevated above eupnoeic levels to ensure the continuation of rhythm after 

MS. Example of marked RSA following MS, which is indicative of vagal drive, even when 

there is a reduced a baroreceptor input due to a marked hypotension (cf. Kunze, 1972).

Expiratory bulbospinal activity after MS. The response to MS was dependent on 

the current ‘state’ of the animal. In the ventilated group, if the FejC02 was elevated well 

above the eupnoeic CO2TRG, MS did not cause a apnoea, as although elevated the CO2TRG 

level was below that of the prevailing CO2 drive. In some experiments MS caused an 

apnoea which substantially removed the inspiratory drive but left some tonic expiratory 

activity as in the case of hypocapnic apnoea. Another pattern of response was a slow 

change in the balance between the drives, the Î mg increasing in amplitude reciprocally 

with the declining Ê mg (see Fig. 3.2.5) until a new steady state was established.

In the group of spontaneously breathing animals a frequently observed response 

(90%) was a small reduction in the amplitude and slowing of the Î mg- However, the Ê mg 

very rapidly disappeared, or persisted as low level tonic activity. Elevating the F^jCOj 

failed to evoke any phasic activity, which only returned after naloxone (see Section 3.2.4T

To examine these phenomena, recordings were made from expiratory phased units 

in the VRG medulla caudal to the Obex. These units were not directly identified by
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antidromic activation as being bulbospinal, but had the appropriate frequency and firing 

patterns for such expiratory units (see Merrill, 1970; Bianchi, 1971), both Merrill (1974) 

and Bianchi (1971) (see also Monteau & Hilaire, 1991) have shown that most, if not all 

the VRG expiratory phased neurones caudal to the Obex are bulbospinal (see Fig. 3.2.14B) 

and this has been confirmed recently in the comprehensive study by Kirkwood (1995).

Control Post-M orphine 
(Img/Kg)

Post-Naloxone
(200pg)

FetC02 % 5.26 5.84 4.39

Heart rate bpm 165.5 164.2 168.5

yê Breaths 
m in ‘

10.2 10.2 15

Iemg - Î r

Eemg -

Ebsu - 1++
Table 3.2.11 Summary of the results from the experiment in Fig. 3.2.14.

Figure 3.2.14A shows the effect of MS on the expiratory bulbospinal units (BSU). 

In the control period before MS there is a strong mass BSU activity which spans the 

post-inspiratory - expiratory period. Integration of this activity shows a ramp firing 

pattern which is terminated at the onset of inspiration. MS gives an initial tachycardia 

followed by a bradycardia. The overall cardiovascular response in this example is modest. 

FejC02 is elevated (5.26/5.84 %) b u t^  returns to the control value (10.2 Breaths min"\ 

Table 3.2.11) after the initial stimulating action. Inspiratory activity augments with the 

elevated CO2. Expiratory bulbospinal activity (Egsu» bottom trace) initially shows a 

marked decrease, although, it does not completely disappear and maintains its expiratory 

phasing.

The depression of the bulbospinal units and the Eê g the increase in Iemg 

suggests that MS is causing an ‘inspiratory shift’, where an overall increase in inspiratory 

drive is reciprocal to the decrease in expiratory drive (cf. Fig. 3.2.14).

In contrast, other experiments have shown a depression of activity in the periphery 

but a maintained expiratory bulbospinal discharge as illustrated in Fig. 3.2.15. Following 

MS internal intercostal nerve filaments (Epj,) show a decrease and, ultimately, a cessation 

of activity, whereas, the medullary units continue to fire and Ebsu only decrease in
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Figure 3.2.14 A, Spontaneously breathing animal. Lower trace integrated expiratory 

bulbospinal activity (JEbsu. TC=1.0s) recorded from right cVRG with tungsten 

electrode. I MS (1 mg/kg) shows a decrease in the Eemg Egsu and an increase in Iemg- 

Naloxone (200pg) antagonises the action of the MS, and Iemg» Eemg and Egsu all increase. B, 

expanded section showing the phase relationship of the Egsu to Iemg» Eemg and the RSA.
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Figure 3.2.15 Spontaneously breathing animal. Extracellular recording of expiratory 

bulbospinal units with tungsten microelectrodes from the cVRG. fEgg ,̂ ‘leaky’ integrated 

(Time constant, TC=1.0s). î MS (MS Img/kg) slows respiration and produces a 

significant RSA. The discharge from the (Efil) rapidly disappears, whereas, the Eqsu 

continues.

Effect o f second dose o f MS. Successive (Img/Kg) doses of MS produce a graded 

slowing of respiration by prolongation of the expiratory period (Howard & Sears, 1991). 

This is illustrated in Fig. 3.2.16A which shows two successive Img/kg doses of MS in 

the presence of a p-blockade. The respiratory rate decreases (14.4\8.4\6.36 breaths 

min ’), FfjC02 increases (3.81/4.94/5.78 %) and the power spectra (not shown) indicate 

an increase in RSA. After the second dose there is a transient decrease and increase in HR 

followed by a progressive slowing with more marked expiratory linked bradycardias in 

the RSA (Fig. 3.2.16B).
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Figure 3.2.16 A, Spontaneously breathing animal, effect of two doses of MS (TMS 

Img/kg). First, dose elevates FgyCOj, slows respiration, decreases the HR and increase 

RSA. Second, dose of MS, further elevates the F^ -̂COj and slows respiration. B, expanded 

section shows marked expiratory phased bradycardias.
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3.2.4 Naloxone.

The effects of MS were reversed by using the opiate antagonist naloxone 

(Naloxone hydrochloride, ‘Narcan’, Du Pont Phamaceuticals) in doses ranging from 

lOOpg to 400 |L ig  IV. Little difference was seen between the doses, all of which completely 

reversed the action of MS (see Howard & Sears, 1991).

Naloxone (200ug) rapidly reverses the effect of MS, the respiratory rate increases, 

the Eemg and medullary activity returns and the HR increases. Iemg and Eemg activity, 

respiratory rate and HR increase to above their control levels and F^jCOj decreases 

(5.84^4.39 %. see Fig. 3.2.4) to well below the control values (see Table 3.2.11). Thus, 

naloxone not only reverses the effect of MS, but reduces the general depression in the 

‘system’.

Fig. 3.2.17A shows how the central action of naloxone in spontaneously breathing 

animals immediately increases the respiratory rate (10.7/17.4 Breaths min'^) and tidal 

volume which lowers the FexC02 (3.96\3.3%). Initially there was an augmented 

inspiratory drive, but with the return of the expiratory drive the former progressively 

reduced until the respiratory rhythm resumed its near steady state with a clear reciprocal 

pattern of inspiratory and expiratory activity. A tachycardia (154/170 b pm )  and an increase 

in BP (95/128 mmHg) were both observed. HF power is reduced (see heart rate power 

spectra. Fig. 3.2.17B,C) as the respiratory rate increases and RSA is reduced. Similar 

responses can be seen in experiments where the vagal drive had been blocked by atropine. 

In the spontaneously breathing preparation there is a slow (9.4 breaths min'*) resting 

respiratory rhythm and a high eupnoeic level of CO2 (6.96 %) due to MS (Fig. 3.2.18). 

Naloxone decreased the F^C02  from 6.96\3.98 %, and both the respiratory rate (9.4/19.9 

Breaths min'*) and the heart rate (217.7/224.9 b p m )  increased. Very low amplitude RSA 

presumed to be artifactual is detectable in the HR power spectrum in the control period, 

but the spectrum is dominated by a marked low frequency modulation which increases 

in amplitude after naloxone (î LF-HRV x2.36. Fig. 3.2.18C). Inspiratory drive increases 

in amplitude but the Eemg initially remained quiescent and did not reappear until the 

inspiratory activity had declined as the reciprocal action described above fully developed 

over the next few minutes. Vagal stimulation in the steady state showed no slowing of the 

heart, therefore, under parasympathetic blockade naloxone releases the MS depression 

of the sympathetic drive to the heart.

The results from 11 experiments are summarised in Table 3.2.12 below.
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Figure 3.2.17 A, Spontaneously breathing animal. Control period after MS (Img/kg, 15 

min). I Nal. (naloxone lOOpg IV) increases BP, HR, respiratory rate, and Eê g- RSA is 

reduced. Power spectra before B and after C naloxone.
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Figure 3.2.18 A, Spontaneously breathing animal, post-atropine (Img/kg). Control period 

at start is after MS (Img/kg). Naloxone (I Nal., 200pg) causes a rapid increase in the 

respiratory rate, and a decrease in CO2TRG. The Î mg increases transiently, but then decreases 

reciprocally as the Ê mg reappears. The HR shows a tachycardia, modulated by LF-HRV. 

Electrical stimulation of the cervical vagus (VS) fails to slow the heart. Power spectra before 

B, and after C naloxone show an increase in the LF-HRV.
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Control 
Post-Morphine

Naloxone
400pg

Sig.
p<0.05

Change

F e t C 0 2  % 5.51±0.35 -1.48±0.24 SIG 111

HR BPM 180.9±11.2 +16±4.94 SIG l i t

H P v a r  S 2.25E-05 -0.0288 - 2î 9i

CV% 0.9735 -0.4586 - 2î 91

CVS % 0.5574 -0.0473 - 71 41

BP mmHg 104.1±6.58 +31.04±9.08 SIG 91 21

fQ Breaths min'* 10.25±0.89 +8.44±1.38 SIG 101 1«
Table 3.2.12 Summary of results from naloxone data, N = ll.

Following naloxone all of the recorded variables show a significant change from 

the pre-naloxone control period (Table 3.2.12). The FetCOj was lowered andjg increased. 

The Eemg showed a clear increase in all but one experiment (8 î ,11, 2 no data), however, 

the Iemg response was variable (4î,4 l,l« , 2 no data).

Naloxone with p-blockade. If the sympathetic innervation of the heart is blocked 

(propranolol, Img/Kg IV) there is also a tachycardia and an increase in BP with naloxone 

in a MS treated preparation. Figure 3.2.19A shows a experiment following MS (Img/Kg). 

In the control period there is a modest RSA (3.2 b pm . Table 3.2.13). Propranolol slows the 

heart, RSA increases (3.2^4.8 b pm ) ,  with little change in respiratory rate, FetC02 or BP. 

Naloxone increase BP, respiratory rate and a lowers the FetC02 (5.24\4.35%) and the Eemg 

reappears. There is also a marked increase in the HR (136/156 b p m )  and the RSA is 

virtually eliminated (= 1 b p m ) .  The rise in HR was curtailed by a supplementary dose of 

anaesthetic (5mg/kg) which slightly increased the FejC02 and decreased^.

Several interesting features are illustrated in this experiment. First, propranolol a 

P-blocker increased RSA (3.2/4.8 b pm )  in the absence of any change in the other recorded 

parameters (see Section 3.1 Baseline Observations!  Second, the respiratory rate quickly 

established its new level following the naloxone even though the HR change has a longer 

time course. Third, following naloxone the HR increased (136.2/156.1 b p m )  to a level 

greater than the control (149.5 b pm )  or post-propranolol (136.2 b p m )  values, indicating a 

pre-existing source of VT which was not inhibited during the inspiratory phase. Atropine 

(not shown) did not significantly change the post-naloxone HR (156.1 b p m ) .

Therefore, during p-blockade, RSA did not represent a complete phasic inhibition
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Figure 3.2.19 A, Control period after MS (Img/kg). p-blockade (îB) lowers the HR and 

increases the RSA (3.2/4.8 bpm ) .  Naloxone (îNal.) increases the HR, BP and respiration and 

significantly reduces the RSA. Supplementary anaesthetic (Sagatal 5mg/kg, î An.) lowers the 

HR and slows respiration. B, C and D power spectra from control, post p-blockade and 

post-naloxone respectively.
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of VT. Only when MS was reversed was the resting (neutral) HR established and this was 

indistinguishable from the completely pharmacologically blocked heart (see Section 3.7 

for further discussion).

Control 
(Post-M S)

After p-Blockade 
Propranolol 

Img/kg

After naloxone
200pg

FetC02 % 5.24 5.24 4.35

HR BPM 149.5 136.2 156.1

BP mmHg 98.8 89.8 130.9

/ q Breaths min'* 11 10.5 17.9

CV % 0.948 1.372 0.266

CVS % 0.393 0.639 0.199

HF Power a.u. 145.2 331.5 5

LF Power a.u. 171.4 175.8 6.2

RSA BPM 3.2 4.8 «1
Table 3.2.13 Summary of data from experiment in Fig. 3.2.19. See text for details.

Power Spectra. Because naloxone causes an arousal with general instability, it has 

therefore only been possible to obtain suitable data for power spectral analysis from five 

experiments where data were relatively stable before and after naloxone. These are 

summarised in Table 3.2.14.

HF Power LF Power Total Power HF/LF Ratio

51 4i I t 51 4i l i
Table 3.2.14 Summary of spectral power heart rate changes following naloxone.

In general the HR spectral power decreases and the ratio of the HF-HRV and 

LF-HRV power shifts with HF power decreasing compared with the LF-HRV.

Hypocapnic Apnoea. Figure 3.2.20 illustrates the effect of naloxone in a MS treated 

animal in which the FejCOj has been clamped at 4.05% which is below CO2TRG (-4.5%) 

so the animal is in normoxic-hypocapnic apnoea. The Eemg shows a tonic drive which is 

modulated at the pump rate (58 min'^) by the chest wall inflation reflex. The occurrence 

of central rhythm generation is first expressed by a progressively deepening rhythmic 

inhibition of the tonic expiratory drive, each breath giving a larger tachycardia. After a
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further 20s there is a gradual increase in the Î mg a corresponding decrease in the EEMG-
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Figure 3.2.20 Un-paralysed MS treated animal ventilated with air and COj clamped to 

give a FetCO2=4.05%, which is below CO2TRG (=4.5%), hence no central rhythm 

generation. There is no Iĝ G the shows tonic activity modulated at the pump rate. 

There is no significant RSA. Approximately 25 s after the start of the infusion of naloxone 

(1 Nal. 200pg) there is a rapid tachycardia and a small RSA, the tonic Ê mg becomes 

phasic, which is followed by the resumption of the Î mg-

3.2.5 Discussion

One of the aims of this study following the work of Howard & Sears (1991) in the 

rabbit was to use MS as a tool to elevate the CO2TRG so that PaC02 maybe titrated over a 

greater range in the absence of rhythm generation (cf. effects of lesions in Bainton et al, 

1978b). In un-anaesthetized humans respiratory depression is a well known consequence 

of the administration of opiates for the relief of pain (Jaffe & Martin, 1985). An excessive 

dose of morphine in humans results in a profound slowing of respiration with little or no 

change in tidal volume, leading eventually to coma and apnoea (Borison, 1977). Lower 

doses of morphine, which have a therapeutic effect, depress minute ventilation by reducing 

the respiratory rate, eventually producing irregular and periodic breathing (Jaffe & Martin, 

1985).

147



The cardiovascular effects of exogenous opiates have been comprehensively 

reviewed (see Holaday, 1983; McQueen, 1983). In the supine patient therapeutic doses of 

morphine-like opioids have no major effect on blood pressure, cardiac rate or rhythm 

(Jaffe & Martin, 1985), but there is some peripheral vasodilatation and reduced peripheral 

resistance. This means that orthostatic hypotension and fainting can occur when the patient 

sits up. In cats and dogs the fall in blood pressure following intravenous morphine is partly 

due to peripheral histamine release (see Holaday, 1983), a direct release of catecholamines 

(Fennessy & Rattray, 1971), and a central depressive action of morphine on the 

sympathetic arm of the autonomic nervous system (Feldberg & Paton, 1950, 1951). 

Although it would appear that endogenous opiates are present in the dog myocardium, 

naloxone has little effect on the heart rate, but does increase left coronary blood flow 

(Caffrey, Gaugl & Jones, 1985).

Willette & Sapm (1982) found that opiates (D-AME and D ALE) administered 

into the right atrium of decerebrate rats cause a bradycardia, a small biphasic BP response 

and apnoea within 1-2 seconds. These effects were dose dependent and could be blocked 

by pre-treatment with naloxone. Vagotomy below the cardiac branches abolished all the 

responses, and atropine blocked the bradycardia, suggesting reflex effects, pulmonary, or 

other visual afferents. Recordings from pulmonary afferents demonstrated no effect of 

D-AME or D-ALE on stretch or irritant receptors (Willette & Sapm, 1982). However, MS 

had very similar effects to phenyldiguanide, which strongly stimulates J-receptors, except 

that the MS stimulation could be blocked by pre-treatment with naloxone.

In this study the response to MS has two distinct stages. In the initial phase, which 

starts 5 -10s after the beginning of the intravenous MS and lasts from 2 0 -160s, there is 

usually a bradycardia followed by a pressor response, which is sometimes associated with 

a respiratory gasp. The changes in BP usually showed a transient response to a marked 

change in the HR. There was a marked slowing of respiratory rate in nearly all the 

experiments, although an apnoea only occurred in one spontaneously breathing animal, 

during which there was a bradycardia (225 I 173 bpm ). Respiratory rate decreased rapidly 

towards the end of the initial stage, but in most experiments it had stabilized before the 

major cardiovascular events started.

It is likely, therefore, that the initial cardiorespiratory effects following MS seen 

in this study were also due to J-receptor stimulation. However, vagotomy was not 

performed to eliminate the effect because it precluded the subsequent experimental
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protocols, p-blockade was used, but did not significantly alter the response. Experiments 

with a parasympathetic blockade were inconclusive, showing both bradycardias and 

tachycardias, due possibly to an inhibition of the sympathetic drive, which is known to 

occur after opiates (Feldberg & Wei, 1986). Therefore, in the absence of a double blockade 

or vagotomy it is difficult to apportion the complex initial response of MS to either cardiac 

neural drive.

MS also significantly changes the stability of the respiratory cycle. Fig. 3.2.11 

clearly shows one of several experiments in which a periodic respiration was recorded 

where there was an augmenting respiratory output, which was then terminated by a 

augmented breath (sigh) and a brief apnoea. MS always eliminated this pattern in the 

spontaneously breathing animal by changing it into the stable inspiratory/expiratory 

pattern. Previous work has strongly suggested that augmented breaths are due to 

stimulation of the irritant receptors (Glowgowska, Richardson, Widdicombe & Winning, 

1972; Sant’Ambrogio, Milic-Emili & Camporesi, 1971) and the peripheral chemoreceptors 

(Reininger & Segall, 1970; Glowgowska et al., 1972). Therefore MS has a possible action 

in reducing the effectiveness of the receptors responsible for evoking sighs and changing 

the respiratory pattern. Augmented breaths are discussed further in Section 3.7.

Although the initial stage of the MS response was brief it was usually many 

minutes before the cardiovascular variables reached a new steady state (summarised in 

Table 3.2.2) The increase in FejCOj in the spontaneously breathing and 4/7 of the 

ventilated animals reflects the marked increase in CO2TRG seen after the administration of 

MS.

In the spontaneous breathing animal MS always slowed respiration and this was 

associated with a rise in COjTrg. In the ventilated un-paralysed group, 4/7 showed the 

same increase, however, in the other three experiments the added CO2 was driving the 

spontaneous respiration sufficiently strongly to mask any significant elevation in the CO2 

and by inference CO2TRG.

The respiratory changes occurred towards the end of the initial phase of the MS 

response. The rate usually decreased abruptly (cf. Figures 3.2.1,6,8,11,15), and then 

remained relatively constant for the rest of the experimental run, even though the FetC0 2  

then began to increase. Similarly, the effects on the ‘balance’ of the respiratory drives were 

rapid, Eemg would often (7/11) disappear rapidly, and was not usually seen for the rest of 

the experiment (cf. Figures 3.2.2,6,7,8,11,15), unless the MS was antagonised by naloxone
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(cf. Fig. 3.2.14). Figures 3.2.1D,E show an exception to this result, in which there is an 

increase in the Iemg the increases, and a return of the Eemqj although with a

markedly altered respiratory pattern. In contrast to the control period (Fig. 3.2.ID), the 

Eemg shows a high level of activity throughout expiration, which is only reduced during 

the much briefer inspirations. A continuation of the same experiment is seen in Fig. 3.3.5 

where hyperoxic-hypocapnic apnoea is induced. This clearly shows the marked Eemg 

becoming tonic as rhythm ceases and then gradually reducing as the FejCOj decreases.

Elevation of the FetC02 during CO2 titrations following MS (see Section 3.41 

indicates the threshold for Eemg had risen well above the CO2TRG for the Iemg» several 

experiments (4/11) the Eemg gradually returned (cf. Figures 3.4.19,20) but in others, even 

though there was a strong chemical drive (7-8% FetC02), phasic or clearly defined tonic 

Eemg could not be detected (cf. Figures 3.4.14,17). Thus, MS appears to have a differential 

effect on the neural drives similar to that of deepening anaesthesia (Koepchen et al., 1973), 

in which there is a ‘inspiratory shift’ (î Iemg»  ̂ Eemg)-

Although MS changed the ‘balance’ of the drives, as inferred from the pattern of 

the Iemg and Eemg outputs, and markedly increased the CO2TRG, it did not necessarily reduce 

the central CO2 drive to the respiratory motoneurones as revealed by the tonic drives 

during hypocapnic apnoea (see Section 3.4T

The loss of the Eemg was particularly frustrating because great care had been taken 

to record from low threshold regions of the internal intercostal muscles to gain the greatest 

sensitivity to the expiratory output (see Methods). Also, maintaining anaesthesia at a 

moderate level helped to ensure that there was a maximum Eemg output during various 

experimental procedures, including the hypocapnic apnoea, when a tonic Eemg was 

expected.

There is plenty of evidence for opiate receptors in the spinal cord (Basbaum & 

Fields, 1984), therefore, a segmental contribution to the reduction of the Eemg cannot be 

excluded. Recordings from expiratory phased medullary units, which were assumed to be 

bulbospinal (cVRG), showed that there is indeed a decrease in the expiratory bulbospinal 

neurone activity, so that the decrease in the Eemg is not wholly dependent on events at the 

spinal level.

In the medulla, opiate agonists applied ionotophoretically to identified respiratory 

related neurones in the cat depress both the spontaneous discharge, and that induced by the 

application of L-glutamate (Denavit-Saubiè, Champagnat, Zieglgansberger, 1978).
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Neurones related to the phrenic discharge were identified in the region of the NTS, nA, 

pons and nucleus parabrachialis medialis. Administration of morphine (0.1 - 0.5 mg/kg 

IV) caused a 50-80% reduction in peak firing frequency associated with the depression in 

phrenic nerve activity, which was reversed by naloxone. Some excitatory effects were seen 

with morphine and levophanol, but not Met-enkephaline in 12 cells (12%). The excitations 

had a slower onset than the depressions, and were not antagonised by naloxone.

Both inspiratory and expiratory phased bulbar respiratory units are depressed, and 

there appears to be no difference in the effects from units recorded in the dorsal group or 

the ventral respiratory group (Morin-Surun, Gacel, Champagnat, Denavit-Saubie & 

Roques, 1984). The iontophoresis of the synthetic opioids DSLET and Trimu-4 (ô and p 

highly selective respectively) both depress spontaneous and L-glutamate induced 

discharges and this action could be antagonised by naloxone (Morin-Surun et al., 1984).

In a comprehensive study in the dog, Laubie, Drouillat & Schmitt (1986) have 

studied the effect of Fentanyl on different respiratory related units (RRU’s) in NTS, nA 

and nRA. Inspiratory cells (I„ & Ip) and phase spanning expiratory-inspiratory neurones 

of the NTS and nA were all depressed. Tj was increased but the number of spikes 

decreased as did the peak amplitude of the integrated output. Recordings of expiratory 

neurones showed an increase followed by a decrease in spike frequency. When the phrenic 

nerve was silent, tonic discharges appeared in the late expiratory neurones, phase spanning 

and inspiratory-expiratory neurones. In the current experiments only augmenting 

expiratory neurons have been recorded and these show an initial increase in activity 

(Figures 3.2.14,15), followed by a slow decrease. Laubie et al (1986) used fentanyl, which 

although 80 times more potent than MS, has a much shorter half-life of about 20 minutes 

in plasma. Unfortunately they do not discuss the longer term effects, therefore, it is 

difficult to compare them with those of MS. It is also impossible under the current 

experimental protocol to be sure that the unit has not been lost due to mechanical changes 

etc, which were particularly marked in the un-paralysed animal.

Laubie et al. (1986) found that as well as antagonizing the fentanyl effect naloxone 

increased the activity of inspiratory neurones to above the control level. Naloxone also 

induced the appearance of tonic activity in the expiratory-inspiratory spanning neurones. 

They conclude that this supports the idea of rhythm generation being derived from 

background tonic activities in both inspiratory and expiratory neuronal pools (see 

Introduction).
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Naloxone has a powerful effect, not only antagonising the exogenous MS, but also 

any circulating endogenous opiates released in response to anaesthesia and surgery. Such 

opiates contribute to the level of general anaesthesia and analgesia, therefore, naloxone can 

reduce the level of anaesthesia. Accordingly, naloxone was always given 'with care, with 

supplemental intravenous anaesthestic immediately available (see Fig. 3.2.19). Under these 

experimental conditions the preparation shifted from a relatively deep anaesthetic state 

contributed to by the MS and endogenous opiates, to a relatively lighter one.

It has been shown previously that small doses of subcutaneous morphine in man 

reduces resting ventilation and the ventilatory response to both hypoxic and hypercapnie 

chemosensory stimulation (Weil, et al., 1975). Reduction of the peripheral chemoreceptor 

(PC) response suggested some modification of this input in man, however, no clear 

distinction could be made between the peripheral and central effects.

Chemosensory discharge is markedly depressed by some exogenous enkephalins 

(Met- enkephlin), but morphine and p-endorphin are much less potent in depressing PC 

activity in the cat (McQueen & Ribeiro, 1980). Low doses of naloxone can abolish the 

depressant effects of morphine and p-endorphin, but higher doses are needed to produce 

a comparable response to Met-enkephalin, which suggests that there are both p and ô 

subtypes in the cat carotid body. Naloxone alone causes a slight increase in chemoreceptor 

discharge under normoxic and normocapnie conditions, which indicates that endogenous 

opiates act within the carotid body to reduce PC drive to respiration, and naloxone 

augments the PC input (McQueen & Ribeiro, 1980; Pokorski & Lahiri, 1981).

The PCs also contain enkephalins (Wharton, Polak, Pearse, McGregor, Bryant, 

Bloom, Emson, Bisgard & Will, 1980). The cat carotid and aortic bodies appear to have 

Met-Enkephalin co-existing with catecholamines in glomus cells, possibly in the same 

vesicles (Hansen, Brokaw, Christie & Karasek, 1982).

In this study there were too few stable MS experiments with normoxic or hyperoxic 

ventilation to come to any definite conclusion as to whether the PCs have a significant 

differential effect on the respiratory response. The evidence from experiments on the 

carotid body suggest that any action on them occurs quite rapidly, and might contribute to 

the initial phase of the MS response, it would therefore be difficult to distinguish this from 

stimulation of the J-receptors.

The major cardiovascular events start with the changes in respiration, however, 

they continue to develop for a long time after respiration has stabilized. After the initial
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peak tachycardia is reached following the infusion of MS, the HR slowly decreases over 

a long period (5-10 minutes) even if the animal is ventilated (see Figures 3.2.5, 3.2.6), and 

the increase in is very small (see Fig. 3.2.8). The bradycardia was usually

accompanied by the appearance of RSA, often for the first time in the experiment. The 

RSA begins small and gradually augmented with the decrease in the HR and BP, the time 

scale mirroring the increase in F^tCOj.

Opiates are known to have a significant effect upon sympathetic and vagal tone. 

In the anaesthetized animal the dominant effect of the administration of opiates is a 

decrease in sympathetic tone leading to a decrease in heart rate. Direct recordings of 

sympathetic splanchnic nerve activity show a marked decrease in spontaneous activity 

after fentanyl in dogs (Laubie, Schmitt, Canellas, Roquebert & Demichel, 1974) and in 

cats (Daskalopoulos et al., 1975). So far no one has reported the effects of opiates on the 

sympathetic control of the heart from direct recordings from post-ganglionic cardiac 

sympathetic fibres. But, it has been shown with the aid of vagotomy, p-blockade or 

stellectomy, and confirmed in these experiments, that there is a decrease in sympathetic 

drive to the heart (Feldberg & Wei, 1986). Similarly, in experiments where morphine is 

injected into the cerebral ventricles and a tachycardia results, the response is abolished 

when sympathetic innervation is removed.

In rabbits, morphine can produce an increase in sympathetic renal nerve activity, 

but only when the change in blood pressure is slight. In animals that show a marked 

hypotension, sympathetic nerve discharge decreases (Kimura, 1988).

The effect of MS on vagal and sympathetic drives to the heart was examined during 

the ‘selective’ block of these neural drives to the heart by either atropine or a p - blocker 

(propranolol or atenolol) respectively, p - blockade itself significantly reduced the HR, 

which meant that the control HR were different between the non-blockade and the 

p - blockade groups. However, following p - blockade there was still a significant increase 

in the F^COj, and a decrease in the HR, although this was less than in the non-blockade 

group (-6.37 cf. -12.26 b pm ) .  After p - blockade H P v a r ,  CV and CVS all increase, reflecting 

the increase in RSA when rhythm continued, and the increased bradycardia and HRV 

during apnoea (Fig. 3.2.10). The power spectra of the HRV (Table 3.2.6) show an increase 

in the HF power as the RSA increases following the MS. However, this was considerably 

less of an increase than in the non- p-blocked experiments. (245±152 cf. 1548±1228 a.u.), 

although the SEM is large, reflecting the marked inter-experiment variability seen in the
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response. More significantly the LF power increase with MS is less after p-blockade (29 

cf. 249 a.u.) which means that the ratio of HF to LF power is very different (before 

blockade HF/LF=0.304, after HF/LF=1.4). Thus, in the absence of a sympathetic blockade 

there is an increase in both HF and LF power, the latter change being less after sympathetic 

blockade.

In this study animals pre-treated with atropine also show an initial bradycardia 

after MS, although this diminishes as the FejC02 increases in the spontaneously breathing 

preparation (see Fig. 3.2.11). In contrast, if the FgjCOj is held constant (see Fig. 3.2.12) 

the bradycardia is sustained, signifying that the initial depression of the sympathetic drive 

by MS is partly compensated for by the increasing chemical drive to the sympathetic 

pre-ganglionic neurones (Fig. 3.2.12 cf. 3.2.11; and see Section 3.4L

The IV injection of fentanyl (Inoue, Samodelov & Arndt, 1980) or perfusion of the 

canine cerebroventricular system with opioids [D-Met^,Pro^]enkephalinamide (Inoue et 

al., 1985) increases the activity of identified cardioinhibitory fibres recorded in the cervical 

vagus. This increase, closely correlates with the decrease in heart rate and the marked 

increase in RSA.

Previously it has been established that there are two possible sites in the medulla 

for the origin of cardiovagal efferent fibres (CVE), the nA and NTS. Opiate receptors have 

been found in many sites throughout the medulla (Pert, Kuhar & Snyder, 1976; Wamsley, 

1983), including the nA (rat: Elde, Hokfelt, Johansson & Terenius, 1976) nA & NTS (rat: 

Atweh & Kuhar, 1977; cat: NTS Hassen, Feuerstein, Pfeiffer & Faden, 1982; Dashwood, 

Gilbey & Spyer, 1985; rabbit: Dashwood & May, 1988).

In dogs with bilateral destruction of the NTS and treated with a p-blocker, fentanyl 

reduced the blood pressure and induced a vagally mediated bradycardia (Laubie, Schmitt 

& Drouillat, 1977). When Fentanyl or Met-enkephalinamide are microinjected into the nA 

of dogs a marked bradycardia is produced (Laubie et al., 1979). A dose dependent decrease 

in heart rate is seen without any change in splanchnic sympathetic discharge, although the 

blood pressure decreased. With lower doses, heart rate still decreased but the blood 

pressure did not change. The response was fully reversible with an IV injection of 

naloxone. Also, the microinjection of enkephalin releasers, veratidine, L-Tyr-D-A rd and 

physostigmine in the nA induces a naloxone reversible bradycardia in the dog (Laubie & 

Schmitt, 1981). Experiments designed to test the response of respiratory related neurones 

in the nA also report a fall in heart rate. Thus, it appears that the cardiovagal neurones in
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the nA, or neurones within their close vicinity, have opiate receptors and that as a result 

of the application of opiates there is a dose dependent increase in CVE output. There is 

evidence that neurones identified by immunohistochemical procedures as containing 

enkephalin-positive material within the DVM, nA and NTS have short projections, which 

suggest they are intemeurones (Holaday, 1983). Whether the cardiovagal neurones are 

directly excited by opiates is unknown.

Therefore, the response to MS is two fold. First, the sympathetic drive is decreased, 

possibly by the action of MS on the commissural NTS (Feldberg & Wei, 1986). Second, 

there is direct evidence from recording in the cardiac nerve for an increase in the CVE 

activity (Inoue et al., 1985), which can be phasically inhibited to produce RSA.

A distinctive feature of the development of the bradycardia and RSA is the pattern 

of inspiratoiy inhibition that forms the RSA. Whereas, the RSAp^ traces a smooth curve, 

its mean value (HRpjJ slowly changing parri passu with the increased Fg^COj and Iemg> 

the RSAer is extremely variable and its mean value (HRjr) decreases at a faster rate, such 

that the difference between HRp^ and HRjr becomes larger, ie. RSA increases (see Fig. 

3.2.5B).

When the PaC02 is ‘clamped’ by artificial ventilation at a constant level the 

elevation of the CO2TRG by morphine rapidly produces an apnoea. There is still a 

progressive bradycardia, but instead of an increase in RSA there is a marked increase in 

the heart rate variability (HRV), indicated by the interval statistics and power spectra (Fig. 

3.2.10). Upon resumption of rhythm the RSA is much larger than before MS. Thus, the 

increased CVE discharge which manifests as the RSA^R in eupnoea, appears during apnoea 

as a bradycardia, with an increase in the HRV, which has a broad range of frequencies and 

sometimes a surprising amount of strong LF modulation (see Fig. 3.2.9). Therefore, the 

increased RSA and hence VT following MS is not dependent on the increase in the FetC02 

per se, although it can be enhanced by CO2.

The baroreceptor drive to the cardiovagal neurones forms the major input which 

determines their output (vagal tone, see Introduction). Lowering the sinus pressure by 

carotid occlusion or buffer nerve denervation have frequently been used to reduce or 

disable the vagal output and hence reduce RSA. Indeed, low BP is most successful in 

reducing vagal tone through reduction in the baroreflex (cf. Anrep et al., 1936a,b). In this 

study, MS lowers the BP to below 110 mmHg, which Kunze (1972) has defined as below 

the normal threshold for CVE activity in the cat, even though the threshold for pulsatile
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baroreceptor discharge is 40-50mmHg (Bronk & Stella, 1932). It would appear therefore 

that the increase in vagal tone following MS is not dependent upon an increase in the 

baroreceptor input, but occurs in the face of a declining BP.

Also, if the intact right cervical vagus is electrically stimulated there is a further 

bradycardia superimposed upon the MS bradycardia (see Fig. 3.2.1) but only a small 

increase in the RSA. The additional bradycardia completely shifts the mean heart rate (HR) 

but maintains the overall shape of the RSA, so that RSA^R remains variable and RS ApK 

still shows a clearly defined limit to the inspiratory phased inhibition of the VT. Thus, the 

VT which has a clear tachycardia limit (RSApjJ can be shifted in DC terms and added too, 

but this also has a clear limit. This is examined further in Section 3.
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3.3.1 Hypocapnic Apnoea

Aims. In the previous section (3.2) MS was used to slow respiration by elevating the 

CO2TRG for rhythm generation. The aim of the experiments in this section of the results is to 

study the effect of reducing the F^jCOj on the cardiorespiratory interactions without any 

mechanical change in ventilation. This will allow hypocapnic apnoea to be induced by 

changing the inspired CO2 concentration, so that the influence of the tonic chemical drives 

on heart rate can be studied, uncomplicated by rhythm generation and devoid of any overt 

changes in lung and chest wall volume. Reducing the FejC02 causes a tachycardia and a 

gradual decrease in the RSA, which is replaced by a unstructured HRV in hypocapnic- 

apnoea. Experiments were done with normoxic and hyperoxic gas mixtures to examine the 

influence of the peripheral chemoreceptors on the hypocapnic apnoea tachycardia, and 

autonomic blockade is used to eliminate the parasympathetic or sympathetic contribution to 

the response.

Animals were ventilated with a high rate (58/min), low stroke volume (64 mis) 

through a tracheal cannula with a sidearm leak forming an open circuit system (see Methods, 

and Bainton et al., 1978b) so that in the absence of added CO2, the FetC02 fell to between 

2.0 - 2.5% and hypocapnic apnoea developed. Mixtures of air + CO2 (normoxic) or O2 + CO2 

(hyperoxic) were used. In general for control recordings the FetC02 was set slightly higher 

(eg 0.2 - 0.5%) than the animal’s FejC02 during spontaneous breathing (normocapnia), to 

secure rhythm generation and to minimise the possibility of a premature apnoea due to small 

changes of ‘state’. In several experiments the FetC02 was set deliberately high to produce 

a strong respiratory drive (see later). The gas mixture was buffered by a one litre anaesthetic 

bag which was collapsed by hand so that the new level of CO2 reached the animal within 

5 - 10s, but without the overall airflow being altered.

The onset of apnoea produces a marked change in the cardiorespiratory control of the 

heart. In Fig. 3.3.1 A there is a marked RSA in an animal ventilated with air and CO2. Before 

the apnoea there is a strong Iemg ^nd a very small Eemg- When the FetC02 is reduced 

(3.96\1.98%) the Iemg decreases and there is a reciprocal increase in the Eemg which 

progressively becomes tonic as apnoea ensues. As the FetC02 continues to decrease there is 

a decrease in the tonic Eemg- The HR increases as soon as the Iemg begins to decrease in 

amplitude and before there is any clear slowing of the respiratory rate. When the respiratory 

rate starts to decrease the HR shows a more rapid increase with a gradual reduction in RSA 

due to a progressive increase in both RSAp^ and RSAjr, the latter being greater. Eventually
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Figure 3.3.1 A, Ventilated with air and CO2, nn-paralysed animal. Marked RSA and Î mg- 

Lowering the F^tCOs (3.96\ 1.98%) abolishes rhythm and the RSA, leaving a tonic Eemg 

LF-HRV. B and C, power spectra from before and after the hypocapnia respectively.
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the RSA is replaced by low amplitude high frequency R-R variability which is modulated 

by a moderate LF-HRV as the animal becomes apnoeic (see also Fig. 3.3.2).

Before hypocapnic apnoea the power spectra (Fig. 3.3. IB) shows a large peak centred 

around the respiratory frequency and some ill-defined peaks in the LF-HRV. In contrast, 

during apnoea (Fig. 3.3.1C), a marked LF-HRV replaces the RSA, in particular at the time 

when there is a maximum Eemg- The LF-HRV continues throughout the following CO2 

titration (see Section 3.4L

Figure 3.3.2 (below) is an expanded portion of Fig. 3.3.1 A which shows an example 

of a reciprocal inhibition in the intercostal EMGs. As apnoea approaches and the inspiratory 

output declines the weak respiratory periodicity in the Eemg increases in amplitude parri 

passu with the decline of the inspiratory drive until the last inspiratory burst, whereupon, 

tonic expiratory activity ensues. Before apnoea the strong inspiratory bursts were modulated 

by the ‘chest wall deflation reflex’ but as this drive diminished the emerging phasic, then 

tonic, expiratory drive was modulated by the ‘chest wall inflation reflex’ (Sears, 1964; 

Bainton et al., 1978b).
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Figure 3.3.2 Expanded section from Fig. 3.3.1 A. Iemg is highly modulated by the segmental 

(chest wall deflation reflex) and there is a very small phasic Eemg- As the FetC0 2  decreases
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there is a gradual reduction in the amplitude of the Iemg a reciprocal increase in the Eemg, 

which also shows a strong segmental reflex modulation (chest wall inflation reflex). 

Following the last inspiratory burst of EMG the Eemg becomes tonic as apnoea ensues, with 

the reflex modulation persisting.

Normoxic vj Hyperoxic Hypocapnic Apnoea. Experiments were performed using 

inspired gas mixtures of either air+COz (normoxic), or O2+CO2 (hyperoxic) to reduce the 

peripheral chemoreceptor drive. The HR response to hypocapnic apnoea generally took 

longer to reach its peak with hyperoxic than with normoxic gas mixtures. The absolute 

changes in HR for both groups are approximately the same (see Table 3.3.1).

Normoxic Hyperoxic

Rhythm Hypocapnic
Apnoea

Rhythm Hypocapnic
Apnoea

F e t C 0 2  % 4.87 1.67 3.85 1.63

HR BPM 203.9 219 196.2 204.9

BP mmHg 124 117 116 111

Time to peak s 104 - 178 -

Time to tonic EMG s 104 - 262
Table 3.3.1 Summary data from Figures 3.3.3A,B contrasting experiments done in the same 

animal with normoxic and hyperoxic gases.

For example. Figures 3.3.3A&B show the effects of hypocapnic apnoea with both 

normoxic (A) and hyperoxic (B) gas mixtures in the same experiment, only the starting 

FetC02 being different. No mechanical changes were made to the conditions of ventilation 

between the two runs. The peak tachycardia is reached at the same FejC02 (1.65%), however, 

the time taken is 71% longer for the hyperoxic run (B) compared to normoxia (A), even 

though the latter had a higher starting FetC02 (Table 3.3.1).

In normoxia the Iemg disappears quite early as the FetC02 is lowered to produce 

hypocapnia. The phasic E e m g  continues and outlasts the RSA (when the HR > 205 b p m ) .  In 

hyperoxia the phasic expiratory activity survives for longer (262s cf. 104s) before becoming 

tonic.

The transition from a phasic to a tonic EMG is also distinctive. In normoxia the tonic
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Figure 3.3.3 Ventilated, non-paralysed animal. A, Normoxic-hypocapnic apnoea. Marked 

RSA replaced by LF-HRV during apnoea and HR increases reaching a peak after 104s. Eemg 

continues after the Iemg- The duration of the phasic inhibition in the Eemg progressively 

shortens until tonic activity, modulated by the ventilator is seen. RSA ceases when the Iemg 

disappears. B, Apnoea takes longer to achieve with hyperoxic-hypocapnic ventilation (178s) 

and RSA now persists after loss of the Eemg although it disappears before full expiratory 

apnoea (see Eemg)-
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Eemg evolves from a declining envelope of phasic activity, whereas, in hyperoxia it evolves 

from the high level of the central periodic activity through a declining level of periodic 

inhibition with each inspiration.

In normoxia RSA disappears at the same time as the Iemg» and before the peak 

tachycardia is reached, even though the Eemg indicates central rhythm generation. However, 

during hyperoxic-hypocapnic apnoea RSA persists until the HR reaches its peak, and is 

detectable until just before the Eemg becomes tonic as apnoea ensues.

3.3.2 Summary o f Normoxic and Hyperoxic Hypocapnic experiments.

Tables 3.3.2 and 3.3.3 summarise the results from reducing the FejCOj in normoxia 

and hyperoxia respectively.

N orm oxia

Control Hypocapnia Change Sig. Change

FetC02 % 4.2±0.26 1.85±0.15 +2.35±0.7 SIG 191

HR BPM 194.1±4.6 204.6±4.5 +10.4±1.7 SIG 181 11

BP mmHg 103.2±3.7 94.3±4.4 -8.6±3 SIG 41 151

H P v a r  S 1.48E-5 5.6E-5 - - 11 181

CV % 0.9547 0.4808 - - 191

CVS % 0.535 0.2868
Fable 3.3.2 Summary of normoxic-hypocapnia experiments N=19. Sig p<0.05.

191

Hyperoxia

Control Hypocapnia Change Sig. Change

FetC02 % 4.03±0.16 1.76±0.09 +2.25±0.1 SIG 101

HR BPM 199.8±9 211±9 +12.3±1.17 SIG 101

BP mmHg 116±6.6 114.6±7.4 -2.1±1.9 NS 4l 6l

H P v a r  s 2.01E-5 6E-6 - - 101

CV % 0.9262 0.5382 - - 101

CVS % 0.5216 0.2953 — — 101
Table 3.3.3 Summary of hyperoxic-hypocapnia experiments N=10. Sig p<0.05, calculated 

by using the heart period.
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A significant increase is seen in the HR for both normoxic and hyperoxic groups, 

although the hyperoxic group had a slightly higher control HR (199.8 cf. 194.1 bpm ) .  There 

is no significant difference (p<0.01) between the tachycardia in the normoxic compared with 

the hyperoxic groups. BP decreased in both groups, but only significantly in the normoxic 

group, which usually showed a depressor response. Although there was no significant 

difference in the change in BP between the normoxic and hyperoxic groups (-8.6 cf. -2.1 

mmHg, p<0.01) there is considerable variability in the response, which makes it difficult to 

accurately predict the change in the BP. Measurements of HRV (CV, CVS, HP̂ r̂) all showed 

a consistent decrease with hypocapnia which is consistent with the apnoea and the absence 

of the RSA.

It was difficult to predict when the COg was first reduced just how far the F^jC02 

would eventually drop, so that a period of severe hypocapnia could develop as illustrated in 

the experiment Fig. 3.3.4. Although the BP was unaffected the initial tachycardia due to the 

hypocapnic apnoea declined and there was a marked bradycardia to below the control HR.

200  

BP mmHg

50
5

0
220

HR ^ BPM '
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EM G

EM G

................................ .
1 0 0  s

Figure 3.3.4 Same experiment as Fig. 3.3.3A but over a longer timescale. The FejC02 is 

lowered to 1.2% causing a severe hypocapnia. The BP is unaffected, however, the 

tachycardia is reversed and there is a marked bradycardia.
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Power Spectra. Although the induction of hypocapnic apnoea caused a consistent 

change in HR, the slow drift in the HR throughout the procedure invalidated many of the 

recordings for power spectral analysis. Table 3.3.4 summarises the data available from 

experiments where the HR is stable during rhythm generation and in apnoea.

HF-HRV was markedly reduced in all experiments, which reflects the disappearance 

of the respiratory peak in the spectra (RSA). In contrast, there was an overall increase in the 

mean values for LF-HRV, but this conceals the high degree of variability in this response. 

Out of 13 trials LF-HRV increased in five and decreased in eight.

Normoxic

Mean

N=5

Change

Hyperoxic

Mean

N=8

Change

HF Power a.u. 

LF Power a.u. 

HF/LF

-232.9±73

+154.5±127

-1.65

51 

2î 31 

51

-305.8±253

+79.9±67

-0.65

81 

3î 51 

l î  71

Total Power a.u. -78.4 2î 3l -225.8 2î 6l
Table 3.3.4 Summary of power spectra data for normoxic and hyperoxic-hypocapnic apnoea.

p-blockade. The HR responses described above ultimately reflect the ‘balance’ 

between the parasympathetic and sympathetic drives to the heart, irrespective of the 

homeostatic control mechanisms involved. To simplify the analysis of the HR response to 

hypocapnic apnoea the sympathetic drive was blocked with propranolol or atenolol (1 mg/kg). 

In the control experiments (see Section 3.If HR decreases, RSA is often reduced, but may 

also increase and respiration shows a variable response. Normoxic-hypocapnic apnoea gave 

the following responses.

Control Hypocapnia Significance Change

% 4.59±0.23 1.8±0.08 - -

HR BPM 156.5±6.2 164.9±6.7 SIG lOî l i  1«

BP mmHg 94.8±5.1 89.7±3.2 NS 9i 3î

HPvar s 3.49E-5 l.lE -5 - H i It

CV % 1.194 0.555 - 121

CVS % 0.813 0.367 _ 121
Table 3.3.5 Summary of results from normoxic-hypocapnic apnoea experiments after 

p-blockade (1 mg/kg atenolol or propranolol, N=12). Significance p<0.05.
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The control HR is now significantly lower after p-blockade, there is still a significant 

tachycardia in response to hypocapnia, but this is not significantly different fi-om that without 

p-blockade (8.4±1.9 c f 10.4±L7 b pm , NS at p<0.01) the peak tachycardia being only slightly 

lower. Following p-blockade BP was often low (<100 mmHg), 9/12 experiments showed 

a small decrease (94.8 \ 89.7 mmHg), but this was not found to be significant.

A prominent feature of both normoxic- and hyperoxic-hypocapnic responses was the 

‘sag’ in the tachycardia which occurred after the peak response (see Fig. 3.3.1). This was 

largely eliminated by p-blockade. Figures 3.3.5A,B show a hypocapnic-apnoea before and 

after p-blockade in the same experiment. In the control recording (Fig. 3.3.5A) there is a 

marked RSA which gradually reduces as the tachycardia develops prior to the steady state 

hypocapnic apnoea. After the respiratory rhythm stops a bradycardia develops together with 

a tonic Eemg- During the apnoea there is a marked HRV in the absence of RSA. Following 

p-blockade (Fig. 3.3.5B) the HR response shows no sign of the ‘sag’. In neither experiment 

does the BP change significantly.

Atropine. Usually pre-ganglionic blockade was not used until the experiments with 

MS and/or sympathetic blockade had been completed. Parasympathetic blockade often gave 

a unstable HR which made any interpretation difficult (see Section 3.IT Therefore, the 

number of experiments carried out with parasympathetic blockade was small (N=5), and 

several were following MS. Nevertheless, atropine appears to reduce the tachycardia and 

pressor responses to hypocapnic apnoea (see Tables 3.3.3 and 3.3.6, 10.4 cf. 7.5 b p m ) .

The following example (Fig. 3.3.6) shows the same experiment previously illustrated 

in Fig. 3.2.1 A in which MS had produced a sustained bradycardia and a marked increase in 

the RSA. Before atropine, electrical stimulation of the vagus gave a marked bradycardia. 

Atropine (Fig. 3.3.6) almost completely abolishes the MS induced bradycardia (222 cf. 229 

BPM in Fig. 3.2.1A before MS) and the RSA. The remaining ‘RSA’ (1-2 bpm )  is very small and 

is probably due to the marked respiratory movements. Electrical stimulation of the vagus 

after atropine had virtually no effect on the HR.

Reducing the FejC02 shows a clear tachycardia and a steady increase in BP. After the 

peak HR is reached there is a slow ‘sag’ in the HR over the next 600s. When naloxone is 

given (see Fig. 3.2.17A) during eupnoea there is an immediate tachycardia which gradually 

decreases as the reduces. A subsequent hypocapnic apnoea (not shown) gave a

similar tachycardia (221/238 b p m )  to the pre-naloxone atropine blocked experiment.

Therefore, in the presence of an atropine blockade, hypocapnic apnoea induces a
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Figure 3.3.5 Normoxic-hypocapnic apnoea. A. Before p-blockade. B After p-blockade. 

The sag seen in the response to hypocapnia is largely reduced by pre-treatment with 

p-blockade. Note, in B the Eê g is contaminated by dominant inspiratory phased intercostal 

activity.
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tachycardia which is the same, with or without MS, which suggests that as central rhythm 

generation ceases there is an increase in the sympathetic cardiac drive, although the chemical 

drive is diminishing. Previously, it has been shown that MS has a significant depressive 

action on the sympathetic drive (see Fig. 3.2.17A), and the tachycardia following naloxone 

supports this result. However, the depression of the sympathetic drive by MS could be 

compensated for by the increased chemical drive (PaCOj) which follows the respiratory 

depression.
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Figure 3.3.6 Hyperoxic-hypocapnic apnoea with parasympathetic blockade, (atropine 

1 mg/kg) and after MS (1 mg/kg). Before apnoea there is evidence of a very small ‘RSA’. 

However, there is a strong chemical drive (FetC02=8.2%) and significant spontaneous 

respiratory movements. Lowering CO2 causes apnoea, tachycardia, and a tonic which 

itself progressively diminishes. VS=electrical stimulation of whole cervical vagus (1/sec, 

30V, 0.2ms) shows only a minimum change in the HR.
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This example also shows an interesting Eemg- The basic pattern of the EMG prior to 

apnoea is strongly phasic with deep inhibitions reciprocal to each inspiration. At the onset 

of apnoea this reciprocal inhibition disappears to reveal an underlying tonic discharge, which 

is briefly inhibited in a graded manner by the occurrence of a single low amplitude burst, and 

then the tonic discharge itself progressively declines with the fall in the FexC0 2  over the next 

75s. Two further steps in the decay occur as the drive to the expiratory motoneurones 

decreases.

Control Hypocapnia Significance Change

F e t C 0 2  % 4.8±0.93 1.75±0.16 - 5i

HR BPM 215±4.4 222.9±7.8 NS 4î 11

BP mmHg 129±3.9 131.1±4.2 NS 4î 11

HPvar ^ 9.54E-7 8.61E-7 - 4i I t

CV % 0.2569 0.2569 - 2î 31

CVS % 0.2153 0.2152 _ 2î 31
Table 3.3.6 Summary of results from hypocapnic apnoea experiments with parasympathetic 

blockade (atropine 1 mg/kg), and with and without MS, N=5. Significant at p<0.05.

Offset o f  RSA. The tachycardia seen in hypocapnic apnoea is only part of the 

cardiovascular response. By definition RSA disappears as the respiratory rhythm ceases. It 

usually remains until the last indication of rhythm generation, from either the Iemg or Eemg- 

For example. Figure 3.3.5 shows two contrasting results; in ‘A’, the RSA persists beyond the 

peak tachycardia and the disappearance of the Iemg- Only when the Eemg shows tonic activity 

does the RSA cease. In contrast, ‘B’ shows the opposite response with the RSA surviving 

only as long as the Iemg-

Figure 3.3.7A shows an experiment in an animal pre-treated with MS. There is a 

strong respiratory drive which produces a marked RSA. In inspiration RSAp^ is clearly 

defined, with a fast onset and offset. In contrast, in expiration RSA^r shows much more 

variability in amplitude. As the FetC02 is reduced, respiration slows and there is a 

tachycardia due predominantly to the increase in RSA^r, the RSAp^ showing much less 

change. When rhythm ceased the underlying LF modulation, which modulated the RSA^r 

during eupnoea, continued with only a small bradycardia (Fig. 3.3.7B ‘sag’).

Post-ventilation apnoea (Pump stop manoeuvre). The usual experimental protocol 

required that hypocapnic-apnoea was followed by a CO2 titration. Occasionally, the
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Figure 3.3.7 A, Hyperoxic-hypocapnic apnoea after MS (1 mg/kg). There is a marked RSA 

with a clearly defined constant level of the RSAp .̂ In contrast, RSAjr has a strong LF 

modulation. As the FgxC02 is reduced the RSAjr shows the greatest reduction, the RSAp^ 

persisting until the last inspiratory burst, the LF modulation persisting during apnoea. B, 

continuation of A showing the ‘pump-stop’ manoeuvre and the onset of rhythm generation.
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Figure 3.3.8 Two experiments in the same animal. Hypocapnic apnoea is induced by 

continuous ventilation. When the ventilator is stopped, there is a bradycardia and pressor 

response. A, shows the response in normoxia and B a longer duration response in hyperoxia.
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ventilator was stopped or disconnected in hypocapnic apnoea to allow the respiratory rhythm 

to return spontaneously.

In Fig. 3.3.7B the animal remains apnoeic for =80s and there is a further small 

bradycardia. When the respiratory rhythm resumes the respiratory rate is much higher than 

before hypocapnic apnoea was induced (Figures 3.3.7A and B) and the RSA is significantly 

smaller, although RSAp  ̂is the same as the RSAp^ preceding apnoea (=173 bpm ) .  As rhythm 

becomes more established there is a further rise in the HR (Fig. 3.3.7B).

Stopping the ventilator usually caused an immediate pressor response. When rhythm 

resumes there is a tachycardia until the HR returns to the eupnoeic level. However, at the 

onset of rhythm there is a marked RSA during the first three breaths which gives a significant 

bradycardia, before the HR increases again. Figure 3.3.8A is in normoxia, however, during 

hyperoxia the duration of the apnoea is considerably longer (Fig. 3.3.8B, hyperoxia-40s cf. 

3.3.8A, normoxia-15s).
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Figure 3.3.9 p-blocked animal in normoxic-hypocapnic apnoea. Artificial ventilation 

stopped (Pump stop, iPoff) and the animal allowed to recover from the apnoea. When 

ventilation is resumed ( 1 P q n )  the I^mg is rapidly replaced by an increasing tonic Eemg-
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Figure 3.3.9 shows an experiment in a p-blocked animal were there is a marked tonic 

Eemg which is strongly modulated by the ventilator. When ventilation is stopped the 

modulation ceases and for 6s there is a tonic Eemg» which then slowly declines over the next 

14s until there is an abrupt inhibition as the Iemg increases at the onset of rhythm. The HR 

shows a brief but small tachycardia in response to pump stop, which turns into a bradycardia 

as the BP increases with RSA developing at the onset of rhythm. The pressor response lasts 

until the artificial ventilation is re-established (160s). This recording illustrates the strong 

baroreflex bradycardia which can occur during the post-ventilation apnoea and the gradual 

inhibition of the tonic Eemg ns the PaC02 gradually increases. When rhythm starts there is 

only a modest RSA indicating an incomplete inhibition of the prevailing VT (see Section 

17).

Cardiac nerve recording. Several recordings were made from the right cardiac nerve 

(see later) so that the efferent (CVE) activity could be correlated with the instantaneous heart 

rate (HRJ. However, the right cardiac nerves, which are the most accessible for dissection, 

are also believed to have the greatest influence on the SA node (dog, Parker, Cellar, Potter 

& McCloskey, 1981), whereas the left cardiac nerves have the greatest influence over 

ventricular rate (dog, Thompson, Felsten, Yavorsky and Natelson, 1987), so that when cut 

for recording there is a marked reduction of the parasympathetic drive to the heart. Figure 

3.3.lOA shows such a recording in a post-MS, non-p-blocked animal during the instigation 

of hypocapnic apnoea. The HR is low in this animal which reflects the MS, and there is a 

marked low frequency modulation of the HR which correlates with the changing BP. The 

cardiac nerve recording (Jjc low pass filtered, time constant=33ms) shows strong pulsatile 

activity (Fig. 3.3.1 OB) lasting throughout expiration, which is then powerfully inhibited 

during inspiration. When the FetCOj is reduced the respiratory modulation of the cardiac 

efferent activity is lost and the activity becomes tonic (Fig. 3.3.10A & C).

The cardiac nerve shows an overall increase in activity during apnoea which would 

be expected to cause a bradycardia in the intact animal and is opposite to the results 

illustrated earlier. However, the BP had been previously increased by phenylephrine (2 x 

5|LLg IV not shown) and this has increased the baroreceptor input resulting in a marked pulse 

modulation of the CVE activity, which can be clearly seen in the power spectra (Fig.

3 .3 .11 A) at 2.5 Hz (150 b pm )  along with the respiratory modulation at 0.19 Hz (11.4 Breaths 

min'*). During hypocapnic apnoea the strong pulse modulation becomes larger (Fig. 3.3.1 IB) 

as the respiratory modulation disappears. The effect on the HR during apnoea is to leave a
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Figure 3.3.10 A, Integrated neurogram from cut Rt cardiac nerve (J TC=33ms) in a post-MS 

treated adult cat, showing the transition from eupnoea to hyperoxic-hypocapnic apnoea. The 

cardiac efferent activity (CVE) during rhythm shows a strong pulse and respiratory 

modulation which becomes virtually tonic during apnoea, but retaining the pulse modulation 

(see power spectra Fig. 3.3.11). B, expanded section of ‘A’ during rhythm showing the 

relationship between the firing pattern of the CVE activity and the shape of the expiratory 

bradycardia. C, expanded section o f‘A’ showing the respiratory modulated CVE activity and 

the increase in activity during apnoea.
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significant low frequency modulation and bradycardia due to the increased baroreceptor 

drive, which is different from the result in the intact animal.
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Figure 3.3.11 Power spectra of the integrated cardiac efferent activity in Fig. 3.3.10 

from ‘A’, during rhythm in which there are peaks at 0.17 Hz (10.5 breaths m in '\ and its 

harmonic 21 breaths min ') due to the respiratory modulation and 2.5 Hz (150 bpm )  from the 

pulse modulation by the CVE activity. In ‘B’, during apnoea, the respiratory activity 

disappears and the spectrum is dominated by the pulse activity.

Double blockade hypocapnic apnoea. When hypocapnic apnoea is induced in a 

animal which has both parasympathetic and sympathetic blockade there is some evidence for 

a small tachycardia. However, this was only tested in two animals and in both there was a 

marked instability of the HR which made any meaningful interpretation difficult.

3.3.3 Discussion

In this study P^C02 was lowered by reducing the inspired COj concentration, without 

altering the mechanical ventilation. The aim was to be able to change the F ^ tC O j so  that the 

respiratory state could be controlled and an apnoea induced at will. Also, during apnoea a 

fine control over the ?aC0 2  could be achieved to enable an increased chemical drive to the
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cardiovascular system to be used in the absence of rhythm generation (see Section 3.4V

Changes in mechanical ventilation are known to have a significant effect on cardiac 

output and systemic vascular resistance (Kontos et al, 1965). Lung afférents are also 

stimulated which reflexely alters the central respiratory drive by reducing the inspiratory 

period and lengthening expiration (Breuer-Hering reflexes), independently of any change in 

the chemical drives.

In these experiments it has been found to be valuable to induce hypercapnie apnoea 

without overt changes in mechanical state. Initial adjustments of the side-arm leak (see 

Methods) had to be done carefully so that there was adequate ventilation, otherwise stopping 

the added CO2 was insufficient to reduce the FejCOj enough to induce an apnoea. 

Conversely, too much mechanical ventilation resulted in unnecessary inflation of the thorax 

and a subsequent increase in lung afferent activity. The cardiovascular responses to initiating 

artificial ventilation in the un-paralysed animal are illustrated in Section 3.6.

Artificial hyperventilation, as well inducing an apnoea firom the decreased PaCOj has 

been shown to produce a tachycardia which is due to a decrease in parasympathetic and 

sympathetic activities (Daly & Hazzeldine 1963; Haymet & McCloskey 1975; Kollai & 

Koizumi, 1979; Sutton 1981). This is partly due to a reflex from the lungs and partly due to 

a decrease in the chemoreceptor drive (see Introduction). In contrast, when the peripheral 

chemoreceptors are stimulated, either by hypoxic blood or cyanide there is a marked 

bradycardia, particularly in the ventilated animal when the respiratory effects due to the PC 

stimulation are controlled (Daly & Scott, 1958, 1963; McLeod & Scott 1964).

Table 3.3.2 summarises the data obtained from 19 animals ventilated with air and 

CO2. Hypocapnic apnoea induced a significant increase in the HR, and a decrease in the BP. 

The variables for HRV also decreased, reflecting the marked change that occurred in the HR 

modulation as apnoea ensues, and RSA disappears, which is often the major contributor to 

HRV. However, the PC input is known to contribute a significant drive during normal 

ventilation. In conscious man inhalation of 100% O2 can decrease ventilation by 10-15%, 

(Dejours, 1962). In full-term and premature babies a few days old there is also a small 

response to 100% O2, which gradually increases until about one month, when it reaches about 

a 20% decrease in ventilatory volume (Girard, Lacaisse & Dejours, 1960). In anaesthetized 

animals, decreasing P^02 increases PC discharge, particularly if the Pa02 falls below 60 

mmHg, with a resultant increase in ventilation. PC afferent activity is also proportional to 

PaC02 (and pH) in the range 20-60 mmHg (Vidruk & Dempsey, 1980). Therefore, a
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combination of a low P^02 and/or high P^COz sets the PC discharge. At high levels of P^Oz 

(>140 mmHg) the PC discharge is very low (Vidruk & Dempsey, 1980). Kirkwood, Nisimaru 

& Sears (1985) found that the PC activity recorded from the intact carotid sinus nerve largely 

disappeared when the animal breathed 100% Oj.

The contribution of the PCs to the hypocapnic-apnoea responses were assessed by 

comparing the hypocapnic-apnoea carried out in normoxia, with hypocapnic-apnoea in 

hyperoxia (100% O2) to reduce the PC input; the ‘transition’ from normoxia to hyperoxia in 

the adult and young cat is described in Section 3.6. No significant difference was seen in the 

HR response between the normoxic and hyperoxic experiments ( î 10.4± 1.7 b p m  cf. î 12.3± 1.17 

BPM, p<0.01). In the former there was a significant fall in the BP (i 8.6±3 mmHg), whereas 

in the latter there was only a non- significant change in BP ( i 2.1±1.9 mmHg). The responses 

were variable under both normoxia and hyperoxia, however, the normoxic experiments 

showed a greater consistency in their depressor response (BP 4î 151).

The change in BP was small for both conditions and showed no significant difference. 

Out of 29 experiments, 21 gave a depressor response, however, whether there is really a 

significant difference in the BP change between the normoxic- and hyperoxic-hypocapnic 

apnoea is difficult to assess because the variability of the response makes this less certain. 

In general the measurements of BP were complicated by the disappearance of the respiratory 

modulation of the BP record. This has the effect of changing the systolic, diastolic and mean 

BP measurements such that small changes in the BP (mean calculated value), could well be 

accounted for by the loss of the respiratory modulation (eg. Figures 3.3.1, 3.3.3). The same 

applies to the mean heart rate (HR), in particular in experiments where there is a large RSA 

(eg. Figures 3.3.1, 3.3.5), which is then replaced by a much lower amplitude HRV during 

apnoea, clearly seen in the raw record. The HR can also increase before there is any 

appreciable change in the amplitude of the RSA (see Fig. 3.3.5A), so there are significant 

changes in the HR irrespective of any distortion caused by using mean values. Therefore, 

hypocapnic apnoea has a similar effect on HR and BP, whether there is a significant PC input 

or not.

Figures 3.3.3A & B illustrate an important difference between the normoxic and 

hyperoxic responses. During normoxia lowering the FejC02 shows a rapid decrease in the 

Iemg5 ^ tachycardia and cessation of the RSA, even though central rhythm is still evident in 

the Eemg- The Eemg eventually becomes tonic, and then declines in amplitude, until it 

disappears altogether (Fig. 3.3.4). In contrast, when the PC input is largely eliminated by
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hyperoxia there is a much slower decline in the Iemg (Fig- 3.3.3B), and the tachycardia takes 

longer to reach its peak value (=178s cf. = 104s). RSA is preserved until just before the peak 

tachycardia. In contrast the tonic E^mg persists in apnoea at the same amplitude of the phasic 

Eemg (ef Bainton et al., 1978a; Bainton & Kirkwood, 1979).

Figures 3.3.3A & B are from the same animal, and in both the normoxic ‘A’ and 

hyperoxic B experiments the RSA disappears at approximately the same HR (205-210 bpm )  

even though there is clear evidence for rhythm generation. This indicates that at about 

205-210 BPM the VT is probably fully inhibited, although, in the normoxic run, the HR 

continues to increase (/ 220 b pm )  until the apnoea, when there is a slow bradycardia, 

concomitant with the continuing decrease in the FejCOj. There was no p-blockade in this 

experiment, but there is clearly an upper limit to the VT which could be phasically inhibited 

by rhythm generation, although, it is unknown if the following tachycardia is due to the 

cardiac sympathetic drive, or if it is due to further ‘non-phasic’ inhibition of the VT (see 

Section 3.71

Another problem with quantifying the HR responses to hypocapnic-apnoea is the 

uncertainty in determining the beginning and end of the hypocapnia response when 

comparing different experiments, even though the mechanical conditions for ventilation were 

reasonably constant in the spontaneously breathing animal. The time constant for the removal 

of CO2 is different for each preparation, which is important, because in combination with the 

ventilatory effect of the animals own breathing it determines the CO2 washout time.

The transition from rhythm to apnoea is reflected in the HRV statistics (CV, CVS), 

which show a consistent (29/29) decrease as the RSA is abolished, again little difference 

being seen between the normoxic and hyperoxic experiments. However, the HRV statistics 

are dominated by the RSA component, therefore it is not surprising that apnoea gives such 

a marked change (see also Section 3.4 on the onset of rhythm).

Reliable power spectra were difficult to obtain from the post apnoeic period when the 

other measurements were made, because a steady state of at least 256s was needed to obtain 

a valid spectrum, and this was rarely achievable at the time when the maximum tachycardia 

occurred. HR, BP and HRV could be measured over much shorter analysis period and were 

less affected by the slow bradycardias that occurred after the peak tachycardia. The only 

consistent change in the HR power spectra was a decrease in the HF power (13/13) as the 

RSA was lost in the apnoea (see HRV above).

In some records there is a marked LF modulation of the RSA (eg. Fig. 3.3.7), in
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particular of the RSAjr, whereas, the RSAp^ is more clearly defined. When 

hypocapnic-apnoea is induced the LF modulation continues during the apnoea giving a 

strongly LF modulated tachycardia. This experiment was following MS therefore it is 

possible that MS has increased the VT sufficiently to allow small changes in the chemical 

drive to the CYMs which during eupnoea are expressed as a variation in the RSAjr and 

during apnoea continue to modulate the heart rate. This experiment was without a 

p-blockade, so the LF modulation could be due to the cardiac sympathetic drive. However, 

in Section 3.2 it was established that MS reduces the sympathetic drive, making it less likely 

that there is a significant contribution to the heart rate from this source.

The RSApK and RSAjr are not always so clearly defined. When one of the cardiac 

nerves is cut (see Fig. 3.3.10) the remaining RSA is superimposed on LF activity which 

continues to dominate the modulation of the heart rate in apnoea. The experiment in Fig. 

3.3.10 is also after MS but no p-blockade, making it difficult to isolate the source of the 

modulation. There does appear to be an increase in CVM activity recorded from the cut right 

cardiac nerve and an accompanying LF bradycardia, which is particularly evident during 

hypocapnic-apnoea, indicating that the intact left vagus in this case is responsible for the LF 

modulation.

The contribution of the sympathetic drive to the heart in hypocapnic-apnoea was 

assessed by using a p-blockade (Table 3.3.5). The control HR and BP during eupnoea were 

both reduced (see Section 3.IT Hypocapnic apnoea still showed a significant increase in the 

HR, however, the decrease in BP was reduced in amplitude. As before, CV and CVS show 

a consistent decrease.

p-blockade has a marked effect on the apnoeic HR. Whereas before sympathetic 

blockade there was a progressive bradycardia (‘sag’) following the peak tachycardia during 

apnoea, particularly when the F^xCOj fell to a low value (see Fig. 3.3.4, FetC02= 1.2%), this 

was almost completely eliminated in the p-blocked experiments (see Fig. 3.3.5A cf. B).

As reported by Kollai & Koizumi (1981) both vagal and sympathetic drives to the 

heart show a decrease in activity when FexC02 is lowered. The decrease in vagal activity is 

rapid and dominates the initial response causing a tachycardia, leaving an apparent 

CO2-dependent sympathetic tone which itself progressively declines with further lowering 

of the CO2 . This was also true for experiments where there is little RSA, and hence 

presumably little VT (not illustrated).

Experiments following atropine showed a non-significant tachycardia (7.5±3.7 b p m ,
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N=5) in response to lowering CO2. All of these experiments had a marked instability in the 

heart rate, which is reflected in the large SEM. The most striking experiment is illustrated in 

Fig. 3.3.6, in which there is a substantial tachycardia (=19 b pm ) ,  when there is good evidence 

of a complete vagal block. The recording follows MS and a very high CO2 drive is used to 

maintain rhythm (F^jC02 = 8%). Following MS there is usually a decrease in the sympathetic 

drive to the heart (see Section 3.21 However, in this experiment it is possible that as apnoea 

occurs a substantial CO2 dependent tonic sympathetic drive persists during hypocapnia as 

reflected in the tachycardia, which then declines as the CO2 is further decreased. 

Alternatively, the effectiveness of the vagal drive to the heart could be modified at the 

ganglion cells by the prevailing sympathetic drive to the heart, which might be sufficient to 

give a tachycardia (see later).

During rhythm generation in man and most animals the R-R  HRV is dominated by 

RSA. In the anaesthetized cat RSA is not conspicuous because the VT is often low. In this 

study there are examples of a significant RSA occurring naturally (eg. Fig. 3.3.1), whilst in 

other examples MS has been found to produce a strong RSA (eg. Fig. 3.3.7).

As the name implies RSA is a respiratory-linked modulation of the heart rate by 

cardiovagal efferent activity. But what happens to such modulation when there is no 

respiratory rhythm? As the FetC02 is reduced the RSA gradually reduces in amplitude until 

is disappears with the onset of apnoea as deduced from the EMG activities (see Figures 3.3.1 

and 3.3.4B). As seen in Fig. 3.3.4A, this loss of RSA does not necessarily occur at the last 

inspiration because the E ^ m g  still shows evidence of central rhythm generation. It has been 

found to be unusual for rhythm, conveyed by the Î mg or Eemg fo persist much beyond the 

disappearance of the RSA. However, lowering the F^jCOj not only causes an apnoea but also 

reduces VT, which might reach a minimum before the apnoea, in which case the EMGs will 

show rhythm beyond the disappearance of the RSA (see Figures 3.3.3 A at 205 b p m  and B at 

2 1 0  b p m ) .

It has already been demonstrated that MS can substantially increase vagal tone, 

resulting in a large RSA. Characteristically the RSA shows a stable peak value (RSAp^, see 

discussion in Section 3.71 which is particularly evident in the experiment in Fig. 3.3.7A&B 

where it contrasts with the marked variability in the RSAjr (see above). When the FejC02 

is lowered, it is the RSA^r that increases first, which gradually decreases the RSA (where: 

RSA = RSApK - RSAxr). However, RSA persists until the last inspiration (indicated by the 

Iemg)j and then the LF-HRV which dominated the RSA^r continues in apnoea. If a p-blocker
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is used then the LF-HRV during apnoea is considerably reduced (Fig. 3.3.4A cf. B), although 

not eliminated. Therefore, in apnoea the heart receives unmodulated tonic parasympathetic 

and sympathetic drives even though a main source of the drive from the chemoreceptors has 

been reduced.

In the next section (3A) of the results the inspired CO2 is gradually incremented to 

titrate the heart rate and HRV responses during apnoea, to the increased FgyCOz.
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3.4.1 CO2 Titrations in Normoxic- and Hyperoxic-Hypocapnic Apnoea

Aims. Previously it was shown that ventilation induced hypocapnic apnoea caused a 

tachycardia and eliminated RSA, leaving an unstructured HRV. In this section of the results 

the aim is to slowly re-establish rhythm generation by adding CO2 to the inspired gases. At 

each step of the titration the HR and HRV will be measured to establish if during the apnoea 

the increasing chemical drive to breath has any effect on the dis-inhibited CVMs. CO2 

titrations will be done with both normoxic and hyperoxic gases to reduce peripheral 

chemoreceptor input, and with p-blockade to eliminate the sympathetic drive the heart. 

Power spectra will be used to identify the onset of rhythm generation in the HRV and to 

investigate the changes in HRV during the CO2 titration penultimate to rhythm generation.

CO2 titrations were made by stepped increments of the inspired CO2. Five minutes 

was allowed between increments for equilibration of gases, and then another five minutes for 

data acquisition at the new steady state (250s epochs for statistics and power spectra). The 

time spent at a low CO2 (<2%) was limited to reduce the possibility of hypocapnic ischaemia. 

In other experiments several rapid titrations were made with a short equilibration period to 

establish quickly the CO2TRG. This allowed multiple titrations close to CO2TRG so that the 

onset of respiratory rhythm and its effect on the heart rate could be observed.

Heart period changes. The results from 20 experiments conducted in air or 100% O2 

and in the absence of any drugs are summarised in Fig. 3.4.1 A. They are presented in 

graphical form because it was not possible to make CO2 titrations at identical CO2 levels 

between experiments, so that any statistical analysis of group data would severely distort the 

basic results. However, the data are normalised to show the relative change in each parameter 

from its lowest FejC02- The heart period has been normalised so that the heart period change, 

(A HP), is the difference between the current heart period and the heart period at the minimum 

FetC02. 11/20 experiments show a general increase in HP. 8/20 experiments show a decrease 

in HP. In one experiment the HP changes very little.

The CO2TRG can be quite low in relation to the eupnoeic level. Figure 3.4.1A 

illustrates two consequences of this. First, 8/20 of the experiments show a tachycardia with 

increasing F^jC02, of which three show a HP change during hypocapnic apnoea. In the other 

five experiments there is clear evidence in the recordings for the occurrence of respiratory 

rhythm generation, either as a phasic Iemg> or as a periodic inhibition of the tonic Eemg (®g- 

Fig. 3.4.15). Second, a characteristic ‘dog-leg’ is seen in the titration curve at the CO2TRG, 

which is always associated with the onset of rhythm. This occurs because the onset of rhythm
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Figure 3.4.1 A Summary graph from 20 CO2 titrations in either air or 100% O2 without any 

drugs. Data normalised to the initial heart period in hypocapnic apnoea. There are no 

significant differences between the normoxic and hyperoxic titrations. A characteristic 

‘dog-leg’ is seen in the titration reflecting the onset of rhythm.
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Figure 3.4.1B Summary graph from 16 CO2 titrations in either air or 100% O2 with 

combinations of MS and p-blockade. Data normalised to the initial heart period in 

hypocapnic apnoea. After MS the CO2TRG is elevated which extends the range of the CO2 

titration in the absence of rhythm. Under these conditions the variable HR responses seen in 

Fig. 3.4.1 A are more likely to be bradycardias. Note the tachycardia in the figure marked /, 

which is shown in detail in Fig. 3.4.17.
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is usually indicated by a phasic increase in the HR (RSA) above the ‘baseline’ HR during 

apnoea in the titrations which show a bradycardia (11/20) (see below and Figures 3.4.8 and 

3.4.10), and the opposite for the tachycardia group.

Figure 3.4.1B summarises experiments performed with various combinations of 

p - blockade and MS. The majority of experiments show a progressive bradycardia as F^C02 

is increased, until the respiratory rhythm resumes, when there is a phasic tachycardia. The 

response patterns differ from those without MS (Fig. 3.4.1 A) because elevation of CO2TRG 

allows a wider range of the CO2 titratable bradycardia to be seen without the onset of rhythm 

generation, therefore the ‘dog-leg’ in the HP occurs at a higher FejC02. In two experiments 

a clear cut tachycardia occurs during apnoea with an increase in 7^^002, which is particularly 

consistent in one experiment (see 3.4.1B marked /), but this was in the absence of a 

p-blockade (see Fig. 3.4.17 later).

BP Changes. In the absence of MS, sympathetic or parasympathetic blockade the 

majority of experiments (16/21) show a progressive increase in BP as FejC02 increases (Fig. 

3.4.2A). 5/21 show a decrease, four only a small change (<6mmHg) and the other a marked 

slow wave instability (Mayer waves).

Absolute change in BP No Drugs. with MS or p-blockade or both.

N

Mean mmHg 

BP Range mmHg

99

112.8dzl.63 { 

80 -> 142

92

97.4=tl.8{ 

-66.5 -  138.2

B A BP from the 
minimum FetCQ2

No Drugs Direction 
___________ of change

with MS or 
p-blockade

Direction 
of change

N

Mean mmHg 

Maximum increase

76 76

0.404=bl.88 t  

38.2

44 i 3215.05ztl.0t 24 1 52 1

38.3 
in BP mmHg

Maximum decrease 12.46 - 27.13
in BP mmHg

Table 3.4.1 Summary of BP changes during CO2 titrations. A, as the absolute change in mean 

BP with and without MS and/or p-blockade. B, as the change in BP (ABP) from the BP at the 

minimum FetC0 2 . J and f  significantly different (p<0.01).
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Figure 3.4.2 A Summary graph of blood pressure changes during CO2 titration in normoxic 

or hyperoxic hypocapnic apnoea in the absence of any drugs. The majority of experiments 

show a pressor response with increasing F^jCOj.
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Figure 3.4.2B Summary graph of blood pressure changes during CO2 titration in normoxic 

or hyperoxic hypocapnic apnoea with combinations of MS and p-blockade. In contrast to 

the experiments without drugs, more experiments show a depressor response. Note the higher 

FetC02 scale which reflects the elevated CO2TRG due to the MS.

184



0.08 n
-BP, -HR +BP, -HR

0.06

0.04-
« bO
I  0.02-
u
1  0.00-

2 -002- 
K

-0.04
-BP, +HR +BP, +HR

-0.06
-10-20 0 10 20 30 40

Figure 3.4.3 A Graph of HP change verses BP change during CO2 titration without any drugs. 

+BP = increase in BP, -t-HR = increase in HR. +BP,4-HR = pressor response, -BP,-HR = 

depressor response. Same symbols as Fig. 3.4.2
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Figure 3.4.3B Graph of HP change verses BP change during CO2 titration with a 

combination of p-blockade and MS. Pressor response of increased HR and BP more likely 

to be depressor in the presence of p-blockade and MS. There is one marked exception 

(marked /) which is described in detail in Fig. 3.4.17.
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When combinations of MS and p-blockade are used (Fig. 3.4.2B) before the CO2 

titration, the BP is more likely to decrease with the increasing (Table 3.4.1, B). This

probably reflects an overall decrease in the sympathetic drive to the heart, either due to the 

p-blockade or as the result of MS (see Section 3.21

Figures 3.4.3A & B show the relationship between BP and HP without drugs (A) and 

with a combination of p-blockade and MS (B). There is no clear difference in the 

experimental conditions to distinguish between experiments which show a +BP,-HP response 

and those which have a +BP,+HR response. However, experiments are less likely to show a 

pressor response (+HR, +BP) after p-blockade (Fig. 3.4.3B). The notable exception (marked 

/ of Fig. 3.4.3B) is described in detail later (Fig. 3.4.17). Therefore, the direction of the BP 

change in relation to HP change as the F^jC02 rises is unpredictable.

HRV during CO2  titrations in hypocapnic apnoea. The HRV, assessed by the 

coefficients CV & CVS was measured during apnoea, and as the was increased.

Figures 3.4.4A,B show the combined results from experiments in air and 100% O2, for CV and 

CVS respectively, in the absence of any drugs; Figures 3.4.5C,D show the equivalent graphs 

with combinations of p-blockade and MS.

Both CV and CVS generally show a progressive increase during the CO2 titrations, 

reflecting the gradual increase in the variability in the R-R period, but like the measurements 

of the HP and BP they also show a range of responses. CV like the HP often shows a step 

change at the onset of rhythm, whereas, CVS shows a smooth increase during hypocapnic 

apnoea and after rhythm occurs without any abrupt changes. The step in the CV parameter as 

rhythm starts occurs because CV compares the R-R intervals to the mean heart rate (HR), 

which increases with the appearance of RSA. CVS on the other hand is insensitive to any 

change in the HR because it measures the beat to beat variability (see Methods).

Power Spectra during CO2  titrations. Power spectra of the HRV in the HF range show 

an increase as FetC02 is increased during apnoea (Fig. 3.4.6A). When rhythm resumes and 

RSA reappears there is a substantial increase in the spectral power in the HF range, 

particularly at the respiratory frequency (RSA). However, the respiratory rate is usually low 

at the onset of rhythm, which means that power at the respiratory frequency appears in the LF 

range, which can bias the power measurements. Experiments where this occurred have been 

excluded from the results.

As rhythm becomes more stable and the rate increases RSA often decreases in 

amplitude, which is clearly reflected as a decrease in HF power after its peak value has been
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Figure 3.4.4A Graph of CV changes during normoxic and hyperoxic CO2 titrations in the 

absence of any drugs.
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Figure 3.4.4B Graph of CVS changes during normoxic and hyperoxic CO2 titrations in the 

absence of any drugs. The majority of titrations show a small but gradual increase in CVS 

with increasing FejC0 2 , indicating a progressive increase in the beat to beat variability, 

which is independent of any bradycardia that might occur.
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Figure 3.4.5A Graph of CV changes during normoxic and hyperoxic CO2 titrations with 

combinations of MS and p-blockade.
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combinations of MS and p-blockade.
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Figure 3.4.6A HF power measured over 256s epochs during COj titrations in air and O2. HF 

power normalised to its maximum value.
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Figure 3.4.6B LF power measured over 256s epochs during CO2 titrations in air and O2 . LF 

power normalised to its maximum value.
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Figure 3.4.7A HF power (0.1-0.5Hz) measured over 256s epochs during CO2 titrations in 

air or O2 with combinations of MS and p-blockade. HF power normalised to its maximum 

value.
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Figure 3.4.7B LF power (0.05Hz-0.1Hz) measured over 256s epochs during CO2 titrations 

in air or O2 with combinations of MS and p-blockade. LF power normalised to its maximum 

value.
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attained (Fig. 3.4.6A). LF spectral power showed a very inconsistent response to increasing 

FejCOj (Fig. 3.4.6B) during apnoea. However, after the respiratory rhythm resumed there was 

usually a marked decrease in the LF power concomitant with the increase in HF power. LF 

power dominates the heart rate power spectra during apnoea but it is also strongly influenced 

by any change in state (see below).

Experiments carried out with either p - blockade or MS show similar marked variability 

in the power response to the CO2 titrations (Fig. 3.4.7A,B).

3.4.2 Normoxia vs Hyperoxia

There is essentially no difference in the overall response of the HR and BP to CO2 

titrations in air compared to 100% O2. However, the CO2TRG in hyperoxia is usually slightly 

higher, and CO2 increments in the titration take longer for the response to stabilize.

The following examples (Figures 3.4.8A and 3.4.10A) show CO2 titrations performed 

first in air and then in 100% O2 in the same animal. Starting from the control level in 

hypocapnic apnoea, with each increment in the F^jCOj the HR decreases and the BP 

increases. In the absence of rhythm the heart rate is controlled by tonic vagal and sympathetic 

drives, both of which are sensitive to an increased chemical drive. As the FetC02 increases 

the HR decreases, probably due to the predominant effect of the vagal drive (see Introduction 

Fig. 1.3.3, Kollai & Koizumi, 1979).

Figure 3.4.8B shows an expanded section of ‘A’. As the CO2TRG is reached the tonic 

Eemg is replaced by phasic Eemg indicating the onset of rhythm. At this point the HR shows 

an increase as the tonic neural drives to the heart are again phasically inhibited. Inspiratory 

‘sighs’ cause a small transient tachycardia, each of which is followed by a bradycardia 

associated with an augmenting pump modulated tonic Eemg? until it is phasically inhibited by 

the onset of central rhythm generation. At the point where the tonic Eemg becomes phasically 

inhibited the bradycardia changes to a tachycardia, which continues until rhythm generation 

has become re-established.

Figure 3.4.9 summarises the data from the experiment in Fig. 3.4.8A. During 

hypocapnic apnoea the beat to beat HRV (CVS) shows an increase as the FetC02 is increased. 

Also the power spectra (Fig. 3.4.9 derived from Fig. 3.4.8B-E) show an increase in the 

LF-HRV during the CO2 titration.

Another CO2 titration repeated 10 minutes later in 100% O2 (Fig. 3.4.10A) gave similar 

results. As rhythm resumes at CO2TOG there is a tachycardia (Fig. 3.4.1 OB). Inspiratory ‘sighs’
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Figure 3.4.8 A, CO2 titration in air, no drugs. Marked HRV which increases with ^2^002. 

At the onset of rhythm there is an increase in HR, but little evidence of RSA. Inspiratory 

gasps show a small tachycardia followed by a marked bradycardia. Power spectra ( IPS 3.4.8 

marked C,D,E,F) mark the start of 256s epochs used to calculate the power spectra and 

interval statistics, which are plotted in Fig 3.4.9. B. Expanded section of A showing the 

bradycardias which occur with the augmented breaths during rhythm generation.
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Figure 3.4.10 A, COj titration during hyperoxia; same experiment as in Fig. 3.4.8, showing 

a progressive bradycardia with increasing F^xCOj. B, expanded section showing the onset 

of respiratory rhythm. Augmented breaths cause significant tachycardias above the baseline 

and subsequent bradycardias. Phasic Eemg seen before any Iemg-
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again occur which produce tachycardias above the HR baseline (HRxr)- However, in contrast 

to the previous titration in air, the tachycardias are followed by smaller bradycardias.

Finally, when p-blockade was used to block the sympathetic component of the HR 

response, the resting HR was reduced (185^163) and there was a slight increase in the CO2TRG 

(3.08/3.12 %, see Section 3.11 Hypocapnic apnoea caused an increase in the HR (HRp^/ and 

H Rjr/, not shown, giving the control values of Fig. 3.4.1 IB). Titrating the (Fig.

3.4.11 A) then showed a progressive bradycardia during apnoea until CO2TRG was reached, 

when following the occurrence of RSA there was a progressive tachycardia (Table 3.4.2) due 

to a progressive increase in both RSApK and RSA^r.

FEXCO2 

%
HR
BPM

CV
%

CVS
%

HF
a.u.

LF
a.u.

HF/LF

B 1.73 161.2 0.446 0.454 0.98 8.9 0.110

C 2.33 152.9 0.519 0.513 1.33 10.7 0.124

D 2.85 150.3 0.476 0.445 1.74 7.5 0.232

E 3.8 148.1 0.583 0.474 3.14 11 0.285

F 4.49 148.6 0.628 0.544 4.77 6.3 0.757

G 5.18 152.1 0.667 0.678 4.38 4 1.095
Table 3.4.2 Summary data from the experiment in Fig. 3.4.11 each taken over 250s epochs 

from points B-G. Note in F and G respiratory rhythm is present.

During the CO2 titration there are varying amounts of LF-HRV power in the HRV 

power spectra (Table 3.4.2), even in the presence of a p-blockade, which is known to reduce 

LF power (see Appendix 3). HF-HRV, CV and CVS all show an increase at the beginning 

of the CO2 titration. However, between points D and E (Table 3.4.2) there is a discontinuity 

in the increase of these variables, which corresponds to the period immediately before the 

onset of respiratory rhythm as indicated by the phasic Iemg-

Furthermore, the power spectra for epoch ‘ î E ’ in Fig. 3.4.11A shows two clear peaks 

in the HF frequency band which indicate an emerging respiratory rhythm. Figure 3.4.1 IF 

shows the next power spectra where the two peaks become a single peak at the respiratory 

frequency (ie. RSA). Thus, there is evidence for sub-threshold changes in the HRV, which 

either precede rhythm, or marks the onset rhythm before the Iemg-

The entire HRV for the experiment shown in Fig. 3.4.11 is plotted as a ‘cluster plot’ 

in Fig. 3.4.12A. Each colour corresponds to the 256s epoch used to calculate the power spectra
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Figure 3.4.11 A, CO  ̂titration in 100% Same experiment as Fig. 3.4.10 but following 

(3-blockade (Img/kg propranolol). B-G Power spectra from points marked TB-G in Fig. 

3.4.11 A. See Figures 3.4.12A,B for cluster analysis, see text for details.
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Figure 3.4.12 Upper, cluster plot of R-R-R data in Fig. 3.4.11. The points correspond to the 

analysis periods and power spectra in Fig. 3.4.11, where: red, PS B; green, PS C; yellow, PS 

D and cyan, PS E) reflect the increasing HRV during apnoea. When the CO2TRG is reached 

the mean HP is reduced again (purple, PS F) and the cluster plot shows a distinct grouping 

of the points representing the RSAy^ and RSAp^ parts of the RSA modulation of the R-R 

variability (blue, PS G). Lower, expanded section showing respiratory modulation.
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in Figures 3.4.1 IB-G. As the CO2 is titrated towards CO2TRG the R -R -R  data in the cluster 

plot show a change in their mean value, reflecting the bradycardia. Also, there is a small 

increase in the dispersion of the points (red, PS B; green, PS C; yellow, PS D & cyan, PS E) 

reflecting the increase in HRV. When the CO2TRG is reached the mean HP is reduced again 

(purple, PS F) and the cluster plot shows a distinct grouping of the points (Fig. 3.4.12B) 

representing the RSA^r and RSAp^ parts of the RSA modulation of the R-R variability. Thus, 

the cluster plot reflects the increasing HRV seen during the CO2 titration in apnoea, and the 

change in the quality of the HRV as rhythm resumes and RSA returns.

The following two figures also show normoxic (Fig. 3.4.13A) and hyperoxic (Fig. 

3.4.13B) CO2 titrations from a different animal. During normoxic-hypocapnic apnoea the HR 

is still decreasing during the ‘sag’ (see Section 3.31 After the second increment of FetC02, 

the CO2TRG (2.9%) is reached and rhythm resumes, indicated by the phasic Ig^G and RSA, and 

there is an increase in the HR. Further increments in F^jCOj increase the respiratory drive, and 

after 400-500s a phasic Eemg appears.

In contrast, CO2 titrations in hyperoxia are more likely to have a marked tonic Eemg 

during the hypocapnic apnoea (Fig. 3.4.13B) reflecting the obverse of the ‘inspiratory shift’ 

due to the modest peripheral chemoreceptor drive during normoxia (see Sears et al., 1982). 

During the CO2 titration there is an increase in the tonic Eemg? a progressive bradycardia and 

an increase in the HRV. The use of hyperoxia significantly elevates the CO2TRG so that rhythm 

does not occur until the 7^^002=3.9%. Under these conditions the onset of respiratory rhythm 

is expressed first as a phasic inhibition of the tonic Eemg? followed (73s) later by a phasic Iemg 

and the appearance of RSA (see expanded section in Fig. 3.4.14A).

Preceding the onset of rhythm, the tonic Eemg increases slightly (Fig. 3.4.14A) and 

there is a tachycardia and a decrease in the HRV. An identical pattern was seen in two other 

experiments, in which changes appear to preface the onset of rhythm (see later).

Figure 3.4.14B shows the changes in the HRV at the onset of rhythm in Fig. 3.4.14A 

analyzed by ‘Turns analysis’ (Briefly: this measures the rate at which R-R  intervals change 

from a ‘lengthening’ pattern to a ‘shortening’ pattern or vica versa (see Appendix 2). During 

apnoea, the turns analysis shows a marked turns rate associated with the more stochastic 

pattern of the R -R -R  intervals. When rhythm starts the HRV changes from the noisy 

variability of the R -R-R  interval to RSA, where the R -R -R  intervals become more 

modulated, and hence show fewer ‘turns’. In the experiment in Fig. 3.4.14A,B this occurs at 

the onset of the Eemg inhibition.
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Figure 3.4.13 A, CO2 titration in normoxia showing a small bradycardia before the onset of 

rhythm at F^jC02=2.9Vo. B, CO2 titration in hyperoxia in the same experiment, which now 

has a marked tonic Eemg- CO2TRG is higher (3.9%) in hyperoxia, allowing the titration to be 

continued to a higher level of FejC02 without the onset of rhythm. Just before rhythm 

generation there is an increase in the tonic Eemg?  ̂small tachycardia and a decrease in the 

HRV (1 HRV). Rhythm is first seen as a phasic interruption of the tonic Eemg (see Fig. 3.4.14 

expanded).
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Figure 3.4.14 A, Expanded section from Fig. 3.4.13B. Shows the onset of respiratory rhythm 

as phasic interruptions in the tonic E^mg? followed (73 s) by phasic I^mg- HRV decreases 

during the increase in tonic E^mg penultimate to rhythm and is replaced by RSA after the 

onset of rhythm. HRp clearly shows the change in the HP between the apnoeic HRV and 

RSA. B, Same data analyzed by ‘Turns’ analysis (see Appendix 2), showing a marked 

change in the R-R-R variability as the unstructured HRV seen in apnoea becomes highly 

modulated (RSA).
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3.4.3 Extended COo range

In Section 3.2 it has been shown that a single dose of MS can elevate the CO2TRG, thus 

allowing CO2 titrations and their analysis to be performed over an extended range of FetC0 2  

without resumption of the respiratory rhythm.

In the CO2 titration of Fig. 3.4.15A MS has been used to elevate the CO2TRG, which 

unfortunately also completely inhibited Eemg recorded from the T9 segment. However, a 

recording laterally from the diaphragm shows mixed inspiratory and expiratory activity, and 

the latter, assumed to be from the nearby intercostal or abdominal oblique muscles, persisted 

as tonic activity during hypocapnic apnoea.

Increasing the F^C02  causes a progressive bradycardia and an increase in the HRV, 

which continues until there is an increase in the Eemg- However, this occurs at FetC0 2 =5 .1 %, 

whereas, the pre-MS CO2TRG was 4.2%. Therefore, in the absence of rhythm the increasing 

FetC0 2  further increases the bradycardia and HRV.

When the tonic Eemg appears (Fig. 3.4.15A) there is a tachycardia. The power spectra 

(Fig. 3.4.15B) show that just after the appearance of the Eemg there is the first occurrence of 

power at the respiratory frequency (Fig. 3.4.15B, PS.8 ). Therefore, the tachycardia is 

associated with the appearance of the Eemg and respiratory rhythm.

Figure 3.4.16 shows graphs of A, LF (0 ) and HF (■) Power; B, HP; C, CV and D, 

CVS for the CO2 titration in Fig. 3.4.ISA. Both CV and CVS show an increase indicating the 

increased HRV that occurs in the absence of rhythm with an increasing chemical drive. CV 

shows a marked variability and this reflects the bursts of low frequency modulation in the HR 

which are clearly seen in Fig. 3.4.15 (eg. PS î4, î5, î7 Fig. 3.4.1 SB). With the occurrence of 

the tonic Eemg (FetC0 2 =5 .2 %) there is a marked increase in the HRV (CV epoch #34). The 

power spectra also show an increase in HRV in both the LF and HF bands. LF power is more 

variable in its amplitude, corresponding to the slow modulation of the HP seen in Fig. 

3.4.16A,B. However, HF power shows a smooth increase, rising more rapidly as rhythm starts. 

This experiment shows a typical bradycardia and increase in the HRV in response to 

increasing FetC0 2  during hypocapnic apnoea. The HR decreases and there is a general 

increase in the HRV, however, the bradycardia can have a very low frequency modulation (see 

Fig. 3.4.15) which causes a small increase in the HR superimposed on the dominant 

bradycardia, during which there is a decrease in the HRV.
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Figure 3.4.15 A, Normoxic CO2 titration after MS (1 mg/kg), which has elevated the 

CO2TRG (/5.1%). Iemg recorded laterally from the diaphragm also shows expiratory 

activity, presumably from the abdominal oblique muscles. Increasing7^^002 causes a 

bradycardia which continues to increase even when theFgTC0 2  is elevated above its pre- 

MS CO2TRG level. B, power spectra (PS. Tn) from twelve 256s epochs in A.
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Figure 3.4.16 Graphs of A, LF (0) and HF (■) power, B, heart period, C, CV and D, CVS 

for the CO2 titration in Fig. 3.4.15A. HF and LF power, and CV and CVS all show an 

increase, indicating a rise in HRV during apnoea with increasing CO2 during apnoea.
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3.4.4 COo titration tachycardia

The majority of experiments showed a tachycardia in response to hypocapnic apnoea 

(see Section 3.3T either with, or without, p-blockade, and a titratable bradycardia.

However, two experiments showed an opposite HR response.

Figure 3.4.17 shows a animal ventilated in 100% O2. In the control period the chemical 

drive is set high (FejC02=4.92%, C02trg=4.42%, HR=187, Respiratory rate^=21.3 Breaths 

m in ’). Blood pressure is low (=82 mmHg) and there is little sign of RSA despite the strong 

phasic Iemg ^nd Eemg- When MS (îMS, Img/Kg) is given there is a typical response of a 

decrease in the respiratory rate (21.3 i 9.8 Breaths min'*), a decrease in HR, a marked RSA 

and an abolition of the Eemg (see Section 3.21

Reducing the FetC02 rapidly induces an apnoea and the RSA ceases, leaving a 

baseline HR, corresponding to the H R j r  (=132 b pm )  during the expiratory phase of the RSA. 

As the FejC02 continues to fall there is a further decrease in the HR (132^115 b p m ) .  The 

subsequent CO2 titration shows a progressive increase in the HR until the new CO2TRG is 

reached (4.7%); as rhythm resumes the HRV is modified by the occurrence of RSA, which 

increases in amplitude in parallel with the Iemg i"ibl it reaches an amplitude and rate 

corresponding to the post-MS period. Further elevation in the chemical drive increases the 

respiratory rate, and reduces the RSA by a tachycardia of the expiratory component (HRy^/). 

Analysis of the HRV during the CO2 titration shows a decrease in the CV and CVS HRV 

coefficients during the apnoea (Fig. 3.4.18).

Figure 3.4.19 shows a continuation of the experiment in Fig. 3.4.17. p-blockade 

(propranolol 1 mg/kg) is used (î p) to assess the sympathetic contribution to the HR. 

p - blockade significantly decreased the RSA (28 \ 10 b p m )  leaving a baseline HR which is 

below the baseline HR seen before p-blockade. Power spectra (not shown) indicate a decrease 

in the LF-HRV and a very significant decrease in the HF-HRV. The bradycardia element of 

RSA continues without any change in BP or FetC02. Hypocapnic apnoea results in a much 

smaller bradycardia than was observed before the p-blockade. And the CO2 titration now 

produces a small but progressive bradycardia until rhythm resumes and the onset of RSA, 

when there is a slightly larger RSA(14 cf. 10 b pm )  than immediately before the hypocapnic 

apnoea, probably because the respiratory rate is slower (14 cf. 11.7 Breaths min '); this effect 

is also seen during the development of hypocapnic apnoea as a ‘burst’ of large amplitude RSA 

as rhythm disappears (Fig. 3.4.18 marked ★). As the rate increases RSA is again diminished 

even though there is a marked respiratory drive.
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Figure 3.4.18 Graph of HR (■), CV (a) and CVS (o) for the data in Fig. 3.4.17, showing a 

decrease in the HRV with increasing CO2 in apnoea, and then an increase as rhythm resumes 

at CO2TRG.
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Figure 3.4.19 Continuation of Fig. 3.4.17. î p (propranolol 1 mg/kg) causes a bradycardia 

and a marked reduction in RSA. $  large burst of RSA preceding hypocapnic apnoea (see 

text). Following CO2 titration shows only a small tachycardia.
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The experiment in Fig. 3.4.17 clearly shows a marked increase in the cardio-vagal 

drive following MS. When the CO2 is decreased both parasympathetic and sympathetic drives 

to the heart are reduced (see Section 3.31 but in this case at low CO2 the vagal drive is 

dominant so that the HR shows a net decrease. The subsequent CO2 titration increases both 

drives but at the higher level of CO2 the sympathetic drive is dominant, so that the HR 

increases.

Figure 3.4.18 shows how much in this animal the sympathetic drive is contributing to 

the HR. p-blockade markedly reduces the HR, however, RSA is also severely decreased. The 

following CO2 titration shows only a small additional bradycardia.

These results indicate that MS has produced a substantial VT, which is partially offset 

by a strong CO2 dependent sympathetic drive. When the sympathetic drive is removed, either 

by hypocapnia or p-blockade the full extent of the MS induced VT is revealed as a further 

bradycardia and a reduction in the RSA, suggesting that although the VT is high, a large 

portion of it could not be inhibited during inspiration.

3.4.5 Onset of Respiratorv Rhvthm

The transition from apnoea to rhythm provides the opportunity for examining the 

genesis of the cardiorespiratory modulation (RSA). Tonic Ee^g is almost invariably seen 

during hypocapnic apnoea, although pre-treatment with MS reduced its incidence (see Section 

3.2). In experiments which showed tonic EgMo the first indication of the onset of rhythm 

during a CO2 titration is a phasic inhibition of the tonic expiratory activity (cf. Bainton et al., 

1978b; Sears et al., 1982). Intercostal Iemg recordings although comprised of low threshold 

units, would often appear at slightly higher levels of CO2.

In the example in Fig. 3.4.20A following p-blockade and MS the CO2 titration had 

provoked a progressive bradycardia. The first indication of respiratory rhythm generation is 

an inhibition of the prevailing tonic expiratory drive, associated with a transient tachycardia 

which itself is curtailed and restored to the pre-existing bradycardiaparri passu with the full 

reestablishment of the pre-existing peak expiratory activity (3.4.20B). Thus, the first breath 

inhibits both the tonic drive to expiratory motoneurones and a substantial VT, due both to the 

MS and the increased chemical drive which had contributed to the bradycardia prior to the 

onset of rhythm. The phasic rhythmic inhibition of the bradycardia which creates the RSA 

quickly reaches its maximum value from the initial level of RSAp^ to plateau before the peak 

amplitude of the Iemg is attained for the current level of FetC02- Such transitions in the heart
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Figure 3.4.20 A, CO2 titration in air. Post-MS (1 mg/kg) and p-blockade (Propranolol 

1 mg/kg). Bradycardia as F^jC02 is increased. Onset of rhythm is indicated by a phasic 

interuption of the tonic Eemĝ  B, (expanded section) and an inhibition of the apnoeic tonic 

parasympathetic drive, which causes a marked increase in the HR. Î mg Erst appears -200s 

after the first change in the Ê mg-
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rate do not require an overt Eemg to be present, whose presence, like that of the Iemg» is a 

matter of ‘threshold’.

The expiratory phased portion of the RSA (RSA^r) continues almost at the same level 

as the bradycardia before the onset of rhythm. Therefore, the RSA is ‘sculpted’ entirely from 

the inhibition of a tonic chemical (and MS) driven bradycardia which is re-established during 

each expiration.

There is a close relationship between the levels of the respiratory drives (Iemg ^rid 

Eemg) the RSA and apnoeic HR. In Fig. 3.4.21 the FejC02 is being reduced from a very 

high level (same animal as the previous example. Fig. 3.2.20), the resulting tachycardia being 

initially dominated by an approximately equal increase in both RSAp^ and RSA^r so  the 

amplitude of the RSA is largely unchanged. With the advent of apnoea the Eemg becomes 

tonic(i I, Fig. 3.4.21) RSA disappears and the HR stays at the same level as the HRy^ obtained 

during rhythm generation (marked î i ).

110  -

B P  mmHg

H R  BPM 
I

OL CO o =11

RSA

RSA

PK

TR

50 s

Figure 3.4.21 Continuation of Fig. 3.5.20 showing the end of the CO2 titration and a further 

hypocapnic apnoea. RSAp  ̂marks the mean level of the tachycardias which are only exceeded 

in the immediate pre-apnoeic period as the both the Iemg arid Eemg activities decline. In the
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initial apnoeic there is a depressed heart rate response (between arrows î î) which corresponds 

to the marked tonic E^mg (marked i 1). OL = overloaded.

As the tonic Eemg declines further the F^^COj continues to fall and the HR 

progressively increases. Thus, the appearance of a strong tonic Eemg during apnoea coincides 

with a check in the tachycardia which accompanies the apnoea (see Section 3.3V

When the respiratory system is very depressed with an elevated CO2TRG, or when 

CO2TRG is approached slowly a very clear pattern of inspiratory inhibition of VT can be seen. 

Under such conditions the onset of the respiratory rhythm generation is sluggish and erratic. 

In the experiment in Fig. 3.4.22A the animal is being ventilated with 100% O2, following a 

p-blockade and MS, and is in hypocapnic apnoea. The CO2 increments have been kept small 

(=0.2% FejC02), enabling the CO2TRG to be approached very slowly. The HR is low reflecting 

both the sympathetic blockade and the increased VT due to the presence of MS and the strong 

chemical drive (initially 7%). A transient inspiratory burst and corresponding phasic inhibition 

of the tonic Eemg occurs (Fig. 3.4.22B), which is concurrent with a marked tachycardia that 

lasts for the duration of the inspiratory period. There is no further indication of rhythm 

generation for “200s when there is another breath. Subsequent breaths then occur at shorter 

intervals, each accompanied by a brief tachycardia during inspiration and then a bradycardia. 

After “860s following an augmented breath there is an abrupt increase in the respiratory rate 

(Fig. 3.4.22A Stage 2) and an increase in the phasic Iemg Eemg- Brief tachycardias 

continue with each inspiration to approximately the same amplitude (RSAppJ, however, there 

is a significant elevation of the baseline bradycardia (RSA-nO and hence reduction in RSA, and 

a decrease in the HRV seen during the expiratory period.

This example shows that the tachycardia attained in each breath can be reasonably 

constant. Similarly, the baseline HR during the expiratory phase, although subject to a marked 

beat to beat variability is also reasonably constant, providing the respiratory rate is very slow. 

However, when the respiratory rate increases spontaneously (Stage 2 Fig. 3.4.22B), Te is 

reduced and the expiratory bradycardia component is reduced, thus, the mean HR is increased.

This example also illustrates the typical appearance of RSA at the onset of rhythm, in 

which there is a tachycardia during inspiration arising from the apnoeic bradycardia, which 

itself is usually associated with a prominent variability. The baseline can be manipulated by 

altering chemical drives, sympathetic blockade or by the use of MS.
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Figure 3.4.22 A, End of CO2 titration in O2. Post MS (1 mg/kg) and p-blockade (propranolol 

1 mg/kg). First indication of rhythm generation (C02trg=7%) is indicated by a small Iemĝ  a 

phasic inhibition of the tonic Eemg and a corresponding brief tachycardia. After “200s there 

is another breath and a similar tachycardia, this triad being repeated as rhythm gradually 

re-establishes. Stage 2, see text. B, Expanded section from A showing the marked 

tachycardias at the onset of rhythm.
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3.4.6 Discussion

In Section 3.3 it was demonstrated that when euoxic hypocapnic apnoea is induced by 

reducing the inspired CO2 there is normally a tachycardia, and, as a consequence of the 

apnoea, a cessation of any prevailing RSA. For the range of CO2 studied (>2.0%) the HR 

usually stabilizes at a higher value than during eupnoea, but slightly less than HRp^ as 

determined by the RSA.

In this section hypocapnia is slowly reversed by incrementing the FejC02 in small 

steps by the addition of CO2 to the inspired gases, each level of FejC0 2  being maintained for 

at least five minutes to quantify the beat to beat response of the heart. The aim of these CO2 

titrations was to examine the action of the parasympathetic drive to the heart in response to 

increasing levels of FejC0 2 , both in the absence of respiratory rhythm and during its onset.

In many CO2 titrations the equilibration period of five minutes was insufficient to 

achieve a completely stable HR response. Therefore, any residual drift in the HR was removed 

by removing any very slow changes in HR by subtracting the calculated ‘slope’ of the data 

(see Methods). The data from 32 experiments are presented graphically because mean changes 

are not meaningful when the measurements of F^C 0 2  etc are made under different conditions 

of rhythm generation and CO2TRG.

CO2 titrations done after atropine (not illustrated) showed a marked low frequency 

instability of the HR, which meant that during the five minutes equilibration period at each 

level of FetC02 the HR and BP were very variable, making any meaningful measurements of 

HR, CV and CVS difficult.

In all the experiments which showed a tachycardia during the development of 

hypocapnic apnoea, there was an bradycardia in the subsequent CO2 titration until CO2TRG was 

reached, when usually there was a either a phasic or sustained tachycardia. There was little 

difference between the absolute changes in the HP which occurred with, or without, 

p-blockade which suggests that the response to an increasing FetC0 2  is dominated by the 

parasympathetic drive to the heart.

During the titration a progressive bradycardia occurred with increasing FetC02 until 

rhythm occurred. Although there were no significant differences in the pattern of responses 

to the titrations performed in air compared to 100% oxygen, the CO2TRG was always higher 

during the hyperoxic titrations, which meant that rhythm resumed later in the titration. 

Similarly, by elevating the CO2TRG, MS extended the range over which the titration could be 

made, under these conditions the overall response of the HR and BP was similar to that during
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hyperoxic CO2 titrations.

After p-blockade or MS (Fig. 3.4. IB) the progressive bradycardia response to 

increased was more consistent. MS is known to increase VT (see Section 3.21 but

MS also reduces the sympathetic drive which means that the HR is lower. A comparison of 

Fig. 3.4.10 pre- p-blockade and Fig. 3.4.11 post- p-blockade shows that the hypocapnic heart 

rates are very different (185 cf. 160 b pm )  but both figures show a bradycardia as the 

is increased. Therefore, the CO2 titration remains unchanged by the p-blockade but takes 

place over a different range of HR, and is dominated by the remaining parasympathetic drive.

The BP responses to the CO2 titration were more difficult to predict. In the absence of 

any drugs a pressor response dominates; when depressor responses were seen (Fig. 3.4.2A), 

these become pressor at the onset of rhythm. After MS there is a clearer depressor response, 

which probably reflects the central action of MS on the sympathetic activity (see Section32), 

analogous to the peripheral p-blockade of the cardiac sympathetic drive.

In the absence of any drugs the most frequently observed effect was a +BP, +HR 

response. This is usually associated with the onset of rhythm, and the HR nearly always 

showed a tachycardia because of the inspiratory-linked inhibition of the VT from its apnoeic 

‘state’. An exception to this finding is the experiment in Fig. 3.4.17 which shows a strong 

pressor response in keeping with the tachycardia during the CO2 titration (see below).

There is very little evidence for a clear baroreflex response (ie. +HR, -BP, Fig. 3.4.2A) 

as the FetC02 is raised. Kunze (1972) found that there was no significant CVM activity as a 

result of a baroreflex at pressures below 140- ISOmmHg. However, the absolute BP only is 

142 mmHg, the maximum change in BP during the CO2 titration is -38 mmHg, and the mean 

BPs are 112.8±1.6 mmHg (no drugs) and 97.4±1.8 mmHg (with p-blockade and MS). 

Therefore, it is not surprising that the baroreflex is not engaged during the CO2 titrations.

During hypocapnic apnoea the increasing CVM drive (ie. VT), which is seen as a 

progressive bradycardia during the CO2 titration, also increases the variability of the R-R 

intervals (eg. Fig. 3.4.9). The HP variability has a wide power spectrum indicating a spread 

of frequencies, with low frequency modulation of the baseline HR which occasionally appears 

as short bursts of a recognisable ‘rhythm’ (eg. Figures 3.4.8 and 3.4.15), but these are unlikely 

to be respiratory related because the FejC02 is well below CO2TRG (see Fig. 3.4.19).

The mechanisms responsible for the ‘rhythms’ seen in the HRV during apnoea remain 

obscure. In experiments where there was no sympathetic blockade (eg. Figures 3.4.8,13 and 

15) the low frequency HRV could represent the sympathetic neural drive, which has been
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shown to be tonic during hypocapnia (Preiss & Polosa, 1977; Connelly & Wurster, 1985), and 

is known to exhibit very low frequency (VLF) periodicities (see Appendix 3), VLF 

fluctuations in the BP during apnoea (see Fig. 3.4.8) do not show any clear correlation with 

the HRV modulation, which is not surprising as the BP is usually low during the CO2 titrations 

and might not be sufficiently strong in the anaesthetized cat to have a significant baroreceptor 

input to the CYMs (see above).

Recordings following p-blockade also show persisting VLF modulation of the HRV 

during apnoea (see Fig. 3.4.11), although it is greatly reduced in amplitude. Whether it is due 

to an incomplete block of the sympathetic drive or is due to a low frequency modulation of 

the parasympathetic drive during hypocapnic apnoea remains unknown.

A ‘complete’ sympathetic blockade does not mean that the HR and the HRV cannot 

be changed by the cardiac sympathetic drive. Revington, Potter & McCloskey (1990) showed 

in the cat that even under propranolol, stimulation of the cardiac sympathetic nerves causes 

a long lasting attenuation of any subsequent cardiac vagal action. A similar finding had been 

previously reported in the dog (Potter, 1987) in which Neuropeptide Y (NPY), a peptide 

released from sympathetic terminals had been proposed to have a presynaptic action on the 

post-ganglionic vagal nerve terminals. In cats, however, Galanin, a 29 amino acid peptide, 

exerts a similar effect (Revington et al., 1990). The prolonged attenuation of the cardiac vagal 

action (time constant =15 minutes) could be mimicked by exogenous Galanin in the cat 

(Revington et al., 1990), whereas, in the dog, it was found that it was mimicked by exogenous 

NPY (Potter, 1987). Furthermore, it has been found that the attenuation of vagal slowing 

caused by prior sympathetic stimulation, is reduced or abolished when sympathetic stimulation 

is given with vagal stimulation. This suggests that the concurrent vagal stimulation inhibits 

the release of the inhibitory factor (Galanin). In the dog it was proposed that the NPY effect 

on the vagal drive could be reduced during vagal stimulation by the release of acetylcholine 

from the cardiac vagal nerves, which is known to prevent the release of NPY from sympathetic 

nerves (Revington & McCloskey, 1990).

These experiments indicate that despite a p-blockade it is not possible to exclude a 

persisting influence of the cardiac sympathetic drive upon the parasympathetic control of the 

HR and HRV. It is not known what possible physiological interactions exist between such 

drives during apnoea, when both autonomic arms receive a non-reciprocal chemical drive 

(Kollai & Koizumi, 1981) which, by virtue of the apnoea, gives a continuous stimulation of 

the cardiac sympathetic drive, and more than likely in the cat only a small cardiac vagal drive.
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The experimental parameters in the Galanin experiments were intense. For example, 

a three minute stimulation of the right cardiac sympathetic nerve at 16 Hz gave -40% of 

maximum vagal inhibition, lasting for 8.3 minutes (Revington et al., 1990). It is therefore 

possible that more subtle interactions occur between the sympathetic and parasympathetic 

cardiac drives involving the ‘Galanin mechanism’ which imposes a marked variability on the 

HRV reflecting a slowly changing modulation of the cardiac sympathetic drive on the cardiac 

vagal drive.

During a marked hypocapnic apnoea the sympathetic drive is also decreased. However, 

towards the end of a CO2 titration there could be a significant period before respiratory rhythm 

occurs during which there is an elevated tonic sympathetic drive which could have had a 

significant effect on the effectiveness of the parasympathetic drive to the SA node even after 

propranolol.

Previous work by Kollai & Koizuimi (1979) has shown that increasing the P^GOz 

(3.4% - 4.8%) increases the CVM output. During respiratory rhythm the CVM output is 

periodically inhibited during inspiration. The end of the inspiratory phase is usually followed 

by a burst of CVM activity which accounts for most of the post-inspiratory bradycardia ie. 

RSA (see also Section 3.5k During apnoea this highly modulated output is lost, leaving a tonic 

CVM drive, which might show some pulse modulation relating to the baroreceptor inputs to 

the CVMs (Kunze, 1972). After all baroreceptor and peripheral chemoreceptor inputs are 

eliminated the VT is greatly decreased but not completely eliminated (Kollai & Koizuimi, 

1979), and the respiratory linked inhibition of the VT is preserved. This indicates that there 

is a centrally originating tonic activity in the cardiac vagus which is subject to the same 

respiratory modulation as the peripheral baroreceptor and chemoreceptor drives.

For the greater part of the CO2 titrations the amount and frequency content of the HRV 

was unpredictable, which suggests a random source for the drive. This means that the central 

mechanisms driving the output of the CVMs during a hyperoxic CO2 titration during apnoea 

produce a steadily increasing parasympathetic drive to the heart, but one which although 

reflecting the sum of the inputs to the CVMs lacks an underlying structure, thus producing 

variability in the heart period.

Attempts were made to make recordings from the cardiac branches of the vagus nerve. 

Although two recordings were made (2/8 animals) the preparations were not stable enough to 

obtain a clear picture of the changes in the CVM activity during a complete CO2 titration, 

although the recordings did show the clear phase relationship of the cardiac efferent activity
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with respiration and tonic activity during apnoea (see Fig. 3.3.10). However, the CVM drive 

has been assessed indirectly by measuring the HP and its R-R variability (ie. the HRV) during 

apnoea, which is believed to reflect the short term changes in the CVM drive to the SA node.

The overall variability in the R-R  interval (the HRV) has been quantified by 

calculating the coefficients of variability of the R-R intervals (CV & CVS). CV measures the 

variability of the R-R interval from the mean R-R interval, the former being high when there 

is RSA, which makes CV sensitive to the presence of rhythm and RSA. CVS on the other hand 

measures the R-R variability as a beat to beat difference, and thus can clearly track small 

changes in the HRV (Figures 3.4.9B cf. 3.4.8A). This is particularly noticeable in experiments 

when there is a small tachycardia just preceding the onset of rhythm where the HRV often 

decreases (see Fig. 3.4.11).

During eupnoea RSA has clear a role in organising the parasympathetic cardiac neural 

drive from the CVMs into a low frequency, deterministic change in the heart rate. Although 

the CVM output is normally modulated by the baroreceptor inputs at the pulse rate, this 

feedback signal is effectively low pass filtered by the respiratory modulation so that during 

eupnoea the R-R variability shows a clear progressive shortening of the R -R  interval during 

inspiration, followed by a progressive lengthening in expiration (see Section 3.5 for further 

discussion). However, during apnoea this highly structured change in the HP is lost and the 

R-R variability more closely reflects the high frequency changes in the CVM drive at the SA 

node.

The onset of respiratory rhythm after hypocapnic apnoea is usually first expressed as 

a phasic inhibition of the tonic Eemg (Bainton et al., 1978b, and Figures 3.4.20,21,22A and 

22B) and a phasic tachycardia arising from a baseline HR. Figures 3.4.13B and 3.4.14 would 

appear to suggest this is not always true because penultimate to rhythmogenesis there is an 

increase in the Eemg, ^ tachycardia and a decrease in the HRV. The fact that the experiments 

were carried out in 100% Oj suggests that there was no ‘inspiratory shift’ preceding rhythm, 

which would have increased the inhibition of the CVM drive, and hence given a tachycardia. 

However, the chemical drive is greater than in Fig. 3.4.13A, and it is possible that there is 

sufficient inspiratory inhibitory drive at this point to give a tachycardia, either by an inhibition 

of the CVM output or an enhanced sympathetic drive.

The subsequent RSA (Figures 3.4.13B and 3.4.14A) is then not formed by the 

distinctive inhibition of the VT rising from the baseline (HR in apnoea) which is seen in many 

of the other CO2 titrations at the onset of rhythm (eg. Figures 3.4.20 and 3.4.21). In this case,
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rather than a strong bradycardia being powerfully inhibited there is a dominant tachycardia 

(inspiratory) which is phasically inhibited (expiratory).

The titration in Fig. 3.4.15 also shows a progressive tachycardia occurring at the same 

time as the appearance of E^mg contamination in the Î mg record, which is thought to be from 

the neighbouring intercostal or abdominal oblique muscles. The power spectra indicate that 

there is power at the respiratory frequency (0.285Hz, 17 breaths min"') from PS 9 onwards. 

Thus, there is evidence for a sub-threshold respiratory rhythm occurring, first seen as a 

tachycardia and a very small RSA, before there is a clear motoneurone output.

In the majority of experiments a progressive bradycardia is seen during increments in 

FejC02 until the onset of rhythm, when there is a phasic tachycardia arising from the HR 

existing at the pre-COzTRG level (see Figures 3.4.18 and 3.4.19). Although, some variation is 

seen in this response (Fig. 3.4.1 A), it is the onset of rhythm which tends to cause the HR to 

increase phasically (Fig. 3.4.13) and this is particularly evident in normoxic titrations when 

rhythm occurs sooner.

RSA = RSA RSA

t CO 2 OFF

P h a s i c  T a c h y c a r d i a  r s ARSA
PK PKHR

PK

HRV Î
HR

TR

RSARSA
TRTR

CO 2 TITRATION

HRV
PK

HRV
TR

Figure 3.4.23 Schematic showing ‘CO2 off and CO2 titration procedures. During eupnoea the 

maximum and minimum mean heart rates are bounded by HRp  ̂and HRy  ̂and the maximum 

and minimum RSA by RSAp ,̂ RSA^). During hypocapnic apnoea the heart rate variability 

(HRV) is bounded by HRVp^ and HRV^.

The HR and the HRV can show a considerable variation between animals with no clear 

delineation between apnoea and rhythm at the onset of rhythm (eg. Figures 3.4.8 and 10).
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However, in experiments where MS has been given, the bradycardia during the CO2 titration 

can give way to a distinct tachycardia, from which a very prominent RSA subsequently 

develops (eg. Figures 3.4.20 and 3.4.21). With the onset of rhythm, the ‘baseline’ HR during 

apnoea forms a continuum with the minimum HR during the expiratory phase, namely RS A^r, 

while with each inspiration that ‘baseline’ is inhibited to form a phasic tachycardia peak 

(RSApk) to produce the RSA, where RSA = RSAp^ - RSAjr (summarised in Fig. 3.4.23 

above). Such marked inspiratory tachycardias occur when there is a substantial VT, either as 

a result of MS or, as later demonstrated in the young animal (see Section 3.61 by hyperoxia.

RSApK is usually quickly established at the onset of rhythm generation and then 

remains relatively constant (see Figures 3.4.20 and 3.4.21) even though both Iê g aiid Eemg 

are still changing as rhythm becomes established and stabilizes, although after a stop-pump 

manoeuvre from a low FetC02, respiration can remain unstable for a long period (Fig. 3.3.9). 

Indeed, if there are changes in the amplitude of the RSA after the initial 50s of rhythm 

generation, they are generally due to an elevation in RSA^r, RSAp^ remaining relatively 

unchanged (eg. Fig. 3.4.21 Stage 2). Thus, once established RSAp^ can become relatively 

fixed despite a significant increase in the respiratory rate.

In Section 3.2 the dynamic response of the HR and the development of RSA following 

MS was demonstrated. This showed that RSAp^ followed a clearly defined maximum which 

slowly decreased to form a new stable RSAp^. Part of the bradycardia in the HR could be 

attributed to the inhibition of any concurrent sympathetic drive (eg. Fig. 3.4.17).

The inspiratory drive is known to phasically inhibit the CVMs (McAllen & Spyer, 

1978b; Gilbey et al., 1984) and this is clearly seen in the inhibition of the MS-induced VT 

during a CO2 titration, where RSAp^ heart rate defines the maximum level of CVM inhibition. 

The bradycardia response to the CO2 titration in these studies broadly agrees with Kollai & 

Koizumi (1979) who found that the cardiac sympathetic response to an increasing PaC02 was 

much less than the parasympathetic response (see Fig. 1.3.3). But they also had a low (CO2) 

threshold for the sympathetic response, but a less steep frequency/C02 response curve (see Fig 

1.3.3). However, several experiments, in particular the experiment in Fig. 3.4.17 demonstrated 

the effect on the HR when there is both a marked parasympathetic and sympathetic drive. 

When hypocapnic apnoea is induced there is a bradycardia, and the following CO2 titration 

shows a progressive increase in the HR back towards the eupnoeic value of HR^r. The low HR 

during apnoea and the marked RSA at the onset of rhythm indicate a substantial VT. 

Therefore, the tachycardia could be due to a CO2 dependent increase in the cardiac
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sympathetic drive. There is evidence of a marked sympathetic drive, even though this 

experiment was conducted following MS, because a subsequent p-blockade substantially 

reduced the HR and RSA, and the following CO2 titration evoked a much smaller tachycardia 

(Fig. 3.4.19).

This experiment shows that in animals with a very high VT (in this case due to MS) 

the CO2 sensitive sympathetic drive can be expressed as a tachycardia during the CO2 titration. 

Furthermore, the strong MS-induced VT dominates the CVM drive and can mask the CO2 

sensitive contribution to the VT. It also illustrates very clearly that sympathetic blockade can 

markedly reduce RSA, which has a parasympathetic origin. This has a direct implications for 

the studies in man with pharmacological blockade, where p-blockade is used to determine the 

sympathetic drive to the heart from the heart rate power spectrum (see Appendix 3).

The first sign of rhythm during a CO2 titration in the presence of MS is usually 

indicated by a phasic Iemg> often well before the Ee^g (see Fig. 3.4.13 A cf. B), although this 

depended on the threshold of the Eemg- EMG recordings from the intercostal muscles have 

been used in preference to phrenic recordings in order to keep a relatively intact spontaneously 

breathing animal and to allow comparison of inspiratory and expiratory activities. Although 

the intercostal recordings were made proximally from the low threshold motor units close to 

the medial border of the intercostal muscles, it is evident from examples in this study that the 

Iemg is often late to appear following the onset of rhythm. In hyperoxic- hypocapnic apnoea 

the intercostal EMG was usually dominated by a CO2 sensitive tonic Eemg (Bainton et al., 

1978a), but a tonic Eemg can also occur during a normoxic titration (see Fig. 3.4.20) indicating 

that the expiratory output during apnoea depends on the excitability of the sampled expiratory 

motoneurones.

The experiment in Fig. 3.4.20 is of value in that the tonic Eemg survived the MS, which 

in many experiments, caused a substantial ‘inspiratory shift’ (see Section 3.21 consequently 

many titrations showed no Eemg- The CO2TRG was greatly elevated by MS so that when rhythm 

occurred there was a substantial chemical drive to the expiratory bulbospinal motoneurones; 

a CO2 sensitive drive to the CVMs causing a bradycardia and increase in the HRV; and a PC 

drive which although giving an ‘inspiratory shift’ was insufficient to inhibit the strong 

expiratory drive.

There is a close relationship between the tonic Eemg ^nd HRV during the CO2 titration. 

Previous, work (Bainton et al., 1978a) has shown that there is a clear CO2 sensitive increase 

in the tonic expiratory output during hypocapnic apnoea. As well as showing a concomitant
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increase with the Eemg» VT can also show a very clear mirroring of the activity.

The CO2 sensitive bradycardia and increase in the HRV during hyperoxic CO2 titration 

strongly suggests a central CO2 sensitive drive to the CVMs conceptually the same as that 

driving the tonic discharge of expiratory motoneurones. There is also evidence that there is a 

direct relationship between central CO2 chemosensitivity and the sympathetic drive (Hanna 

et al., 1979; Trzebski & Rubin, 1981) which suggests that medullary chemosensitive areas 

have a widespread effect on a ‘common’ CO2 sensitive pool of neurones, or act in parallel on 

the individual neuronal pools, ie. sympathetic expiratory bulbospinal and CVMs (see Chapter 

4 Discussion).
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3.5.1 Expiratory Modulation o f the Heart Period

Aims. During the preceeding experiments detailed measurements have been made of 

the HR and HRV. Of particular interest is the way the R-R intervals are modulated by the 

expiratory phase of the respiratory rhythm to form the RSA. In this section of the results four 

distinct types of modulation of the expiratory RSA are identified, each of which occur under 

different respiratory conditions. The patterns of modulation are analysed by using the cycle 

triggered cardiac histogram, and compared and contrasted to the shape of the expiratory 

EMG. Expiratory duration is the most important parameter determining the respiratory rate, 

and in this section of the results the effects on the RSA of a slowly changing expiratory 

duration (Tg) are analysed.

Morphology o f RSA. The ‘classic’ view is that RSA is a sinusoidal-like modulation 

of the heart rate, which may, or may not be, further modulated by other lower frequency 

reflex mechanisms. The fundamental requirement for a sinusoidal-like RSA would be a 

stable respiratory pattern with the inspiratory and expiratory periods roughly equal in 

duration (T̂  = Tg). Indeed, studies in ventilated anaesthetized animals, and conscious man in 

particular have reinforced this idea by respiratory ‘pacing’ with a sinusoidal signal (eg. 

metronome, Hirsh & Bishop, 1981; see Appendix 3). This method is invariably used to 

obtain the power spectra of the HRV, which usually requires long periods of stable data 

(‘stationarity’, see Methods). However, respiratory patterns where Ti=Te rarely occur, except 

possibly during ‘panting’, which makes it unlikely that the experimental protocols reflect the 

true shape of the bradycardia during expiration. In this study the expiratory period varied 

widely, either spontaneously or as a result of experimental manipulation, eg. MS or 

transiently during the onset of rhythm generation following hypocapnia apnoea.

Figure 3.5.1A shows a ‘sinusoidal-like’ RSA (‘Type I’ RSA) in the spontaneously 

breathing anaesthetized animal, where T/Tg is =28/72% of the cycle time. The RSA has a 

sharp, end-inspiratory peak (RSApjJ, and a bradycardia where the minimum HR or troughs 

(RSAjr) occur during mid-expiration. Figure 3.5.IB shows the integrated Ee^g

normalised to the average respiratory cycle length. The CTCH from 79 respiratory cycles 

(Fig. 3.5.1C) clearly shows the relationship between the averaged cycle length Iemg and EgMG, 

and the RSA. Whereas, the shortest R-R interval (0.3525s, 170 b p m )  occurs during peak 

inspiration, the longest R-R interval (0.3728,161 bpm )  occurs at about 80% of the respiratory 

cycle length.

The onset of the phrenic discharge is usually taken as indicating the onset of
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Figure 3.5.1 A, RSA in spontaneously breathing anaesthetized animal. RSA has a ‘classical’ 

(Type I) sinusoidal shape with T,=28%, 1^=72%. B, (■) Eemg (°) averaged and 

normalised to 100% over 79 respiratory cycles. C, CTCH from same section of data. 

Minimum HP occurs -28% into the respiratory cycle. / see text for details.
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inspiration, however, Hilaire & Monteux (1976) have shown that this can be 200-300 msec 

after the onset of the depolarising phase of the CROP, or the onset of bulbospinal discharge 

(see Sears et al., 1982). In this study internal and external intercostal EMGs have been 

recorded, and there are several experiments where the onset of RSA precedes the first 

indication of respiratory rhythm in the EMG. It is also clear from Fig. 3.5.1 that the Eemg 

does not appear until well into Tg. Figure 3.5.1 shows several other interesting points, first, 

the timing and shape of the EMGs are very closely matched by the CTCH, suggesting a very 

close link between them. Second, the expiratory bradycardia has two distinct stages. At the 

end of inspiration there is a small rapid bradycardia until the HP is 0.3625s (CTCH Fig. 

3.5.1C, 165.5 BPM, Bins #34 - #43) when there is a pause. This is can also be seen in the HRi 

in Fig. 3.5.1A (marked /) occurring at the same time as the Eemg appears. This suggests there 

is close link between the occurrence of the Eemg and a repeatable change in the expiratory 

bradycardia.

The R-R intervals are plotted both as an instantaneous rate (HRJ and as a low-pass 

filtered version of the instantaneous rate (HRp, see Appendix 1) which is used to calculate 

the power spectra of the HR. Figure 3.5.1 A clearly shows the fine detail of the HRV in the 

HRi marked by / which is lost in the filtered version, HRp. Therefore, any high frequency 

information which is above the respiratory frequency is greatly attenuated by this latter 

process.

Increasing respiratory rate is usually achieved by a shortening of expiratory time. As 

Tj approaches 50% of the respiratory cycle time the RSA still maintains its ‘sinusoidal-like’ 

shape (Fig. 3.5.2A). However, with the reduced Tg, the HR is often still decreasing when the 

next inspiration occurs. With such cycle times the RSA takes on a ‘comb’ like shape, with 

the inspiratory tachycardia becoming more rounded and the expiratory bradycardia sharper 

in appearance. The bradycardia during expiration can become very brief (2-3 R-Rs) so that 

there is less time for the heart rate to express the marked HRV which is usually seen in 

expiration (see below). Also, as in Fig. 3.5.1, there is a decrease in the bradycardia slope 

(marked /) at the time when the Eemg is increasing.

In contrast, when Tg is much longer (eg. after MS, Fig. 3.5.3) a very different pattern 

of modulation is seen. In the immediate post-inspiratory period there is a very rapid 

bradycardia (0.9- 1.6s), followed by a slower (5-8s) secondary bradycardia which lasts until 

the next inspiration. The individual expiratory periods also show much more marked HRV 

(Fig. 3.5.3, marked |;|;i) and prolonged R-R intervals towards the end of expiration (Fig.
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Figure 3.5.2 A, RSA in spontaneously breathing anaesthetized animal with T,=46%. B, I^mg 

(■) and Eemg (°) averaged and normalised to 100%, over 50 respiratory cycles. Note; Eemg 

(Tg) contaminated by Iemg from adjacent segment. C, CTCH from same data showing the 

effect on RSA when T,=Te.
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3.5.3 marked î). Therefore, as respiration slows and increases there is more time for the 

HR to decrease in expiration and for the underlying variability to be expressed (‘Type IT 

RSA).

To investigate the relationship between Tg and the expiratory bradycardia MS has 

been used to alter T/Tg, allowing the modulation of the R-R period during expiration to be 

investigated over a greater Tg. The CTCH has been used to correlate the profile of the HR 

changes during the respiratory cycle with the Ig^o and EpMo-

What determines the amplitude of the expiratory bradycardia, and how is this related 

to the duration of Tg? Figures 3.5.4A,B,C, give three examples of expiratory modulation of 

the HP. Figure 3.5.4A shows a respiratory pattern with a long Tg (Tg=76% of the cycle, 

T,=24%). The CTCH (lower panel) shows the HP steadily increasing throughout the 

expiratory phase until the onset of inspiration (‘Type T). This pattern can also occur when 

the Tj is longer (see Fig. 3.5.4C T,=46%, Tg=52%). Alternatively, after MS when the 

respiratory cycle is long (Fig. 3.5.4B, Max. 12.3s) the HP can lengthen rapidly in the 

post-inspiratory period and show relatively little change during the rest of expiration (‘Type 

III’ RSA).
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Figure 3.5.3 Ventilated un-paralysed animal after MS (Img/kg). Rapid bradycardia during 

post-inspiration and then a downwards ramp of the HR during Tg as the Eg^o appears. 

Towards the end of Tg there is a significant increase in the HRV (marked with some 

extra long R-R intervals (marked î) associated with a longer expiratory phase (‘Type IF 

RSA). The CTCH from this data can be seen in Fig. 3.5.4B.
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Figure 3.5.5 A, ‘Type IV’ pattern o f RSA modulation. Î mg (■) E^mg ( ° )  normalised and 

averaged to the respiratory cycle. B, CTCH from the same data showing a rapid increase in 

HP in the post-inspiratory period, which is followed by a slow shortening (tachycardia) o f  

the HP during the late expiratory period.
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In contrast, Figures 3.5.5A and B show a very different (‘Type IV’) pattern of 

expiratory HP modulation. Whereas in the ‘Type T pattern the HP slowly reaehes a 

maximum as the end of expiration, in the ‘Type IV’ pattern the HP rapidly reaehes a 

maximum (0,29s = 206 bpm )  early in the stage 11 expiratory phase (see Fig. 3.5.5B). The heart 

period then shortens (0.291 s^0.287s = 206/209 bpm )  throughout the rest of expiration, even 

though there is a strong expiratory drive, until inspiration causes another small taehycardia.

There is a tendency for the ‘Type IV’ pattern to occur when the respiratory cyele 

length is excessively long (=>6s) but this is not exclusive, for the bradycardia can occur 

during post-inspiration and then immediately inereases again to reach a higher HR before 

the end of T  ̂(Fig. 3.5.5A \), even though the cycle length is <5s. Thus, the expiratory RSA 

has two distinct values, the first is lower and attained during post-inspiration, and the second 

is the HR penultimate to the next inspiration.

Another feature of the CTCH profile in Fig. 3.5.5 is its shape compared with the 

marked Eemg- This shows a decrease in HP even though there is evidence for a strong 

expiratory drive. Thus, in this example and others there appears to be only a weak 

relationship between the shape of the RSA during expiration and the expiratory motor output. 

However, there is some evidence for a closer relationship between the shape of the RSA in 

expiration and the Efmq.
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Figure 3.5.6 Spontaneously breathing anaesthetized animal following two doses (1 mg/kg) 

of MS. There is a marked slowing of respiration and some instability in the HR. The Eg^g 

during the extended expirations can closely mirror the profile of the bradyeardia (marked !).
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Figure 3.5.6 shows an experiment in which respiration has been slowed severely 

following two doses of MS (1 mg/kg). The expiratory phase of the RSA sometimes shows 

two stages of bradycardia (marked i ) which can closely map the profile of the Eemg- fhus, 

there is some indication that when Tg is long the reflects the shape of the expiratory 

bradycardia.

The relationship between the amplitude of RSA and the respiratory rate has been used 

frequently to test the responsiveness of the vagal control of the heart by respiration (see 

Appendix 3). However, the results above demonstrate that whereas RSAp^ occurs at the 

hight of inspiration, RSAyp can occur early (‘Type III, IV’) or late (‘Type I, II’) within the 

expiratory phase. This means that the RSA amplitude is more dependent upon Tg than T,, 

which in turn reflects its dependency on respiratory rate. Therefore, as the respiratory rate 

changes, does Tp determine the amplitude of the RSA? Analysis of data from experiments 

in this study show a variable response.

Figure 3.5.7A,B show data from two experiments in which Tg is plotted against the 

amplitude of the RSA.
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Figure 3.5.7 Two experiments where Tg has been plotted against the RSA amplitude 

(RSApK- RSAyR seconds). A, Spontaneously breathing animal. Before p-blockade (■) there
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is no correlation between the RSA amplitude and Tg. p-blockade (+) decreases the HR and 

respiratory rate, but no clear relationship is seen. B, ventilated un-paralysed animal, showing 

a weak correlation between the RSA and Tg (o). Regression line p=0.519.

Figure 3.5.7A shows an experiment in a spontaneously breathing animal where there 

is little correlation between the RSA amplitude and Tg either before p-blockade (■) or after 

(+), when Tg is longer (see Section 3 .n . Figure 3.5.7B shows a ventilated, un-paralysed 

preparation in which the Fg^COj is closely controlled, in which there is a better correlation 

between Tg and RSA amplitude.

These examples are representative of the general trend seen in the present 

experiments. However, the results are inconclusive as they show far too much 

intra-experiment variability.

The change in the HR and RSA can be quite marked when there is a change in 

respiratory state. Figure 3.5.8A illustrates an experiment in which there is a spontaneous 

change in the ‘balance’ in the respiratory output as the Ig^o decreases reciprocally in 

amplitude with an increase in the Eg^o- The response from the heart shows a decrease in the 

RSA (11\3 b pm )  and an increase in the HR (192/203 b p m ) .  These changes are summarised in 

Fig. 3.5.8B which shows both T̂  and Tg decreasing as the respiratory rate increases, but T% 

decreases less than Tg. The increase in the ratio T/Tg mirrors the decrease in the RSA (Fig. 

3.5.8C). Therefore, the change in respiratory rate is dominated by Tg, which has a significant 

effect on RSA.

The most profound change in HR occurs as respiratory rhythm reappears after an 

apnoea. During a CO2 titration the HR usually decreases, and this can be attributed to an 

increase in VT (see Section 3.41 At the onset of rhythm there is often a marked phasic 

inhibition of the VT, Fig. 3.5.9A shows such an experiment. As the FgjC02 increases there 

is a bradycardia and an increase in the HRV. The expanded view (Fig. 3.5.9B) shows a 

marked effect on the HP as the respiratory rhythm resumes. At the end of each inspiration 

there is a bradycardia for only one or two R-R intervals which causes the HR to fall well 

below its apnoeic level. Thus, the rapid dis-inhibition of the VT can have a marked effect 

on the HP and produce a RSA^r which is considerably less (HR 89 - 102 bpm ) than during 

apnoea (121 bpm ). As the rhythm becomes more established the post-inspiratory bradycardia 

gradually declines.

Other features classify different heart rate patterns. Figure 3.5.1 shows a very good
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Figure 3.5.8 A, Spontaneous change in respiratory state showing a ‘shift’ in the respiratory 

drives (1 Iemĝ ? Eemg)- The HR increases, and there is a marked decrease in RSA. B and C, 

graphs summarising the changes in T,, Tg, T; / Tg and the amplitude of the RSA.
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Figure 3.5.9 A, Un-paralysed young (46 days) animal ventilated with Oj and CO2 in 

hypocapnic apnoea. Increase in EetC02 shows a decrease in HR and an increase in the HRV. 

At CO2TRG a marked RSA develops reflecting the strong inhibition of the vagal tone seen in 

apnoea. B, expanded section showing the onset of rhythm. Note the marked post-inspiratory 

bradycardias lasting for one R-R interval.
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‘sinusoidal-like’ RSA, although this is also modulated by low frequency changes in vagal 

or sympathetic drives to the heart. This is particularly noticeable in the spontaneously 

breathing animal where the respiratory rate and drive is slowly changing in eupnoea (see also 

Fig. 3.5.8A).

In Fig. 3.5.lOA there is a marked RSA which increases in amplitude as the HR slows, 

following 5mg/kg of Pentobarbitone Sodium. F^yC02 increases (2.89/3.34%, not shown) and 

the respiratory rate decreases (12.5^10.5 breaths min'*). Figure 3.5.lOB shows the plotted 

peaks (RSApK, ■) and troughs (RSA^r, +) derived from the RSA, and both show a marked 

LF variability in the their respective amplitudes.

However, the pattern of modulation of the RSA is different after p-blockade, which 

largely removes the sympathetic mediated LF-HRV (see Appendix 3), or when there is a 

very large RSA, when the contribution of the LF-HRV to the total variability is relatively 

small. In either of these experimental conditions a distinctive pattern of HR modulation can 

be seen. Figure 3.5.11 A,B shows a post-decerebration (15 minutes) control period. RSA is 

marked but RSA-^r is very variable, reflecting the marked variability in the respiratory rate 

(Fig. 3.5.1 lA ,^). The respiratory rate is gradually increasing and FetCOj decreasing. RSAp^ 

shows some low amplitude variability, but only a small change in its mean value (HRppJ. In 

contrast there is a marked variability in RSA^r, which also shows a significant change in its 

mean value (HR^r) as the respiratory rate increases.

MS effect on RSA. In Figures 3.5.7 and 3.5.8 there was some evidence that the depth 

of bradycardia during expiration was linked to Tg. But in a spontaneously breathing animal 

if Tg is excessively prolonged then the time at which RSAjr occurs within the breath 

becomes less predictable and HR may increase before the expiration has finished.

In Fig. 3.2.5 there is an example of the secondary cardiovascular response to MS. The 

HR and respiratory rate decrease, and there is a marked increase in RSA. Figure 3.5.12A 

shows part of that same experiment in more detail (Fig. 3.2.5). After the MS the RSAp^ value 

slowly decreases to a new mean value, but, there is very little change in its variability, 

indicating that the inhibitory process controlling the peak values of the inspiratory 

tachycardia is being very rigidly controlled from breath to breath. In contrast, the RSA^r 

shows a much more rapid decrease in its mean, and a substantial increase in breath to breath 

variability. This can be seen clearly in Fig. 3.5.12B where only the RSAp^ and RSA^r values 

have been plotted. Therefore, at a time when respiration has completed the major change in 

rate there are significant changes in the amplitude of the RSA and the variability of the
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Figure 3.5.10 Low frequency modulations of RSA following supplementary dose of 

anaesthetic (Pentobarbitone Sodium 5mg/kg IV.) in a spontaneously breathing animal. A, 

Respiratory rate (upper trace) and instantaneous HR (lower trace). RSAp^ and RSAy^ both 

show a marked LF modulation. B, Graphs of HP plotted for each tachycardia (■, RSAp^) and 

bradycardia (+, RSA^^) of the RSA in A.
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Figure 3.5.11 A, Post-decerebration (15min), spontaneously breathing animal. A, Slowly 

changing HR (lower trace) and RSA during a control period. Upper trace, respiratory rate. 
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and F^jCOj is increasing (3.25/4.45%). B, RSAp  ̂(■) and RSA^ {+) derived from A. RSA^ 

shows a marked increase in its variability and mean value, whereas RSAp  ̂shows an increase 
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RSAjr. The only recorded parameter which is changing is the T^jCOz. Therefore, in this 

experiment the respiratory rate slows significantly and then the FrjCOj progressively 

increases as homeostatic mechanisms respond to the raised CO2TRG due to the MS.

When the intact cervical vagus is electrically stimulated the pattern of RS Ap^ and 

RSAjr remains the same, except for a step decrease in the HR and an increase in RSA. Figure 

3.5.13 A shows a period of vagal stimulation (VS) in a MS treated spontaneously breathing 

animal (see also experiment in Fig. 3.2.1). Figure 3.5.13B is an expanded section as the VS 

is removed, which shows the change in the amplitude of the RSA and the effect of VS on the 

expiratory phase. During VS there is a considerable increase in the variability and amplitude 

of the RSAjr which contributes significantly to the decrease in HR and the increase in RSA, 

but it has no effect on respiration (see Fig. 3.2.1). When VS is stopped, RSAp^ increases back 

to its control level, however, this is less than RSAjr, which decreases in amplitude and shows 

much less variability during the expiratory phase.

Figures 3.5.14A,B show the CTCH and its variance (variance of the cycle triggered 

R-R intervals) respectively during the control period (No VS) and Figures 3.5.14C,D show 

the CTCH and its variance during VS. The CTCH clearly show the decrease in HR and the 

increase in RSA. The variances (B,D) show an increase in the variability of the HP, in the 

post-inspiratory period, during the VS compared with the controls.

Cardiac Efferent Recordings. In ten experiments following the CO2 titrations and 

other protocols recordings were made from the right vagal cardiac nerve in the open chested 

animal. The right cardiac branches were identified (see McAllen & Spyer, 1976), and after 

electrical stimulation to confirm their chronotropic action were cut and finely dissected into 

filaments after desheathing.

In general very little activity recorded from the filaments fulfilled the criteria for 

cardiac efferent activity. Figure 3.5.15 shows a recording from a adult cat. There is a 

reasonable RSA (7 b pm )  due to the intact left cardiac vagus. Several units can be seen firing 

in the immediate post-inspiratory period (Fig. 3.5.16B) and then occasionally during the rest 

of expiration. When phenylephrine (5pg) is given there is a rapid increase in BP, a partial 

apnoea and nearly tonic cardiac efferent activity.

The cardiac activity can be processed by the same CTCH method as the R-R 

intervals. Figure 3.5.16A shows the usual CTCH derived from the R-R intervals. In Fig. 

3.5.16B the cardiac efferent spikes are used in place of the R-R intervals. Therefore, during 

inspiration when there are few spikes (exactly how many depends on the level of the

237



204

HR I
BPM

. • ••

A

147

198

HR I
BPM

160

1 0 0  s

EMG

TC

EMG

TC
I II

« J .

25 s

VS

1 VS OFF B

Figure 3.5.13 A, Marked RSA in spontaneously breathing animal following MS. Vagal 
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HR increases to the control value when VS is stopped. See Fig. 3.5.12 for CTCH.
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Figure 3.5.14 A, CTCH and its variance (B) from the data in Fig. 3.5.13. Data taken from 

control period before electrical stimulation. C, and D, CTCH and variance respectively 

during vagal stimulation of the Rt cervical vagus, which shows a decrease in the HR and an 

increase in the RSA. R-R variance is greater during vagal stimulation, which can be clearly 

seen in Fig. 3.5.11.
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discriminator) there are long spike intervals, and in expiration the spike intervals become 

very short. Figure 3.5.16C shovŝ s the sum of the spike occurrences normalised over the 

respiratory cycle. It clearly shows the burst of spikes in the post-inspiratory period, followed 

by a gradual decline during the rest of expiration. This matches the profile of the R-R 

interval CTCH in Fig. 3.5.16A.

3.5.2 Discussion

Little consideration has been given to the shape of RSA. Although it is well 

established that the tachycardia represents the inspiratory inhibition of the prevailing VT 

(Iriuchijima & Kumada, 1964; Jewett, 1964; Gilbey et al, 1984) the subsequent expiratory 

phased bradycardia and its relationship to the Eê g are regarded in much the same way as 

expiration itself, ie., passive. In this series of experiments the use of MS, and experimental 

manoeuvres that caused such changes as the transition from apnoea to rhythm generation, 

have produced markedly differing respiratory patterns which have revealed intriguing 

variations in the morphology of RSA, especially during the expiratory phase.

It is generally assumed that CVE (Cardio-Vagal Efferent) activity is reduced to zero 

during inspiration. This belief is based upon the cervical vagal and cardiac nerve recordings 

in the anaesthetized animal (see Jewett, 1964; Kunze, 1972; Davidson et al., 1976). But tonic 

activity has also been described by Kunze (1972), and CVE activity can be made to occur 

during inspiration by increasing the BP, a major source of excitation, although there can be 

baroreceptor activity and no CVE output (Katona et al., 1970, cf. Anrep et al., 1936a&b). 

Direct recording of CVE activity has not be done in man, so for the purpose of interpretation 

it is often assumed that inspiration completely eliminates the CVE activity, hence RSAp^ 

corresponds to zero CVE activity. This means the RSA amplitude (RSApk-RSA^r) could be 

used as an index of VT, but only if it is assumed that RSA^r faithfully represents the full 

extent of the prevailing VT. If this is true then RSApK-RSApK=VT.

Variations in RSA have been shovm to reflect the amount of CVE output reaching 

the sinus node in animal studies (Katona et al., 1970; Katona & Jih, 1975; Davidson et al., 

1976) and in man (Raczkowska et al., 1983; Pomeranz et al., 1985). This has allowed a 

characteristic frequency/response curve for RSA to be derived for human subjects (Hirsh & 

Bishop, 1981), however, RSA magnitude depends upon the respiratory rate and tidal volume 

which makes their close control critical for repeatable results (Grossman, Karemaker & 

Wieling, 1991). The lack of good control over the respiratory parameters in some human
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studies helps to explain why there is a variable success in the use of power spectra of the 

heart period to analyse cardiorespiratory interactions (see Appendix 3).

During the inspiratory phase the RSA tachycardia is rapid, and smoothly follows the 

shape and time course of the integrated phrenic nerve or Iemg discharge. Consequently, the 

RSApK is often defined by a single pair of R-R intervals (eg. Figures 3.5.1 and 3.5.3), giving 

it a sharp appearance. When the peak inspiration becomes slightly prolonged (as indicated 

by the Iemg) the RSAp^ might then consist of four or five approximately equal R -R  intervals 

which form a flatter peak (see Fig. 3.5.2 cf. 3.5.1). Slightly larger individual inspirations (see 

Fig. 3.5.2A first breath), or inspiratory ‘sighs’ (see Section 3.7f may reveal additional VT 

which again gives a sharp RSAp^ at a slightly higher level.

During the expiratory phase the RSA bradycardia can follow a variety of different 

patterns. In Fig. 3.5.1 the RSA^r was formed by one or two R-R intervals, following a steady 

decrease in the HR during the post-inspiratory and expiratory period, and only shows a 

tachycardia when the next inspiration occurs (‘Type I’). This pattern of RSA produces a 

relatively symmetrical RSA with its ‘sinusoidal-like’ like appearance resembling that often 

seen in awake man.

A more frequently encountered shape of RSA during expiration occurs in those 

experiments in which there is a rapid bradycardia in the post-inspiratory period, often 

showing prolonged R-R intervals, such that, most of the expiratory bradycardia occurs over 

only two to three R-R  intervals (see Figures 3.5.2 and 3.5.5), which is presumed to be due 

to the early burst of cardiac vagal discharge which occurs with the dis-inhibition of the 

CVMs in phase I expiration (post-inspiration, see Figures 3.5.15 and 3.5.16).

The time course of the HR for the rest of expiration is less certain. In the ‘Type I’ 

RSA the expiratory bradycardia does not end in a plateau, instead it is interrupted by the next 

inspiratory tachycardia, and can occur over a wide range of different T/Te ratios (eg. Figs 

3.5.4A,B and C). In contrast, in the ‘Type II’ pattern described here (Fig. 3.5.3) there is a 

rapid bradycardia in the first part of the expiratory period, corresponding to the 

post-inspiratory dis-inhibition of the CVMs, but the rest of expiration is dominated by a 

further and substantial lengthening of HP until very close to the next inspiration. Sometimes 

there is a distinct discontinuity in the HP between the initial bradycardia and the rest of 

expiration (eg. Fig. 3.5.1. marked / and CTCH Fig. 3.5.1C bins # 34-43), the secondary 

slowing clearly follows a different firing rate of the CVMs, which might be the result of the 

slower firing rate of the CVMs following the initial post-inspiratory burst. The experiment
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in Fig. 3.5.9 shows an extreme version, where in post-inspiration the HR goes from RSApK 

- RSAtr in one or two R-R intervals, and then returns to a ‘baseline’ HR for the rest of 

expiration, which is equal to the ‘baseline’ HR during the apnoea just before rhythm 

generation.

Therefore, at the onset of rhythm the sino-atrial node receives a very short burst of 

CVE activity which reduces the HR to well below the value achieved by the tonic vagal drive 

during apnoea. As rhythm becomes established the extra bradycardia is reduced as the level 

of inspiratory inhibition of the CVMs increases. Unfortunately, there was no p-blockade, 

therefore it is difficult to attribute the rise in RSAp^ solely to the parasympathetic drive. 

However, if this had occurred following p-blockade the increase in RSAp^ could indicate the 

gradual ‘inspiratory shift’ which occurs just before the onset of rhythm (Sears et al., 1982) 

and the gradual increase in the inhibition of the CVMs.

In the ‘Type IV’ pattern the maximum bradycardia occurs early in expiration, and 

then there is a slow tachycardia to a new level, which can then be maintained for three to four 

R-R  intervals (Fig. 3.5.5 \) before the more rapid tachycardia which occurs at the next 

inspiration. It is unknown if the first tachycardia is due solely to an decrease in the mean 

CVM drive following a post-inspiratory burst, or if there is a more active (eg, inhibitory) 

process increasing the HR to a new expiratory level. Although, sympathetic neurones tend 

to show a variable amount of inhibition during the post-inspiratory period (see Richter & 

Spyer, 1990) the relatively slow effector response of sympathetic drive on the heart would 

make it difficult for the sympathetic drive to have a consistent post-inspiratory effect (see 

Levy & Martin, 1981). Furthermore, this pattern can occur after p-blockade which precludes 

an influence from the cardiac sympathetic drive.

When a change in the respiratory rate alters the RSA there is not always a obvious 

relationship between the two processes. For example, in Fig. 3.5.10 a supplementary dose 

of anaesthetic slows respiration and increase RSA, but the development of the RSA continues 

for some time after the respiratory changes have largely ended, and therefore appears not to 

be directly linked. This is probably also true after MS, when there are long term changes in 

RSApK and RSA^^, the former due to a decrease in cardiac sympathetic drive, and the latter 

as a result of an increase in VT (see Fig. 3.5.12).

A closer relationship is seen between respiratory rate and RSA amplitude with 

spontaneous changes o f‘state’. Figure 3.5.11 shows an animal 15 minutes after decerebration 

in which the respiratory rate is gradually increasing, and shows a clear relationship with the
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RSA amplitude, which is dominated by the change in RSAjr as the rate increases.

When RSA increases after the respiratory rate slows it is often due to an increase in 

RSApK, and a decrease in RSAjr (see Eckberg 1983). Kollai & Mizsei (1990) confirm this 

result, and also clearly demonstrated the extreme types of RSA morphology which can occur 

when respiration is slowed in man.
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Figure 3.5.17 Top, two extreme examples of RSA patterns in man. Type ‘A’ shows RSA as 

a tachycardia from a lower baseline HR, whereas. Type ‘Z’ the RSA is formed by a inhibition 

of a higher HR. Bottom panel, a third Type ‘A/Z’ is seen which gives a ‘classic‘ sinusoidal 

type appearance (Type I, this study). After p-blockade the mean HR is reduced but the RSA 

remains the same shape. Reproduced from Kollai & Mizsei (1990).
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Three types of RSA are shown, in ‘Type A’, RSA is produced by a phasic inhibition 

of a significant VT which increases as the respiratory rate is reduced. During apnoea the HP 

returns to the ‘baseline’ state which is equal to the maximum VT. In contrast, the ‘Type Z ’ 

RSA is the result of a expiratory burst of VT which is also markedly increased by slowing 

the respiratory rate, but during voluntary breath holding the HR returns to a ‘baseline’ which 

represents a minimum VT. These represent the extremes of a continuous spectrum, in which 

the normal ‘sinusoidal-like’ RSA with no clearly defined baseline from which RSA could 

emerge was designated ‘Type A/Z’ (Fig. 3.5.17 lower), p-blockade has no significant effect 

on the RSA, but increased the mean HP.

The ‘Type A/Z’ pattem identified in this and earlier studies (see Hirsh & Bishop, 

1981; Selman et al., 1982; Kitney, 1984; Pagani et al., 1988; Bianchi et al., 1990) is 

equivalent to the ‘Type I’ RSA described in the present study (Fig. 3.5.1).

In man the complex relationship between the amplitude of the RSA and respiratory 

rate has always been investigated by using respiratory pacing (via metronome etc) using a 

Tj/Te ratio of 1:1. This is not only inappropriate in relation to the eupnoeic T/Tg ratio and is 

unlikely to assess VT accurately because the full extent of the expiratory bradycardia is not 

always achieved.

The Type I RSA has a sinusoidal appearance because both RSAp^ and RSAjr have 

clearly defined limits which occupy only two to four R-R intervals (eg. Figures 3.5.1 and

3.5.2). In contrast, when Tg becomes longer there is a greater chance that R S A jr will not be 

clearly defined because there will be a greater variability (HRV) in the HP (eg. Figures 3.5.3, 

3.5.6 and 3.5.9). The increased HRV is present whether there is a p-blockade or not, it has 

a high frequency content, commonly showing changes lasting only one or two R-R intervals, 

suggesting that its origin is parasympathetic.

Previous work has shown that the CVE discharge can show different patterns. Usually 

there is a burst of activity in the post-inspiratory period, which gradually declines in 

frequency throughout expiration (Iriuchijima & Kumada, 1964), although a steady discharge 

during expiration has been observed (Davidson et al., 1976), and even a gradual increase in 

CVM activity under certain conditions (Koizuimi & Kollai, 1987, see Introduction). 

Intracellular recordings (Gilbey et al., 1984) also show a burst of spikes in the 

post-inspiratory period and a variable amount of repolarization of the CVMs until just before 

the onset of the next inspiration when the neurones slightly depolarize, and may even 

discharge some spikes again. It has been suggested (Gilbey et al., 1984; Richter & Spyer,
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1990) that these CVMs have a similar discharge pattem to the post-inspiratory neurones, 

which show a gradual repolarization during expiration, and might show a small 

depolarisation and discharge spikes again just before the onset of the next inspiration (Richter 

et al., 1986) in a similar way to the CVMs.

The presence of post-inspiratory activity does have an effect on the firing pattem of 

the CVEs. Koizuimi & Kollai (1987) found that when inspiration ended abmptly there was 

a prompt resumption of cardiac vagal activity at the end of inspiration (Type 1 pattem, 

Koizumi & Kollai, 1987). In their ‘Type 2’ pattem there was post-inspiratory activity present 

and the vagal firing did not occur until later in expiration. However, post-inspiratory 

neurones are synaptically inhibited by inspiratory and expiratory neurones, and during stage 

2 of expiration show an augmenting pattem of i.p.s.p.s, which implies that if the expiratory 

and inspiratory activities were not present the post-inspiratory neurones would be tonically 

active (Richter, 1982). This situation would not account for the heart rate pattem during 

hypocapnic apnoea when the expiratory neurones are known to be tonically active, and an 

increasing chemical drive increases the CVM output in a similar way to the expiratory 

bulbospinal output.

In Section 3.4 the COj titrations showed a bradycardia during apnoea in which the 

HRV increased as the FejC02 was increased. Thus, the increased chemical drive to the 

CVMs not only changed the net level of excitatory synaptic drive, but caused a significant 

increase in the HRV. Towards the end of long expirations the HRV is greatest at the time of 

the strongest bradycardia. Therefore, at end expiration and during apnoea prior to rhythm 

generation, the cardio-vagal output to the heart is maximum for any given baroreceptor or 

chemoreceptor (central or peripheral) drive.

The results show that RSAp^ is a clearly defined event which occurs at the end of 

inspiration. There is little variation in the timing of RSAp^ with respect to peak inspiration 

and more often than not it is marked by a single pair of R-R  intervals. In contrast, defining 

RSApR is much more difficult as it can occur at any time during Tg. As Tg becomes longer 

the HP shows a greater HRV from the increase in the variability of the cardio-vagal drive. 

The diversity in the discharge pattems of CVEs during expiration show that the firing pattem 

of the CVMs depends upon the respiratory ‘state’, both in terms of Tg, and the relative 

strengths of decreasing and increasing synaptic drives from the respiratory rhythm generating 

network, and is not due simply to a dis-inhibition of the CVMs.
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3.6.1 Modification o f Cardiorespiratory Interactions by Hyperoxia.

Aims. In this series of experiments young animals (<27 weeks) are used to see if there 

are any fundamental differences in the cardiorespiratory responses to MS and hypocapnic 

apnoea compared with the adult. In previous experiments in the adult it was observed that 

during continuous ventilation changing from normoxic gases to hyperoxic gases to reduce 

the peripheral chemoreceptor input caused a small but repeatable bradycardia. In this series 

of experiments in the young animal, hyperoxia induced a very marked bradycardia and an 

increase in RSA, both during spontaneous respiration and during artificial ventilation. 

Experiments were carried out which were aimed at separating the effects of altering the 

artificial ventilation or changing to spontaneous respiration, from those on the peripheral 

chemoreceptor input as the inspired gases became hyperoxic. During normoxia, MS gave the 

same response as the adult, however, during hyperoxia the expected bradycardia and RSA 

was significantly depressed.

In previous sections of the results the chemical drives to breath have been modified 

by reducing the input from the peripheral chemoreceptors (PC) by hyperoxia. This usually 

caused an ‘expiratory shift’, a slowing of rhythm (largely by an increased T^), and an increase 

in RSA. These changes were usually small and occurred when a change was made between 

normoxic and hyperoxic gases and were reversed when normoxic gases were reinstated. In 

the following section the responses seen in the adult cat are contrasted with those seen in the 

young animal.

Adult ventilated. In experiments where hypocapnic apnoea and CO2 titrations were 

performed in air or 100% O2 the mechanical ventilation remained the same and only the 

inspired gas content was altered (eg. 4 litres min^ of air + CO2 was replaced by 4 litres min ’ 

of O2 + CO2). Usually, the animal was left un-disturbed for 5 -10 minutes to allow time for 

the gases to equilibrate. Small changes in the HR and RSA were noticed as the gases 

equilibrated, which were particularly noticeable in the transition from air to O2.

Figure 3.6.1 A illustrates a typical response in the adult cat. No phasic Iemg was 

present in T̂  during the run, but the Eemg shows a strong phasic activity. When the PC input 

is reduced by changing the inspired gases from air to 100% O2 (+CO2), there is a small 

decrease in HR, pulse pressure and respiratory rate, and a progressive increase in Eemg» 

indicating an ‘expiratory shift’ (Fig. 3.6.1 A, AIR-O2). As the HR decreases the power spectra 

(Fig. 3.6. IB air, and 3.6.1C O2) of the HRV show a small spectral peak at the respiratory 

frequency, indicating the presence of RSA, which decreases in ft-equency and increases in
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Figure 3.6.1 A, Non-paralysed animal without MS or p-blockade, ventilated with air + CO2 , 

^£^€02=3.28%. When the air is replaced by O2  (Air -  O2 ) there is a small bradycardia, and 

an increase in the Eemg- RSA and lower frequency components also shows a small increase 

in amplitude between the normoxic (B) and hyperoxic (C) ventilation. Reducing the CO2 to 

cause hypocapnic apnoea resulted in a tachycardia.
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amplitude after the ‘expiratory shift’. The spectra also show an increase in the LF 

components reflecting the increase in low frequency modulation seen in the HR, trace in Fig.

3.6.1 A and in the amplitude of the E e m g - Hypocapnic apnoea (CO? lowered at i )  induced a 

tachycardia (Fig. 3.6.1 A), and a pronounced tonic Eemg developed as rhythm ceased, the 

tonic Eemg itself declining as the CO2 decreased still further.

The changes in HR do not depend upon a slowing in the respiratory rate. During 

hypocapnic apnoea, transitions from hyperoxia to normoxia can also change the HR (Fig.

3.6.2). However, with an already low PgC02 the change in HR is often small when the PC 

drive is removed, and may become very unstable (see Fig. 3.6.2, AIR - O2).

Young animals, ventilated. In the young group of cats (< 27 weeks) the response to 

hyperoxic ventilation was very different from that of the adult group. Figure 3.6.3A shows 

a young animal (20 days) initially spontaneously breathing room air.
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Figure 3.6.2 Animal in hyperoxic-hypocapnic apnoea. Changing the inspired gases to air 

causes a progressive tachycardia as the PC chemical drive is increased. Note: there is small 

increase in the FejC02 (2.06 / 2.17%). Reverting back to hyperoxia gives a bradycardia, 

which was not sustained.

In the experiment in Fig. 3.6.3A the HR is high (>200 b pm )  and there is very little

250



H R ^  BPM ; /

E
EMG

TC

2 5 0  s

% :

HR ^ BPM

1 4 5
t a t b t c

TC
EMG

100 s

Figure 3.6.3 A, Experiment in a 20 day old cat, showing a mixture of spontaneous and 

artificial ventilation, and changes from normoxic to hyperoxic gases. Start, spontaneous 

respiration in air, îa, pump on in O2, and hypocapnia; Ib, pump off; îc, 0 2 ^air shift; Id, 

pump on, hypocapnia; le, pump off; If, pump on, hypocapnia; tg, air- 0 2  shift; ih, 0 2 -air 

shift. B, expanded section from beginning of ‘A’ showing the evolution of the RSA after 

pump on with O2 and hypocapnia.
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RSA detectable in the power spectra (not shown). When the ventilator is connected vdth 

100% O2 by closing the sidearm of the tracheal Y-piece (Fig. 3.6.3A, îa) there is rapid 

decrease in the F^tCOj, respiratory rate and HR. A large amplitude RSA is seen initially as 

the bradycardia develops, but diminishes as CO2 continues to fall and apnoea is approached, 

although a low respiratory rate persisted at ~ 8 breaths min * (Fig. 3.6.3B). When the 

side-arm is opened (Fig. 3.6.3A, t b )  there is an increase in breathing movements as CO2 

increases and a rapid tachycardia towards the control level of HR (202.4 b p m ) .  However, the 

HR stabilises at a lower HR (198 b p m )  and does not return to the control level of 

spontaneously breathing until the ventilator gases were changed back to air (Fig. 3.6.3A, r c). 

In this sequence it is not possible to distinguish between the mechanical and ventilatory 

effects of starting artificial ventilation from those of changing the inspired gases.

In the second part of the experiment the ventilator is re-connected with air as the 

inspired gas (Fig. 3.6.3A, id), and again there is a bradycardia, however, it is significantly 

smaller than that obtained when O2 was used ( î a, HR=176 b pm  cf. 1 d, HR=189 b p m ) ,  and does 

not show any increase in RSA, even though the respiratory rhythm is clearly present. 

Opening the trachea side-arm to disconnect the ventilator (Fig. 3.6.3A, le) caused the HR 

to return towards the control value.

In the third stage of the experiment ventilation in normoxia is applied again (Fig. 

3.6.3A, if), which reduces the HR slightly (182 cf. 189 b pm ) .  Again, no RSA is seen, even 

though there is a strong Iemq- However, when the inspired gases are changed from air to O2 

(Fig. 3.6.3 A, 1 g), there is a rapid bradycardia and a marked RSA, the appearance of the RSA 

coincides with the decline and eventual loss of the phasic Iemg- Lastly, the inspired gases are 

changed back to air (Fig. 3.6.3A, Ih) and the bradycardia resolves with a concurrent 

reduction of the RSA. The responses were repeatable and were observed in other young 

animals (<27 weeks, see below).

These results demonstrate that the instigation of mechanical ventilation can have 

reproducible cardiovascular and respiratory effects, which are partly due to the hypocapnia. 

However, it is the reduction in the PC input by hyperoxia that produces a significant 

bradycardia, and the marked increase in RSA.

Continuous ventilation. The mixed effects of mechanical ventilation and changes in 

chemical drive in the example in Fig. 3.6.3 A,B create a complex series of responses. In the 

following experiments continuous, constant mechanical ventilation has been used and only 

the composition of the inspired gases is changed. Pre-treatment with a p-blocker has also
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Figure 3.6.4 A, Non-paralysed, 45 day old, p -blocked cat under continuous high frequency 

mechanical ventilation. Inspired gases shifted between normoxic and hyperoxic at two levels 

of CO2. ‘Green’ ‘Yellow’ & ‘Red’ correspond to the R-R cluster plot colours in Fig. 3.6.6. 

See text for details. B, expanded section from the start showing the marked increase in HRV 

following the shift to hyperoxia.
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been used to isolate the parasympathetic contribution to these HR responses.

Figure 3.6.4A shows an experiment where the is held constant at 2.47%

(CO2TRG “3.56%). There is no indication from the EMG records of any rhythmic respiratory 

activity, although, the HRV at the start of the recording (Fig. 3.6.4B) during normoxia does 

show some low frequency rhythmic activity at “0.6Hz of unknown origin. The absence of 

EMG and the lack of spontaneous respiratory effort (see FetC02 record) indicates that the 

animal is apnoeic, although, the modulation of the HR could also indicate a slow respiratory 

rhythm which is sub-threshold for the EMG recordings, ie. CRDPs (cf. Sears, 1964; Berger, 

1979).

When the inspired gases are changed from normoxic-hyperoxic there is a bradycardia 

(194\168 b pm ) ,  and a concomitant increase in the HRV. This has a clearly defined HRp^ value 

which slowly decreases (168\154 b pm ) ,  and a much more variable HR^r (152.6 cf. 129.5 b pm ) .  

Superficially this response to hyperoxia appears very similar to the response to MS, in which, 

providing CO2 is above threshold a marked bradycardia develops modulated by a RSA with 

a distinctive RSAp^ and RSA^r (see Fig. 3.6.8); however, close examination shows that the 

HRV is not RSA as it completely lacks the R -R-R  modulation of the heart period which 

characterises RSA as seen for example, during the brief period of respiratory rhythm 

generation which developed after switching from O2 to air. If the R-R intervals are examined 

during the same period of high HRV (Figures 3.6.5A&B) no evidence can be found for any 

significant modulation of the heart at the respiratory frequency.
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H R ^  BPM

1 3 7 .2

1 5 7 .6

2 s

H R  ^ BPM

1 4 2 .5

B

2 3

Figure 3.6.5 A & B R-R detail from the region of high HRV in Figures 3.6.4A,B showing 

a complete lack of modulation within the respiratory frequency range.

An analysis of the R-R intervals using a R -R-R  cluster plot is shown in Fig. 3.6.6. 

Data were plotted from the three sections of Fig. 3.6.4A labelled G , ‘Y’ and ‘R ’, 

corresponding to the Green points and Yellow points from the first and second apnoeic
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Figure 3.6.6 R-R-R cluster plots from the data in Fig 3.6.4. Green points are from the first 

transition to hyperoxia during which there are no signs of respiratory rhythm. The plot show 

a high level of scatter indicating a lack of rhythmic modulation. The yellow points are from 

the second transition to hyperoxia but at a higher level of CO2 drive; again there is a high 

level of scatter, but with a lower mean R-R period. The red points show the section of data 

immediately following the yellow where a marked RSA emerges from the baseline HRV. 

The line of red points indicate the tachycardia component part of the RSA (RSAp^), whereas 

the more widely scattered red points are due to the more variable RSA^.
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Figure 3.6.7 A, Continuation of the experiment in Fig. 3.6.4. following a small increase in 

the F^jCOj. Changing from normoxic to hyperoxic gases causes a bradycardia and increased 

HRV. The respiratory rhythm resumes (tonic - phasic Ê mg)» ^nd there is a large amplitude

RSA. B, is an expanded section showing the discontinuity (marked ) in the RSA

tachycardia at the level of HRYn̂ x̂-
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periods respectively. Both show a large amount of scatter indicating a lack of structure in the 

R-R-R relationship (see Fig. 3.1.7 for description). In contrast, the Red points are from the 

section where there is a definite RSA (see below), and show a clear clustering of the points, 

which marks the inspiratory tachycardia, and a wide scatter of intervals during the expiratory 

bradycardia.

When the gases are made normoxic again (Fig. 3.6.4, 0 2  -  Air) the HR increases. The 

increased PC drive stimulates respiration evoking a phasic Iemg and Eemg? and a very small 

RSA is seen (Fig. 3.6.4B, far right). The rhythmic EMG activity lasts for <250s before 

declining again.

For the second stage of the experiment the FejCOj is increased (2.47/2.92%), by 

adding more CO2 to the inspired gases (Fig. 3.6.4A, î CO2), and the same manoeuvres are 

repeated. The increased FejC02 stimulates modulation of the HR which could be RSA (see 

Fig. 3.6.7A) as there are indications of respiratory efforts in the FetC02 recording, due to a 

transient overshoot in the FetC0 2  when the CO2 was increased.

When the PC input is reduced again by changing to O2 a bradycardia and an increase 

in HRV occurs, as it did in the first stage. However, the progressive bradycardia and increase 

in HRV is now interrupted by a small burst of tonic Eemg (Eig. 3.6.7A) followed by phasic 

Eemg and the appearance of a marked RSA (Fig. 3.6.7A,B).

The RSA shows a distinct pattern of modulation (Fig. 3.6.7A). The minimum HR 

(RSAjr) is equal to the minimum HR (133.4 b p m )  attained by the HRV prior to rhythm 

generation (HRV^in). RSAp^ is much higher than the peak HRV (181 cf. 161 b p m  for liRV^aJ. 

There is also a distinct discontinuity in the inspiratory tachycardia of the RSA at the level of 

the maximum HRV (HRV̂ ^̂ x =161 b pm )  reached during the apnoea, which is seen as a 

clustering of points in the HRj, forming a dark line in Fig. 3.6.7A (marked -) and in the

expanded section of data in Fig. 3.6.7B (marked ). This is summarised by the diagram in

Fig. 3.6.8 (below) which clearly shows the difference between the HRV and the RSA.

At the beginning of this experiment there might be a low grade respiratory rhythm, 

marked only by the modulation of the HR. Removing the PC drive is enough to cause an 

apnoea. However, the central PaC02 is still high, which results in a significant drive to the 

CVMs, and hence a marked bradycardia and increase in the HRV. In the second phase of the 

experiment the same manoeuvre again causes a marked HRV but this time it is only transient 

because the higher level of central chemical drive is greater than CO2TRG and rhythm resumes, 

producing RSA from the underlying HRV.
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Figure 3.6.8 Traced version of the second Air-Oj change in Fig. 3.6.7. See text for details.

In apnoea there is an incrementing envelope of non-respiratory HRV (Fig. 3.6.8 

shaded, A HRV = HRV^^^x " HRV^in)- The mean minimum HR (HRV^in) shows 

considerable more variability (ie. greater SE) than HRV^Ax, which implies that HRV^ax is 

being ‘clamped’ at a value which reflects the non-rhytlimic inliibitory drive to the CVMs. 

When rhythm resumes (î RSA), the inspiratory phased inhibition shows an additional 

tachycardia above the well defined maximum HRV (marked I). There is also a discontinuity 

in the changes in R-R interval which form the RSA, which occurs at the same level as the

pre-respiratory rhythm HRV^ax (marked ........ ). This suggests that there are two

independent ‘set points’ for the amplitude of the HR. One governed by the HRV^^ax and 

HRV^ ĵn during apnoea, and the other by the RSAp  ̂and RSA^ in eupnoea. Whereas, RSAj^ 

- HRVmin, RSAjr  ̂HRVmax- Thus, the inhibitory mechanism acting on the CVMs during 

apnoea which ‘sets’ the maximum HR is not the same as during eupnoea.

Spontaneous breathing with hyperoxic gases. Transitions from normoxic-hyperoxic 

breathing were also carried out in the spontaneously breathing animal. This was achieved by 

surrounding the inlet of the tracheostomy Y-piece with a loose fitting chamber fed with the 

gas supply from the ventilator, which provided high coneentrations of inspired O2, at 

essentially atmospheric pressure, but without any significant mechanical ventilation of the 

animal. Under these conditions changing from a normoxic to a hyperoxic gas mixture still 

produced a rapid bradycardia, and a marked increase in RSA as the PC input was reduced 

(Fig. 3.6.9A). Changing back to normoxic gases, returned the HR and RSA to their control 

values, however, the responses were much slower. Fig. 3.6.9A also shows a characteristic 

RSA with a variable bradycardia ( R S A j r =  121.16±0.672 b p m )  and well defined tachycardia
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Figure 3.6.9 A, Young animal (116d) breathing spontaneously with normoxic or hyperoxic 

gas mixtures, but without any mechanical ventilation, after MS (1 mg/kg) and p-blocker 

(propranolol 1 mg/kg). Air-02 shifts show an enhancement of the RSA. î increases in Eemg 

activity associated with the decreased peripheral chemoreceptor drive. B, expanded section 

which shows that spontaneous ‘sighs’ cause tachycardias above the RSAp^ value.
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(RSApK = 138.56±0.226 b p m ) .  However, in this experiment the RSAp^ is not so clearly 

defined as in previous examples (see expanded Fig. 3.6.9B) which have shown a very low 

variability in RSAp^. Spontaneous sighs occur which evoke a greater transient tachycardia 

(147.2 b p m )  than the HRp^ (ie. mean tachycardia = 138.6 b p m )  although these are never seen 

to exceed the control (normoxic) HR (151.7 b p m ) .

In the experiment in Fig. 3.6.9 there is a small ‘expiratory shift’ indicated by a 

reduction in the Iemg and increase in the Eemg; there is also a slow overall increase in the 

respiratory rate. Although the ‘expiratory shift’ does not alter the response to hyperoxia there 

is an gradual increase in RSA^r during the second hyperoxic period, reflecting the increase 

in respiratory rate and resulting in an decrease in the amplitude of the RSA.

In this p-blocked animal the response to changing the PC input is clearly dominated 

by the cardiovagal drive to the heart. MS given previously had lowered the HR and increased 

the RSA. However, the experiments in Fig. 3.6.3 and Fig. 3.6.4 in which no MS had been 

given show that in the young animal the enhancement of RSA by hyperoxia is not dependent 

on pre-treatment with MS.

Normoxic-hyperoxic effect on MS response. The cardiorespiratory response to MS 

has been described in Section 3.2. The following example (Fig. 3.6.10) is a continuation of 

the experiment in Fig. 3.6.3 in which MS is given during normoxic spontaneous respiration 

in a 45 day old p-blocked animal. MS evokes a tachycardia and decrease in F^jCOj. 

Approximately 250s after the MS a bradycardia begins and there is an marked increase in the 

LF-HRV, and a very small increase in the RSA as indicated in the power spectra (not 

shown). Inspiratory gasps are followed by a short apnoea and a bradycardia. When the 

inspired gases are made hyperoxic there is an immediate decrease in respiratory rate, an 

increase in Iemg? a marked bradycardia caused by a decrease in both RSAp^ and RSA^r 

(RSAjr»RSApk), which results in a very significant increase in the RSA. Both RSAp^ and 

RSAtr show the same variability as in previous records. The respiratory rate begins to 

increase after the initial slowing following the switch to hyperoxia and this is mirrored by the 

increasing RSA^r (ie. RSA i).

In contrast to this response, Fig. 3.6.11 shows a ‘classic’ adult response to MS in a 

spontaneously breathing older animal (130 days) in which there is a slowly developing 

bradycardia and increasing RSA in response to hyperoxia. When the gases are made 

normoxic (02-Air), the respiratory rate (ff) increases and the bradycardia and RSA are 

significantly reduced (RSAp^ = control RSAp^ before MS, 144.3 cf. 146 b pm ) .  The tachycardia

260



28

f  _ M I N

|AIR —
i

HR  ^ BPM

1 2 3 ÎMS

EMG

2 0 0  s

Figure 3.6.10 Spontaneously breathing, 45 day old p-blocked animal. Response to MS and 

to change in gases from normoxic -  hyperoxic -  normoxic . See text for details.
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Figure 3.6.11 Spontaneously breathing 130 day-old p-blocked animal.Response to MS and 

change in gases from hyperoxic -  normoxic -  hyperoxic. See text for details.
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is reversed when hyperoxic breathing is re-instated (Fig. 3.6.11 Air -  O2) and the progressive 

bradycardia and increase in RSA seen before the normoxic period continues as if the 

normoxic period had not occurred. Note that the Eemg channel at the start of the record is 

contaminated by Iemg (known from its phasing) and that Eemg starts where marked (Fig. 

3.6.8 îExp.). At this time RSA^r also becomes more variable which suggests that the increase 

in the Eemg and the RSA^r variability are linked.

Testing with normoxic-hyperoxic transitions before MS in this experiment (not 

shown) displayed the same HR slowing in hyperoxia as previously described. Thus, the 

responses to a diminished PC input or MS are very similar, but neither is dependent upon on 

the other. When both conditions occur the responses are enhanced.

In the final example of a young (45d) animal which has received MS (1 mg/kg) and 

a p-blockade, there is a mixture of mechanical and chemical effects (Fig. 3.6.12 A). Initially 

the animal was spontaneously breathing a hyperoxic mixture of gases. The Eemg recorded 

from the abdominal oblique muscles showed a very high level of activity, with incomplete 

phasic inhibitions at each inspiration. The inspiratory gasps cause a much deeper inhibition 

of the Eemgj each followed by a short apnoea (6-7s) or prolonged expiratory pause.

When the inspired gases are made normoxic (Fig. 3.6.12A O2 -  Air) there is a 

significant tachycardia and both EMGs are reduced, but the Eemg much more than the Iemg 

(‘inspiratory shift’). Mechanical ventilation (iP, Fig. 3.6.12A) induces a hypocapnic apnoea 

which causes a marked bradycardia, and cessation of the Iemg? whereas, the Eemg persists as 

a tonic discharge. As the FejC02 is increased progressively the onset of rhythm is marked 

by phasic inhibition of the Eemg inspiratory tachycardias, shown in more detail in Fig. 

3.6.12B. Each phasic tachycardia has two components. The first takes the tachycardias to a 

constant level of HR (-167.8 b p m ,  RSAp^i) which is the same as the RSAp^ seen in the early 

part of the trace (during hyperoxia in spontaneous breathing). It also corresponds with the 

RSApK (171 b p m ) ,  towards the end of the trace just before the gases are made normoxic. The 

second part of the tachycardia takes the RSAp^ to a higher value ( - 182.5 b p m ,  RSApK2, Fig. 

3.6.12B \).

As the respiratory rate increases the RSA^r increases and the RSAp^ decreases to 

form a stable peak value comparable to the pre-ventilation control period. The inspiratory 

gasps diminish in amplitude and correspondingly there is a reduction in the amplitude of the 

tachycardias which exceed the HRp .̂ Finally, making the inspired gases normoxic causes an 

inspiratory shift, a marked tachycardia and loss of the RSA.
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Figure 3.6.12 Mechanical and ventilatory drive effects in a 45 day old animal following MS 

(1 mg/kg) and p-blockade. Initially it was breathing spontaneously a hyperoxic gas mixture. 

Changing to a normoxic gas mixture evokes a tachycardia and cessation of the marked RSA. 

When the ventilator is connected (iP, with O2) there is a rapid bradycardia as 

hyperoxic-hypocapnic apnoea is induced and a tonic discharge of the expiratory 

motoneurones (expiratory shift). The following CO2 titration evokes a marked RSA and a 

resumption of respiratory rhythm generation as expressed first in the Eemg- Expanded 

section of ‘A’, see text for details.
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Therefore, in this post-MS animal there is a marked ‘expiratory bias’, and evidence 

for a substantial VT, which during hypocapnic apnoea shows a marked tonic Eemg and 

bradycardia respectively. At the onset of inspiration the initial inhibition of the Eemg 

corresponds to the initial tachycardia, however, it not until there is evidence for a greater 

inspiratory output (from the Iemg) that the VT is inhibited further, which suggests that there 

are two ‘set points’ for RSAp^.

3.6.2 Discussion

These results show that during hyperoxic breathing there is a significant increase in 

the RSA in the young cat which does not occur in the adult.

In the adult cat the change from normoxic to hyperoxic gas breathing generally gives 

an ‘expiratory shift’ and a small bradycardia as the contribution of the PCs to the ventilatory 

drive is removed. The size of the bradycardia was always small in the adult, and any increase 

in the RSA was unremarkable, requiring spectral analysis to show any clear change in 

amplitude (Fig. 3.61B). This agrees with previous observations in this study which show that 

when there is an inspiratory bias, for example in a deeply anaesthetized animal, there is a 

higher HR and a smaller RSA.

In these experiments in the young cat (<27 weeks) the HR responses to hyperoxia 

were very exaggerated compared to the adult. The instigation of ventilation with 100% O2 

produces a dramatic bradycardia and a very marked increase in RSA. Part of the response 

was due to the ventilation induced hypocapnia (Fig. 3.6.3A), however. Fig. 3.6.3B (îd  -  î e) 

clearly shows that when the ventilator is connected with normoxic gases there is no change 

in the amount of RSA. The subsequent change to hyperoxic gases gave a very marked 

increase in RSA (îg Fig. 3.6.3) without any change in the mechanical ‘state’. An increase in 

the RSA in the face of a decreased PC input implies that either the drive/s to the CVMs have 

increased, or there is a marked decrease in the inspiratory inhibition of the CVMs, thus, 

allowing a prevailing excitatory drive to be expressed.

In the present experiments during artificial ventilation there is generally a elevated 

mean and low tidal lung volume due to the method of ventilation. To exclude any mechanical 

effects of ventilation Air -  100% O2 gas changes were carried out on spontaneously breathing 

animals and these also showed a marked increase in the RSA with hyperoxia (see Fig. 3.6.9). 

Again, there is a clearly defined RSAp^ marking the limit of the inhibition of the VT. But as 

Fig. 3.6.9 shows, an extra deep breath (sigh) can give a greater inhibition, enabling the HR
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to reach the same level as during normoxia. This agrees with Potter's observation (Potter, 

1981) that there is a marked difference between the central and lung afferent sources of 

inhibition. The tonic vagal discharge in dogs was inhibited very powerfully and consistently 

by central inspiratory activity, whereas, lung inflation had relatively little effect, except when 

VT was high, as it is during hyperoxia in these experiments.

Sighs are also seen in a different animal (Fig. 3.6.12A&B). During hyperoxic 

ventilation the sighs have no effect upon the clearly defined RSApK, whereas after the change 

to normoxic gases the sighs give a greater inhibition of the VT, followed by short apnoeas, 

during which there is an increase in the Eemg ^nd tonic VT. The onset of rhythm also shows 

other tachycardias which exceed the established RSAp^, (see Fig. 3.6.12B, RSAp^ 2̂)- As 

rhythm becomes established these decline leaving only the sighs which exceed RSAp^ 1, and 

these eventually decline also (cf. Section 3.7 Discussion!

The primary source of excitation of the CVMs is the baroreceptors (see 

Introduction). In this study it was difficult to record the BP reliably in many of the small 

animals. However, where the BP has been recorded, transitions from normoxic -  hyperoxic 

gases showed a decrease in BP (see Fig. 3.6.9, cf. adult. Fig. 3.6.1), which suggests the 

baroreceptor inputs to the CVMs probably do not significantly contribute to the increase in 

the VT resulting from the changing PC input. On the contrary, a decrease in systemic BP 

would normally decrease VT (cf. Anrep et al., 1936a,b).

Previous work has shown that breathing hyperoxic gases produces acute 

haemodynamic effects in both animals and humans (Dripps & Comroe, 1947; Eggers, Paley, 

Leonard & Warren, 1962; Lodato, 1989; Lodato & Jubran, 1993). These effects include a 

decrease in heart rate, cardiac output (heart rate dependent) and an increase in systemic 

vascular resistance. When O2 is breathed for a sustained period (15-30 minutes) there might 

be a hyperoxia-induced cerebral hypoperfusion leading to a rise of cerebral PCO2 and a fall 

in pH and, in turn stimulation of the central chemoreceptors (Kety & Schmidt, 1948; 

Lambertsen, Rough, Cooper, Emmel, Loeschcke & Schmidt, 1953). There is also a smaller 

degree of haemoglobin desaturation in the cerebral vasculature owing to the extra O2 

physically dissolved in the blood, such that cerebral O2 rises and pH falls (Lambertsen et al., 

1953). Therefore, the amount of time spent with the animal ventilated with pure oxygen has 

been kept to a minimum, and hyperoxic periods were interspersed by longer periods 

breathing air. There will inevitably be some contribution from the cerebral effects of pure O2 

but this will be small compared with the changes due to ventilation induced hypocapnia.
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Also, the changes seen in the HR in the young animal due to hyperoxia are immediate, and 

are unlikely to be due to the slow changes described above.

It has been shown recently that the decrease in HR following the instigation of 

hyperoxic breathing is generally modest in the conscious dog (l9%), and is delayed 10-20s 

until after the respiratory depression (Lodato & Jubran, 1993). The hyperoxic bradycardia 

was unaffected by p-adrenergic blockade, but was completely prevented by parasympathetic 

blockade. However, there is no clear evidence in their data (see Figures 1-5) for any increase 

in the RSA during hyperoxia, although, there might be an overall increase in the low 

frequency modulation of the heart (ie. less than the respiratory rate). Therefore, there are 

either fundamental differences between the conscious dog and the anaesthetized cat in these 

responses, or the age of the animal is highly significant.

The fetus shows little or no response to PC stimulation (Biscoe, Purves & Sampson, 

1969). After birth the PCs are known to be active because the administration of 100% O2 for 

several breaths leads to ventilatory depression (Williams, Smyth, Boon, Hanson, Kumar & 

Blanco, 1991) and a decrease in HR and BP (for review see Purves, 1981). Similar effects 

are seen in full term (Cross & Warner, 1951) and pre-term infants (Cross & Oppé, 1952).

Direct recordings from the chemoreceptors show that the range of sensitivity to PaC02 

of the carotid (Blanco, Dawes, Hanson & McCooke, 1984; Hanson, Kumar & McCooke, 

1987) and aortic chemoreceptors (Kumar & Hanson, 1989) resets during the first 10 postnatal 

days. The hyperbolic stimulus-response curves of the PCs shift upwards and right with 

increasing age, thus, the sensitivity to CO2 increases.

The respiratory response in newborn kittens to changes in Pj02 was found to increase 

with increasing postnatal age over the same time scale as the PC resetting (Hanson, Kumar 

& Williams, 1987; Hanson, Kumar & Williams, 1989). In newborn infants the reduction of 

Vg which occurs following one or two breaths of 100% O2 is small in infants less than 24 

hours old, but increases in the early postnatal period (Girard et al., 1960; Hertzberg & 

Lagercrantz, 1987), reflecting the greater decrease in the PC activity during hyperoxia as the 

sensitivity increases.

Carotid body denervated fetal lambs establish effective breathing after birth and, as 

for lambs with carotid denervation in the neonatal period they have a lower P^ 0 2  and higher 

PaC0 2  than normals which gradually changes to adult values of P A  and PaC0 2  over the first 

few weeks of life (Jansen, Ioffe, Russell & Chemick, 1981). In contrast, in another study, 

four out of seven carotid denervated lambs died unexpectedly at four to six weeks of
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postnatal age (Bureau, 1983) which suggests that the PCs might have an important role to 

play over a longer duration, and could be critical in maintaining breathing during stressful 

periods, eg, under thermal stress (see Johnson, 1985).

A decrease in CO2 responsiveness has been reported in infants classified as being 

"near-miss SIDS", and in some cases the infants subsequently died during sleep (Shannon, 

Kelly & O'Connell, 1977; Hunt, McCulloch & Brouillette, 1981; see Henderson-Smart & 

Cohen, 1988). Also, RSA is significantly lower in SIDS victims across all sleep-waking 

states (Kudge et al., 1988).

The experiments in this study show a striking difference in the response to hyperoxic 

breathing compared with the adults. However, with this small number (N=10) of animals it 

is difficult to define the age the response changes from the young to the adult kind. The 

evidence from the literature indicates that changes in CO2 responsiveness occurs relatively 

early (10 days), although this has been defined in different species (lamb, piglet) and under 

different experimental conditions.

Connecting the ventilator also induced hypocapnia and a bradycardia. However, the 

experiments in Section 3.3 established that in adult animals hypocapnic apnoea usually 

caused a tachycardia, which could be reversed by raising FetC0 2 , even in the absence of 

rhythm (see Section 3.41 In the young cat however, hypocapnic apnoea could clearly exhibit 

a bradycardia (Figures 3.6.3, 3.6.12), and a tachycardia as the FetC02 is raised (Fig. 3.6.12). 

These results are similar to the atypical result in the experiments on an adult cat previously 

shown in the experiment in Fig. 3.4.17, which also had a CO2 titration tachycardia. The 

common feature was that both animals had a very marked VT, which occurred ‘naturally’ in 

the young animal, and as a result of MS in the experiment in Fig. 3.4.17.

The maximum amplitude of the RSA after the ventilator is connected occurs at the 

start (Fig. 3.6.3 îa) and reduces as the F^yC02 decreases. In contrast, with a steady state 

FetC02 the RSA maintains a large part of its amplitude (Fig. 3.6.3 tg- th and 3.6.4A second 

Air-02 transition). This suggests that the amplitude of the RSA is CO2 dependent, but is not 

due to the PC input. However, to a certain extent the amplitude of the RSA depends upon the 

respiratory rate (Te) (see Section 3.51 and it is difficult to separate the effect of Te getting 

longer, and the increasing central chemosensitive drive upon the output of the CVMs.

Further evidence for a strong drive to the CVMs is seen in Fig. 3.6.4 in which there 

was a very marked increase in the HRV with no increase in the FetC02 when the inspired gas 

was changed from Air-02. No EMG activity or breathing movements were seen during the
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normoxic control period. Very low frequency HRV is seen, but at a FetC02=2.47%, 

therefore, the HRV is assumed not to be due to a respiratory rhythm. BP was not recorded, 

but there is no reason to expect that the BP was higher in this animal than in any other in the 

series. Therefore, the bradycardia and marked HRV are assumed to come from a source other 

than the baroreceptors.

The hyperoxia in Fig. 3.6.4 revealed a strong VT at a time when there is still a 

relatively high F^C02 (2.47%, FetC02 spontaneous respiration = 3.7%). Therefore, the rapid 

dis-inhibition of the CVMs shows an initial rapid bradycardia, and a progressive increase in 

HRV, because H R V j^ - H R V ^  increases. The HRV shows no rhythmic modulation by 

progressive lengthening and shortening of the intervals which is characteristic of RSA (see 

Section 3.51 Only quasi-random high frequency changes (‘noise’) in the R-R  intervals are 

seen, which can follow moment by moment changes in the neural drive within one or two 

beats (Warner & Cox, 1962; Koizumi et al., 1985), although the exact response depends on 

when the impulses arrive at the SA node in the cardiac cycle (Brown & Eccles, 1934a&b; see 

Levy & Martin, 1979 for review). The progressive decrease of the HRVmax over the “300s 

following the initial bradycardia indicates a gradual increase in the mean level of 

parasympathetic drive, which could be due to a continuing decline in the inspiratory 

inhibition of the CVMs.

Assuming that the BP is modest in this experiment, as it was in the other animals, 

then the contribution from the baroreceptors to the CVM drive will be low. Therefore, the 

highly stochastic parasympathetic input to the SA node from the CVMs which causes a CO2 

sensitive increase in the HRV in apnoea could result from a tonic central chemoreceptor drive 

to the CVMs. It is thus equivalent, if not the same as that being fed to expiratory 

motoneurones over bulbospinal pathways during hypocapnic apnoea.

The second half of the experiment in Fig. 3.6.4 gives a further clue to the nature of 

the HRV. In this run the FejC02 is increased and rhythm would have followed had the PC 

contribution to the CO2 not been eliminated by hyperoxia. Instead, there is a second period 

of HRV which is interrupted by the delayed onset of rhythm as indicated by a very marked 

RSA with its RSAp^ extending above HRV^ax- An important feature of the RSA is that the 

expiratory bradycardia encompasses all of the apnoeic HRV as well, such that RSA troughs 

and peaks extend from H RV ,^ (during apnoea) to well above HRV^ax (see Fig. 3.6.8), with 

all of the R-R intervals becoming highly modulated by a respiratory phased inhibition to 

produce RSA.
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Interestingly, there is a discontinuity in the RSA (see Figures 3.6.7A & B) at the level 

of HRVmax which suggests that the process which sets the amplitude of HRY^ax during 

apnoea can only be inhibited by the inspiratory drive during eupnoea. Close examination 

shows what appears to be the initial inspiratory tachycardia, actually occurs in expiration, and 

is an inhibition of the prevailing VT up to the level of HRVmax- Accordingly, in this animal 

the preferred heart rate during expiration corresponds to HRVmax̂ not HRVmin» where there 

is a maximum VT (minimum inhibition). Thus, during expiration the SA node receives a 

variable amount of CVM drive which decreases during stage II expiration, and this shows 

a general decline as rhythm becomes established (Fig. 3.6.7B).

In this experiment all of the VT representing the HRV during apnoea plus the tonic 

VT which set HRVmax nnd was only inhibited during respiratory rhythm generation, was 

modulated to produce the RSA. Thus, there are two distinct ranges of VT; the first being 

bounded by HRVmax HRVmin, and the second by HRVmax and RSAp^. This suggests that 

there are two ‘set points’ controlling the output of the CVMs, either by different 

sources/populations of excitation, or via a different pathway, ie. the DMV (see Section 3.71
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3.7.1 Post MS Residual Bradycardia

Aims. Previously it has been shown that MS Ŝection 3.2) causes a significant 

bradycardia and an increase in RSA which has a well defined peak (RSApk) and more 

variable trough (RSAjr). This section of the results describes the results from experiments 

in which sympathetic, parasympathetic or double pharmacological blockade has been used 

following MS. They show that there is a marked difference between the RSAp^ and the 

neutral HR (see Section 3.11. This ‘residual bradycardia’ represents the vagal tone which is 

not inhibited at the CVMS, even during enhanced inspiratory efforts (sighs), suggesting that 

it is due to a source other than the B-fibre cardiac efferents in the nA. The heart rate response 

of the ganglion blocker hexaméthonium is compared to atropine in eliminating the residual 

bradycardia.

When the heart is pharmacologically denervated the HR shows little change in rate 

(Neutral HR: see Section 3.11. Pharmacological blockade of the parasympathetic (atropine 

1 mg/kg) and sympathetic (propranolol or atenolol 1 mg/kg) inputs mimics denervation, but 

often a very low amplitude RSA or low frequency modulation persists. Also, subsequent 

testing of a double blockade, by electrical stimulation of the cervical vagus or by injection 

of the p-agonist isoprenaline (20pg, Davis et al., 1977), usually showed a response, even 

though it was small and greatly reduced from the control values.

Figure 3.7.1 illustrates the response to double blockade (see also Fig. 3.1.8). In this 

spontaneously breathing decerebrate cat there is a strong inspiratory drive at a low rate, a 

marked RSA and the HRp^ shows a low variability compared with HR-pr (Fig. 3.7.1). 

P -  blockade (B) decreases the HR, but maintains the overall shape of the RSA at the new HR, 

although slightly reducing its amplitude. Atropine completes the blockade by removing 

nearly all of the RSA (‘RSA’ <3 b p m ), leaving a virtually monotonie heart beat. The low 

initial BP (SOmmHg) does not change significantly, but breathing rate falls to five breaths 

min ’. The final HR (149.8 bpm ) is less than five beats/min above the pre-atropine HRp^, 

which means that during the pre-atropine inspiratory-linked period, the inhibition of CVMs 

did not eliminate all of the VT but left a non-modulated remainder, the ‘residual 

bradycardia’, that was subsequently removed by the atropine.

Effect of MS on residual bradycardia. This result was typical for control experiments 

in which MS had not been used. MS has been used many times to enhance the RSA in these 

experiments and the results from double pharmacological blockade showed a distinct 

difference.
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Figure 3.7.1 Spontaneously breathing, decerebrate cat. Respiration is slow (8.6 breaths 

min ') and there is no Eemg- There is a marked RSA which typically shows a low variability 

of HRpK compared with that of the HRjr. p-blockade (B, atenolol 1 mg/kg) slows respiration 

and lowers the HR, but there is no significant change in the BP (=SOmmHg). However, after 

an initial period the RSA returns to 83% of the control RSA. Atropine (A, 1 mg/kg) almost 

completely removes the RSA, leaving the HR at the level of the HRp  ̂before the atropine.
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Figure 3.7.2 is a typical example in the spontaneously breathing cat. p-blockade had 

already been established before MS and very little RSA could be detected; MS reduced the 

HR and increased the RSA. Atropine increased the HR and virtually eliminated the RSA. 

However, whereas in the absence of MS the difference between the HRp  ̂and the double 

blocked state was less than 5 b p m , there is now a nine beats/minute difference (HRpK=140 b p m , 

double blockade=149 b p m ).  This result suggests that after a MS induced bradycardia the 

inspiratory-linked inhibition of VT is incomplete. Pre-treatment by naloxone (lOOpg, not 

shown) completely eliminates the extra bradycardia due to MS, making the ‘residual 

bradycardia’ the same as in the experiments without MS.
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Figure 3.7.2 Spontaneously breathing animal after p-blockade (atenolol 1 mg/kg) and MS 

(1 mg/kg). Marked RSA is seen which was not present before the MS was given. Atropine 

(A, 1 mg/kg) eliminates the RSA, and causes a relative tachycardia to reach the ‘neutral’ HR 

which exceeds the RSAp^ seen with the sympathetic blockade alone.

The action of MS is illustrated in Fig. 3.7.3 which shows the end of the response to 

a 1 mg/kg dose of MS (MS), where there is a bradycardia and an increase in the RSA and 

HRV. When atropine (marked A, Fig. 3.7.3) is given before the sympathetic blockade there 

is a marked tachycardia, indicating the presence of a substantial VT. The HR before MS and 

after the atropine blockade are the same (=205 b p m ) ,  suggesting that the VT was completely 

due to the MS in this animal. Also, after parasympathetic blockade the HR is significantly 

higher than the RSAp  ̂during the post-MS period, indicating that inspiration is not inhibiting
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Figure 3.7.3 Spontaneously breathing animal. MS= Morphine Sulphate (1 mg/kg) at start 

gives a sustained bradycardia, and an increase in RSA and HRV. Atropine (A) eliminates the 

vagal tone to the pre-morphine level, p-blockade (B) decreases the HR to the double 

blocked ‘neutral HR’
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all the VT. When a p-blocker is given (marked B, Fig. 3.7.3) there is a fall in HR towards 

the neutral HR (177 bpm ). This indicates that in the p -blocked experiments the HR was held 

below the neutral HR by the VT and this was not completely inhibited during inspiration to 

reach the ‘double blocked’ HR.

Young animals. In the group of young animals (see Section 3.6) MS tended to give 

a deeper bradycardia and a larger RSA than in the adults, indeed the largest RSA occurred 

in this group (=47 b p m ). The following example shows the onset of respiratory rhythm 

towards the end of a CO2  titration. The result of double blockade in a 46 day old animal (Fig. 

3.7.4A). HRpK and HR^r are both very stable. HR^r is at the same level as the base HR 

achieved during the CO2  titration, and the RSA, and hence the HRp^, results from periodic 

inspiratory-linked inhibitions of the tonic drive to forms this upper baseline. During 

expiration the HR again returns to the apnoeic baseline ( H R = H R j r =  104.7 b p m ). According 

to the view that VT is predominantly, if not exclusively due to the baroreceptor inputs, the 

inspiratory-linked inhibition of VT (HR^r) would be expected to bring the HR to its ‘neutral’ 

level, but this is not the case as shown by the strong tachycardia following atropine and the 

loss of RSA.

When rhythm becomes established th e ^  increases and Tg decreases, which causes 

a gradual increase in HR^r (104.7^109.8 b pm ), and a corresponding decrease in the RSA. 

Although the animal is ventilated, its own breathing now contributes to the overall 

ventilatory pattern and is punctuated by augmented breaths (sighs) indicated by marked 

inspiratory efforts and short apnoeas. The effect on the heart rate is to give a greater 

tachycardia (157î 172 bpm ) during each sigh, before returning to the HRp^ value (see Table 

3.7.1).

Morphine + Morphine + p-blockade +
p - blockade Atropine

Apnoea Rhythm Rhythm

H R t r  bpm =100 109.8 219.6

HRpK BPM =113 157 219.6

Sigh BPM - 172 222.4
Table 3.7.1 Summary of results from the data in Fig. 3.7.4. Note the difference in peak heart

rate between normal respiration (HRp^) and the augmented breaths (Sigh).

But even though the drive is progressively increasing, the sighs do not completely
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Figure 3.7.4 A, 46 day old cat following MS and p-blockade. Figure shows the resumption 

of rhythm during a hyperoxic COj titration. Respiration is unstable and there are augmented 

breaths (sighs) followed by apnoeas. HRp  ̂ (157 b p m )  and HR^^ (110 b p m )  are very stable 

except during the sighs where HRp  ̂is increased (1571172 b p m )  and there is a marked RSA 

(47 b p m ) .  Atropine (A) causes a tachycardia (220 b p m ) ,  which is much greater than HRp .̂ B, 

Expanded section of ‘A’ showing the RSA and the effect of atropine.
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inhibit the VT. After atropine (A) each sigh produces only a small tachycardia (<3 b p m ,  Fig. 

3.7.4B SIGH). The high HR (219 b p m )  after double blockade reflects the typical neutral HR 

found in the young cat (>200 b p m ) .  The difference between the maximum tachycardia seen 

before atropine (during the sighs) and the double blocked HR is 219.6-172=47.6 b p m ,  which 

is the amount of VT not inhibited during inspiration.
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Figure 3.7.5 Expanded section from the experiment in Fig. 3.6.12 showing the phase I (inset, 

shaded) and phase II (augmented) spontaneous sigh (Chemiack et al., 1981) and its effect on 

RSApK, and the following expiratory bradycardia. Vertical lines indicate region of increase 

HRV as the Eemg decreases. Each sigh causes a deeper reciprocal inhibition of the Ê mg- 

RSApK, 2 , 3  mark the three distinct levels of inspiratory tachycardia.

The schematic inset of Fig. 3.7.5 shows that the spontaneous sighs have the same 

phase I (normal inspiration) and phase II (augmented portion) shape as described by 

Chemiack, Euler, Glogowska & Homma (1981), and there is a deeper reciprocal inhibition 

of the Eemg (cf. Sears, 1964).

The onset of inspiration causes a rapid tachycardia over one or two R-R intervals to 

RSApKi (= 130 B P M  Î 168 b p m ) .  Followed by a further tachycardia to RSAp^] (174 b p m )  by an 

orderly shortening of the next four to six R-R intervals. Thus, in this animal the onset of 

inspiration causes the greatest inhibition of the prevailing VT (38 b p m ) ,  but is then followed
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by a much slower process during the rest of inspiration, until the inspiratory inhibition of the 

CVMs has increased sufficiently so that the peak inhibition (RSAp,^) is reached. This is more 

evident during a ‘sigh’ (Fig. 3.7.5) when the additional inspiratory inhibition of the CVMs 

increases the peak tachycardia further (6 bpm) to RSAp^s-

Of particular interest is the increase in the in the post-sigh period followed by

a slow decline and concomitant increase in the HRV (indicated by vertical lines). Thus, as 

the post-sigh apnoea progresses the declining expiratory output matches the increase in beat 

to beat ‘noise’ in the HP, due to a more variable CVM output causing rapid changes in the 

HP, as a result there is a decrease in the mean VT.

Hexaméthonium blockade. High intensity electrical stimulation of the vagus nerve in 

the rabbit gives a bradycardia which is sensitive to atropine but is not significantly altered 

by the ganglion blocker, hexaméthonium (Ford & McWilliam, 1986). They proposed that this 

bradycardia is due to unmyelinated C-fibres rather than the myelinated B-fibres normally 

associated with causing the bradycardia.

1 0 0  -1
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*
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HR  ̂ BPM ,

110 " ‘tH TA
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Figure 3.7.6 Animal ventilated with Oj and CO2 . Post-MS and p-blockade. A single dose 

of Hexaméthonium bromide (15mg/kg, îH) shows an rapid increase in HR. Atropine 

(1 mg/kg, I A) does not further increase the HR.

To test for possible C-fibre involvement in the residual bradycardia, hexaméthonium
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bromide (15mg/kg) was given before atropine as shown in Fig. 3.7.6. This caused a 

tachycardia taking the HR towards its neutral value (=170 bpm ) and abolished the RSA. 560s 

later atropine (1 mg/kg) was given but this caused no further change in HR. No difference was 

seen between giving hexaméthonium either as a single dose (15 mg/kg) or incrementally in 

the hope that this might reveal concentration dependent differential effects (1 0 x 1 .5mg/kg). 

Therefore, it is concluded that the bradycardia seen after morphine probably does not involve 

a hexaméthonium resistant bradycardia.

3.7.2 Discussion

An important consideration when accessing the validity of these results is the 

effectiveness of the autonomic blockade. Parasympathetic blockade with high doses of 

atropine sulphate effectively eliminates the bradycardia to electrical stimulation of the cut 

vagus leaving a very small ‘RSA’ (<2 bpm , see Section 3.11. which can only be regarded as 

being below the measurable level of RSA and close to the level of accuracy in determining 

the R-R interval (see Methods). When the sympathetic blockade was tested with the 

p-agonist isoprenaline (not shown) there was always a small baroreflex response, even 

though it was only 5-10% of the pre-p-blockade level. Cardiac sympathetic denervation was 

not performed, therefore the direct and indirect actions of isoprenaline in the denervated heart 

in these experiments are unknown.

The work of Gilbey et al. (1984) has shown that the post-synaptic inhibition of the 

CVMs is a powerful mechanism which inhibits the VT during inspiration. However, the 

present results indicate that inhibition of the VT can be incomplete in the p-blocked cat, 

although it is important to distinguish between animals that were treated with p-blockade 

and those which received both MS and p-blockade.

In the absence of MS, p-blockade lowers the HR by substantially reducing the 

sympathetic drive. The effects on the prevailing RSA are variable (see Section 3.D. but as 

the experiment in Fig. 3.7.1 shows, the RSA can remain at the same amplitude (or even 

increase, see Fig. 3.5.17B), although shifted to a lower (mean) HR. After the double blockade 

there is little difference between the new monotonie HR and HRp^, which indicates that the 

inspiratory phased inhibition of the parasympathetic drive to the heart which is assumed to 

be occurring at the CVMs is very nearly complete.

When MS is given to a animal with little VT there is usually a marked bradycardia 

and an increase in RSA. The experiment in Fig. 3.7.3 shows that the additional VT evoked
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by MS is not completely inhibited during inspiration, so that RSAp^ is much less than the HR 

following atropine blockade; subsequent p-blockade then gives a bradycardia to the ‘neutral 

HR’ (see Section 3.11 There was no difference between blockade with atropine and the 

ganglionic blocker hexaméthonium which suggests that the additional VT is not dependent 

upon the hexaméthonium mechanism as described in the rabbit (Ford & McWilliam, 1986).

During normal periodic respiration following MS the peak inspiratory inhibition of 

VT during (defined by RSAp^) is often remarkably constant from breath to breath, so that 

RSApK = HRpK, even though the peak Iemg may show some variation in amplitude. However, 

when extra deep inspirations occur (sighs), there is sometimes a further significant inhibition 

of the VT. In man and mammals spontaneous breathing is periodically interrupted by deep 

breaths or sighs (see Reynolds, 1962; Bendixen, Smith & Mead, 1964; Glowgowska et al., 

1972) and is a prominent feature of the breathing pattern in neonate animals (see Chemiack 

et al., 1981) and humans (Cross, Klaus, Tooley & Weisser, 1960; Thibeault, Wong & Auld, 

1967). Sighs are characterized by a sudden extra deep inspiration with a greater rate of rise, 

occurring at the crest of a otherwise normal inspiration, giving a biphasic shape to the 

inspiratory recruitment, which is then followed by a short apnoea and a period of diminished 

breaths (Fig. 3.7.5). This extra inspiratory activity is combined with an elevation on the 

inspiratory ‘off switch mechanism’ (Euler & Trippenbach, 1976) because the normal 

inspiration would have terminated.

The rate of rise and peak amplitude of the inspiratory activity is probably determined 

by a large number of reflex and central influences on the structures generating the central 

inspiratory activity (CIA) including the level of chemical drive, so that as the PaC02 increases 

the interval between sighs is decreased (see Chemiack et al. 1981, and Figures 3.6.12A and 

3.7.4A), Irritant receptors and lung stretch receptors both have a role in evoking sighs 

(Glowowska et al., 1972; Davies & Roumy, 1978) however, sighs also occur after vagotomy 

and carotid body denervation (Chemiack et al. 1981).

Sighs reduce the occurrence of actelectisis and it has been found that in humans who 

have received morphine for pain relief there is an increase incidence of actelectisis which is 

probably due to the decreased ventilation (Egbert and Bendixen, 1964). The relatively large 

dose of morphine (1 mg/kg) used in this study usually stopped the occurrence of sighs in cat 

(see Section 3.2') as the ‘inspiratory shift’ occurred.

The experiments in Fig. 3.6.12A and 3.7.4A both show examples from animals in 

which the sighs have continued after MS. There are two phases to the augmented breath,
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during the first there is a rapid tachycardia to a clearly defined level of inhibition (RSApKi, 

Fig. 3.7.5). The rapid change in HP suggests that there is an abrupt removal of a substantial 

VT (38 bpm ) at the onset of inspiration due to a widespread but incomplete inhibition of 

CVMs. During the second phase the RSAp^ shows a slower increase in HR to a new level 

(RSApK2 , Fig. 3.7.5) over 4-6 R-R intervals during the rest of inspiration, indicating a further 

inhibition of the CVMs (RSAp^i / RSApj^). When a sigh occurs (Fig. 3.7.5) the slow 

tachycardia is extended further to RSAp^s due to the increased inspiratory inhibition of the 

CVMs. Fig. 3.6.12A also shows that the extra tachycardia (RSApK2  / RSAp^s) diminished as 

the chemical drive increased, and was only evident during the sighs, and even this began to 

decrease in amplitude.

In these examples RSAp^ and hence the inhibition of the CVMs has three clearly 

defined levels (RSAp^i, RSApK2  and RSAp^s), determined by the prevailing level of 

inspiratory inhibition. The extra tachycardias which occur during the augmented breaths 

reveal an additional inhibition which corresponds with the extra inspiratory drive. The 

evidence from the experiment in Fig. 3.6.12A is that the increasing chemical drive augments 

both inspiratory and expiratory drives, and these changes coincide with the diminishing 

RSApK and the elevation of RSA^r.

One explanation for this phenomenon is the possible effect of increased lung afferent 

activity on the inhibition of the CVMs following the instigation of ventilation (eg. Fig. 

3.6.12A). This seems unlikely in these experiments because during spontaneous breathing 

there is no evidence for the extra tachycardia, and as the strength of breathing increases the 

CVM inhibition decreases (ie. RSAp^^), which suggests that the additional afferent inhibition 

from the lungs is not contributing significantly towards the CVM inhibition (see below).

Anatomical studies have mapped the extent of the CVMs within the nA and the 

respiratory related brainstem units of the cVRG in retroambigualis (see Introduction). Both 

extend over a considerable region of the brainstem. Although direct intracellular recordings 

from the CVMs show a powerful inspiratory phased inhibition of the CVM, the published 

data were from only two neurones. Gilbey et al. (1984) inferred that each CVM is 

representative of the whole population in respect of the properties they examined (membrane 

potential, amplitude of e.p.s.p.s etc). However, respiratory neurones within the cVRG are 

recruited at different levels of respiratory drive and similarly the synaptic inhibitory drive to 

the CVMs may equally be distributed over a greater area. There are relatively few CVMs in 

the nA compared to the population of respiratory neurones (see Introduction), thus, there
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is the probability of a considerable convergence of the inhibitory respiratory drive upon the 

CVMs.

It is clear from these results that even during extra inspiratory efforts (eg. sighs) some 

CVMs continue to cause a significant bradycardia. However, only a few CVMs may be 

involved, as it probably only requires one CVM to fire to give a measurable bradycardia 

(McAllen & Spyer, 1978a), which also indicates a considerable divergence among the pool 

of post-ganglionic vagal neurones innervating the SA node.

Identification of active CVMs in the nA also presents a problem. The identification 

of CVE fibres relies on the recording of a pulse modulated discharge, which is inhibited 

during inspiration (Jewett, 1964). Neurones not showing a pulse related discharge are 

naturally discarded as not being CVMs and might well be tonically active but not capable of 

causing an additional bradycardia when electrically stimulated, or by the application of 

excitatory amino acids.

The RSApK response to an extra inspiratory effort indicates that the inhibitory 

mechanism which is assumed to be at the CVM is incomplete. However, experiments with 

double blockade show that the pharmacologically denervated heart rate can be well above the 

RSApK attained even during a sigh (see Figures 3.7.4 and 3.7.5). It is difficult to predict if this 

is always due to the presence of MS. These results tend to show only a small difference 

between RSApK and the ‘neutral HR’ without MS, whereas MS generates a significant level 

of VT which cannot be inhibited by inspiration (see Fig. 3.7.3). Also, pre-treatment with 

naloxone (see Figures 3.2.16 and 3.2.17) eliminates any residual bradycardia.

Micro-injections of opiate agonists in the region of the nA (see discussion in Section 

3.2.51 cause a marked bradycardia (Laubie et al., 1979). However, it is unknown whether 

such excitation is due to a direct effect on the CVMs or the result of inhibition of another 

inhibitory input, for example, from the hypothalamic defence area which has an inhibitory 

influence on both the CVMs and the baroreceptors inputs at the NTS (see Fig. 1.3.1 and 

Spyer, 1989). The results in this study show that MS given intravenously causes an 

‘inspiratory shift’ in which there is a relative decrease in expiratory respiratory drive and an 

increase in inspiratory. Therefore, any change in the ‘inspiratory gating mechanism’ acting 

at the CVM is more likely to inhibit the neurones further. Equally, the decrease in the 

expiratory drive suggests that any facilitatory input would be reduced.

This study has presented evidence for the existence of an expiratory drive to the 

CVMs. Several authors have argued against any direct drive from expiratory neurones
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because it does not resemble the recruitment pattern of CVMs (McAllen & Spyer, 1978a; 

Gilbey et al., 1984, see Section 3.6. Richter & Spyer, 1990), indeed it is very similar to 

post-inspiratory neurones (Gilbey et al., 1984). However, data form this study shows that the 

recruitment pattern of the CVEs, as determined by the instantaneous HR during the 

expiratory phase depends very much upon the expiratory time, Tg, and the prevailing level 

of VT. In individual examples the maximum expiratory CVM output is in the 

post-inspiratory period at the time inspiratory inhibition is released, and then it declines 

throughout expiration. However, as clearly demonstrated by the CTCHs there are numerous 

examples where the HR; shows a sustained decrease throughout the expiratory period until 

the onset of the next inspiration.

The main sub-population of respiratory neurones in the Botzinger complex show an 

augmenting pattern of discharge (Bot-Aug) during expiration (Lipski & Merrill, 1980). 

Antidromic mapping studies show that axons of the Bot-Aug project to the DRG, cVRG, 

rostral pons and spinal cord (for review see Ezure, 1990). Intracellular labelling with HRP 

shows that the Bot-Aug neurones have extensive ipsi- and contralateral arborizations in the 

rostral and caudal VRG (Otake et al., 1987; Otake et al., 1988; Jiang & Lipski, 1990). 

Therefore, there is evidence for an expiratory phased, augmenting input to the region of the 

nA. However, all of the Botzinger neurones appear to be inhibitory, which would indicate 

that any putative drive onto the CVMs is via an intemeurone, or there is some further 

inhibition of the inspiratory inhibitory input on the CVM. Future studies will need to look 

for the source of the excitation to the expiratory neurones because this is the best candidate 

for the drive to the CVMs. Alternatively, the bulbospinal expiratory neurones may have a 

excitatory influence on the CVMs which has not yet been established. Either way, any 

facilitatory drive is only revealed when the expiratory time is sufficiently long and/or there 

is sufficient VT so that the extra dis-inhibition is acting on top of a substantial tonic activity, 

for example after MS.

It has been established that the effectiveness of the chemoreceptor and baroreceptor 

inputs in producing a bradycardia depends upon the phase of the respiratory cycle (see 

Introduction). In inspiration the CVMs are strongly inhibited but show a varying degree of 

d is-inhibition (see Section 3.5.2") during expiration. The inhibition is the result of two 

mechanisms (Anrep et al., 1939a,b), the first due to the central inspiratory activity, and the 

second, from the increased activity of the slowly adapting pulmonary stretch receptors. 

Carotid chemoreceptor induced bradycardia during inspiration maybe reduced to 15% of the
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expiratory control value, but arterial baroreceptor and cardiac receptor induced bradycardias 

are smaller and show a 42% and 51% reduction respectively (Daly, 1991).

The inhibitory effects of lung inflation and central inspiratory activity are different. 

Potter (1981) showed that both tonic and reflexly induced vagal discharges are reduced 

during central inspiratory activity, but lung inflation markedly inhibits reflexly evoked vagal 

discharge, leaving tonic vagal discharge relatively unaffected, except when VT is high. 

McAllen & Spyer (1978b) established that pulse synchronous activity from baroreceptors 

could be recorded extracellularly throughout the respiratory cycle, while Jordan & Spyer 

(1979) found that the sinus nerve afferent terminals were not influenced by pre-synaptic 

mechanisms. These facts led Potter (1981) to propose that the pulmonary stretch afferents 

have an independent effect earlier in the baroreceptor and chemoreceptor pathways.

In contrast to the chemoreceptor induced bradycardia, that due to baroreceptors, 

cardiac receptors and pulmonary C-fibres was unaffected by inflation of the lungs (Daly & 

Kirkman, 1989), or by central inspiratory activity (Daly, 1991). The absence of any effect 

from inflation of the lungs on the pulmonary C-fibre induced bradycardia led Daly & 

Kirkman (1989) to speculate that there were two populations of CVMs; one was inhibited 

by the pulmonary C-fibre input, the other only inhibited by central respiratory activity. If it 

is assumed that the CVMs within the nA are a homogenous group then the alternative source 

of such cardiac efferents are the cardiomotor neurones within the DMV.

In the rabbit stimulation of the non-myelinated fibres from the DMV gives a 

bradycardia which is resistant to the nicotinic blocker hexaméthonium, and abolished by 

atropine (Woolley, McWilliam, Ford & Clarke, 1987). However, Daly (1991) found in the 

cat that the cardioinhibitory effects of stimulating the chemoreceptor, baroreceptor, cardiac 

receptors and the pulmonary C-fibre afferents were all abolished by hexaméthonium as well 

as atropine. This agreed with previous conclusions that in the cat the C-fibre pre-ganglionic 

neurones from the DMV do not have a chronotropic effect on the heart and the pulmonary 

C-fibre reflex is unlikely to be due to the CVMs in the DMV (see Introduction). However, 

Jones, Wang & Jordan (1994) have recently demonstrated that both B-fibre and C-fibre 

preganglionic neurones are activated during pulmonary C-Fibre stimulation. In recent studies 

using selective anodal blocking of the vagus (Jones et al., 1995) have shown that stimulation 

of non-myelinated fibres in the cat does produce a bradycardia, although it is smaller in 

amplitude than with B-fibre stimulation alone and has a less rapid onset. Unfortunately, it 

is still not known whether a bradycardia induced by C-fibre stimulation in the cat is resistant
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to hexaméthonium, as this has only been confirmed to be so in the rabbit (Jones et al., 1995).

In the present study in the p-blocked cat, atropine gives a small tachycardia up to a 

HR which is close to the RSAp^ recorded before atropine. This suggests that during each 

inspiration any prevailing VT was being almost fully modulated by the inspiratory-linked 

inhibition of the CVMs, so that there was no significant residual VT at the RSAp^.

When MS is given there is a marked bradycardia which can be attributed to an 

increase in the VT. Despite changes in the respiratory rate, T̂  and Tg, and BP, RSAp^ often 

remains very stable, as if a constant level of inhibition of the VT had been reached for the 

prevailing respiratory drive to the CVMs. It is only when augmented breaths occur that there 

is any further inhibition of the VT and a small rise in the RSApK, but this is only to a new 

fixed level.

If it can be shown that C-fibre stimulation in the cat is not resistant to the nicotinic 

ganglionic blocker hexaméthonium (to be confirmed, Jones et al, 1995) then other 

mechanisms must be considered to account for the data in this study. Both Galanin (see 

Section 3.41 and NPY (Manabe, Foldes, Torocsik, Nagashima, Goldiner & Vizi, 1991) are 

involved in presynaptic interactions between the parasympathetic and sympathetic neural 

drives to the heart. Recently it has shown that both fast and slow EPSPs can be recorded in 

canine cardiac neurones, indicating the presence of both muscarinic and nicotinic receptors, 

the latter of which are not resistant to hexaméthonium blockade. Therefore, it would be 

possible to have a level of tonic vagal activity originating in the DMV which acts through 

the muscarinic receptors in the cardiac post-ganglionic neurones or via a second messenger 

mechanism activated by neuropeptides.

In clinical studies on man RSAp^ is generally considered to represent zero VT, so that 

RSApK-RSAjR=VT. However, recent work has shown that this index underestimates the 

tonic parasympathetic influences on the heart, and cannot be relied upon to assess VT 

between subjects (Kollai & Mizsei, 1990; Grosssman et al., 1991; Kollai, Jokkel, Bonyhay, 

Tomcsanyi & Naszlady, 1994). Therefore, there is evidence in man for a residual VT which 

is not normally inhibited during inspiration, but can be decreased, although not eliminated, 

by the use of behavioural tasks such as isometric handgrip and mental arithmetic (Grossman, 

Stemmier & Meinhardt, 1990). However, recent evidence in man suggests that there is no 

interaction between the parasympathetic and sympathetic cardiac drives (Kollai et al, 1994), 

although this has not been confirmed.
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CHAPTER 4 DISCUSSION

The aim of this study was to examine during eupnoea and hypocapnic apnoea the 

respiratory modulation of the heart rate and its beat to beat variability, and to seek evidence 

for a respiratory related excitatory drive to the cardiovagal motoneurones (CVMs).

A central concept in von Euler's model for the generation of respiratory rhythm is a 

ramp of central inspiratory activity (CIA) which is irreversibly terminated by an off-switch 

mechanism whose threshold is determined either by the net level of CO2  drive, or by the 

pulmonary stretch receptor input. The model is based on three hypothetical groups of 

neurones whose output forms the respiratory central pattern generator (Bradley et al., 1975; 

Euler, 1983). In Richter's ‘three-phase’ model (Richter, 1982; Richter et al., 1986) greater 

consideration is given to the intrinsic properties of six types of neurone within the respiratory 

generating areas of the brainstem, allowing a complex model in which there is widespread 

inhibition of inspiratory phased neurones, and a progressive, declining inhibition of 

expiratory neurones during expiration. An explicit feature of both these models is the concept 

of re-entry or re-cycling excitation as a mechanism which can generate the ramp of 

excitation (CIA), and the assumption that there is widespread excitation arising from the 

reticular activating system (RAS) (Hugelin & Cohen, 1963; Millhom, Eldridge & Waldrop,

1980) which is responsive to changes in the central chemosensory drive.

However, when rhythm is suppressed by hyperoxic -  hypocapnia and there is no 

bulbospinal inspiratory activity the expiratory motoneurones are not quiescent, as would be 

expected in the above models, but instead they show a tonic discharge, whose intensity is 

graded with increases in the central CO2  (see Sears, 1990). When the CO2  threshold for 

rhythm generation is reached the tonic expiratory activity is phasically inhibited and there is 

a gradual increase in inspiratory activity.

When saggital lesions were made interrupting the inspiratory bulbospinal axons and 

more rostral structures, the threshold for rhythm generation was elevated, which extended the 

graded effect of CO2  on the tonic expiratory activity (Bainton et al., 1978b, Bainton & 

Kirkwood, 1979). Therefore, following the lesion the tonic CO2  dependent expiratory 

excitation was found to be continuously variable over all of the physiological range. Sears 

and colleagues (Bainton et al., 1978b; 1979) have shown that this tonic expiratory activity 

originates from the same bulbospinal neurones as those involved in discharging phasically 

during rhythm generation, and hence, they share a common chemical drive.
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In the present study lesions were not made to elevate the CO2  threshold, instead the 

depressant action of morphine on respiration was used. This had two important physiological 

actions, first, respiration was slowed, largely by an increase in the expiratory period. 

However, although the CO2  threshold was increased, unlike in the rabbit, morphine caused 

a notable depression of the central expiratory drive at the motoneuronal level (cf. Howard & 

Sears, 1991). Second, morphine significantly increased the vagal tone (VT), allowing in the 

cat ‘the notoriously low vagal tone’ (Spyer & Jordan, 1987) to be increased significantly, and 

hence increase the RSA.

During respiratory rhythm generation the cardiac parasympathetic drive is also 

strongly inhibited during inspiration (Anrep et al., 1936a&b; Gilbey et al., 1984), resulting 

in a rapid tachycardia which follows the same time course as the augmenting inspiratory 

output, but this can only occur if there is sufficient VT (see Kollai & Koizumi, 1979; Potter,

1981). The inspiratory-linked inhibition of the CVMs can be blocked by iontophorised 

atropine, which suggests a inhibitory cholinergic receptor (Gilbey et al., 1984), however, it 

remains unknown if this is a direct action of inspiratory neurones on the CVMs.

The descriptions of RSA have often placed emphasis on the inspiratory related 

inhibition of the VT. In this study it has been shown that the inhibition can be remarkably 

similar during each inspiration in terms of the degree of inhibition, rise time etc, and the peak 

heart rate (RSAp^ under similar experimental conditions. However, it is during the 

expiratory phase that the overall shape and ultimately the amplitude of the RSA is 

determined. The modulation of the heart rate during expiration also provides a ‘window’ on 

the possible sources of drive to the CVMs and how they might control the course of the 

expiratory phased bradycardia.

The post-inspiratory dis-inhibition of the CVMs gives a burst of efferent activity and 

within two to three heart beats the fast parasympathetic response of the heart allows the 

prevailing VT to be partly expressed as an expiratory bradycardia. However, during 

expiration the CVMs are believed to receive a variable and less effective inhibition (Gilbey 

et al., 1984), which would make the time course of the HR during the rest of expiration 

uncertain. Evidence in this study and from others, however, shows that CVE activity, either 

measured directly, (Sutton, 1981; Koizumi et al, 1983; Koizumi & Kollai, 1987), or inferred 

from the time course of the bradycardia, using the cycle triggered cardiac histograms (CTCH) 

and HRj, shows an augmenting discharge during stage II expiration. The occurrence of this 

additional bradycardia is criticailly dependent upon the duration of the expiratory period and
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the level of prevailing VT. Thus, if the respiratory rate is slowed, eg., by MS or 

decerebration, then the longer Tg shows a progressive bradycardia, which is not fully 

expressed during the post-inspiratory period, but may continue to the end of stage II 

expiration. It is not possible to predict where in stage II expiration the maximum bradycardia 

will occur because it depends upon the pattern of breathing, eg. when there is a moderate 

increase in Tg the bradycardia may be still increasing when the next inspiration occurs. In 

contrast, during long expirations the bradycardia and the Eg^o may reach their peak values 

before the end of expiration, thus revealing a slight reduction in amplitude before the next 

inspiration.

One possibility for the continuing bradycardia following the post-inspiratory ‘burst’ 

of CVE activity is that the heart simply continues to slow as a result of the marked efferent 

activity to the SA node during the initial post-inspiratory burst of activity. This seems 

unlikely because the heart responds very rapidly to any change in the parasympathetic drive, 

and is even capable of lengthening the current heart period (Brown & Eccles, 1934a&b; see 

also Levy & Martin, 1981). This can be seen in this study in simultaneous recordings of heart 

rate and CVE activity where there is a close correlation between the beat to beat variability 

in the heart rate and the instantaneous firing frequency of the CVE activity (Fig. 3.3.10). 

Therefore, the HRV represents the net neural drive to the heart without the need to sample 

the individual CVMs.

The CVMs within the nA are believed to be a relatively homogeneous group (Gilbey 

et al., 1984), exhibiting a preference for discharging in particular ‘states’ in response to 

specific convergent stimuli. This implies that during each breath all the CVMs are powerfully 

inhibited by the inspiratory drive, and that then all the CVMs are dis-inhibited in expiration. 

There are numerous examples, where, following p-blockade, which eliminates the very low 

frequency modulation of the HR, the VT is inhibited to a closely defined level. However, 

evidence in this study suggests that the CVMs may not all respond in the same way to the 

current level of inspiratory inhibition. For example, during an augmented breath (sigh) VT 

is further inhibited to a new clearly defined level. The further inhibition of the CVMs in such 

a well defined way suggests that more CVMs are inhibited as the level of inspiratory drive 

is increased during the sigh.

The expiratory bradycardia which forms the RSA is therefore comprised of two parts; 

first, a steep, rapid bradycardia during the post-inspiratory period, which reflects the abrupt 

discharge of the CVMs following their d is-inhibition; second, a sustained bradycardia
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during part or all of stage II expiration, which can closely mirror the time course and 

amplitude of the discharge pattern of the Eemg* Sympathetic blockade does not alter this 

relationship, other than through its slowing of respiration, MS, however, has a marked effect 

as it increases VT and slows respiration, largely by prolonging expiration.

The increase in VT after MS does not necessarily increase the probability of the 

bradycardia lasting until the end of expiration, as there are examples in this study of MS 

increasing the expiratory period but with no change in the expiratory phased bradycardia. 

However, after MS, RSA increases and the inspiratory inhibition of the VT is now greater 

than before MS, which indicates that the mechanism/s by which VT is facilitated by MS 

remain subject to the inspiratory ‘gating’ mechanism. MS has been shown to increase VT 

independently of any changes in the respiratory rhythm because a bradycardia still occurs 

when MS is given during hypocapnic apnoea, and furthermore, when rhythm is allowed to 

return, there is a markedly increased RSA.

The site of action of MS is unknown. There is much evidence from previous studies 

for the presence of opiate receptors throughout the brainstem, including the nA and NTS 

(Laubie et al., 1977,1978,1979, see 3.2.5 Discussion). The increased expiratory-related 

modulation that occurs after MS, and the increased cardio-vagal drive during apnoea 

suggests that MS has tonically decreased the threshold of the CVMs, and thus revealed an 

expiratory phased modulation of the CVMs which was previously masked from the CVE 

output by the low level of VT and the short duration of stage II expiration.

Microinjections of opiates into the nA of dogs gave a dose dependent bradycardia 

and decrease in BP, which were fully reversed by naloxone (Laubie et al., 1979) (see 3.2.5 

Discussion). Thus, it appears that the CVMs in NA, or neurones in the close vicinity, have 

opiate receptors, and that as a result of the application of opiates there is a dose dependent 

increase in CVE output. There is evidence that neurones identified by immunohistochemical 

procedures as containing enkephalin-positive material within the DVM, nA and NTS have 

short projections, which suggest they are intemeurones (Holaday, 1983). Whether these 

neurones are excited by opiates and in turn excite the CVMs remains unknown.

The greater amplitude of the RSA and the augmenting bradycardia during expiration 

following MS strongly suggests that the CVMs discharge throughout expiration. Therefore, 

MS not only extends expiration, thus allowing more of the expiratory bradycardia to be 

expressed, but facilitates the modulation of the CVMs by other inputs. Whether, this includes 

the powerful baroreceptor input to the CVMs is unclear. Experiments with MS invariably
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show a decrease in the blood pressure concomitant with the bradycardia, therefore, it remains 

unknown if there is a primary change in the baroreflex sensitivity, due to opiates acting 

directly within the NTS, which is being masked by a secondary fall in BP.

There is evidence for a CO2  sensitive drive to the CVMs. When hypocapnic apnoea 

is induced by lowering the inspired concentration of CO2  a tachycardia occurs which is 

independent of the cardiac sympathetic drive, occurring at lower mean heart rates when there 

is a p-blockade. Following MS, hypocapnic-apnoea also gave a tachycardia even though 

there was a strong drive to the CVMs as a result of the additional MS induced VT. MS has 

been shown in this study and others (Daskalopoulos et al., 1975; Feldberg & Wei, 1986) to 

significantly reduce the sympathetic drive, which together with the experiments in the 

p-blocked animals which gave the same response, suggests that the tachycardia was due to 

a parasympathetically mediated reduction in VT, as a result of the ventilation induced 

decrease in PgC0 2 .

Three animals in this study exhibited a significant bradycardia in response to 

hypocapnic apnoea. In all these animals MS evoked the usual bradycardia and increase in 

RSA. However, when hypocapnic apnoea was induced, rather than a tachycardia as had been 

previously seen there was a further bradycardia (Fig. 3.4.17). The following CO2  titration 

then gave a tachycardia, which was the opposite to all the other experiments. When rhythm 

had been re-established by restoring the CO2 , p-blockade caused a substantial bradycardia 

(Fig. 3.4.19), and the following hypocapnic apnoea now gave a much reduced bradycardia. 

The changes in HR in these experiments suggests that prior to propranolol the CO2  sensitive 

sympathetic drive to the heart was making a significant contribution to the resting HR, and 

with the induction of the hypocapnic apnoea, the sympathetic drive was reduced, and the 

dominant parasympathetic drive caused the HR to decrease further. Thus, under these 

conditions the CVMs are strongly depolarised by the MS, and any change in the CO2  drive 

has little additional effect on the parasympathetic output to the heart, but is capable of 

increasing the heart rate by means of the CO2  sensitive sympathetic drive.

Recent work has shown that the vagal and sympathetic drives to the heart do not act 

independently. Sympathetic modification of the vagal drive by sympathetic peptides (see 

Revington et al., 1990; Ulman, Potter & McCloskey, 1992, Section 3.4.61 has a significant 

effect on the parasympathetic input to the heart, and is not affected by p-blockade. 

Therefore, the CO2  titrations may further modulate the heart rate by an increasing CO2  

dependent sympathetic drive, which does not act directly on the heart, but by reducing the
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prevailing parasympathetic drive.

Sears and colleagues have shown that when the P^C02 is increased during hyperoxic 

hypocapnic apnoea there is a titratable increase in the tonic expiratory output. This tonic 

expiratory activity, seen prior to rhythm generation, reflects the current level of central CO2  

drive to the expiratory bulbospinal neurones, and is effectively equivalent to the at the 

end of a prolonged expiration during eupnoea. Indeed when rhythm resumes at the CO2  

threshold it is usually very unstable, consisting of short inspiratory bursts of activity with very 

prolonged expirations. In the majority of experiments, which responded with a tachycardia 

to hypocapnic apnoea, the CVM output also increases during the following CO2  titration, 

resulting in a sustained parasympathetically mediated bradycardia, until the increased VT is 

strongly inhibited by the first inspiration in the same way as the Ee^g- The CO2  sensitive 

bradycardia also shows a progressive increase in beat to beat variability (HRV), which in 

view of the rapid response of the heart to stimulation of a single CVM indicates an increase 

in the stochastic firing of the CVMs as a result of the elevation of the central CO2  drive.

The HRV seen during apnoea is distinct from the overall normal modulation of the 

heart period. During eupnoea the CVMs are subjected to two modulations; the first by 

inspiration, which powerfully inhibits the CVM output, and in so doing causes a well defined 

shortening of the heart period. The second, is through the action of the usually strong 

baroreceptor input to the CVMs which ‘synchronizes’ the efferent discharges at the heart rate. 

In hypocapnic apnoea the inspiratory modulation stops; however, providing the blood 

pressure is adequate the baroreceptor inputs continue to contribute a significant drive to the 

CVMs. BP was often low in the anaesthetized cat, particularly after MS, and during CO2  

titrations it dropped still further. Therefore, it would seem unlikely that under these 

conditions that changes in the CVM output due to the baroreceptor afferent contributed 

significantly to the bradycardia and the increase in HRV during the CO2  titration.

At the end of expiration expiratory bulbospinal neurones (Egsu) are firing essentially 

tonically, expressing the current level of the CO2  drive. In the event of the next inspiration 

not occurring, such tonic activation of the Eggy continues. Thus, the end of a CO2  titration just 

penultimate to rhythm generation, and the end of a normal stage II expiration are nearly 

equivalent ‘states’ but at slightly different levels of CO2 . Analysis of the HRV during the 

respiratory cycle shows that during post-inspiration the heart rapidly slows in an orderly 

manner attributable to the post-inspiratory d is-inhibition of the CVMs. When expiratory 

duration is relatively short the heart period can show an orderly shortening of intervals before
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the next inspiration (Fig. 3.5.1). However, when expiration is prolonged, the progressive 

bradycardia is characterized by an increasing beat to beat variability (see Figures 3.5.3 and 

3.5.6 cf. 3.5.2) which is indistinguishable from the augmenting HRV during the CO2  

titration.

It has been shown in this study that the inspiratory inhibition of VT is not always 

complete following MS, so that the peak of the RSA (RSAp^) is not equivalent to zero VT, 

as is often assumed (see Section 3.71

The inspiratory sigh represents a considerable increase in both the central inspiratory 

activity and afferent input from lung receptors. In this study spontaneous inspiratory sighs 

increase the inhibition of VT, however, although, it is not possible to separate the effect of 

the increased central respiratory drive fi'om that of the increased lung inflation, a considerable 

amount of VT, as assessed by parasympathetic blockade remains. This suggests that MS 

induced VT includes a source which is not influenced by the inspiratory gating mechanism.

Stimuli delivered to arterial baroreceptors or chemoreceptors during central 

inspiratory activity are prevented from evoking a reflex vagal bradycardia by strong 

inhibitory mechanisms (Davidson et al,. 1976; Gandevia et al., 1978), so that it is only during 

the expiratory phase that a reflex bradycardia can be evoked. Rapid inflation of the lungs in 

the absence of central rhythm generation also prevents a reflex bradycardia due to 

baroreceptor or chemoreceptor stimuli (Gandevia et al., 1978). Potter has shown in the dog 

that whereas central inspiratory activity strongly inhibits tonic vagal activity, lung inflation 

gave relatively little inhibition, except when the VT is high, so that lung inflation has its 

effects mainly on phasic inputs (Potter, 1981). Daly & Kirkman (1989) postulated that the 

cardioinhibitory response to pulmonary C-fibre stimulation, which is not affected by lung 

inflation, might be due to a second population of CVMs, possibly within the DMV. Recent 

evidence has shown that selective stimulation of the vagal u n -myelinated fibres produces a 

smaller and slower onset bradycardia (Jones et al., 1995), and there is evidence that 

pulmonary C-fibre stimulation activates both B- and C-fibre cardiac preganglionic 

neurones (Jones et al., 1994). These have different firing patterns, so that neurons with 

B-fibre axons show a respiratory and pulse modulation, whereas, those with C-fibre axons 

fire tonically (Ford et al., 1990, Jones et al., 1995) However, in the rabbit the bradycardia 

evoked by the un -myelinated pre-ganglionic axons was resistant to the nicotinic blocker, 

hexaméthonium. Preliminary experiments in this study could find no difference between 

hexaméthonium and the muscarinic antagonist atropine, which suggests that the ‘residual
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bradycardia’ was not due directly to un-myelinated axons from the DMV, but B - fibre axons 

from the nA. These findings suggest that a significant proportion of the parasympathetic 

drive to the heart cannot be inhibited by the proposed ‘gating mechanism’ within the CVMs 

in the nA. Any putative action by CVMs other than in the nA is not fully established, 

particularly for the cat.

Further clues as to the nature of the tonic parasympathetic drives to the heart comes 

at the onset of respiratory rhythm generation following a CO2  titration. The first respiratory 

cycle is manifest as a phasic inhibition of the ‘baseline’ VT, and during the following 

expiration the heart rate slows to its pre-respiratory rhythm bradycardia value. Initially the 

inspiratory inhibition is incomplete, but gradually increases as respiration becomes 

established and the ‘inspiratory shift’ occurs, allowing a deeper inspiratory inhibition of the 

VT, but leaving the expiratory bradycardia intact, indicating that the drives to the CVMs have 

not changed substantially. It is only when Tg shortens as the respiratory rate increases, that 

the depth of the bradycardia (HR^r) is reduced. Therefore, the increase in tonic expiratory 

motoneurone, and cardiac parasympathetic drives show remarkably similar patterns of 

response to changes in the central CO2  drive during apnoea, and in their responses to the 

onset of rhythm generation.

Sears et al., (1982) showed that the addition of a PC input caused an ‘inspiratory shift’ 

in the pattern of the inspiratory (diaphragm and external intercostal) and expiratory (internal 

intercostal) motoneurone activities associated with a partial or complete inhibition of the 

expiratory discharge. Furthermore, this shift was expressed both on the phasic activities 

during rhythm generation and the tonic activities during hypocapnic apnoea. In the present 

study CO2  titrations in normoxia gave the same heart rate responses as for the hyperoxic 

experiments, because the additional chemical drive from the PCs lowered the CO2  threshold 

for rhythm generation. During eupnoea in the adult animal the change from hyperoxic to 

normoxic breathing increased the respiratory rate, and gave a small tachycardia and reduction 

in any prevailing RSA.

The changes from normoxic to hyperoxic breathing in the kitten gave a much more 

marked response than the adult. Respiration slowed and RSA increased substantially due to 

a significant increase in VT. During normoxic-hypocapnic apnoea changing to hyperoxia 

also caused a marked bradycardia, indicating that the increase in VT during rhythm 

generation was independent of the changes in respiratory rate. However, it has been 

demonstrated that brief stimulation of the carotid chemoreceptors during expiration, but not
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inspiration, causes an increase in the excitability of the CVMs which results in a marked 

bradycardia (see Introduction). This can only occur if there is no concomitant increase in 

inspiratory drive, such as during superior laryngeal nerve (SLN) stimulation (Kordy, Neil & 

Palmer, 1975), which suggests that the inhibition of the CVMs occurs via the respiratory 

rhythm generating mechanisms rather than directly.

An important observation made during experiments in which the carotid chemoreflex 

was being studied was that during periods of hyperventilatory- hypocapnia the reflex 

bradycardia was absent or reduced, but when the P^C0 2  was held constant, the reflex 

remained intact (Daly & Hazzledine, 1963). Experiments by Haymet & McCloskey (1975) 

also found that during the early part (<7s) of a hyperventilatory-induced apnoea the 

chemoreflex was at first ineffective, but the bradycardia could always be evoked later 

(16s-35s, Fig. 7, Haymet & McCloskey, 1975) during the apnoea, and was not affected by 

the degree of lung inflation. Jordan & Spyer (1987) suggested that these results indicate that 

a certain level of VT is required before the peripheral chemoreflex is effective. This 

hypothesis would be in keeping with Richter & Spyer's (1990) concept of an increasing drive 

to the CVMs from the RAS as the central chemical drive increased, which gradually 

facilitated the PC input. The increase in VT during hyperoxia in the young animal may be due 

to a higher level of ‘basal’ VT, which has been previously observed in the young animals and 

humans (see 3.6.2 Discussion). The presence of an increased VT alone would not necessarily 

increase the RSA, because it would depend upon the prevailing level of inspiratory phased 

inhibition of the CVMs, however, if the increased VT were combined with an altered PC 

input then any change in the inspiratory inhibition of the CVMs would result in a marked 

increase in RSA. Evidence for a strong inhibition of the CVMs by the PCs is seen when MS 

is used to enhance the VT. In one animal MS caused an increase in respiratory rate and a 

modest bradycardia, which clearly showed an increase HRV but no RSA, even though there 

was a strong respiratory rhythm (see Fig. 3.6.10). It was only when the CVMs were released 

from the inhibitory PC input that a marked RSA was seen and respiration slowed. 

Conversely, when MS was given during normoxia in another animal the usual progressive 

bradycardia and increase in RSA was seen, but this was then completely inhibited with the 

instigation of hyperoxic breathing.

These results support the findings that in the young cat a greater proportion of the 

total chemical drive to breath comes from the PCs than in the adult (see 3.6.2 Discussion). 

However, this is occurring later in these animals than had been previously reported, which
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suggests that the marked change in the behaviour of the VT during both eupnoea and apnoea 

is due to a smaller change in the reflex sensitivity to the PC input, which is absent in older 

animals (see 3.6.2 Discussion). As the animal matures a smaller proportion of the chemical 

drive to breathe comes from the PCs, and hyperoxia has much less effect on respiration and 

VT than in the young.

The influences exerted on the CVMs are usually described as an inspiratory phased 

inhibitory gating of the baroreceptor and PC inputs, with possibly a weak tonic un -patterned 

input (Richter & Spyer, 1990). The origin of the tonic drive is unknown, but it is assumed to 

be dictated by the RAS. If this is so, then the CVMs are in receipt of a central drive that is 

analogous to the drive which forms the depolarising phase of the CRDPs (Sears, 1964c) to 

excite the expiratory motoneurones.

Intracellular recordings from the CVMs (Gilbey et al., 1984), and efferent cardiac 

nerve recordings (Jewett, 1964; Kunze, 1972) show a declining discharge during stage II 

expiration following the post-inspiratory burst of CVM activity. This can be seen clearly in 

experiments where the initial post-inspiratory bradycardia changes to a tachycardia for the 

remainder of the expiratory phase (eg. Type IV RSA, Fig. 3.5.5).

The post-inspiratory neurones have widespread excitatory and inhibitory connections 

throughout the medulla, so that interaction of the inhibitory ones could lead to the 

dis-inhibition of the expiratory respiratory neurones, therefore, the slowly declining pattern 

of inhibition of the post-inspiratory neurones due to their intrinsic membrane properties 

allows the gradual d is-inhibition of the tonic excitatory drive to the expiratory neurones, 

enabling the augmenting expiratory discharge of Stage II expiration to start. The phase 

relationships and discharge patterns of the CVMs and the post-inspiratory 

inhibitory/excitatory network has led Richter & Spyer (1990) to propose a model which 

includes a increased excitability of CVMs during the post-inspiratory period due to a direct 

post-inspiratory excitation.

Evidence for such an excitation comes from the effects of apnoea upon the behaviour 

of the CVMs. Electrical stimulation of the SLN in the anaesthetized cat during stage I 

expiration prolongs the period of depolarization of the post-inspiratory neurones without 

significantly changing either stage II expiration or inspiration (Remmers, Richter, Ballantyne, 

Bainton & Klein, 1986). This has led to Richter & Spyer (1990) to suggest that tonic 

activation of the post-inspiratory neurones and the resultant inhibition of the expiratory and 

inspiratory neurones should enhance the CVM discharge. Indeed, bradycardia and
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hypotension are marked during SLN stimulation (Dog: Iriuchijima & Kumada, 1968; Piglet 

& Lamb: Downing & Lee, 1975; Piglet: Lee, Stoll & Downing, 1977; Neonates: see 

Trippenbach, 1981) with occasional inspiratory gasps which elicit a tachycardia and increase 

in BP (Downing & Lee, 1975).

At the onset of SLN stimulation respiration slows and the PaC02 begins to rise. 

Therefore, when apnoea occurs there is an increased chemical stimulus available to drive the 

CVMs, which in the absence of any inspiratory inhibition causes the bradycardia (see 

Downing & Lee, 1975 Figures 1 and 2). This ‘state’ is similar to the end ‘state’ of the CO2  

titrations in the present study just before rhythm generation, where an increasing CO2  

stimulus causes a progressive bradycardia. However, whereas the bradycardia continues with 

the SLN stimulation during the CO2  titration, the chemical drive eventually exceeds the CO2  

threshold for rhythm generation, respiration resumes and there is a tachycardia.

It is evident that the tonic activation of the expiratory neurones during a CO2  titration 

during hypocapnic apnoea is incompatible with the tonic firing of the post-inspiratory 

neurones during SLN stimulation, and yet in both states there is a bradycardia and 

hypotension. However, whereas the tonic activation of the expiratory neurones during 

hypocapnic-apnoea is closely linked to the central CO2  drive, the tonic activation of the 

post-inspiratory neurones during SLN stimulation may only reflect the ‘respiratory state’ 

induced by the SLN stimulation, and may not necessarily be the prime cause of the 

bradycardia. During eupnoea the post-inspiratory phasing of the CVM discharge dominates 

the RSA bradycardia, and yet there is evidence for a further CVM discharge and bradycardia 

during stage II expiration when the post-inspiratory discharge is declining.

Therefore, the expiratory phased bradycardia in RSA consists of two parts. First, a 

marked d is-inhibition of the prevailing level VT from the converging inputs of the carotid 

and sinus nerves, with a possibly an ‘active’ CO2  sensitive drive from the post-inspiratory 

neurones to the CVMs, which actively ‘shapes’ the early expiratory bradycardia. Second, if 

time permits, there is a further expression of the central CO2  drive during the stage II 

expiration. This second bradycardia may either result from a direct influence of the 

augmenting stage II expiratory neurones on the CVMs, or the bradycardia may be expressing 

the same central CO2  drive in parallel with the tonic activation of the expiratory neurones.

The firing patterns of the CVMs during stage II expiration have not been studied in 

detail, and can only be deduced in this study from the changes in the instantaneous heart rate 

(HRJ. The increased HRV towards the end of expiration suggests that the HRj having
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reached a new lower mean value now readily reveals stochastic changes in the CVM output 

as HRV in the heart period, ie. a small change in the mean value of efferent discharge will 

cause a significant change in the heart period. There is evidence for a correlation between the 

envelope of the augmenting Eê g stage II bradycardia. Further work is necessary to study 

this relationship in detail, in particular the correlation between the CVM and expiratory 

bulbospinal discharges, which will reveal any common drive for the tonic discharges during 

hypocapnic-apnoea and stage II expiration.

This study has shown that RSA has many different patterns, but all show the same 

characteristic respiratory modulation during normal quiet breathing. During 

hypocapnic-apnoea and stage II expiration the smooth modulation of the characteristic 

modulation of RSA is lost, and the underlying stochastic pattern of the CVM discharge 

pattern is revealed. Thus, the RSA is the result of ‘filtering’ the high frequency input to the 

SAN from the CVMs.

The heart rate is also modulated at lower frequencies than the respiratory rate (see 

Appendix 3). This type of HRV occurs over a much longer timescale and can be 

characterized by power spectral analysis, which provides a useful tool for studying some of 

the properties of the underlying cardiac parasympathetic and sympathetic neural drives. 

Although RSA is clearly periodic, there is evidence that the lower frequency HRV in the 

heart rate power spectrum might not be entirely periodic or random, but shows evidence of 

being ‘chaotic’ (Chaotic systems are both deterministic and aperiodic, but not random, see 

reviews by Denton, Diamond, Helfan, Khan & Karagueuzian, 1990; Goldberger, 1991; 

Bassingthwaighte, 1993). If the HRV does shows chaotic behaviour then the instantaneous 

heart rate recorded over long periods will hopefully contain more information about the 

interaction between the parasympathetic and sympathetic drives. Recent work in rabbits 

(Zwiener, Hoyer, Lüthke, Schmidt & Bauer, 1996) has shown that the main periodic and 

‘ deterministic- chaotic’ components of the HRV are vagally mediated, however, species 

differences and changes in ‘state’ might reveal many more subtle interactions, which would 

allow the description of power spectral analysis of the heart rate as a "quantitative probe" of 

the autonomic nervous system to be more realised more fully (see Akselrod, Gordon, Ubel, 

Shannon, Barger and Cohen, 1981; Appendix 3).

An important aim of this work was to study respiratory cardiac interactions with 

special reference to transitions between rhythmic and apnoeic states in the hope of shedding 

some light on the sudden infant death syndrome (SIDS). The aetiology of the SIDS remains
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unknown. Recent advice from the Department of Health (1992) on sleeping position and 

environmental temperature has significantly reduced the number of reported cot deaths. The 

sequence of events which lead to the sudden death of a ‘healthy’ baby is unknown, however, 

the frequently reported rapid occurrence doesn't show any pathology, which suggests an acute 

respiratory or cardiac event.

Unexplained episodes of apnoea are common in newborn infants, particularly in those 

bom before term (Southall, Johnson, Salmons, Talbert, Morley, Miller & Helms, 1985). 

However, no significant difference in the rate of occurrence of apnoea in SIDS victims 

compared with their aged matched controls has been found (Southall, Richards, Stebbens, 

Wilson, Taylor and Alexander, 1986). There is however, little data in the clinical studies that 

indicates the type of apnoea that is commonly occurring, so that it is difficult to distinguish 

between breath holding, central apnoea and obstmctive apnoeas, all of which have different 

implications for the ‘state’ of the inhibition of the CVMs. For example, Southall et al., (1985) 

describe a group of infants and young children with a "prolonged expiratory apnoea", in 

which there are episodic movements of the ribcage and abdominal wall with expiratory 

muscle activity, but no air flow. In three of these children (3/10) the ‘apnoea’ was associated 

vWth a severe bradycardia (60 bpm ) and hypoxaemia. The significance of this finding is that 

the bradycardia was probably parasympathetically mediated, as it would be unlikely for a 

decrease in cardiac sympathetic output alone to cause such a severe bradycardia. This implies 

that there is no central inspiratory inhibition of the CVMs and the ‘apnoea’ is indeed 

expiratory as indicated by the Ee^g- Thus, there is evidence that during apnoeic episodes in 

newborns and infants there can be a significant parasympathetic drive to the heart which is 

not ‘filtered’ by the modulation of the respiratory rhythm. This leaves the heart in a 

potentially vulnerable state. First, a severe bradycardia may develop as a result both of the 

prevailing baroreceptor inputs and as revealed here, by an augmenting central CO2  drive as 

the apnoea continues. The PC drive will also increase, and this may well be the primary drive 

for rhythm to resume, but this depends upon the maturation of the PCs. Second, during 

apnoea the heart is subjected to an increase in beat to beat HRV, which might have 

implications for electrical stability and cardiac output. Third, infants less than 30 days old 

have been found to have little RSA, and this might be significantly less in infants succumbing 

to SIDs (see Appendix 3). Therefore, during a prolonged apnoea it is more likely there will 

be a cardiac sympathetic mediated tachycardia, which would increase as the CO2  sensitive 

cardiac sympathetic output increased. This could be important, as it is known that elevated
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sympathetic activity may precipitate ventricular fibrillation and other malignant arrhythmias 

(see review by Schwartz & Facchini, 1986).

This work extends previous concepts on the inspiratory gating of the CVMs by 

demonstrating the existence of a facilitatory central expiratory drive. It is clear that the simple 

idea of an all or nothing switch for the CVMs does not completely explain the complex 

behaviour of the heart during expiration. However, the addition of an active drive during the 

expiratory phase allows a better understanding of the genesis of RSA and a greater realization 

of its potential in the analysis of cardiorespiratory control systems.
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APPENDIX 1

A l. l  Cardiac Event Series Processing

The cardiac event series derived from the R or P wave of the BCG is a commonly 

used method of displaying the time derived cardiac sequence. By converting the occurrence 

of each R-wave into an event, a great amount of information is discarded from the BCG 

concerning its morphology, and the interrelationships of its various components. However, 

it has the advantage of massively reducing the amount of data stored. Therefore, by 

converting the BCG into a series of events new information on event intervals becomes 

available which can be statistically analyzed to reveal the R-wave variability, rates of change 

and long term modulation.

The most common method for displaying heart rate changes is to plot the cardiac 

event series as instantaneous changes in rate, i.e. R-R_i against time (s). What is difficult to 

visualise, and more complex to analyze in the time domain are the second and third order 

modulations, which are the slow changes in the cardiac event series described in the 

Appendix 2. Briefly, these are modulations due to respiration (RSA), blood pressure (0.1 Hz) 

and thermoregulatory (0.05 Hz) control. The modulation due to respiration is normally the 

most conspicuous in the frequency range (0.2-0.5 Hz or 12-15 breaths min'^), which 

normally falls well below the minimum expected heart period (eg. 100 bpm , =1.6Hz), which 

it slowly modulates.

Time domain methods can reveal details of the nature of the beat to beat variability, 

but the longer latency variability is much more difficult to identify, but not impossible (see 

Schechtman, Kluge & Harper, 1988). For example, a single R-R interval might last 300 ms, 

which is an instantaneous heart rate of 200 bpm. After a period of ten R-R  intervals the rate 

might be 210 bpm. This change could be readily identified as being RSA. However, if the R-R 

series were examined after 30 or 60 R-R intervals it becomes increasingly difficult to see any 

underlying relationship that might exist.

To analyze the data further it is necessary to move from the time domain to the 

frequency domain, where a continuous time input signal can be resolved into its constituent 

frequency components by the Fourier Transform (see Methods). The power spectrum is 

defined as the square modulus of the Fourier spectrum and represents the power contained 

in the signal. From a statistical viewpoint the power in the spectra can be regarded as the
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distribution in the frequency domain of the variance in the time domain (Challis & Kitney, 

1991).

This is ideal as it allows the direct visualisation and quantification of the modulation 

(variability) which is so difficult to see in the event series. However, the conversion from the 

time domain to the frequency domain by the Fourier transform requires the time domain 

signal to be a regularly sampled signal. The event series is not only composed of discrete 

events but is irregularly spaced as well.

r  .. I

/V/V /V  ^ /V  ^ / V  ^

p(t)î

r  V 
2 ^ • 3  ^ 4

1

<-------T1-------- Ï<------------- T2------------- > — -T3-— > --------- T4--------- >:------------ T 5------------ >

Figure A l.l  ECG event series (V). R-wave (a) is detected by crossing a threshold (b). P(t) 

is an unequally spaced series of events representing the time course of the ECG.

If we consider the following ECG event series. Fig. A l.l, the ECG R-wave (a) is 

detected by a threshold discriminator which produces an event P(t) (b). One way of 

expressing the variation in this event series is to plot it as a function of interval (interval 

tachogram). Fig. A1.2.

The R-R intervals T j, T2 ... Tj are plotted as a function of interval number, 1,2,3...N. 

This plot can be considered to be a regularly sampled waveform. However, as 1, 2 and 3 etc 

are equally spaced care has to be taken with this form of display, as it no longer has a true 

time axis and will have lost any relationship with external events or other data channels. For 

instance Fourier analysis would give x axis units of cycles/interval rather than Hz.

Figure A1.3 shows the R-R interval amplitudes plotted at the interval times known 

as the interval function. These times are irregular and thus unsuitable for Fourier analysis. 

But the plot does give a fair representation of the variability of the signal with time. 

Consequently it is the most frequently used form of display.

At T], T2 etc, the height of the signal represents the true rate of the signal and thus 

over time the variability in this rate. The problem is that between points (tj - t2, t2 - t̂  etc) 

there is no information about the current rate of the signal, which must be sampled at a 

regular interval for Fourier analysis. By means of interpolation between the event points a
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2 31 4 5 >  i
Figure A l.2 Interval tachogram representation of the R-R interval. Amplitude of equally 

spaced events T j, T j ....T j used to represent the R-R interval.

t t tt

Figure A1.3 Interval fimction plotting. Interval represented by the amplitude of the function 

Ti...T„ but plotted and the true occurrence times of the event t,...t„. a, linear interpolation of 

the events to create a continuous signal for re-sampling, b, polynomial interpolation which 

gives a better fit.
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continuous signal can be derived which can be sampled for digital processing.

The simplest way of filling in the information between the events is to use linear 

interpolation, whereby adjacent events are connected by straight lines, Fig. A1.3 line ‘a ’.

The data now forms a continuous waveform which can be sampled at an appropriate 

rate, allowing Fourier analysis to be used (Fallen, Kamath, Ghista & Fitchett, 1988).

This simple form of reconstruction is convenient, but does not represent the true 

course of the signal very well, especially at the event occurrence times where there is very 

often a sharp change in the signal. So it is usual to use a more complicated form of 

interpolation, such as high order polynomials (Oppenheimer, Willsky and Young, 1983). 

This results in a smoother curve (Fig. A1.3 line b) devoid of the sharp changes in rate seen 

at each event.

Another method was introduced by Hyndman and Mohn (1973) which uses a sharp 

cut-off low pass filter to convert the event series to a slowly varying signal representative 

of the heart rate variation. It is based upon the concept that the variation seen in the cardiac 

event series can be modelled by using a modulating waveform. This represents the variation 

imposed upon the heart rate by the combined effect at the SA node of the total neural input 

from the vagal and sympathetic nerves.

Thus, if it is possible to produce an event series similar to the cardiac event 

series by applying a modulating signal to a model, then follows that the reverse is true and 

that the event series can be reconstructed from the original modulating signal.

Autonomic 
effect 
on slope

Diastolic
Membrane

Membrane
threshold

potential

— o  Output 
(impulses)

Reset to
resting
potential

Constant Open for
refractory
period

Integrator
Comparator 
and impulse 
generator

Figure A1.4 Model of autonomic control of SA node pacemaker (see text for 

description). Redrawn from Hyndman (1980).

The model assumes that the SA node behaves as single cell (because all the cells are
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electrically coupled). The effect of the combined autonomic input is to change the shape of 

the diastolic slope, and this can happen even within one heart period. The diastolic 

depolarization is simulated by integrating a term representing the effect of autonomic control 

of the diastolic slope with a constant. When this integral reaches a threshold, an impulse is 

generated that represents the onset of the cardiac depolarization. The integration is reset to 

the membrane resting potential for the refractory period.

The behaviour of the model is identical to the Integral Pulse Frequency modulator 

(IPFM) developed by Bayly (1968) to illustrate the modulation of the heart. Fig. A1.5 shows 

the model represented electronically.

R eset

m(t)
P(t)

m(t)

- t

t

P(t)

I I L J I L

Figure A1.5 Integral pulse frequency modulator. m(t) modulating signal, R reference 

voltage, y(t) integrator, p(t) output pulse. Redrawn from Bayly (1968).

Consider an input modulating signal m(t). When m(t) reaches a threshold set by a 

fixed reference R, a pulse is produced and the integration is reset to start the cycle again.
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Therefore the output p(t) is a series of pulses spaced in time depending on the slowly varying 

input signal m(t). Bayly (1968) showed that the modulating signal m(t) can be reconstructed 

by a low pass filter with the condition that the highest frequency contained in m(t) is much 

lower than the pulse repetition frequency, that is the heart rate, and the amplitude of the DC 

components of the signal, m(t), is small.

For example, the heart rate variability signals are very low frequency. If the highest 

frequency component is respiration, then a respiratory rate of 30 breaths/min is only 0.5 Hz. 

Whereas, a very low heart rate of 60 beats/min is at 1 Hz. Hence if the event series is low 

pass filtered with a steep cut-off at 0.5 Hz then an adequate approximation of the heart rate 

variation ( m(t) ) is produced.

The spectrum of the IPFM pulse train modulated by a sinusoidal input is shown in 

Fig. A1.6.

Low P a s s  F i l t e r

2 f o f- f m  0 fO- fm f o  fO+fmfm

Figure A1.6 Spectrum of the output pulse train of an IPFM for a small sinusoidal input. If 

the input signal’s amplitude and frequency are low enough, it can be retrieved from the 

output pulse train by low-pass filtering. 1. DC component accompanied by a single 

component at the modulation frequency 3. Harmonics of the carrier frequency.

The DC component (f=0) is shown with a single peak at f^ at the sine wave 

frequency. The input modulation is unlikely to be a pure sine wave, so the spectrum will 

contain components and harmonics of the modulation frequency. The spectrum is infinitely 

repeated at multiples of the pulse frequency.
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If the frequency spread of modulation signal is not too great, in this case not likely 

to be greater than 0.5 Hz (30 bpm, RSA) and the pulse repetition rate high enough for the 

modulating signal to be retrieved by low pass filtering (as shown), then the cut-off frequency 

of the filter must be greater than the modulating frequency, but lower than any sideband 

component of significant amplitude.

Filtering in the frequency domain is equivalent to convolution in the time domain 

(Lynn, 1982). Hence, by convolution of the event series with a suitable filter function a 

continuous signal can be obtained which closely approximates the modulating signal and has 

some degree of physiological relevance.

The low pass filtered event series L(t) is the signal obtained by filtering the R-wave 

event series by a low pass filter.

L ( t ) = J ‘f ( t - T ) h ( T ) d T  

w h e r e  T ( t )  5  (

tj are the event occurrence times, f(t) is the cardiac event series and h(t) the impulse response 

of the low pass filter (Rompelmam, Coenen & Kitney, 1977). This can be simplified to:

Figure A 1.7A shows the ideal filter window in the frequency domain, where there is an 

infinite cut off at the discrete frequency, in this case 0.5 Hz. Fig. A1.7B shows the impulse 

response of the ideal filter in the time domain which is the convolution of the event series by 

the sine function and is equivalent to low-pass filtering in the frequency domain.

Convolution of the input event series p(t). Fig. A1.8. The impulse response h(t) (sin 

x/x) is multiplied with the input pulse (broken line). The value of the signal at 2T is found 

by summing the values of the impulse response curve at the event times. The next value of 

the filtered signal is obtained by shifting the impulse response curve with respect to the event 

process and repeating the operation. The shifting increment T is chosen according to the 

cut-off frequency of the filter; when this cut-off frequency is f̂  the shifting increment has 

to be:

1r=-
2 n f c
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Figure A1.7 A. Ideal filter response in the frequency domain. B Corresponding weighting 

function (impulse response) in the time domain. Redrawn from Hyndman (1980).

X ( t )

h(

y

5T4T2T 3TT t

Figure A1.8 Event series x(t) are convolved with a sine function h(t). The resulting output 

y(t) represents the filtered version of the event series. Redrawn from Rompelman (1986).
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This is to satisfy the Nyquist criterion for sampling a signal which states that sampling 

frequency must be at least twice the maximum frequency in the signal.

Therefore, the output is a regularly sampled signal which is modulated by the heart 

rate variation and which can be analyzed in the frequency domain by fourier analysis to 

reveal the various frequency components.

In practice, various shapes of low pass filters can be used to implement this technique. 

Coenen et al., (1977) have built a hardwired device to calculate the convolution in real time 

and at 32 times real time. This uses a Cos  ̂shape filter to overcome the practical constraints 

of using sin x/x function.

FILTERED 
HEART RATE 

(BPM)

150

135

150 1

HEART RATE 
(BPM)

135

10 s

Figure A1.9 Example of the output from the convolution process. Lower trace, instantaneous 

heart rate record with events represented by dots. Upper trace, low-pass filtered version of 

the heart rate. Note: the small decrease in amplitude of the filtered heart rate record due to 

the filtering process.
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A PPE N D IX  2

A2.1 Measurement o f Respiratory Sinus Arrhythmia

Respiratory sinus arrhythmia (RSA) is defined as the difference in the heart rate 

between the tachycardia of inspiration and the bradycardia of expiration.

The breath to breath variability in this measure is usually high during un-paced 

respiration, therefore to obtain a quantitative measure of the RSA, multiple measurements 

of Peak-Trough heart rates are made over 30-60s periods, and a mean value calculated.

1
RSA^ - —  E - T ro u g h ^ ^ W

n - 1  n

Peak-Trough detection. Automatic detection of the RSA peaks (RSAp^) and troughs (RSAjr) 

in the heart rate creates a significant technical problem. In this project the peaks and troughs 

have been detected by using a computer algorithm designed to detect changes in the R-R 

intervals preceding and following the current R-R interval, so that: 

to detect a peak

R-R_2 ^ R-R_] R -R  ^ R-R+i > R-R+2 

to detect a trough

R-R_2 ^ R-R_i ^ R -R  ^ R-R).] R-R+2

These simple algorithms were found to be adequate in detecting the peaks and troughs with 

an error rate of <5%. Algorithms of this type tend to show false detections when the signal 

is noisy or the RSA is very small. In the results are many examples of RSA, where the 

inspiratory tachycardia is highly modulated and noise free, whereas the heart period in the 

expiratory phase has much more variability. Subsequently, extra peaks and troughs can be 

falsely detected, for example in Fig. A2.1.

To reduce this error a ‘dead time’ of n milliseconds is imposed following a successful 

detection of a peak or trough in which another ‘event’ is not allowed. The program also 

expects a logical sequence of peaks and troughs, that is, a peak must be followed by a trough, 

not a second peak. Failure of this criteria implements a manual editing sub-program where 

the detections can be visually verified and corrected if necessary. The data are finally 

formatted for importing into a spreadsheet (Microsoft Excel V4.0).

The Peak-Trough method of analysis provides a useful way of extracting the
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envelope of the RSA. This is the overall shape of the RSA defined by the boundaries of the 

tachycardias and bradycardias. The results section shows several examples of this data and 

its importance in quantification of RSA.

147

HEART
RATE

(BPM )

138
■■■

10 s

+

T

+

Figure A2.1 Example of the peak and trough algorithm showing the detection of peaks and 

troughs (marked +). False detections are seen in the expiratory phase (î).

A2.2 Cycle Triggered Cardiac Histograms.

In Cohen’s cycle fractional histogram (Cohen, 1968) each respiratory cycle is divided 

into n fractions or bins, (5,10 or 20 etc). As the respiratory cycle length varied the width of 

each bin is changed, but its position as a fraction of the respiratory cycle remains the same. 

This was done to allow averaging of the respiratory cycles, and any events associated with 

a particular respiratory phase could also be averaged and their correct relationship maintained 

within the respiratory cycle.

In this project the concept of ‘normalising’ the respiratory cycle has been extended 

to include the cardiac R-R event series. This has been done by constructing a histogram of 

the R-wave occurrences during the normalised respiratory cycle.

Figure A2.2 shows an example. The top two traces (A & B) are the integrated Iemg 

and EgMG respectively, normalised to the maximum cycle length. Trace C is a histogram of 

R-R intervals normalised to the respiratory cycle, and below (trace D), is the variance in the 

R-R interval. The R-R histogram plotted as heart period shows a marked decrease in phase
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Figure A2.2 Example of a cycle triggered cardiac histogram (CTCH). All traces normalised 

into 100 respiratory cycle fractions, after Cohen (1968). A, Integrated inspiratory EMG. B, 

Integrated expiratory EMG. C, R-R interval histogram (CTCH) and D, its variance.
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with inspiration. As expiration starts, the heart period increases (bradycardia) reaching a peak 

just before the end of expiration. The R-R variability in the histogram is at a minimum 

during inspiration, rising markedly during expiration.

The difference between the histogram peaks represent the average bradycardia (HR 

of troughs, HRjr) and its minimum value; the average tachycardia (HR of Peaks, HRp^), 

provides a measure of the RSA equivalent to the peak and trough method.

There are several advantages of this method. First, the analysis algorithm is only 

required to detect the onset of inspiration (or expiration) as the reference point for the 

respiratory cycle. This can usually be done reliably, with fewer errors than the peak-trough 

method. Second, mean values for Tj and T^ can be found. Third, the CTCH has a profile 

which allows the direct comparison of the averaged Iemg and Eemg with the averaged heart 

rate, and allows identification of the respiratory phase at which the minimum heart rate 

occurs, which is of particular interest in this project. Fifth, the high frequency changes in the 

R-R interval are preserved.

Verification o f method. The peak-trough method by definition is the most accurate 

measurement of the peaks and troughs in the HR which is the RSA. Figures A2.3 A and B 

show a comparison of the peak-trough technique with the CTCH.

A. RSA peaks detected by Peak-Trough and CTCH methods.
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■ Peak-Trough data 
A CTCH data

10

Figure A2.3A Random sample of RSApK data from 10 experiments. Peak-trough method 

(■) compared with the CTCH method (□). Sample epoch 256s. Note: most of data point are 

superimposed.
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Peak-trough and CTCH analysis were performed on the identical sections of data, 

each 256s long and containing between 35 and 75 respiratory cycles. Figure A2.3A,B shows 

the results from 10 experimental runs. The peak-trough data is plotted directly as mean 

values of peaks (HRp^) and troughs (HRjr). For the CTCH data, the average of the three 

minimal intervals is found (inspiration) and the average of the three maximum values found 

to calculate HRp  ̂and HR^ respectively.

B. RSA troughs detected by Peak-Trough and CTCH methods.
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Figure A2.3B Random sample of RSAyR data from 10 experiments. Peak-trough method 

(■) compared with the CTCH method (□). Sample epoch 256s. Note: most of data point are 

superimposed.

It is clear that the data from the two methods are virtually identical for both peak and 

trough detection. (t-Test, p<0.05 no significant difference between Peak-Trough data and 

the CTCH data).

A2.3 Turns analysis

Another method of detecting RSA is too analyse the ‘quality’ of the HRV. For 

example, even in the presence of a moderate RSA the R-R intervals show a steady shortening 

of HP during inspiration, followed by a steady lengthening during expiration. It is only when 

Tg is long (see Section 3.51 that a more variable HP is seen.
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In contrast, during apnoea the stochastic nature of the CVM drive to the SA node can 

cause a marked variability in the HP. ‘Turns analysis’ is often used to analyse the 

Electromyogram (see Willison, (1963). In this study it has been applied to the R-R intervals.

A ‘turn’ is defined as a break in the pattern of lengthening or shortening R-R 

intervals. During eupnoea when there is some RS A present a steady pattern of lenthening 

to shortening of the R-R interval occurs which follows the changes in the respiratory cycle. 

At each peak heart rate (RSApJ and minimum heart rate (RSA^) a turn occurs (see Fig. 

A2.4A where three turns occur (î). In contrast, during apnoea the HP frequently changes 

from a lenthening to shortening of the R-R interval and vica versa indicating a marked beat 

to beat variability (Fig. A2.4B). Therefore, the rate of turns per unit time can give a measure 

of the ‘quality’ of the HP modulation and can be used to detect the onset of rhythm as the 

turn rate rapidly decreases as RSA appears.

HR B̂PM :

H R ^  BPM

155
1 s

Figure A2.4 A, section of Î mg and HRj during eupnoea. Arrows mark the record where the 

R-R interval changes pattern from a gradual lengthening to shortening or vica versa, which 

defines a ‘turn’. B In contrast to eupnoea, during apnoea there are many more turns per 

second, indicating a marked high frequency changes in the R-R intervals.
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A PPE N D IX  3

A3.1 Power Spectral Analysis o f Heart Rate Variability

The beat-by-beat variations in the heart rate (Heart Rate Variability - HRY) are 

neither quite deterministic nor entirely random and, as with most biological variables, 

analysis of successive periods of observation lead to somewhat different conclusions. This 

is due partly to a statistical sampling effect and partly to changing biological parameters. The 

analysis of HRY aims to separate these effects so that the biological effects can be studied.

The RSA previously discussed is a very marked feature of most HRY (except perhaps 

in the anaesthetized cat). Simple plots of instantaneous heart rate clearly show any occurrence 

of the respiratory related signal, especially if the respiration signal is available for 

comparison. But this is not the only variability to be found in the R-R  interval.

On the timescale of individual heart beats, the timing of one beat to the next varies. 

For example, four successive R-R intervals may have a long, short, long pattern of 

variability. Whereas, when RSA is present, a highly modulated R-R interval is seen, with 

periods of lengthening intervals followed by a period of shortening intervals, indicating 

bradycardia and tachycardia respectively.

Several approaches are needed if HRY is to be examined closely. First, global 

measures of the R-R  variability and its variance; these reflect the existence of changing 

physiological conditions, but in a rather non-specific way, for example, coefficients of 

variability of the heart period. Second, a method for studying patterns reflecting the longer 

duration modulation of the heart period and BP by intrinsic and extrinsic factors.

Since early times the control of physiological systems has been understood in terms 

of homeostasis, a process in which physiological variables are tightly controlled within a 

narrow range. The intact cardiovascular system is particularly effective in maintaining BP 

by changes in heart rate and vascular resistance. The presence of low frequency oscillations 

in biological systems was recognised early in the 10 second periodicities in BP known as 

Mayer waves (see Penaz, 1978 for review), and the 30-120 second periodicity in digital 

blood flow reflecting body temperature regulation (Burton & Taylor, 1940). In the early 

1970’s power spectral analysis was first employed to quantify spontaneous HRY in man 

(Hyndman, Kitney & Sayers, 1971); Sayers, 1973). Three major components were identified 

in the typical power spectrum of the HRY
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(discussion on the techniques used to obtain these spectra can be found in the Methods and 

Appendix 1).
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Figure A3.1 Human power spectra. A, Power spectrum of respiration, recorded from the 

FgyCOj. B, Power spectrum from R-R series after low-pass filtering, showing the respiratory 

peak (RSA), a peak near 0.1 Hz (BP) and a low amplitude 0.05Hz peak (thermal).

1) A peak at the respiratory frequency (RSA HF peak), 2) A peak centred near 0.1 Hz 

associated with arterial BP control (LF peak), 3) A peak around 0.05Hz (VLF Peak) thought 

to be related to thermal peripheral vasomotor regulation (De Trafford et al., 1982). There is 

considerable variation in both amplitude and frequency of these peaks in response to changes 

in physiological conditions over the course of a day (Saul, Rea, Berger, Eckberg & Cohen, 

1987).

Modelling o f low frequency oscillations. The origin of these oscillations has attracted 

considerable interest from engineers involved in control theory and computer modelling of 

systems. Detailed modelling has allowed some of the physiological observations to be stated 

formally in terms of feedback and switching elements, and this in turn has produced 

simulation results which have broadly agreed with the current experimental findings and 

thinking.
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Of the three peaks, the respiration peak is the most prominent. It is also potentially 

the most interesting, because we now know that during inspiration the vagal 

cardiomotoneurones are normally silent (Kunze, 1972), which means that one arm of the 

autonomic outflow periodically switches off. In 1971 Hyndman, Kitney & Sayers introduced 

a model which encompassed some of the then known features of the HRV spectrum.

Feedback
Pathway

On - Off 
Device

0 +

LINEAR FILTER 
INCORPORATING 

PURE TIME DELAY

G ( j w )
CARDIAC
OUTPUT

PHYSIOLOGICAL FUNCTION 
OF BLOCK

Disturbance

Figure A3.2 a, block diagram of a highly simplified version of the BP control system, on-off 

device (c) represents the transfer characteristic of the afferent-efferent brainstem pathway, 

b, effector characteristics of smooth muscle controlling peripheral resistance. Redrawn from 

Hyndman et al. (1971).

This model is a negative feedback type, with two important elements. First, a linear 

filter (b) with a pure time delay, which represents the neuroeffector delay in the release and 

action of noradrenaline in the peripheral vascular beds. The delay in evoking a sympathetic 

discharge may be only 150-300 msec but the neuroeffector delay can be 2-3 seconds 

(Ninimiya, Nisimaru & Irishawa, 1971). Incorporating a delay creates the conditions for the 

system to oscillate, but this would be unstable and unsustainable. It is only when the second 

element is added that a stable oscillation can occur, this being a switching element or 

non-linear function (Kitney, 1979). This element was not attributed to any particular 

physiological mechanism (Kitney, Linkens, Selman & McDonald, 1982) but it was 

considered to represent the central integration and control of the heart. It also includes other 

non-linearities, for example in the feedback loop from the baroreceptors which has a clear
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threshold and saturation level (see Brown, 1980 for review), which contributes to the total 

non-linearity of the reflex loop.

Analysis of the vasomotor resistance has shown a delay of 2 to 4.5 seconds in 

response to stimulation (Scher & Young, 1963) which is in broad agreement with other 

results (10s to peak response Levison, Barnett & Jackson, 1966; 0.5s onset, time constant=9s 

Rosenbaum & Race, 1968). When the system is modelled, a time delay of approximately 3.3 

seconds is required to give a sustained oscillation at 0.1 Hz (Kitney, Fulton, McDonald & 

Linkens, 1985).

A t r i a l  v o l u m e  r e c e p t o r

R e s p i r a t o r y  S t i m u l u s

I n s p i r a t o r y  M o t o n e u r o n e

-o H e a r t  r a t e

N o n l i n e a r i t y

-o B l o o d  P r e s s u r e

VASOMOTOR

CENTRE

B a r o r e c e p t o r s

G ( j w )

H ( j w )

a  I

R e s p i r a t o r y  S t i m u l u s

Figure A3.3 Model of the baroreflex. Respiratory modulation is separate from the BP control 

loop, but interacts in the ‘vasomotor centre’. G(jw) frequency response of the vascular 

smooth muscle. and H2 gain factors. H(jw) frequency response linking BP and HR. 

Redrawn from Kitney et al. (1982).

Experimental studies in man show a marked non-linearity between respiration and 

RSA (Selman, McDonald, Kitney & Linkens, 1982). Using this data and comparing it with 

a computer simulation, Kitney et al. (1982) proposed that RSA arises from the interaction of 

two non-linear oscillatory systems, respiration, and the baroreceptor loop, which exhibit the 

phenomenon of frequency entrainment, namely the modulation of one oscillator by another.
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Another characteristic of frequency entrainment is the ability of one oscillator if close enough 

in frequency to pull another oscillator up or down to its own natural frequency. This is called 

‘frequency pulling’ where the endogenous oscillator frequency is displaced towards that of 

the stimulus (respiration). When the two frequencies are sufficiently similar and the 

amplitude of the stimulus large enough, the endogenous spectral peak can be absorbed and 

synchronized with the stimulus; this is full entrainment.

The Kitney et al. (1982) model differs from the original (Fig. A3.2) by moving the 

respiratory stimulus out of the baroreceptor feedback loop (it originally entered the loop at 

point a. Fig. A3.3) because such a peripheral modulation between the blood pressure and the 

baroreceptors seems unlikely. The other change in the model is that the baroreceptor loop is 

now shown interacting with respiration in the ‘vasomotor centre’, as two independent 

oscillators. These changes are important in reconciling the model with the current knowledge 

of the physiology.

Variations in digital blood flow have been associated with thermal vasomotor 

regulation, with a 15 30s periodicity (Burton & Taylor, 1940). This is considered to be a fine 

control mechanism for the regulation of body temperature. Analysis of this variability 

suggests that the 0.05Hz thermoregulatory peak occurs because of small variations in the 

same pure time delay which is the source of the 0.1 Hz peak (Kitney, 1980). Entrainment 

phenomenon are also seen. A periodic thermal stimulus (hand in hot or cold water) can 

entrain the variation in digital blood flow in the other hand when the stimulus is of suitable 

amplitude and frequency (Kitney, 1980). This procedure has proved very useful in the 

investigation of peripheral vascular disease, eg Ranauld’s disease (De Trafford et al., 1982; 

De Trafford, Gay, Hamilton, Roberts and Cotton, 1984; Lafferty, De Trafford, Potter, 

Roberts & Cotton, 1985).

In summary, the peak in the HRV power spectra at the respiratory frequency is clearly 

representative of RSA. The modelling of the blood pressure control systems discussed above, 

suggests that the 0.1 Hz peak found in the HRV spectrum can be attributed to the fine control 

of the BP, which has a slow periodicity of 10s (0.1 Hz).

The question of how much the power in the HRV power spectra represents the 

separate parasympathetic (RSA) and sympathetic (0.1 Hz peak) drives to the heart has been 

investigated extensively. For if could be shown that the spectral peaks are comparable to the 

separate autonomic drives, then a major non-invasive technique for studying autonomic 

control and cardiorespiratory interactions becomes available for experimental and clinical
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use.

The effect of respiratory rate and tidal volume on RSA was discussed previously. 

Briefly, when respiration is paced (in man) the frequency response curve (respiratory rate 

(voluntary pacing) verses RSA amplitude) show a peak response at ==0.1 Hz with a steep 

roll-off in gain above this frequency. Studies using spectral analysis of HRV confirm these 

results (Saul, Berger, Chen, Cohen, 1989). They also confirm the previously reported finding 

concerning the phase relationship between respiration and RSA. At respiratory frequencies 

of 0.15-0.25Hz (9-15 Breaths/minute) these is little or no phase delay between inspiration 

and the increase in heart rate, but if the respiratory frequency is either greater or less, then 

there is a progressive phase lead (respiration leads RSA).

Pharmacological blockade studies. Experiments using pharmacological blockade of 

either sympathetic or parasympathetic inputs to the heart have been used ‘selectively’ to 

modify the HRV power spectra.

Atropine or vagotomy virtually abolishes RSA (HF peak), and spectral analysis shows 

a marked decrease in power at the respiratory frequency, as well as a general reduction in 

power across all frequencies (decerebrate cat: Chess, Tam & Calaresu, 1975; Human: 

Pomeranz, MaCaulay, Caudill, Kutz, Adam, Gordon, Kilbom, Barger, Shannon, Cohen & 

Benson, 1985; Weise, Heydenreich & Runge, 1987; Rat: Japundzic, Grichois, Zitoun, Laude 

& Elghozi, 1990).

In the conscious dog parasympathetic blockade essentially abolishes the HF (RSA) 

peak and reduces the 0.1 Hz peak by 95% (Akselrod, Gordon, Madwed, Snidman, Shannon, 

& Cohen, 1985). Sympathetic blockade reduces mean HR, but has very little effect on the HF 

frequency peak or blood pressure variations. But the LF peak in both the HRV and BP 

variability is increased significantly (50%).

Chess et al. (1975) using the decerebrate cat also found that p-blockade increased the 

LF peak, but did not alter the HF peak. In supine man atropine significantly reduces both HF 

(-92%±4.2) and LF (-84%±4.6) peaks (Pomeranz et al., 1985). The addition of Propranolol 

does not significantly change the peaks any further. On its own Propranolol increased the HF 

(+18%±25) and LF (+47%±23) peaks, however both these results were very variable as 

indicated by the large standard errors. When sympathetic activity is enhanced by changing 

to the standing position, there is a marked increase in the LF power. The effect of atropine 

is again to reduce HF (-95%±L8) power, however, the reduction in LF power (-72%±4.4) 

is significantly less. The change in posture completely reverses the increase in LF power seen
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with Propranolol, changing it from an inconsistent increase, to a significant decrease (LF 

standing with Propranolol -73%±5.3).

Pagani, Lombardi, Guzzetti, Rimoldi, Furlan, Pizzinelli, Sandrone, Malfatto, 

DeirOrto, Piccaluga, Turiel, Baselli, Cerutti & Malliani (1986) also found that acute 

p-blockade in man reduced the increase in LF power during tilt table tests. Chronic 

p-blockade (6-days) significantly reduced the LF power and increased the HF power. 

During tilt procedures the LF peak reduced and the HF peak increased. Hence, there appeared 

to be a difference between chronic and acute p-blockade.

In conscious rats significant decreases are seen in LF components after p-blockade 

or hexaméthonium (Japundzic et al., 1990) and also in anaesthetized rats (Murphy, Sloan & 

Myers, 1991).

Therefore, the expectation that power spectral analysis of the heart rate could be used 

to distinguish between sympathetic and parasympathetic control of the heart is not entirely 

supported by experiments with pharmacological blockade.

Moderate hypotension induced by an infusion of nitroglycerine, reduces arterial BP 

and increases heart rate. Total spectral power is reduced, although LF power increases (as the 

HR increased) (Pagani et al., 1986). After bilateral stellectomy BP, HR and R-R  variability 

were not significantly altered; however, the response to nitroglycerine was modified. Total 

power was reduced as before, but no increase in the LF power was seen in the R-R 

variability. Spectral analysis of the arterial BP still showed the increase in LF power at 

around the 0.1 Hz peak. This is interpreted as evidence for the primary mechanism of the 

0.1 Hz sympathetic reflex loop is still functioning, and is not dependent upon changes in HR, 

and that the LF components in the heart rate could be selectively eliminated by stellectomy. 

These experiments provide evidence for the involvement of the sympathetic arm in LF 

modulation of the HRV. However, the results conflict with studies where atropine has been 

used, which show that as well as virtually eliminating the HF peak, the LF peak is also 

significantly reduced in amplitude (l94% Chess et al., 1975; i40% Pomeranz et al., 1985).

Nitroglycerine on its own significantly reduced HR variance and HF power indicating 

a marked decrease in vagal tone. These results indicate that LF power is not mediated solely 

sympathetically but that the parasympathetic arm is also involved. Some authors (Murphy 

et al., 1991) take this further and argue that LF power is due to vagal activity, and that 

changes following p-blockade, or stellectomy reflect a reflex reduction of vagal tone.

In conscious dogs a-blockade produces a large decrease in peripheral resistance, and
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an increase in heart rate, but negligible change in arterial BP (Akselrod et ah, 1985). 

LF-HRV increases (x3.6) while HF-HRV does not significantly change. The HF and LF 

components in the arterial BP are unchanged. Similar results were obtained in the conscious 

rat (Japundzic et al., 1990).

When the renin-angiotensin system is blocked (by the converting-enzyme-inhibitor) 

peripheral resistance decreases. HF-HRV increases slightly, LF-HRV shows a marked 

increase and there is a somewhat smaller increase in LF-BP fluctuations (Akselrod et al., 

1985). If the heart is paced at a fixed rate, the LF-BP fluctuations are much larger following 

renin-angiotensin blockade, which suggests that the renin-angiotensin system plays an 

important role in ‘damping down’ vasomotor fluctuations.

In experiments where the vagal or sympathetic cardiac efferents are electrically 

stimulated, the SA node responds like a low-pass filter (see before). Berger, Saul & Cohen 

(1989) found that the effective filter characteristics of the system depended on the mean level 

of sympathetic and vagal tone, that is, the filter becomes progressively more selective for low 

frequency activity as the mean level falls. Sympathetic activity on the other hand appears to 

have a multiplying gain factor, which changes with the operating point and not the filter 

shape. Berger et al. (1989) data suggests that a rise in LF content of the HR spectrum could 

result from an increase or decrease in amplitude, or mean activity of either autonomic arm. 

They conclude that it maybe difficult to relate directly the areas of specific peaks in the HR 

spectrum to mean levels of vagal or sympathetic drive.

Clinical applications. Akselrod et al., (1981) called power spectral analysis of heart 

rate "A quantitative probe of beat to beat cardiovascular control". Since then, the clinical use 

of this technique has gradually grown and in some centres it forms an important part in the 

investigation of the autonomic nervous system.

Atropine blockade of the vagus virtually eliminates the HF-HRV respiratory peak, 

however, it is clear that it also markedly effects other spectral peaks. The opposite effect is 

seen with p-blockade. Nevertheless, clinical studies have made some progress and claim 

(perhaps more than can be justified) that spectral analysis is a worthwhile technique for 

investigating cardiorespiratory interactions.

When combined with intraneural recording from the human peroneal nerve 

(microneuronography), spectral analysis of the heart rate can be used to correlate muscle 

sympathetic activity and plasma noradrenaline (Saul et al., 1987). HR-LF power correlated 

with sympathetic activity when vagal activity was substantially withdrawn. But when
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significant vagal activity is present the correlation is variable, which is a predictable result 

based upon the action of atropine.

Neuropathy is a frequent complication of diabetes mellitus with postural hypotension 

and autonomic dysfunction. Analysis of R-R interval shows a decreased variability (Pagani, 

Malfatto, Pierini, Casati, Masu, Poli, Guzzetti, Lombardi, Cerutti & Malliani, 1988). At rest 

R -R  variance was significantly smaller in the diabetic group, but sympathetic and vagal 

spectra indices (LF, HF, and LF/HF ratio) were similar to the controls. During passive tilt 

there was a significant difference, the increase in LF-HRV and decrease in HF-HRV 

produced by tilt were much smaller in the diabetics, which correlated with the severity of 

autonomic involvement, assessed by other autonomic tests. Others have reported an overall 

decrease in HRV and spectral power in diabetic compared with the controls (Lishner, 

Akselrod, Mor Avi, Oz, Divon & Ravid, 1987); Bianchi, Bontempi, Cerutti, Gianoglio, Comi 

& Sora, 1990).

Other uses of HRV spectral analysis include the study of the re-innervation of the 

human heart transplant (Fallen et al., 1988), essential hypertension and myocardial infarction 

(Pagini, Guzzetti, Sandrone, Piccaluga, Lombardi, Cerutti & Malliani, 1986), and 

psychological stress (Pagani, Rimoldi Pizzinelli, Furlan, Crivellaro, Liberati, Cerutti & 

Malliani, 1991).

Perhaps the most intensive use of HRV spectral analysis is in the investigation of the 

sudden infant death syndrome (SIDs). Because of the suddenness of death it has been found 

necessary to undertake prospective studies (Wilson, Stevens, Franks, Alexander & Southall,

1985) on large numbers of babies so that data can be collected from the fraction (2-3/1000) 

that eventually succumb to the syndrome. The aim of such studies is to seek for any 

physiological indicators which might help assess the degree of risk of succumbing to SIDs. 

Respiration and ECG recordings are the usual parameters in these investigations because they 

are relatively easy to record over a 24 Hour period. At present no such clear indicator has 

been identified (Southall, 1988).

The amount of RSA and the spectral power of the HF-HRV and LF-HRV peaks 

decline throughout life (Shannon et al., 1987; Korkushko, Shatilo, Plachinda & Shatilo, 

1991). During the first six months of life RSA gradually increases. However, LF variables 

show an increase for up to three months, and then a significant reduction, therefore a change 

in the balance of neural drives is assumed to take place around this time (Schechtman, Harper 

& Kluge, 1989). But this is also dependent upon the sleep state (Harper et al., 1976; Haddad,
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Epstein, Epstein, Leistner & Mellins, 1980), as heart rate is lower in REM and quiet sleep, 

while HRV is reduced in quiet sleep.

Comparison of respiratory patterns of periodic breathing and apnoeic episodes show 

no significant difference between SIDs victims and age matched controls (Southall, et al.,

1986), although there does appear to be a significantly reduced RSA in the SIDs victims.

Analysis of the HRV spectrum in the newborn has shown a tendency towards 

accentuation in the LF-HRV (Kitney, 1984). Thermal stimulation to the skin (applied by air 

blower at various frequencies) of newborns could entrain the HRV, with a maximal response 

at 5 cycles/minute. The response was less in newborns which were small for their age and 

increased with maturity (Lindquist, Oja, Hellmam & Valimaki, 1983). Kitney (1984) 

discusses the hypothesis that this could be due to an overall downward shift in the frequency 

response of the baroreflex arc. It is well known from ‘control theory’ that an increased loop 

delay increases the possibility of oscillation. Kitney (1984) was able to show that there is a 

significant difference between SIDs and controls in the gain of the baroreflex arc, possibly 

indicating a decreased autonomic maturation.

Babies younger than 30 days (with low breathing rates) have been found to have very 

little RSA in their HRV. However, variations in heart rate correlated strongly with changes 

in breath amplitude (breath amplitude sinus arrhythmia, Giddens & Kitney, 1985). 

Simulation with a non-linear control model requires that the delay on the baroreflex loop is 

2 seconds longer than in adults for sustained oscillations. This is thought to indicate a degree 

of autonomic immaturity. Above about 30 days of age the variability in the HF component 

starts to decrease with age, indicating a maturation in the interaction (Kitney & Ong, 1986).

Kitney & Ong (1986) found that none of the measures of average cardio-respiratory 

variables actually provided an effective means of differentiating SIDs deaths from controls. 

They conclude that any abnormality in the cardio - respiratory interactions is most likely to 

be detected by the analysis of short term variation (beat by beat); also, any measurement and 

analysis of average response may cancel evidence of short term pathophysiology.

Spectral analysis has confirmed the decrease in RSA in SIDs cases. However, 

coherence studies on respiration and HRV (a measure of how much they interact, regardless 

of the absolute amount of variation) showed no significant difference (Kluge, Harper, 

Schechtman, Wilson, Hoffman & Southall, 1988). This result shows that the reduction in 

RSA in SIDs previously reported is probably independent of the HR.

In conclusion, power spectral analysis of the HRV remains a potential tool for the
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non-invasive investigation of the autonomic control of the heart. But as the discussion above 

indicates, there is considerable variation in the results between laboratories, and great 

difficulty fitting the data to the physiological stimuli. Ever increasingly complex statistical 

analysis is now being used to correlate the power spectra with the changes in HRV. However, 

it is only with a better understanding of the genesis of the HRV that further advances can be 

made in the use of these tools.
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