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ABSTRACT 

The experimeFltal lIIork presented in this thesis explores, in 

anaesthetized and mid-collicular decerebrate, unanesthetized, cats, the 

properti es of two components of the di scharge of sympathetic nerves 

which are time-locked to the central respiratory cycle and are 

presumably generated within the central nervous system. One i s the 

inspi ration-synchronous burst, the other is a previously unknown 

1 ate-gxpi ratory burst. The properti es of the i nspi rati on-synchronous 

burst and its temporal relation to the phrenic nerve burst were studied 

und~r conditions in which the frequency of the latter was changed over a 

widf~ range by superior laryngeal nerve stimulation, by changes in 

ventil ati on frequency whil e the phrenic nerve burst was locked to the 

pump, and by hypocapnic hyperthermia. The data obtained are consistent 

with the hypothesis of a common rhythmic driver for phrenic motoneurons 

and sympathetic preganglionic neurons. Stimulation of low-threshold 

afferents in the superi or l aryngea 1 nerve sel ecti vely suppressed the 

phrenic burst together with the inspiration-synchronous sympathetic 

di scharge and produced vasodil atati on. The contributi on of the 

inspi rati on- synchronous sympatheti c di scharge to neurogeni c 

vasoconstriction was estimated, in the hindlimb of the cat, from the 

magnitude of the vasodilatation. A late-expiratory burst of sympathetic 

discharge was produced by systemic hypercapnia and by raising 

end-expiratory pressure to between 2 and 7 cmH~O. Circumstantial 

evidence suggests this late-expiratory burst is due to input from 
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late-expiratory neurons to sympatnetic preganglionic neurons. As a 

background to the experimental data a survey ; s presented of present 

knowledge of the mechanisms providing lilechanical and neural coupling 

between respiration and circulation. The functional significance of 

respiratory modulation of sympathetic activity is discussed. 
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RESUME 

Cette thèse présente 1 es résu 1 tats d' expéri ences effectuées chez 

des chats anesthesiés et chez les chats nonanesthesiés décérébrés au 

niveau mi-colliculaire, portant sur les propriétés de deux composantes 

de 1 a décharge nerveuse sympathi que chronol ogi quement 1 i ée au cycl e 

respi ratoi re et que 1'on suppose étre engendrée dans le système nerveux 

central. La première composante est une rafale de décharges synchrone 

avec l'inspiration, la deuxième est une rafale expiratoire tardive, 

inconnue jusque-là. Nous avons étudié les propriétés de la première et 

sa relation à la rafale d'act1Vités du nerf phrénique en v~riant 

largement la fréquence de ces dernières au moyen de stimulation du nerf 

laryngé supérieur, au moyen de changements de la fréquence ventilatoire 

alors que les impulsions phréniques étaient synchronisées avec la pompe 

respiratoire et au moyen d'une hyperthermie hypercapnéique. Les 

résul tats obtenus sont en accord avec l' hypothèse d'un même générateur 

de rythme aux neurones moteurs phréni ques et aux neurones 

prégangl i onna ires sympathi ques. Lors de cette expéri ence, 1 a 

stimulation de nerfs afférents à seuil bas dans le nerf laryngé 

supérieur a supprimé sélectivement la rafale de décharges sympathiques 

et l a composante sympathi que synchrone avec l' i nspi rati on, tout en 

entrainant une vasodilatation. Nous avons évalué la contribution de la 

décharge sympathique synchrone à l'inspiration à la vasoconstriction 

neurogène dans le membre postérieur du chat à partir du degré de 

vasodilatation observé. Nous avons produit une rafale expiratoire 

tardive de décharges sympathiques au moyen d'une hypercapnie systémique 
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et d'une augmentation de la pression expiratoire terminale à 2 à 7 cm 

d'eau. Nous avons obtenu des preuves indirectes que la rafale de 

décharges tardives expiratoires était causée par l'action de neurones 

"expiratoires tardifs" sur les neurones préganglionnaires sympathiques. 

Afin de mettre nos résultats en perspective, nous présentons également 

une revue des connai ssances actuell es des mécani smes de coupl age neural 

entre la respiration et la circulation. Nous discutons de la 

signification fonctionnelle de la modulation de l'activité sympathique 

par la respiration. 
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of this thesis - the texts of manuseripts \'/hich 1 co-authored with my 

supervi sor, Dr. Cani 0 Pol osa. Chapters 2, 3, 4 and 5 are presented in 

the form in which they have been published. Chapter 2 was publishp.d in 

Journal of Physiology (London) 385: 545-564,1987. Chapter 3 was 

published in a monograph: Organisation of the Autonomie Nervous System: 

Central and Peripheral Mechanisms, pp. 187-202, 1987. Chapters 4 and 5 

were published in the Journal of Physiology (London): 364: 183-198, 
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INTRODUCTION 

The history of research on the influence of respiration on 

circulation is now more than two centuries old. Brecher (1956) 

cites in his monograph the observation of Valsalva and of Morgagni, 

made in the 18th century, that the jugular vein of the dog 

collapses during inspiration and swells during expiration. Hales 

(1753), who is credited with the first direct measurement of 

systemic arterial pressure (SAP) in animals, noted a fluctuation of 

arterial pressure at the frequency of respiration. Ludwig (1847) 

undertook the first investigation of the mechanism of th~se 

respiratory fluctuations in ~AP. He concluded that the respiratory 

oscillation in SAP is the result of mechanical and neural 

influences of respiration on the cardiovascular system. Later 

investigations have partially filled in some of the details of the 

neural and mechanical coupling between respiration and circulation. 

From the pa st work the view emerges that taking a breath, in terms 

of the number of mechanisms triggered by it, has as dramatic an 

effect on the cardiovascular system as does, for instance, going 

from the supine to the upright posture. Much is left that we still 

do not understand. Yet, knowledge of the cardiovascular mechanisms 

triggered by breathing is important not only for a full 

understanding of how the cardiovascular system normally works but 

also for predicting the cardiovascular effects of changes in 
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respfratory system function fnduced by dfsease. 

This thesis takes up for study one aspect of the neural 

couplfng between the respir~tory and the cardiovascular system, 

namely that labelled in the earlier literature as due to 

"irradiation" or "spillover" of excitation from the respiratory 

center to the cardiovascular control centers (see Koepchen, 1981). 

This concept of spillover should be replaced, partly on the basis 

of the work to be presented here, with that of the existence of 

common neuron sets which are antecedent to both respiratory 

motoneurons and autonomie neurons controlling eardiovaseular 

effectors. 

The purpose of this chapter is to review the existing data 

eoncerning the effects of respiration on the circulation. This 

chapter is divided into two major parts. Part one deals with the 

mechanical couplin,J between the two systems. It describes the 

present state of knowledge about the ways in which the respiratory 

swings in intrathoracie pressure influence venous return and 

ventricular ejection. Since this is not the main focus of the 

thesis, however, this subject will be treated in less detail than 

the sections dealing with the neural coupling. In part two, the 

neural mechanisms by which respiration can affect the 

cardiovascular system will be dealt with. The review will present 

state of knowledge of how mechanisms operating within the CNS (i.e. 

central) and how reflexes triggered by the act of breathing and 

mediated by cardiopulmonary afferents and arterial baroreceptors 
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can influence the activity of the sympathetic and parasympathetic 

nervous systems. 

PART 1. MECHANICAL EFFECTS OF RESPIRATION ON STROKE VOLUME 

During a normal respiratory cycle there is an oscillation in 

SAP and cardiac output as a result of an oscillation in stroke 

volume. This oscillation in stroke vclume is the consequence of 

the oscillation in intrathoracic pressure associated with 

respiration. The fo110wing is an overview of some of the relevant 

concepts. For a more extensive coverage of the subject see the 

reviews by Attinger, 1957; Brecher 1956; Bromberger-Barnea, 1981; 

Fishman, 1986; Guyton, 1973; Ho1t, 1969; Ka1smanson and Veyrat, 

1978; McGregor, 1979; Moreno, 1969, 1978, 1982; Permutt and 

Caldini, 1978; Sharpey-Schafer, 1965. 

1. Effects of Respiration on Venous Return 

That respiration has an important influence on venous return 

to the heart has long been known. The monograph by Brecher (1956) 

describes in detail the historia1 evo1ution of concepts regarding 

the mechanisms by which changes in intrathoracic pressure affect 

venous return ta the right atrium. The aspiration theory (Haller, 
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1760; Donders, 1859: cited in Brecher, 1956) was based on the 

assumption that veins behave like rigid tubes and that venous flow 

is proportional to the pressure gradient. Thus, blood flow towards 

the heart (venous return) must increase, and so must the filling of 

the heart, when intrathoracic pressure is lowered during 

inspiration. The 'collapse theory' (Holt, 1941, 1944), on the 

other hand, predicted that the extrathoracic veins would collapse, 

at points at which they enter into the thorax, due to a decrease in 

i ntrathoracic pressure. The tenn "collapse" refers to any state of 

the vein in which its cross-sectional area is not circular, thereby 

increasing resistance to flow, and does not necessarily mean a 

complete closure of the veine Under these conditions, flow may be 

described with a reasonable degree of accuracy by a modification of 

the Hagen-Poiseuille law in which the radius (r) term of the 

Poise~ille equation (r4 ) is replaced by a term describing the minor 

(a) and major (b) hemiaxes of an ellipse 1(2a2bj/a~+b2)J (Brecher, 

1956) • 

In both man and dog instantaneous blood flow in the inferior 

and superior vena cava during an inspiratory effort in which the 

pleural pressure is reduced from -5 cmH 20 to -10 cmH 20 (producing 

a normal tidal volume) may achieve peak values 2-3 times higher 

than at end-expiration (Brecher, 1952a; Nordenstrom and Norhagen, 

1965). Under these conditions, venous return is directly 

proportional to the pressure gradient. However, when the 
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inspiratory effort is such that intrathoracic pressure is more 

negative than -10 cmH~O there is an initial increase in venous 

return to the right atrium that is at least in part due to 

depletion of an extrathoracic venous compartment into the thoracic 

compartment. This initial stage is followed by collapse of venous 

vessels leading into the thorax, which limits flow. The degree of 

collapse is directly proportional to the negativity of the 

intrathoracic pressure (Holt, 1941, 1944; Brecher, 1952, 

Nordenstrom and Norhagen, 1965). Intrathoracic pressures more 

negative than -20 cmHLO will produce complete collapse of ve;ns 

entering the thorax. Under conditions of complete collapse of 

extrathoracic venous vessels right atrial stroke volume is 

maintained by the blood volume in the thoracic veins. Whether 

veins collapse at a sharp demarcation point at the thoracic inlet 

or whether it involves a longer segment of extrathoracic vessels is 

not clear. Evidence that collapse occurs when intrathoracic 

pressure is lowered below that required to produce normal tidal 

volume is provided by an earlier observation (Burton-Optiz, 1902). 

In the dog, the flow in the jugular vein increased during 

inspiration, but when inspiratory effort was increased, flow 

decreased and veins became distended. Thus, both views the 

"aspiration" and "collapse" theory apply for explaining the effect 

of intrathoracic pressure changes on venous return to the heart. 

The forces acting on the venous wall to cause collapse during 

lnspiration have been analyzed, Holt (1941, 1943), Duomarco and 



( 

J 

( 

6 

Rimini (1954), Brecher (1956), Rodbard and Saiki (1955), Permut~ 

and Riley (1963). As a result, the general view has emerged that 

the pressure-flow characteristics of veins or any thin-walled 

collapsible tubing is drastically different from that in the more 

rigid arteries. The reason for this difference is that when 

transmural (extraluminal minus intraluminal) pressure approaches 

zero the cross-section of the veins does not remain cylindrical, 

like in the case of arteries, but flattens to an elliptical 

configuration, thereby increasing resistance and limiting venous 

return. In man and dog, in the supine position, at end-expiration, 

the pressure in the inferior and superior vena cava as they enter 

the right atrium is near atmospheric. The intrathoracic pressure 

at end-expiration (at FRC) is subatmospheric (-5 çmH;O) while 

pressure in the abdominal cavity is slightly greater than 

atmospheric (2-3 cmHLO); venous vessels of the head and 

neck and upper extremities are exposed to atmospheric pressure. 

During inspiration, as a consequence of the decreasing 

intrathoracic pressure which reaches values of -10 cmHLO or more 

negative at end-inspiration, the intraluminal pressure of the 

thoracic veins is also reduced with respect to atmospheric 

pressure, although it remains positive with respect to 

intrathoracic pressure, while pressure in the abdominal compartment 

remains constant or may in fact show a modest increase (see the 

following section). At the boundary between the high and low 

pressure regions, the transmural pressure of the veins approaches 
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zero. As a result the veins begin to collapse at the points of 

entry into the thorax; the decrease in cross-sectional area 

increases resistance and thereby limits venous return. Further 

lowering of intrathoracic pressure increases further the negative 

transmural pressure gradient and th~reby increases resistance 

further. Therefore, despite the increasing pressure gradient flow 

remains constant. Orle factor which is important in detennining 

whether collapse will occur and if so at what intrathoracic 

pressure is the mean circulatory pressure. The role of venous 

filling is clearly illustrated by the observation that in 

congestive heart failure patients with high central venous pressure 

and in whom right atrial pressure does not decrease below zero 

during inspiration (-10 cmHLO intrathoracic pressure) there is no 

sign of collapse of the inferior vena cava at the point of entry 

into the thorax (Brecher, 1956). 

The venous pressure-flow relationship, when the pressure 

gradient is increased by lowering the downstream pressure, is 

graphically illustrated in Guyton's "venous-return" curves (Guyton, 

1952). For a more comprehensive review of pressure-flow 

relationships in collapsible tubes the reader is referred ta Conard 

(1969); Katz et al (1968); Holt (1969); Rower and Noardergraaf 

(1978); Kalsmanson and Veyrat (1978). 

Increasing the pressure gradient for venous return by 

increasing inflow pressure (abdominal) while keeping intrathoracic 

pressure constant, produces an increase in venous flow (Conrad, 
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1969). However, increasing the pressure gradient for venous return 

by decreasing the downstream (intrathoracic) pressure, while 

keeping the other relevant variables constant, increases the 

resistance, so venous flow may increase or stay the same depending 

on whether the vesse 1 rema i ns open or begi ns to co llapse as a 

result of the decreasing transmural pressure. 

At the time duri ng the respi ratory cycle when venous return to 

the right heart increases, there is no equivalent increase of 

inflow to the left ventricle, since the pressure gradient From the 

pulmonary veins to the left atrium 15 unaffected by changes in 

intrathoracic pressure (heart and lungs are exposed to the same 

external pressure). In fact, for reasons described below, the 

i nfl ow to the 1 eft ventri cl e actua 11 y dec reases. Subsequently, of 

course, the increases in cardiac output of the right ventricle will 

increase Flow through the pulmonary bed (see below) and eventua11y 

raise the left ventricular filling pressure. 

2. Effects of Respiration on Blood Flow in the Abdominal Inferior 

Vena Cava 

The effect of respiration on abdominal pressure has been the 

subj ect of debate. An earl i er vi ew (Emerson, 1911) was that 

intraabdominal pressure increases during inspiration as the 

diaphragm descends like a piston into the abdominal cav1ty, thus 

increasing the pressure gradient between abdominal and thoracic 
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segments of the IVe. Later experimental data (Moreno et al., 1967, 

1977) show that intraabdominal pressure may increase, decrease or 

not change depending on the behaviour of the abdominal muscles. In 

recl1ning dogs, either awake or under light pentobarbital 

anesthesia, the abdominal muscles contract during expiration, 

raising fntraabdominal pressure. At end-expiration, shortlY before 

the onset of the diaphragmatic descent, the abdominal muscles 

relax. The resulting enlargement of the abdominal cavity leads to 

a fall in intra-abdominal pressure (Moreno et al., 1967). Under 

these conditions the value of abdominal pressure at any time during 

inspiration depends on the balance between the opposing effects of 

diaphragmatic contraction and of abdominal muscle relaxation. 

During a single inspiration, the abdominal muscle relaxation may 

dominate the initial part of inspiration, causing a decrease in 

abdominal pressure, while diaphragrnatic contraction may dominate in 

the last part of inspiration, causing an increase in abdominal 

pressure. At deeper levels of anesthesia, the abdominal muscles 

are not recruited duri ng the expi ratory phase of the respi ratory 

cycle while the intercostal muscles and the diaphragm maintain 

their activity (Moreno, 1977). Under these conditions the descent 

of the di aphragm i s unopposed and i ntraabdomi nal pressure ri ses 

during inspiration, thereby increasing the gradient for venous 

,"eturn. 

~oncerning the question of how the increased abdominal 

pre.;sure in inspiration influences abdominal IVe flow, one has to 
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cons; der separately the effects on the two constituent venous 

systems. The abdominal inferior vena cava channels venous blood 

from two vascul ar beds of approximately equal si zef the • system;c' 

and the • splanchni c' system. The former channel s the venous blood 

from the kidneys, pel vic organs and lower extremities directly into 

the IVC. The latter collects venous blood from the intestine and 

spleen into a single large vein, the portal veine The portal vein 

enters the liver and subdivides extensively to feed the capillary 

bed (sinusoids) of the liver. The venous outflow from the liver 

flows through the hepati c venul es and vei ns i nto the i nferi or vena 

cava. This anatomical arrangement introduces an additional 

res i stance to the outflow from the spl anchnic vascular bed. As a 

result the venous pressure in the splanchnic system is two to three 

times hi gher than in the systemi c i nferi or caval system. As the 

diaphragm descends during inspiration, it compresses the liver and 

this results in collapse of the hepatic venules, which are devoid 

of supporting connective tissue (Moreno, 1977). As a result, 

hepatic venous outflow is reduced at the time the pressure gradient 

for venous return is greatest (i.e. end-inspiration). 

Thus, during inspiration, flow in the inferior vena cava is 

largely the resul t of an i ncreased component from the system; c 

inferior caval system while the component due to splanchnic flow 

declines. Conversely, during expiration flow in the supra-hepatic 

segment of the inferior vena cava i5 the re5ult of an increased 

component from the 5planchn;c bed while the component from the 
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systemic caval system decrease~. 

The effect of respiration on venous return from the 10wer 

extremities varies in different species depending on the pattern of 

inspiratory muscle activity. This is marked1y different in dogs 

and humans during quiet breathing. Anaesthetized dogs breathe 

mainly with the intercostal muscles (D'Angelo et a1., 1988) whne 

humans use mainly the diaphragm (Sharp et al., 1975). In human 

sUbjects, in the recumbent position, venous return from the legs, 

during inspiration is reduced to 35% of that at end-expiration 

(Willeput et al., B84). This may be due to the fact that the 

preferential use of the diaphragm in humans results in an 

fmpairment of venous return from the legs during inspiration 

because the descent of the di aphragm and the resul ti ng ri se in 

abdominal pressure compress the iliac veins. As a consequence 

b 1 ood f10w i nto the thorax i s ma i nta i ned by the b l ood volume 

contained in the abdominal ven a cava which may be depleted. The 

magnitude of the fall in femora1 venous b100d f10w during 

inspiration was re1ated to the change in abdominal pressure which 

in turn de pends on the contribution of the diaphragm to 

inspiration. If the intercostal muscles are used preferentially to 

lower intrathoracic pressure during inspirations, as occurs in 

dogs, abdominal pressure decreases and femoral ~enous f10w will 

increase. Thus the pattern of venous return from the lower 

extremities during inspiration in the supine posture, in most 

a_lfmals, i s 1 argely determined by the pattern of f nspi ra tory muscle 



( 

( 

......... aLLa 

12 

contraction, which in turn influences abdominal pressure. It must 

be pointed out, however, that this description only applies to the 

supine posture. In the upright posture, it is not clear whether 

the inspiratory-increase in intraabdominal pressure would be 

capable of collapsing the iliac veins because of the high 

intraluminal pressure resulting from the hydrostatic effect. 

Furthermore, changes in body position may mOdify the mechanics of 

the respiratory system (Navajas et al., 1988; Troyer and Ninane, 

1987) and as a result mOdify the mechanical load the abdominal and 

thoracic compartments impose on the inferior vena cava. 

3. Effects of Respiration on the Left Heart 

A number of studies have simultaneously measured flow in the 

pulmonary artery and aorta (Robotham et al., 1979; Schrijen et al., 

1975; Summer et al., 1979). During inspiration, right ventricular 

stroke volume increases while the left decreases. In expiration 

the reverse occurs. The explanation for the inspiratory decrease 

in left ventricular stroke volume was originally thought to be an 

increase in the capacity of the pulmonary vessels (see section 4b) 

resulting in pooling of blood in the lungs and consequently in a 

decreased venous return to the left atrium (Trfmby et al., 1922; 

Ruskin et al., 1973). This hypothesis would predict that the 

Mueller manoeuver (inspiration against a closed glottis) which 
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results in very negative values of intrathoracic pressure but no 

change in 1ung volume, hence no change in pulmonary vascular 

volume), would eliminate the difference between right and left 

ventricular stroke volumes. In fact, the Mueller manoeuvre 

exaggerates the disparity between left and right stroke volume 

(Summer et al., 1979) compared to that caused by a normal breath. 

Therefore, an increase in pulmonary vascular capacity cannot be the 

only explanation for the fall in left ventricle stroke volume 

during inspiration. Two additional experimental findings are 

consistent with this conclusion. Firstly, pulmonary venous flow 

does not decrease during inspiration (Summer et al., 1979). 

Secondly, in right heart bypass preparations, in which pulmonary 

venous flow is kept constant, left ventricular stroke volume still 

falls during inspiration (Summer et al., 1979; Bromberger-Barnea et 

al., 1981). 

A second hypothesis proposes that the fall in left ventricle 

stroke volume during inspiration may be a direct consequence of an 

increase in impedance to left ventricular emptying, as a result of 

the decrease in pl eural pressure (Schrijen et al. J 1975; Karim et 

al., 1984; Robotham et al., 1978; Summer et al. J 1979). This 

increased impedance occurs because the fall in the pleural pressure 

surrounding the heart requires that the left ventricle generates a 

higher pressure before blood can leave the thorax (i.e. increased 

end-systolic volume). In other words, lowering the pressure 

arour!d the heart has the same effect as rahing the aortic 
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d1astolic pressure. It 1s clear that during a Mueller manoeuver, 

when intrathoracic pressure can be as low as - 50 IIITIHg, the 

increased afterload may decrease stroke volume. It is not clear, 

however, whether the magni tude of the i ncreased afterload that 

occurs during quiet breathing is sufficient to decrease left 

ventricular stroke volume to the extent observed (cf. 

Bromberger-Barnea, 1981), especially in light of the observation by 

Herndon and Sagawa (l969) that left ventricular stroke volume is 

not reduced by i ncreases in aorti c pressure up to 180 mmHg. 

The decrease in intrathoracic pressure during inspiration also 

i ncreases ri ght ventricul ar impedance si nce the peripheral output 

bed of the right ventricle, the pulmonary circulation, ;s 

surrounded by alveolar pressure. Both the increased right 

ventricular filling (right ventricular prelaod) and the increased 

right ventricular impedance (afterload) raise pulmonary artery 

pressure and cause an increase in right ventricular end-diastol ic 

vol ume. 

A third explanation for the decreased left ventricular stroke 

volume in inspiration is that during inspiration the ir.creased 

end-diastolic right ventricular volume limits left ventricular 

filling. The mechanism for this interventricular interaction 

appears to be that the increased right ventricular diastolic 

pressure shifts the interventricular septum towards the left 

ventricular cavay and causes a decrease in the free wall-to-septum 

di ameter (Beyar et al., 1987; Bri nker et al. 1985; Peters et al., 

1988). This alteration in ventriculary geometry caused by the 

zu 
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increased right ventricular volume reduces the distensibility of 

the left ventricle. This is consi stent with the finding of 

increase in left atrial fi11ing pressure during inspiration (01 sen 

et al., 1985). The decrease in left ventricular distensibility 

produced by the enchroachment of the septum reduces l eft 

ventricular end-diastolic volume which would thereby limit left 

ventricul ar strolce vol ume. 

A fourth possible mechanism of the inspiratory fal1 in left 

ventricular stroke volume is that distension of the right atrium 

and ventricle may increase pericardial pressure and hence limit the 

fi11ing of the left ventricle. Lewis (1908) first raised the 

possibiHty that the pericardium may, under particular conditions, 

hinder atrial fi11ing. An increase in the afterload of the left 

and right ventricles by constriction of the pulmonary artery or 

aorta produced a marked i ncrease in ri ght or 1 eft atri al pressure 

but failed to increase pericardial pré!ssure (Kenner and Wood, 

1966). When atri al and ventricul ar fi 11 i ng pressure was i ncreased 

in dogs by rapid intravenous infusion of large volumes of Ringer 

sol ution which i ncreased 1 eft ventricu1 ar end-di astol ic pressures 

to around 20 mmHg, transpericardial (pericardial-pleural) pressure 

did not change (Tyson et al., 1984). These fi ndi ngs i ndi cate that 

the pericardi al "capaci ty" i s not exceeded by large i ncreases in 

atrial and ventricular d1astolic volumes and therefore 1s unlikely 

to be exceeded by the increase in venous return during inspiration 

(c.,f. Glantz et al., 1978). 
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Under pathological conditions of pericardial effusion or 

pericarditis, however, the pericardial pressure 1s elevated. Under 

these conditions respiration can have a dramatic effect on cardiac 

output (Dornhorst, 1952b; Morgan et al., 1965; Assanelli et al., 

1987), because the pericardium exerts a restraining force on 

ventricular fi11ing, in particular on the thin-walled right 

ventrfcle. An inspiratory increase in the filling of the right 

ventric1e can cause encroachment on the left ventricle through an 

i ncrease in peri card; al pressure and through a 1 eftward 

displacement of the interventricular septum (i.e. decreased leit 

ventricular compliance). The left ventricle is therefore 

compressed, left ventricular end-diastolic volume is reduced. This 

has been proposed as a possible mechanism for the marked decrease 

in pulse pressure due to a decrease in stroke volume (phenomenon of 

"pulsus paradoxus"), that;s sometimes seen with constrictive 

pericarditis or peri cardial effusion (Donhorst, 1952a; McGregor, 

1979) • 

4. Effects of Lung Inflation on the Pu1monary Circulation 

a) Resi stance to f10w 

Pu1 monary b100d f10w ;s i nf1 uenced by the changes occurri ng in 

the pu1monary vascu1ar bed during the respiratory cycle (see 

reviews by Culver and Butler, 1980; Fishman, 1986; Gi1, 1980). The 

effect of a change in pleural pressure on the calibre of the 
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pulmonary vessels depends on the location of the vessels. The 

perivascular pressure of intra- and extra-pulmonary b100d vessels 

is influenced directly by the pleural pressure. Alveo1ar vesse1s, 

on the other hand, are not affected by changes in pleural pressure 

since they are exposed to atmospheric pressure. Two forces act on 

pulmonary b100d vessels during lung inflation. One acts in a 

direction paralle1 to the axis of the vessels and tends to lengthen 

and narrow the vesse1s as the lung expands, thereby increasing 

resistance. The other acts along the vesse1 radii due to the 

traction from the interstitium which tends to increase its diameter 

and thus decrease resistance. 

Lung inflation by ~owering pleural pressure whi1e maintaining 

pulmonary artery and left atrial pressure constant has a biphasic 

effect on pu1monary vascu1ar resistance (West, 1965). Starting 

from atmospheric pressure (residua1 volume), 1ung inflation 

initia11y produces a decrease in pu1monary vascu1ar resistance, the 

maximum decrease occurring at a transpu1monary pressure of 10 to 17 

cmHLO. Further inflation approaching total lung capacity (~ 30 

cmHLO) increases resistance (Roos et al., 1961; Howell et al., 

1961). This biphasic effect of pu1monary resistance is 

characteristic of lung inflation produced by lowering pleural 

pressure (i.e. negative pressure inflation). When pleural pressure 

is lowered, transmural pressure in the a1veolar vesse1s remains 

constant relative to alveo1ar pressure, but the transmural pressure 

of extra-alveolar vessels increases. Positive pressure lung 
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inflation produces an increase in perivascular pressure (i.e. 

decreased transmural pressure) which effectively narrows the 

alveolar vessels and thus produces an increase in total pulmonary 

resistance. During positive pressure inflation, the pressure in 

the alveolar vessels decreases relative ta alveolar pressure, 

whereas the pressure in the extraalveolar vessels remains constant 

relative ta pleural pressure. Thus the net effect of lung 

inflation depends on how each segment of the circulation is 

influenced by alveolar and pleural pressures. Additionally, the 

magnitude of the change in pulmonary resistance produced by lung 

inflation depends on the existing intraluminal pressure. For 

example, Roos et al (1961) showed that the change in total 

pu1monary vascu1ar resistance with 1ung inflation became much 

smaller wh en intravascu1ar pressure was high. This can be 

exp1ained by the fact that at high intra1umina1 pressure the 

vessel is close to its limit of distensibility, therefore a change 

in pleural pressure produces little change in vessel radius and 

consequently little change in pu1monary vascular resistance. 

b) Pu1 monary B100d Volume 

Trimby and Nicholson (1924) originally reported that when lung 

i nfl ati on was produced by 1 oweri ng the pressure on the externa 1 

~urfaces of the 1ungs, without altering the pressure on other 

thoracic structures, well marked respiratory waves in blood 
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pressure were observed, characterized by a fa11 during inspiration 

and arise during expiration. Since the decrease in pleural 

pressure was restricted to the surface of the 1ung, this resu1t 

c1ear1y suggested that 1ung inflation by reducing pleural pressure 

resu1ts in an increase in pu1monary vascu1ar bed capacity. This 

may in part be responsib1e for the inspiratory fa11 in SAP as well 

as for de1aying the rise in pressure resu1ting fram an increase in 

fi11ing of the right heart during inspiration. 

The effects of 1ung inflation of pu1monary capacitance were 

investigated by Permutt et al. (1961). In excised lungs of dogs, 

at 10w pu1monary arteria1 pressures (-4 to 0 cmH~O) an increase in 

1ung volume produced by 10wering surrounding pressure (from 0-30 

cmH~O) caused an increase in pu1monary vascular volume. If 

pu1monary arteria1 pressure was higher; (>- 5 cmH~O) lung inflation 

produced a decrease in vascular volume, at an intermediate value 

(0-5 cmH~O), lung inflation produced a biphasic effect, an initial 

increase in vascular volume fo1lowed by a decrease. These results 

led to the hypothesis that the pulmonary vascular bed behaves as if 

it is composed of two compartments in parallel, responding 

oppositely to lung inflation. One compartment consists of the 

larger extraalveolar vessels which always increase in volume with 

inflation. The other compartment, thought to consist of the 

a1veolar capi1laries, decrease its vascular volume with lung 

inflation. The overa1l volume change in the vascular bed with 

inflation depends on the relative magnitude of these two effects. 
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The biphasic results described above could be explained by the 

hypothesi s (permutt et al ., 1962) that when the vascul ar pressure 

15 low, the compressed compartment contai ns a rel atfvely small 

amount of blood, and the overall effect of inflation of the lungs 

i s domi nated by the expanded compartment. At hi gher vascul ar 

pressures the compressed compartment contains a relatively large 

amount of b 1 ood, whi ch i s forced out as transpul monary pressure 

rises. At low vascular pressures (~ 5 cmHLO) there is little 

change in pulmonary vascul ar vol ume, indicating that under these 

conditions the increase in volume of the expanded compartment 

equal s the decrease in vol ume of the compressed compartment. 

It may be expected that changes in pulmonary vascul ar vol ume 

during respiration will influence the inflow of blood to the left 

heart. Vhscher et al (1924) conducted a series of experiments to 

determi ne how soon a change in venous return to the ri ght atri um i s 

refl ected in a change in 1 eft ventri cul ar output and hence in 

systemic arterial pressure. When the inferior vena cava was 

suddenly clamped near the heart in anesthetized dogs, in the 

absence of breathing movements, the arterial pressure did not 

change for 3-4 heart beats (2-3s) and then fell precfpitously. 

When the clamp was released, arterial pressure did not change aga;n 

for a peri od of 3-4 heart beats and then i ncreased. The same 

resul ts were obtai ned when the experiments were repeated on animals 

with denervated hearts to el imlnate any possibil i ty of reflex 

mechanisms obscuring the purely mechanical effects of interference 
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with the blood suppl y to the heart. These results suggest that the 

increased right ventricular stroke volume due to inspiration may 

not be reflected in an arterial pressure change until about 3-4 

heart beats (2-3 s) after inspiration onset. Assuming 8-10 heart 

beats per respiratory cycle these data predict a fall in SAP in 

in~piration and a rise in expiration if right ventricular output 

increases in inspiration and decreases in expiration. In other 

words, the 1 atency for a SAP change i ntroduces a complete reversal 

in the phase re1ationship between intrathoracic pressure and the 

resu1ting change in blood pressure. The de1ay in left ventricular 

output following a change in right ventricular output is due to the 

high compliance of the pulmonary circulation and the increase in 

pulmonary b100d volume during inspiration already described. The 

high compliance of the pulmonary vascu1 ature not on1y del ays the 

respiratory change in left ventricu1ar stroke volume but a1so 

attenuates the amplitude of the resu1ting SAP oscillations (Maloney 

et al., 1968). Mean pulmonary transit time- measured from the 

appearance of a test substance in the pulmonary vein following 

injection into the pulmonary artery is of the order of 3-4 seconds 

in both man and dog (Fishman, 1986). This transit time will vary 

in proportion 1.0 the fluctuation in pulmonary blood volume during 

the respiratory cycle. 

From the data above that emphasi ze the del ay imposed by 

properties of the pulmonary circulation on the left ventricular 

response ta changes in right ventricular output it may be expected 
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that the oscillation of SAP caused by the mechanica1 effects of 

respiration will have a phase-relation to the respiratory cycle 

wh i ch depends on respi ratory frequency. Lewi ~ (1908) tabulated the 

data obtained in a11 investigations carried out on animals and 

human subjects between 1859 and 1906 of arteria1 pressure waves 

with the period of respiration. Of these investigations, Il 

described an inspiratory rise in arteria1 pressure, 9 an 

inspiratory fa11 and 6 obtained either an inspiratory r1se or an 

inspi ratory fall in SAP depending on rel ative contributi on to 

breathing of chest wall and abdominal muscles. From a synthesis of 

the data it 1s apparent that there is a relationship between the 

phase (inspiration or expiration) in which SAP would rise and the 

period of the respiratory cycle. At moderate rates of breathing 

(12-20 per minute) blood pressure fel1 during inspiration while at 

slower rates ( 10 per minute) inspiration was associated with a 

rise in SAP. 
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PART 2. NEURAL MECHANISMS COUPLING RESPIRATION AND CIRCULATION 

1. Evidence of Neural Coupling Obtained From Effector Recording: 

Traube-Hering Waves of Systemic Arterial Pressure and 

Respiratory Sinus Arrhythmia 

Traube (1865), observed that interruption of artificial 

ventilation for several consecutive pump cycles in vagotomized, 

curarized, dogs resulted in an increase in systemic arterial 

pressure (SAP), presumably due to asphyxia, superimposed upon which 

was a slow rhythmic oscillation with a period of 10 seconds. The 

oscillation period was comparable tù the period of abortive 

respiratory movements observed, u~der the same conditions, in 

aliimals wah incomplete paralysis due to insufficient curare. The 

oscillation period was also comparable to the period of the 

spontaneous respiratory activity prior to paralysis. Since the 

animal s were paralysed and not ventil ated, mechani cal effects of 

ventilation were eliminated, while bilateral cervical vagotomy and 

1 ack of i nfl ati on el imi nated vasomotor refl exes tri ggered by 

pulmonary sensory afferents as possible sources of these 

respiratory fluctuations in SAP. Traube (1865) proposed that this 

osdllation of SAP was due to an oscillation in vasoconstrictor 

tone consequent to an "i rradi ation ll of exci tation from the 

respiratory to the vasomotor centre. Similar findings of a 

"r~spiratory" oscillation of SAP in the absence of breathing 
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movements were later reported by Hering (1869, cited in Koepchen, 

1984) who wrote that "we have adequately proved that the vascular 

system shows respiratory fluctuations associated with the 

respiratory movements which, as the latter, originate from the 

so-called respiratory centre" Cquoted in Koepchen, 1984). Thus, 

the SAP waves described by Traube and by Hering can be considered 

as the first, indirect, demonstration of a central respiratory 

modulation of sympathetic activity since their observations were in 

vagotomized animals. This observation, and its insightful 

interpretation, preceded by at least half a century the first 

direct demonstration of respiratory modulation of sympathetic 

activity by electrical recording from sympathetic nerves (Adrian et 

al., 1932). These SAP waves at the respiratory frequency observed 

under the exceptional experimental conditions of absence of 

breathing movements have since been labelled Traube-Hering waves 

(Schweitzer, 1945). The term has later been extended to SAP 

oscillations of the same nature observed during spontaneous or 

artificial ventilation. The main criteria for defining a slow SAP 

oscillation as a Traube-Hering oscillation are that the SAP 

oscillation must (i) be neurogenic (ii) persist in the absence of 

mechanical ventilation, and (iii) have the same period as the 

sfmultaneously recorded phrenic nerve burst CPreiss and Polosa, 

1974; Polosa, 1984). Joels and Samueloff (1955) improved on the 

experimental preparation for demonstratfng Traube-Hering waves by 

us i ng the paralysed, apnei c, cat under "diffusi on respf rati on ll 
• 
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The N2 in the lungs is washed out and replaced with 100% O2 , thus 

there 1s a diffusion gradient for O2 to ensure adequate oxygenation 

for a long time in the absence of ventilation. However, CO 2 , 

cannot be washed out and respiratory acidosis develops. 

Hypercapnia 1s a potent stimul ant of the respi ratory centre 

activity via the central and peripheral chemoreceptors, and th1s 

enhances the probabi li ty of Il i rradi ati on" and hence of 

Traube-Hering waves production. Us1ng this preparation Joels and 

Samuel off (1955) showed an important feature of Traube-Heri ng 

waves, namely that they disappear when the activity of the 

respiratory centres is depressed, e.g. by anesthetics. Further 

details about the peripheral mechanisms of Traube-Hering waves were 

added later. Koepchen and Thurau (1958) showed that Traube-Hering 

waves persist after cardiac denervation and therefore an 

oscillati on in peripheral vascul ar resistance must be part of the 

mechanism of generation. Furthermore, Koepchen and Thurau (1958) 

demonstrated directly an oscillation in peripheral vdscular 

resistance by showing, in the dog, a respiratory oscillation in 

flow through the popliteal artery perfused at constant pressure. 

Traube-Hering waves have been at times confused with Mayer 

waves (Mayer, 1976) and vice versa le.g. Guyton et al., 1952). 

Mayer waves are SAP waves reminiscent of Traube-Hering waves but 

can be distinguished from Traube-Hering waves mainly because they 

have a frequency lower than the respi ratory frequency, typi cally 

1-5 cycles/min, and persist when rhythmic central respiratory 
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neuron activity is abo1ished, e.g. by hypocapnia (Schweitzer, 

1945). Mayer waves are observed in conditions of low SAP (Preiss 

and Polosa, 1974), impaired cerebral circulation (Guyton and 

Satterfie1d, 1952) or anoxia (Po1osa, 1984). Mayer waves are due, 

lfke Traube-Heri ng waves, to a rhythmica1 f1 uctuati on in 

sympathetic activity (Preiss and Po1osa, 1974) and may appear in 

eNS-intact anima1s as well as in animals with cervical spinal cord 

transection (Kaminski et al., 1970). The properties of Mayer waves 

have been reviewed (Po10sa, 1984). 

In addition to a central1y-generated respiratory modulation of 

vascular resistance, there is evidence a1so for a centrally 

generated respiratory modulation of heart rate and ventricular 

contracti1ity, mediated by a modulation of both sympathetic and 

parasympathetic cardiac nerve actfvity. A respiratory oscillation 

in heart rate, characterized by increase in inspiration and 

decrease in expiration, first described by Ludwig (1847), has been 

called respiratory sinus arrhythmia (RSA). RSA persists after 

bilateral stellectomy (Heymans, 1929). Thus RSA has been 

attributed to "irradiation" of respiratory centre activity 

resulting in inhibition during inspiration of cardiac 

parasympathetic neurons (Daly, 1983). A sympathetic component in 

RSA has been difficult to demonstrate, presumably because of the 

slow frequency-response characteristics of the sympathetic-cardiac 

effector system (see Introduction, Part II, section 7), when 

compared to the respiratory frequency. However, in vagotomized 
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dogs in which respiratory rate was lowered to less than 5 cycles 

per minute by hypothermia (32°C) Davis et al. (1977) were able to 

demonstrate a proprano101-sensitive RSA, which was absent at 

normal respiratory rates. A respi ratory f1 uctuati on in peak 

ventricular pressure was demonstrated in the isovolumic, paced, 

left ventric1e of the vagotomized dog (Levy et al., 1966). The 

modulation persisted after muscle para1ysis and was attributed to a 

central mechanism modu1ating the cardiac sympathetic innervation. 

There 15 no data on a possible ro1e of the parasympathetic cardiac 

innervation in the respiratory modulation of ventricu1ar 

contracti 1 i ty. 

2. Respiration Modulates Sympathetic and Parasympathetic 

Discharge by Central and by Reflex Mechanisms 

In addition to the central "irradiation" hypothesized by 

Traube (865) as the generati on mechani sm of the respi ratory 

modulation of vasoconstrictor tone, reflex mechanisms activated by 

sensory receptors which monitor physio10gica1 variables inf1uenced 

by respiration (for instance lung volume, SAP) may produce a 

similar effect. Both sets of mechanisms, central and reflex, will 

be discussed in detail in separate sections to follow. Here some 

key experimenta1 observations will be described which emphasise the 

):ange of mechani sms by whi ch th; s si ng1 e effect, the respi ratory 

mci.tlu1ation of sympathetic and cardiac parasympathetic neuron 
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discharge, can be produced. As soon as the first electrical 

recordings of sympathetic nerve activity were made (Adrian et al., 

1932) and with that came the demonstration of respiratory grouping 

in this activity, reflex mechanisms were proposed as the exclusive 

mechanism of generation of the respiratory grouping (Bronk et al., 

1936). The role played by both central and reflex mechanisms was 

clearly demonstrated by Tang et al (1957) for the sympathetic 

activity and by Anrep et al (1936a,b) for the cardiac 

parasympathetic activity. 

Tang et al (1957) showed that in bilaterally vagotomized, 

widely thoracotomized, sino-aortic denervated cats, a splanchnic 

nerve discharge coincided with the phrenic burst. When these 

animals were made hypocapnic both the central respiratory activity, 

as indicated by the absence of phrenic discharge, and the 

respiratory modulated pattern of sympathetic activity were 

abolished. This was consistent with the findings of Adrian et al 

(1932), that a respiratory-modulated pattern of sympathetic 

discharge could be produced by a central mechanism. In order to 

determine if reflex mechanisms activated by ventilation could 

influence sympathetic activity, the influence of the respiratory 

center was abolished by hyperventilation in air in cats with intact 

vagus and baroreceptor nerves. Under such conditions, splanchnic 

discharge was still modulated at the frequency of ventilation, thus 

indicating that the respiratory center was not the sole source of 

the respiratory modulation of sympathetic dfscharge. Two possible 
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sources of the ventflatfon-related modulation of sympathetic 

discharge were tested: the pulmonary afferents activated by lung 

inflation and baroreceptors activated by fluctuations in SAP due to 

the mechanical effects of ventilation (described in Section 1 of 

this thesfs). In hypocapnic, bilaterally vagotomized cats, 

oscillations in sympathetic activity time-locked to ventilation 

persisted. Wide bilateral thoracotomy, which abolished the 

ventilation-related fluctuations in SAP, or bilateral carotid sinus 

nerve section eliminated the ~scillation in sympathetic nerve 

discharge. To test the possibility that pulmonary afferents could 

reflexly produce a ventilation-related modulation of sympathetic 

di scharge, hypocapni c cats were subjected to a bi 1 ateral 

pneumothorax which abolished fluctuations in SAP. Under these 

conditions, an oscillation in sympathetic discharge at the 

frequency of the ventilator persisted. Subsequent bilateral 

vagotomy abolished this oscillation. Thus, Tang et al (1957) 

showed that the respiratory influence on sympathetic discharge is 

mediated by a central mechanism involving respiratory neuron 

activity and by two reflex mechanisms, one triggered by arterial 

baroreceptors activated by ventilation-induced fluctuations in 

SAP, the other by pulmonary afferents activated by lung inflation. 

In two classical papers, Anrep et al (1936a,b) demonstrated 

that central and reflex mechanisms can produce a respiratory 

modulation of parasympathetic cardiac motor tone, as inferred from 

the phenomenon of RSA. A cross-perfused preparation was used 
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whereby the head of the experfmenta1 dog was vascu1ar1y fso1ated 

from the systemic circulation and perfused with b100d from a donor 

doge This preparation ensures that the carotid sinus perfusion 

pressure is maintained at a stable, relative1y high, level in order 

to maintain a constant, high leve1 of background cardiac vaga1 

tone. Hering (1930) had previous1y reported that RSA was 

critica1ly dependent on the maintenance of a high carotid sinus 

pressure; RSA was abo1ished by carotid sinus nerve section or 

unloading of the baroreceptors by occlusion of the common carotid 

arteries. Furthermore, with such a preparation the level of 

central respiratory activity could be manipulated by varying the 

COL tension of the b100d perfusing the head without changes in 

systemic CO2 in the experimental animals. The dogs were 

bilaterally stellectomized: thus the on1y mechanism for producing a 

RSA must be vagal. In order to study the central mechanism 

generating RSA, pulmonary reflexes were abolished by bilateral 

cervical vagotomy. Under normocapnic conditions, heart rate 

increased by 10-30 beats/min with a 1atency of 1 or 2 beats 

fol10wing onset of the phrenic burst. This leve1 was maintained 

for the rest of the period of phrenic activity. Upon termination 

of the phrenic burst heart rate returned to the pre-inspiratory 

1eve1. During cepha1ic perfusion with hypocapnic blood, the 

magnitude of the RSA decreased in proportion with central 

respiratory activity. RSA was abolished when phrenic activity 

ceased. 
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In order to study the reflex mechanism, the activity of the 

respiratory center was abolished by perfusing the head with 

hypocapnic blood. Lung inflation with pressures in the range from 

2 to 15 cm H2 0 caused a cardioacceleration the magnitude of which 

depended on the degree of lung inflation. Inflations with higher 

pressures, usually beyond 30-40 cm H~O (approaching total lung 

capacity), produced a slowing of the heart. Both the 

cardioacceleration at moderate inflation pressures and the 

bradycardia at larger inflation pressures were reflex in nature. 

These effects were abolished by denervation of the lungs. Thus, 

Anrep et al (1936a,b) showed that the parasympathetic-mediated RSA 

is produced by a central mechanism, involving respiratory neuron 

activity, and by a reflex mechanism triggered by pulmonary 

afferents activated by lung inflation. An additional mechanism, 

triggered by baroreceptor afferents, is implied by their 

observation that parasympathetic cardiac tone is exquisitely 

sensitive to the level of carotid sinus pressure. 

3. Centrogenic Respiratory Modulation of Sympathetic Discharge 

A rhythmic discharge of sympathetic nerves of cats, 

synchronous with the phrenic nerve discharge, was first described 

by Adrian et al., 1932. The synchronism between phrenic and 

sympathetic burst persisted when depth and frequency of breathing 

were increased by asphyxia. Since then, this observation has been 
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repeatedly confirmed in recording from pre- and post- nerves in 

various species, in cats, dogs, rabbits and rats (Adrian et al., 

1932; Okada and Fox, 1967; Tang et al., 1957; Cohen and Gootman, 

1970; Koizumi et al., :971; Seller, 1973; Preiss et al., 1975; 

Barman and Gebber, ~97G; Preiss and Polosa, 1977; Gerber and 

Polosa, 1978, 1979; Janig et al., 1980; Bachoo and Polosa, 1985; 

Kubin et al., 1985; Bachoo and Polosa, 1986; Gilbey et al., 1986; 

Millhorn, 1986; Bachoo and Polosa, 1987; Czyzyk et al., 1987; 

McAllen, 1987). In whole nerve recordings, the rhythmic bursting 

of sympathetic nerves indicates a synchronized modulation of the 

probability of firing of populations of pre- and post-ganglionic 

neurons. 

A few investigators have failed to detect an obvious centrally 

generated component of sympathetic discharge coincident with the 

phrenic burst (Bronk et al., 1936; Dontas, 1955). This may be due 

to a number of possible reasons: 1) Deep anesthesia, particularly 

with barbituates which markedly depresses sympathetic activity 

(Millar and Biscoe, 1965; Morita et al., 1987). The failure to 

detect an obvious respiration-synchronous sympathetic discharge may 

be symptomatic of a generally depressed sympathetic nervous system. 

Under such conditions a weak inspiration-related sympathetic 

discharge is only apparent after averaging, using the onset of the 

phrenic burst as a trigger (Cohen and Gootman, 1970, 1973). 2) 

Hypocapnia due to hyperventilation since in both the above 

mentioned studies the animals were paralyzed and ventilated with 
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positive pressure. In either case, no evidence of central 

respiratory activity (by recording phrenic nerve activity) was 

provided. 3) A reflex inhibition of sympathetic activity which may 

coincide with the phrenic burst thereby preventing the inspiratory 

burst of sympathetic discharge. A sympatho-inhibitory mechanism 

coincident with the phrenic burst is possibly mediated by arterial 

baroreceptors. During positive pressure ventilation, SAP increases 

during inflation (Tang et al., 1957). With intact vagus nerves 

pump-locking of the phrenic burst may occur (Petrillo et al., 

1983). If the phase-relation of phrenic to pump was such that lung 

inflation coincided with the phrenic burst, the increase in SAP 

produced by inflation could cause an inhibition of sympathetic 

activity at a time when the central respiratory influences would 

otherwise have produced an increase in SPN activity. Another 

hypothetical mechanism may involve pulmonary afferents. With 

intact vagus nerves, lung inflation coincident with the phrenic 

burst can produce an inhibition of sympathetic activity (see 

section •• ) to an extent that a respiratory modulated pattern of 

sympathetic discharge is no longer evident even in averaged records 

of sympathetic activity. This possibility is clearly illustrated 

in Figure 1 of Gootman and Cohen (1980) where lung inflation 

produced by a positive pressure, phrenic triggered, ventilator 

abolished all evidence of facilitation of sympathetic discharge 

during the period of phrenic discharge. The 

inspiration-synchronous facilitatory influence was clearly apparent 
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when lung inflation was withheld. 

Respiratory grouping of sympathetic discharge has been 

observed in animals with bilateral cervical vagotomy (see above): 

hence the grouping is not reflexly produced by cardiopulmonary 

vagal afferents activated, directly or indirectly, by lung 

inflation. Rather, enhancement of vagotomy of the respiratory 

modulation of sympathetic discharge has been reported by several 

investigators (Adrian et al., 1932; Okada and Fox, 1956; Cohen and 

Gootman, 1970). 

The first detailed analysis was presented by Cohen and Gootman 

(1970) based on data obtained in decerebrate, unanesthetized or 

urethane-anesthetized cat. The electrical activity of the whole 

splanchnic or cervical nerve was averaged over sev~ral respiratory 

cycles. Characteristically, the level of activity was low in early 

inspiration (1), increased to reach the maximum in mid-I and 

thereafter remained approximately constant during the rest of 1. 

When phrenic activity decreased abruptly, marking the end of l, so 

did the sympathetic activity. At the two phase transitions the 

change in sympathetic activity lagged behind the corresponding 

abrupt changes in phrenic nerve activity by 100-200 msec. During 

the early part of expiration (E) activity was at the minimum, after 

which it increased sl1ghtly to form a low plateau during mid-E and 

late-E. Procedures which increased or decreased phrenic nerve 

activity, like vagotomy, airway occlusion, changes in inspired 
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pCO~, changes in anesthetic levels or hemorrhage, resulted in a 

proportional change in the amplitude of the I-component of 

sympathetic activity. These authors suggested that the observed 

pattern of modulation of sympathetic neurons activity during the 

respiratory cycle resulted from synaptic input to sympathetic 

preganglionic neurons, or to antecedent neurons, provided by a 

particular type of brainstem respiratory neuron, the I-E 

phase-spanning neuron (Cohen, 1979). This was the first specifie 

neurophysiological nypothesis to be substituted to the prior 

undefined concept of "irradiation". Moreover, the complexi~ of 

the waveform described by Cohen and Gootman (1970), with two minima 

and two maxima for each respiratory cycle, suggests that the 

waveform may result from the superposition of several separate 

components. The components that have been characterized so far by 

further studies with both single unit and whole nerve recording 

will be discussed in the four sections that follow. 

a) lnspiratory-related sympathetic discharge (lRSD) 

Results of single unit analysis have contributed to 

understanding how this component of the respiratory modulation of 

sympathetic discharge is produced (Preiss et al., 1975). Two 

thirds of the spontaneously firing SPN's of the cervical 

sympathetic trunk fired during inspiration. One half of these 

units were silent during E and produced a burst of spikes, or a 

single spike, during l. The remainder of the units were active, at 
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the lowest frequency, durf ng E, and generated a burst f nI, durf ng 

whfch they reached their peak ffrfng frequency. The I-ffring had a 

fixed onset delay fram the start of the phrenic nerve burst. The 

smaller the number of spikes in the burst, the longer the delay 

fram phrenf c burst onset. Duri ng hypocapni a or hypercapnh the 

burst structure changed in a characterfstic manner. Wfth 

progressive hypocapnfa, spikes were deleted fram the burst 

according to their posiUon within the burst: earlier spikes were 

deleted at higher pCOL than late spfkes. With progressive 

hypercapni a, the i ns tantaneous ff rf ng frequency wi thi n the burs t 

increased. Earlier and earlier spfkes appeared as pCOL increased, 

progressively reduci ng the del ay of the sympathetfc burst onset 

from the phrenic burst onset. Increasi ng the excitabll i ty of the 

neurons, e.g. by activating a somatic afferent input which 

facilitated, but did not fire, the units, produced effects on burst 

structure similar to those produced by hypercapnia. These 

observations suggest that during the early part of thefr I-burst 

SPNs have a level of excitatfon lower than during the later part of 

the burst, f .e. that their membrane may be depolarizing in a 

ramp-like manner. Since the burst firing in 1 of phrenic a"d 

external intercostal motoneurons is due to a ramp-shaped composite 

EPSP (Berger, 1979) it is possible that the burst firing of SPNs in 

1 is driven by a similar input wavefonn to that which drives the 

burst fi ri ng of I-motoneurons. In addi ti on, the observatf on of a 

parallelism between changes in sympathetic and phrenic I-burst 
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during changes in pC0 2 (e.g. Preiss and Polosa. 1977) suggests the 

poss i bil i ty that the input wavefonn to both sets of neurons deri ves 

from a cOlIIIIon source. A hypothesi s of how the 1 RSD i s generated, 

based on the just-described observations. is as follows (Preiss et 

a1.,1975). The I-burst of SPN fidng is the result of a 

ramp-depolarizing input, the same inspiratory drive potential CIOP) 

which drives the I-motoneurons. Thi s IOP i s superimposed, in 

di fferent neurons and, for a gi ven neuron, in di fferent 

experimental conditions, on a membrane potential set by other 

synaptic input at various levels relative to firing threshold. In 

the case the membrane potential is well below threshold the neuron 

is silent in the absence of IOP. i.e. in E. The behaviour of the 

neuron in 1 will depend on whether the IDP i s subthreshol d 

(sil ence) or suprathreshol d (fi ri ng) • A suprathreshol d IOP may 

generate a single spike, a doublet or a burst depending on by how 

much and for how long the membrane potenti al is above threshol d. 

The de lay between IDP onset and spi ke generati on by the IOP depends 

on the level of membrane potential as well as the sile and the 

steepness of IOP. Depolarized membrane potentials, large and steep 

IOPs will result in short del ays, hyperpol arized membrane 

potent1als, small and shallow IDPs in long delays, i.e. in the 

latter case threshold crossing, if it occurs. will only occur at 

the peak of the IDP. In the cases in which membrane potential is 

at firing threshold due to the action of respiration-unrelated 

axci tatory synaptic input and the neuron fires tonically. the toP 
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wi 11 modul ate the fi ri ng frequency such that fi ri ng frequency wi 11 

start increasing at the IOP onset and will continue to increase 

during the rising phase of the IOP, reaching peak at the peak of 

the IDP. In these cases, the del ay between onset of IDP and onset 

of fidng frequency acceleration wnl be minimal, since the 

membrane potential is at threshold. In these cases the neuron 

fi res in E and accelE:.ratcas its fi ring frequency in 1. The 

previously described (:hanges in burst structure during hypocapnia 

or hypercapnia (Prei~5 et a1., 1975; Preiss and Polosa, 1977) can 

be explained, according to the just-proposed scheme, as follows. 

The number of spi kes per burst i s gradually reduced as arteri al 

pCO~ is progressively lowered. At some low pCOL levels the burst 

is suppressed. This occurs, presumably, because the size of the 

IDP is reduced by hypocapnia so that the IDP no longer can bring 

the membrane potential to threshold and/or because the membrane 

potenti al moves away from thresho1 d due to a decrease in other 

exc i tatory inputs caused by hypocapni a. Duri ng hypercapni a the 

number and frequency of spikes per burst increase. The de1 ay 

between onset of phrenic burst and first spike of the SPN burst 

shortens. This occurs, presumably, as a result of an increase sile 

and slope of the IDP and/or because the membrane potential gets 

closer to threshold due to activation of non-respiratory excitatory 

inputs. The IDP pushes the membrane potential above threshol d for 

a longer period of time and by 1 arger amounts, hence the fncreased 

firing within the burst. The first spike in the burst also occurs 
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burst also occurs earlier, due to the earlier threshold crossing. 

The above is, of course, hypothetical. Is there any evidence 

that the SPN shows a ramp depolarization in 11 Intracellu1ar 

recordings in SPN's of the cat revea1ed that such slow potentials 

can be observed in some neurons (Dembowski, personal 

communication). Very indirect evidence is the observation of a 

decrease, during inspiration, in the latency of the antidromic 

spike of the SPN, due to decrease in the initial segment 

spike-soma dendritic spike delay (Lipski et al., 1977). This 

observation was made on silent as well as tonica11y active SPN's 

and is consistent with depolarization of the SPN soma in 1. 

If the IRSO is generated by an IOP similar to that which 

drives the I-motoneurons, it is possible that the IOP of both SPNs 

and I-motoneurons results from the activity of bulbo-spina1 

I-neurons. Bulbospinal inspiratory neuron somata are concentrated 

in two main regions, the ventralateral nucleus of the sol itary 

tract, in the regi on referred ta as the dorsal respi ratory group 

(DRG), and in the region including the rostral portions of the 

nucleus ambiguous, nucleus retroambigualis, globil1y referred to as 

the rostral ventral respiratory group (VRG) (Euler et al. J 1973; 

Berger, 1977). The axons of bulbospinal I-neurons in both the VRG 

and DRG project to the contra1ateral spinal cord. Their axons are 

concentrated in two separate tracts, which run ventral and lateral 

to the ventra 1 horn. The axons cross the mi dli ne at the 1 eve l of 

the obex and terminate either directly onto phrenic and intercostal 
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motoneurons or on to antecedent interneurons. There are three 

lines of evidence against the hypothesis that the IDP of SPNs ;s 

due to activity of bulbo-spinal I-neurons. The first is that the 

bulbospinal respiratory neurons have an axonal modal conduction 

velocity of 30 m/sec (Richter et al., 1975) which is considerably 

faster than that of 2-3 mis established for descending 

sympatho-excitatory pathways (Coote and Macleod, 1984; Ciriello et 

al., 1986). The second is that electrical stimulation along the 

midline, in the region of the obex where axons of bulbospinal 1 

neurons cross, evoked short-latency excitation of phrenic 

motoneurons but no response of SPNs (Kubin et al., 1985). The 

third is that localized lesions of the spinal cord white matter can 

eliminate the IDP of phrenic motoneurons without affecting the IRSD 

and vice versa (Connelly and Wurster, 1985b). In these 

experiments, the IDP of phrenic motoneurons was eliminated by 

lesions of the ventral white matter of cervical spinal cord 

segments C2-C3, while the IRSD recorded in the inferior cardiac 

nerve was eliminated by lesions of the dorsolateral funiculus in 

the same segments. Thus the IDP is transmitted to the SPN by a set 

of neurons other than the bulbospinal 1 neurons. A candidate set 

has been recently proposed (McAllen, 1987). Neurons of the 

subretrofacial nucleus of the ventrolateral medulla have propertles 

suggesting that they provide a tonic facilitatory drive to the SPN. 

These neurons project to the intermedlo1ateral column of the spinal 

cord. Chemical activation of neurons in this region with 
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mfcrofnjections of glutamate results in excitation of SPNs, while 

lesions of this region depress SPN activity. A sample of single 

units from this nucleus, recorded with extracellular 

microelectrodes, showed marked inspiratory acceleration of their 

dfscharge. It;s possible, therefore, that the hypothetical IOP of 

SPNs is the result of this waveform being encoded in the discharge 

pattern of the bulbo-spinal, presumed sympatho-excitatory, 

subretrofacial neurons. 

b) Post Inspiratory Depression (PlO) 

This component of the respiratory modulation of sympathetic 

discharge was first identified by Cohen and Gootman (1970) as a 

period of minimum activity in the phrenic triggered averages of 

sympathetic discharges. A number of later studies have confirmed 

this finding (Seller and Richter, 1971; preiss et a1., 1975; 

Gerber and POlosa, 1978; Bainton et al., 1985; Gilbey et al., 

1986) • The abrupt onset of the fast decay of the phreni c nerve 

burst, which marks the I-E transition, is followed by a tail of 

decrementing, low level phrenic nerve activity (postinspiratory 

activity) which terminates about half way through E. With whole 

nerve recording (Seller and Richter, 1970; Bainton et al., 1985) 

sympathetic discharge is also seen to decay although less steeply 

than the phrenic burst, at the I-E transition. However, during the 

tiœ the phrenic nerve shows the tail of low level activity in 

early E, sympathetic activity is practically shut off. In other 

words, at the end of the 1 burst. sympathetic activity does not go 
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back to the 1 evel fllll1edi ately precedi ng the 1 burst onset. but 

undershoots this level and approaches zero. In whole nerve 

recording the suppression of sympathetfc discharge lasts 1-2 s 

(Seller and Richter. 1971). Some of the publfshed data (Janig et 

al ., 1980; Gootman et al •• 1980; Bai nton et al •• 1985) show that 

under some experimental conditions there is a very modest increase 

in sympathetic activity coincident with the phrenic burst. and yet 

there is an obvious depression of sympathetic discharge during 

post-inspiration. This suggests that the absence of sympathetic 

activity during this phase may not be due to a post-excitatory 

depression resulting from the previous firing in inspiration but 

rather due to an inhibitory synaptic mechanism. Also, with single 

unit recording. at times the magnitude of the PlO is out of 

proportion with the magnitude of the 1 burst which precedes it. 

Single units can fire at low frequency during 1. e.g. 3-4 Hz, and 

yet display a PlO (Preiss et al., 1975). Further along this lfne 

of reasoni ng i s the observati on (presented in chapter 2. fi gure 13) 

that high intensity SLN stimulation, which evoked a marked SPN 

discharge in hypocapnia, failed to evoke a similar response under 

normocapnic conditions durfng early E. In order to explain this 

result as post-firing depression, one would have to hypothesize 

that all the neurons recrufted by SLN stimul ati on in hypocapni a had 

a strong inspiratory firfng pattern in normocapnia and therefore 

were refractory to SLN stimulation in early E. The al ternative 
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hypothesis i s, of course, that a 1 arge fraction of the SPNs are 

synaptically inhibited during this phase. 

If PlO is due to synaptic inhibition, a possible source of 

this inhibition 15 the activity of early E or (post-inspiratory) 

neurons. These neurons fi re a burst of spikes wi th onset 20-50 

msec after the abrupt termi nation of the phrenic burst. These 

neurons fire wiU a decrementing frequency and terminate firing 

one-third to one-hal f through E. The properties of these neurons 

and their possible role in influencing sympathetic activity are 

considered in the General Discussion (Chapter 6, section 3b). 

With single unit recording (Preiss et a1., 1975; Preiss and 

Polosa, 1977; Gerber and Polosa, 1978) the post-inspiratory silent 

period ranges in duration from 0.2 seconds to LO seconds. The 

units with the lowest firing rates in Etend to show the longest 

duration of silent periode Ouring the post-I pedod SPNs are 

unresponsive to synaptic input as well as to di rect chemi cal 

excitation of their membrane. For instance, the burst of 

sympathetic fi ri n9 synchronous wi th the phrenic nerve burst i s 

missing when a phrenic burst occurs at a short time interval after 

the innediately preceding one. This observi:.tion was made for 

phrenic interburst interval s of the order of 300-500 msec (Bachoo 

and Polosa, 1987). Iontophoretic application, directly onto the 

SPN membrane, of the excitant amino acid glutamate failed to evoke 

firing during the PI phase in SPNs with inspiration-related 

di scharge (GO bey et al., 1986). 
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Concerning the possibility that the depression of SPN 

responsiveness duri ng the PI phase is due to rel ative 

refractoriness, the SPN spike 15 fo1lowed by a long lasting 

afterhyperpo1arization (AHP) due to a calcium activated potassium 

conductance, which may be up to 2-3 seconds in duration. At the 

peak of AHP the membrane potentia1 may be 10-15 mV negative to 

resU ng potenti al. Ouri ng the tfme course of the AHP responses to 

synaptic or di rect stimu1 ati on are depressed. The AHP may summate 

during repetitive activity (Yoshimura et al., 1986). It has been 

shown previously that an antidromically-evoked burst of SPN firing 

at frequencies as 10w as 5 Hz is fo1lowed by pro10nged suppression 

of the background (orthodromie) firing of the neuron (Po10sa, 1968; 

Mannard et al., 1977). Si nce some of the neurons exceed this 

firing during the 1 burst (Preiss et al., 1975; Baehoo and Polosa, 

1987), it is possible that PlO is due to the summation of relative 

refractoriness resulting from the preceding burst firing. 

e. Expiration-re1ated Sympathetic Oiseharge (ERSO) 

The question of whether any component of sympathetic discharge 

occurri ng duri ng E is locked to the respi ratory cycle under the 

usua1 condi ti ons of absence of sensory feedback, thus suggesti ng 

that it is driven by input from brainstem E-neurons, has not been 

addres sed sys temaU ca lly pri or to work by the author reported in 

ehapter 5 of th15 thes15. The main dHficu1ty with an experimental 
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approach to this question 15 the fact that the level of activity of 

brainstem E-neurons, under normal experimental conditions, is much 

lower than that of I-neurons. This is demonstrated by the absence 

of activity in E-motoneurons during eupnea (Bishop, 1967; Bainton 

et aL, 1978; Bainton and Kirkwood, 1979; Sears et al., 1982), a 

condition in which expiration is passive. On this premise it must 

be expected that even if synaptic connections existed between 

brai nstem E-neurons and SPNs, thei r effect on SPN fi ri ng woul d be, 

at best, weak and, therefore, difficult to detect. Thus, a 

conclusive demonstration of the presence or absence in E of a 

respiration-synchronous component of sympathetic discharge may be 

difficult to obtain unless something is done to increase the level 

of activity of brainstem E-neurons. The latter is the approach 

taken in the experiments to be described in chapter 5 of this 

thesis. 

In these experiments, the activi ty of brai nstem E neurons was 

stepped up by applying a threshold load to deflation (positive end­

expiratory pressure, PEEP) or by increasing chemoreceptor drive by 

sys temi c hypercapni a. As wi 11 be shown in that chapter, once 

brainstem E-neurons are turned on, the answer is unequivocal~ there 

15 a l ate expi ratory component of sympathetic di scharge, the 

magnitude of which is graded in relation to the level of reflex 

stimulation of E-neuron activity and which is locked to the 

respiratory cycle. Under particular experimental conditions, this 

E-component may become the most prominent respiration-synchronous 
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component of sympathetic discharge. Thus, when the E-component is 

present, sympathetic activity shows two bursts of firing during the 

respiratory cycle, one synchronous with inspiration and the other 

synchronous with late expiration. Two bursts of sympathetic 

discharge for respiratory cycle reach the cardiovascular effector 

ce 11 s under the se condit; ons. Due to fi lter; ng resul ti ng from the 

frequency-response relation of the sympathetic neuro-effector 

transmission system (see Introduction, Part II, section 7) SAP will 

not show two Traube-Hering waves per respiratory cycle at 

respiratory frequencies within the normal range. In particular 

experimental conditions, however, when respiratory frequency is 

abnormally low, it is possible to observe this phenomenon. An 

example is the observation we made in a vagotomized, paralyzed, 

artificially ventilated cat with a phrenic burst frequency of 4 

bursts per minute. The cat was mOderately asphyxie due to a 

partial obstruction of the airway, detected only after this 

particular phenomenon was observed. The SAP of the cat presented a 

regular oscillation which persisted when the ventilation pump was 

temporarily stopped and had the unusual feature of showing two 

oscillation cycles for each phrenic burst cycle. This pattern was 

stable thus showing synchronization of the SAP to the phrenic 

burst. Administration of a ganglionic blocker showed that the SAP 

oscillation was neurogenic. Although a detailed analysis of this 

phenomenon was not made, ft is likely that this was a case of a 

late-E burst of sympathetic diseharge intense enough to produce a 

k 
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marked response of the peripheral cardi ovascul ar effectors and, 

because of the long duration of the central respiratory cycle, a 

pressure wave distinguishable from that produced by the 

I-synchronous burst. Thus, during one cycle of phrenic nerve 

activity, presumably one SAP wave was driven by the I-synchronous 

burst, the other by the E-synchronous burst. 

The main concl usi on from the data to be presented in chapter 5 

of this thesis, in terms of the brainstem respiratory neurons which 

are likely responsible for generating the late-E component of 

sympathetic discharge, is that the late E neurons have the activity 

pattern best sui ted for provi di ng the drive that generates thi s 

component of sympathetic discharge. Other pub1ished descriptions 

of sympathetic di scharges in E have not provi ded cl ues as to the 

possible relation of the discharge to the activity of brainstem 

E-neurons. Thus, in the case of phreni c burst-tri ggered averages 

of sympathetic discharge, activity in expiration is described as 

increasing from a 10w in ear1y E to a high in late E and being at a 

lower l eve1 than reached duri ng 1 (Gootman and Cohen, 1970; Bai nton 

et al., 1985). A transient dec1ine in activity was described at 

the E-I transition (Bainton et al., 1985). Some authors have 

reported the occasional observation of a wave-l ike di scharge in 

l ate E (Kofzumi and Koll ai, 1987). These trajectori es of 

augmenting sympathetic activity during E may be the sign of an 

augmenting facilitatory input from brainstem E neurons but may a1so 

represent a slow recovery of the background activity unre1ated ta 
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respiratory drive after the post-I depression. 

There have been, in the past, reports that sympathetic 

activi ty i s greater in Ethan i s 1 (Bronk et al., 1936; Okada and 

Fox, 1967; Hagbarth and Vallbo, 1968; Eckberg et al., 1985). 

However, all these observations were made under conditions of 

intact sensory feedback loops and therefore these patterns of 

E-dominance may have been created reflexly rather than by central 

mechani sms. 

The data obtained in sino-aortic denervated, vagotomized rats 

(Czyzyk et al., 1987; Gilbey et al., 1986) revea1 another aspect of 

the process of respiratory modulation of sympathetic discharge 

which may result in greater activity in Ethan in l. Czyzyk et al 

(1987) reported that sympathetic activity in E, recorded from a 

whole nerve, is of the augmenting type and at a higher level than 

in 1. A single unit study (Gilbey et al., 1986), in the same 

spec i es and under the same condi tians of open sensory feedback 

loops, showed that almost all SPNs studied had 

respiratory-modulated firing patterns. Three-fifths of the units 

fired in E, the remainder in I. Thus, these results are consistent 

with the results of Czyzyk et al (1987). Concerning the mechanism 

of these E-firing patterns Gilbey et al (1986) made the interesting 

observation that in hypocapnia, while the 1 neurons became silent, 

the E-neurons maintained their firing which became continuous, i.e. 

lost the respiratory modul ation. Thus, the E-pattern of discharge 

of these units seems to be due to periodic suppression of their 
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act;vity dudng l, rather than to facilHation during E. A type of 

unit with similar behaviour had been previously described in the 

cat by Preiss and Polosa (1977). 

d) Early Inspi ratory Depressi on 

There i s sorne evi dence that duri ng the trans i ti on from 

expiration to inspiration there is a brief (50-100 ms) depression 

of sympathetic discharge. In comparison to the post-inspiratory 

depression, the early inspiratory depression is much smaller and 

not always apparent. Cohen and Gootman (1970) described a distinct 

depression of splanchnic activity during the early inspiratory 

phase when averaging sympathetic activity using the ons et of the 

phrenic burst as trigger. A similar observation has been described 

by Bainton et al (1985). This early inspiratory depression of 

sympathetic activity may be due to the SPNs experiencing 

disfacilitation of input from late expiratory neurons before the 

inspiratory input starts. 

4. Centrogeni c Respi ratory Modul ati on of Cardi ac Parasympatheti c 

Discharge 

An osci11 ation in heart rate synchronous with respiration, 

characterized by an increase in heart rate during inspiration and a 

slowing of heart rate in expiration was apparently first described 
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in the dog by Ludwig (1847). This respiratory oscillation in heart 

rate was later called respiratory sinus arrhythm;a (RSA, Her1ng, 

1930). Analysi s of this phenomenon showed that ;t persists in the 

absence of lung inflation in paralysed, artificial1y ventilated, 

dogs (Traube, 1865) and after sel ecti ve denervati on of the 1 ungs 

(Heymans, 1929). Therefore RSA i s not generated refl exly by 

sensory input related to lung inflation. Neithet' is it causally 

related to the oscillation in SAP produced by the mechan;ca1 

effects of ventilation via the baroreceptor afferents, since it 15 

e1iminated by hypocapnia despite persistence of the oscillation in 

SAP (Heymans, 1929). 8y exclusion, the mechanism of generation is 

1 ikely to be central. RSA persists after stel1ectomy (Heymans, 

1929) therefore it is not mediated by the sympathetic neurons. RSA 

is abolished by muscarinic antagonists or by section of the 

cervical vagus nerve during absence of lung inflation in the 

paralysed, arti ficially vent;l ated animal s (Anrep et al., 1936; 

Kunze, 1972). Thus, RSA ; s 1 i ke 1 y to be produced by a wax i ng and 

waning, synchroni zed to the central respi ratory cycl e, of the 

discharge of the parasympathetic pregang1ionic neurons which 

innervate the sinus node of the heart. These neurons are generally 

referred to in the li terature as cardhc vagal motoneurons (CVM) 

and this denomination has been adopted in this thesis as welle 

Electrical recording from single axons of CVMs in the cervical 

vagus nerve (Jewett, 1964; Iruchijima and Kumada, 1964; Katona et 

al., 1970; Kunze, 1972; Davidson et al., 1976) or from the 

-
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somadrendritie region of CYMs in the medul1a (with either 

extraeellular or intraeellular mieroe1eetrodes) (MeAllen and Spyer, 

1978; Gl1bey et aL, 1984) have elarified the mechanism of RSA. In 

anaesthetized eats or dogs, in normocapnia, CVMs fire at the 

highest frequency in expiration and at a mueh lower level, or are 

si1ent, in inspiration. This respiratory pattern of CVM discharge 

is generated by mechanisms in the CNS. It persists following 

bi1atera1 cervical vagotomy and wide thoracotomy which eliminates 

mechaniea1 respiratory oscillations in SAP. In hypocapnia, when 

the activity of brainstem respiratory neurons is decreased, the 

diseharge of the CYMs loses its respiratory modulation and becomes 

tonie; the level of activity in 1 increases with respect to the 

normocapnic level while the level in E stays more or less unchanged 

(Katona et al., 1970; Kunze, 1972). The change in pattern from 

normocapnia to hypercapnia suggests that the normocapnic pattern of 

respiratory modulation of these neurons resu1ts fram a depression 

in 1 rather than from facilitation in E of the background firing 

which mostly depends on excitation from arterial baroreceptors 

(Spyer,1982). Intraeellular recording (Gilbey et al., 1984) show 

that CYMs reeeive a burst of ch1oride-mediated IPSP's during 

inspiration. The amplitude and frequencyof the IPSP's increases 

progressively during the augmenting phase of the phrenic burst. At 

the tennination of the phrenic burst the burst of IPSPs ends 

abruptly. During the post-inspiratory phase these neurons reeeive 

EPSPs predominant1y of baroreceptor origin, while during late-E a 
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weak inhibition appears which 1s time-locked to the ffrfng of 

early-I neurons (Feldman, 1986). During l, EPSPs (presumably from 

baroreceptor afferents) are present but are dramatically reduced in 

amplftude, by comparison wfth their size durfng E, by the 

decreased neuron fnput resistance produced by the IPSPs. On the 

basfs of these observations and other data Gflbey et al (1984) 

suggested that the two synaptic inputs most significant in shaping 

the firing pattern of the CVMs are the phasic fnhibitory input 

during 1 From brafnstem 1 neurons which modulates at the 

respfratory frequency the tonic excitatory infact from baroreceptor 

afferents. 

5. Reflexogenic Respiratory Modulation of Sympathetic Discharge 

a) Lung Inflation 

Lung inflation can activ?te various sets of pulmonary 

recept~. 5, which in turn can excite or inhibit sympathetic neurons 

and CVM's thus producing a reflex respiratory modulation of their 

activity. The properties of various sets of pulmonary afferents 

that can be activated by lung inflation, including (a) threshold 

pressures (b) conduction velocities of the afferents {cl blocking 

temperatures (d) and the nerves carrying afferents; have been 

revfewed by Paintal (1973); Sant'Ambrogio (1982); Coleridge and 

Colerfdge (1984). The chest wall and diaphragm, which are also 

perfodically deformed during the act of breathing also contain sets 
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of mechano-receptors that have the respi ratory rhythm encoded in 

their activity (Shannon, 1980; Jammes et al., 1983: Duran, 1986). 

There i s no evi dence at present, however, that non-pul monary 

afferents activated by lung inflation can influence sympathetic 

neurons or CVM's activity. 

Lung inflation with large volumes produce a SAP fall due to a 

decrease in peripheral vascular resistance (Daly et al., 1967). 

This response is reflex and is mediated by the sympathetic system 

since it is aboli shed by bilateral cervical vagotomy and 

al pha-adrenergic block (Daly, 1967, 1968). Thi s response i5 

unrelated to the mechanical effects of lung inflation on cardiac 

output, since it is observed after barodenervation (Daly, 1968) and 

in preparations in which these mechanical effects are eliminated by 

a bilateral thoracotomy, and carotid nerve section (Daly, 1968). 

The decrease in peri pheral vascul ar res; stance i s graded wi th 

extent of lung inflation in the range of airway pressures From 10 

to 40 cm H/O (Daly and Robinson, 1968). The range of airway 

pressures below 10 cmH 20 has only been studied by Hainsworth (1974) 

in open chest ~ogs. lung inflation within this range produce an 

increase in the vascular resistance of the hind1imb. This is to 

date, the on1y repol't in the 1 i terature of an excitatory effect of 

lung inflation on vascular resistance. This effect was· also reflex 

and medi ated by vagal afferents and sympatheti c efferents. Th; s 
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effect is probab1y the periphera1 effect of the excitation by sma1l 

positive end-expiratory pressures of sympathetic neurons in 1ate-E 

to be described in chapter 5 of this thesis. Recordings of 

electdcal activity of sympathetic activity of sympathetic nerves 

have shown depression during lung inflation (Bronk et al., 1936; 

Gootman and Cohen, 1980; Bachoo and Polosa, 1986). 

It has been tacitly assumed that the reflex inhibition of 

sympathetic discharge by large lung inflations is produced by 

activation of pulmonary stretch receptor afferents, the same 

afferents which produce the Hering-Sreuer inspiration-inhibiting, 

expiration-excitatory reflex (Gootman and Cohen, 1970). However, 

the fact that the 1 ung infl ati on pressures used by most 

investigators to produce a sympatho-inhibitory effect are at least 

twice as large as the pressures generated during normal breathing, 

and the fact that coo1ing the cervical vagus nerve to a lOC 

temperature at which conduction is b10cked in mye1inated PSR 

afferents mediating the Hering-Breuer reflex failed to abo1ish the 

sympatho-inhibition suggests that this assumption is probably 

incorrect. It is more likely that the sympatho-inhibition produced 

by large lung inflations, is due to unmyel inated pulmonary vagal 

afferents which are activated by large lung volumes (threshold 

pressures 7-10 cmH",O; Sant Ambrogio, 1982). 

On the other hand, several studies have demonstrated a close 

paralle1ism between level of phrenic motoneuron activity and IRSO. 

It may be expected, therefore that the afferents producing the 
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Hering-Breuer reflex will (Trippenbach and Milic-Emili, 1977) will 

depress the IRSD as a secondary consequence of their 

inspiration-inhibitory action (Gerber and Polosa, 1978). This 

disfacilitatory action will be concurrent with sympatho-excitation 

in late E as a secondary consequence of the expiratory facilitatory 

action of these afferents. These two opposite and simultaneous 

actions of small lung inflations on the respiratory-modulated 

sympathetic discharge are well illustrated in Fig. 3 of the study 

presented in Chapter 5 of this thesis. This figure shows the 

simultaneous progressive decrease of the IRSD and progressive 

increase of the late E burst of the cat cervical trunk during 

application of PEEP between 2.5 and 7.5 cmHLO. 

Based on all the above evidence it is likely that reflexes 

elicited by lung inflation over a wide range of lung volumes can 

influence sympathetic discharge. This seems to be the result of 

the activation of at least two sets of reflex mechanisms. At the 

low end of the lung volume range, where only the myelinated 

afferents which produce the Hering-Breuer reflex are activated, it 

is possible that the resulting svmpathetic effects are mostly 

indirectly mediated by brainstem respiratory neurons. Thus, as a 

counterpart to the ~lering-Breuer expiratory promoting reflex, there 

is excitation of sympathetic neurons in late-E (Chapter 5 of this 

thesis) and, presumably, the peripheral vasoconstrictor described 

by Hainsworth (1974) in the doge As a counterpart of the 

Hering-Breuer inspiration inhibiting reflex there is the selective 
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depression of IRSD, described by Gerber and Polosa (1978). At 

hi gher 1 ung vol umes the refl ex effects of 1 ung i nfl ati on on 

sympathetic activity seems to be independent of effects on 

respiration. Thus, Gootman et al (1980) showed depression by large 

lung inflations of sympathetic dhcharge in E, unrelated to the 

respiratory cycle. Lipski et al (1977) showed a slowing in the 

progagation of the antidromic action potential of SPN from the 

initial segment to the somadendritic membrane by large inflation 

applied during E, suggesting a hyperpolarization of the membrane. 

It seems possible to conclude that the lungs can provide 

afferent signals capable of modulating the sympatheUc discharge at 

the frequency of lung inflation. Since modulation by the 

Hering-Breuer reflex afferents seems to act via brainstem 

respiratory neurons, modifying their activity level and hence the 

drive they provide to the SPN, this mechanism cannot be considered 

as separate from the central mechanism by which 1 and E brainstem 

neurons influence sympathetic discharge. Modulation of sympathetic 

di scharge by afferents other than those of the Heri ng-Breuer refl ex 

seems to be independent of the respiratory drive (Gootman et al., 

1980; Lipski et al., 1977) and constitute a real reflexogenic 

mechanhm by whi ch 1 ung i nfl ati on can modul ate sympatheti c 

discharge. 

b) Arterial Baroreceptors 

Reflex baroreceptor modulation of sympathetic activity is an 
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extensively studied feature of autonomic cardiovascular control 

(Kirchheim, 1976). Several studies have shown a reciprocal 

relation between arterial pressure and level of sympathetic outflow 

to kidney, abdominal organs, muscle and the heart (Ninomiya et al., 

1971; Gootman and Cohen, 1970). More recent studies have 

emphasized regional differences in the extent of baroreceptor 

control. For example, baroreceptor activation may reduce 

sympathetic outflow to sorne vascular beds (e.g. muscle) more than 

to others (e.g. skin); see Janig (1985). 

A modulation of sympathetic discharge at the respiratory 

frequency of ventilation can be produced by the effects of 

ventilation induced blood pressure fluctuations on the arterial 

baroreceptors. Tang et al (1957) observed that in artificially 

ventilated cats, in the absence of central respiratory activity due 

to systemic hypocapnia, section of the vagus nerves reduced the 

amplitude of the fluctuations in sympathetic discharge but failed 

to eliminate them. A wide bilateral, pneumothorax which markedly 

reduced the arterial pressure fluctuations also abolished the 

fluctuations in splanchnic nerve activity at the frequency of the 

respiratory pump. A similar result was ach1eved by carotid sinus 

nerve section. Tang et al (1957) suggested. therefore, that the 

ventilation synchronous pattern of sympathetic discharge was the 

result of the ventilation induced blood pressure fluctuations wh1ch 

modulated sympathetic act;vity through the reflex mechanism. There 

1s evidence that the role of the baroreceptor reflex in producing a 
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respiratory modulation of sympathetic discharge may vary under 

different experimental conditions, presumably as a result of 

changes in the sensitivity of ~et point of the reflex. Thus, 

Wurster and Connelly (1987) have reported that in cats with lesions 

of the pneumotaxic centre the component of the respiratory 

oscillation in cervical sympathetic trunk discharge due to the 

baroreflex was larger than the centrogenic component. 

c) Atrial Reflexes 

During inspiration blood flow to the right atrium increases, 

stretching the atrium. This may activate a reflex originating from 

atrial receptors activated by atrial stretch. Stretch receptors 

have been described in the atria of a variety of species (Donald 

and Sheperd, 1980). Two types of atrial receptors whose afferent 

fibres travel in the cervical vagus have been identified by Paintal 

(1973) and termed type A and type B v,l the basi s of the timi ng of 

their discharge in relation to the cardiac cycle. Type A units 

firing during the a-wave of the atrial pressure pulse and 

presumably monitor active tension developed during atrial systole. 

Type B receptors fire during the atrial V-wave and presumably 

monitor the change in atrial volume. It is not known whether the 

discharge pattern of these receptors is modulated by the 

fluctuations in venous return which occurs during the breathing 

cycle. 

The atrial receptors have been implicated in reflexes 
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affecting heart rate (Ledsome and Linden, 1964, 1967; Linden, 

1976), systemic vascular resistance (Lloyd, 1972; Mancia et al., 

1975) and control of fluid and e1ectro1yte balance (Henry et al., 

1956; Ledsome and Linden, 1967). Oistension of the venoatria1 

junction of 1eft or right atrium causes a reflex tachycardia 

(Linden et al., 1964). The afferent 1imb of this reflex involves 

sensory axons which travel in the vagus nerve and course along 

spinal nerves (Malliani et al., 1975). The efferent 11mb of this 

reflex invo1ves an increase in sympathetic activity and not a 

decrease in cardiac vagal tone. This reflex can also be evoked in 

C-1 spinal animals suggesting that participation of the brainstem 

is not a prerequisite. In regards to the sensitivity ot this 

reflex, Barnes et al (1979) have shown in conscious dogs, that a 

rise in mean left atrial pressure of one mmHg - produced by a 

saline load - can produce up to a 10% increase in heart rate. Due 

to this high sensitivity, these atrial reflexes could be activated 

by the respiratory oscillations in cardiac filling pressure and 

thus influence cardiac output (i.e. Bainbridge reflex). To date, 

no experimental demonstration of such a mechanism has been 

published. 

Activation of atrial receptors produces little effect on 

peripheral vascular resistance although it has been reparted to 

produce a pronounced inhibition of renal vasomotor activity (Mancia 

et al., 1975). Thus, if receptors generate a reflex respiratary 

modulation of sympathetic activity, this effect is likely ta be 

mainly exerted on the population of sympathetic neurons that 
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control heart rate. 

6. Reflexogenic Respiratory Modulation of Parasympathetic Cardiac 

Discharge 

Anrep (1936a,b) studied in dogs the reflex effects of lung 

inflation on heart rate in a sympathectomfzed preparation in which 

the head of the experimental animal was perfused with blood from a 

donor animal. When perfusion was made with hypocapnic blood, 

moderate lung inflation (10-15 cm HLO) produced a weak, 

inconsistent tachycardia. This response was pronounced whe~ higher 

inflation pressures were used (30 cm HLO). In hypocapnia the 

activity of brainstem respi,"atory neurons would presumably be 

depressed and any effect of lung inflation on heart rate would 

likely be due to a reflex connection directly between lung afferent 

and cardiac vagal motoneurons. When the head was perfused with 

normocapnic blood and central respiratory activity was evident, 

lung inflation with moderate volumes (10-15 cm HLO) produced a 

pronounced bradycardia. The pulmonary afferents responsible for 

this reflexly evoked bradycardia are likely to be those connected 

ta pulmonary stretched receptors. This reflex ;s evoked at normal 

tidal volumes and PSR's are known to be excited at low lung 

volumes. The reflex is well maintained during a static increase in 

lung volume and PSRs are known to be non-adapting. Cooling the 

vagus nerve at temperatures which block conduction in myelinated 
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PSR afferents abolishes the response. Since 1ung inflation did not 

produce a direct inhibition of CYMs (in hypocapnia) the mechanism 

of this bradycardia under normocapnic conditions is likely a 

secondary consequence of disinhibition of CVMs due to the 

inhibition of central inspiratory activity by the pu1monary 

afferents. Thus lung inflation affects the CVM's in opposite 

ways, by a direct inhibitory action and by a disinhibitory action 

resulting fram the inspiration-inhibiting Hering-Breuer reflex. At 

mode ra te volumes the effect mediated by the Hering-Breuer reflex 

dominates over the direct inhibitory action and the net effect is 

bradycardi a. 

Thus, as already discussed for sympathetic neurons, the lungs 

can provide afferent signals which can modulate the discharge rate 

of CYMs at the frequency of lung inflation. The modulation 

mediated by Hering-Breuer reflex afferents is indirect, resulting 

from modulation of brainstem l neuron activity and of the 

inhibitory input they provide to CYMs. Thus this mechanism is 

really part of the centrogenic modulation provided by the brainstem 

inspiratory neurons. The modulation mediated by afferents 

activated by large lung volumes, presumably different from those 

mediating the Herlng-Breuer reflex, seems independent of the 

respiratory drive, being present in hypocapnia, and represents a 

true reflexogenic mechanism of inflation related modulation of CVM 

activity. 
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7. Limitations of the Cardiovaseular System Response to the 

Modulation of Sympathetie and Cardiae Parasympathetie 

Diseharge by the Frequency Dependence of the System Response 

to Neural Input. 

The previous sections deseribed the mechanisms whieh may 

produee a respiratory rhythm in the diseharge of autonomie neurons. 

This rhythmic discharge of sympathetic and parasympathetic 

preganglionic neurons may produce a rhythmic modulation in the 

calibre of resistance vessels, in the capacitance of venous 

vessels, in cardiac contraetility and in heart rate. Each of these 

effects will contribute to a rhythmic modulation of SAP. The size 

of the modulation of these effector systems, and hence of SAP, 

depends mainly in the ability of these systems to faithfully 

translate the oscillating neural input into an oscillating 

response. Typically, the frequency response properties of 

cardiovascular effector cells are such that the response of these 

cells is slow (they behave like low pass filters). This property 

determines whether or not a rhythm present in the neural signal 

will produce an oscillation in effector cell activity and SAP. 

And, if it does, it determines the extent of attenuation of the 

effector response oscillation compared to the neural signal input 

oscillation. 
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al Resistance Vessels 

The resistance vessels' response to neural stimulation is also 

slow. In response to a "step" increase in the frequency of 

electrical stimulation of the lumbar sympathetic trunk in 

anaesthetized cats, hindlimb vascular resistance started to rise 

with a delay of 0.2 - 2.0 s from stimulus onset, rose during 

stimulation with an exponential time course which had a time 

constant of 3-12 sand when the stimul us was turned off, fel1 after 

a delay of 2-5 s at a rate slower th an the rate of rise (Rosenbaum 

and Race, 1968). Onset delay was shorter, and rate of rise faster, 

whi1e off-delay was longer, and rate of decay slower, with higher 

stimulus frequencies. Data more immediately applicable to the case 

of the respiratory modulation of sympathetic activity are those 

obtained in the sa me investigation using sinusoi .~al analysis. A 

stimulus of a given mean frequency (2 Hz) was frequency modulated 

by a slower sine wave of variable frequency. This stimulus pattern 

is reminiscent of the pattern of respiratory modulated activity 

sympathetic nerves, in which action potentia1 frequenc)' waxes and 

wanes during the respiratory cycle. This 3timu1us pattern does 

not, however, stimulate the waxing and waning of the number of 

firing neurons which occurs with respiratory modulation. This 

feature, i.e. recruitment of respiratory modulated units at 

different times in the cycle could also be mimicked by modulating 

the intensity of the stimulus; this wou1d provide a more accurate 

approximation of the natural pattern of activity. At any rate, two 

relevant pieces of information provided by this analysis are 
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'attenuation' and 'phase-relation' as a function of modulation 

frequency. Attenuation is described as the ratio of the amplitude 

of the respi ra tory osci 11 ati on at a given frequency to the 

amplitude at the same mean frequency during a step function test. 

Phase lag is defined as the delay between a given point of the 

response oscillation and the correspo.,ding point of the stimulus 

oscillation. In terms of respiratory modulation of sympathetic 

activity these plots permit prediction of the approximate extent of 

attenuation of the effector response osci1l ation at various 

respiratory frequencies as well as of the pha~~ of the respiratory 

cycle at which the response occurs. This analysis shows a "corner" 

frequency (the highest frequency transmitted without attenuation) 

of 0.016 Hz (approximately, one cycl e per mi nute). At 10 

cycles/min, a typical respiratory frequency, the response 

oscillation was redJced to approximately 5% of its original 

amplitude. The phase-lag increased as the modulation frequency 

increased: at only 3 cycles/min the oscillation in perfusion 

pressure is 140 0 out of phase with the sympathetic signal. These 

two features of a sine wave sympathetic signal are reminiscent of 

experimental data presented in chapter 4, Fig. 4. This figure 

shows an oscillation in perfusion pressure of the cat hindlimb, 

perfused at a constant flow. Each cycle of increase in perfusion 

pressure is preceded by a burst of sympathetic activity time-locked 

to the phrenic burst. Therefore thi s oscill ation i s presumably 

medi ated by that component of c;ympathetic activity produced by 

li 
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the inspiratory drive. The amplitude of these oscnlations is 

10-15 mmHg; however SLN stimul ation which • selectively' eliminates 

the i nspi ratory synchronous component of sympatheti c di scha rge for 

the duration of the stimulus (30 s) which pro duces a decrease in 

perfusion pressure of ~ 40 mmHg. This data suggests that: (1) 

because of slow frequency response characteri stics of the 

resistance vessels the oscillatory component of the signal is 

reduced to less than half its steady state value; (2) there is a 

180 0 phase del ay between the signal (the IRSD) ; nspi ratory 

synchronous sympatheti c component and the response (ri se ; n 

perfusion pressure); the delay is sufficient for the increase in 

perfusion pressure to coincide with expiration. 

b) Capacitance Vessel s 

The properties of capacitance vessels play a critical role in 

determining the right att'Ïal filling pressure and hence cardiac 

Ol;tput. The capacitance of venous vessel s, particul arly of the 

splanchnic circulation, is reduced by activation of the sympathetic 

nervous system (Rothe, 1983). 

In dogs, the maximum amount of blood that can be expressed 

from the systemic venous system as the system goes from full 

relaxation to full constriction has been estimated using 

sympatheti c blockade by hexamethoni um to cause rel axati on of the 

venous smooth muscle and norepinephrine to cause vasoconstriction 
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(Rothe,1976). At a mean circulatory f1111ng pressure of 10 nmHg, 

this averaged 15 ml/kg body weight. Stimulation of the splanchnic 

nerves in the vascularly 1solated abdominal circulation of the dog 

reduced capacitance by 7.2 ml/kg. An equivalent increase in 

preload produced by an i .v. saline volume load produced up to two 

fold increase in cardiac output. The following section describes 

the dynamics of the venous vessel s in response to sympathetic 

activation. 

Mell ander (1960) has shown that the frequency response curve 

of the capacitance vessel s to sympathetic nerve stimul ation, in the 

anaesthetized cat, is sigmoid and displaced ta the left of the 

frequency response curve of resistance vessels, which has a similar 

shape. Recent1y, Nilsson (1985) reported similar frequency 

response rel ationship to field stimul ati on in i sol ated venous 

segments from various parts of the circulation. In all venous 

segments the ha1 f maximal response was between 3-4 Hz. The 

hal f-maxima1 response of i solated arteri al segments was at 6-8 Hz 

(Nilsson, 1985). Thus in spite of a 1ess dense innervation of the 

veins by comparison with the arteries (Nilsson, 1985) the 

sympathetic pastgang1 ionic fibres can fully activate the veins at 

comparatively low rates of firing. A demonstration of respiratory 

modul ation of capaci tance vessel stone, presumab1y due to a neural 

mechanism, is provided by the observation of Browse et al (1967). 

Using the occ1uded limb technique in anesthetized dogs, 

fluctuations in venous pressure in the occluded 11mb and in SAP at 
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the respiratory frequency were described. A brief arrest of the 

ventilation markedly diminished the amplitude of the fluctuation in 

SAP, or suppressed it while the frequency and amplitude of the 

venous pressure oscillation in the occluded limb remained 

unaffected. These venous pressure waves could not be explained as 

a mechanical effect of ventilation since they were not abolished by 

cessation of artificial ventilation but were likely due to a 

respiratory modulation of sympathetic activity since they were 

abolished by extirpation of the lumbar sympathetic chain. 

The difference in the frequency response relation between 

resi stance and capacitance vessel s may be of functional 

significance in relation to the change in response that can be 

expected in response ta changes in sympathetic neuron fi ring rate. 

The tonic discharge rate is slow i.e. 1-2 Hz (Polosa, 1968). In 

the case of the capacitance vessels such frequencies are on the 

linear part of the frequency response relation, whereas in the case 

of the resistance vessels they are on the low non-linear foot of 

the frequency response curve (Folkow, 1955). Therefore changes in 

SPN firing frequency as they may occur during respiratory 

modulation of the firing may produce larger responses in 

capacitance than in resistance vessels. 

Another factor which may be significant in determining the 

effect of a respiratory-modulated sympathetic neuron firing on the 

capacitance vessels is the usually slower venoconstrictor response 

to a reflexly induced change in the level of sympathetic nerve 
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acthi ty by compari son wHh the resi stance vesse1 response. Guyton 

et al (1970) have reported a delay of 7-10 sec between a decrease 

in carotid sinus pressure and a measurab1e constriction of the 

veins detected as an increase in mean circu1atory fi11ing pressure. 

By comparison, the de1ay for a detectab1e increase in periphera1 

resistance following a drop in carotid sinus pressure was 

approximately 1 sec. Simil ar resul ts were obtai ned by Rol ewicz et 

al (1969) who examined the vasoconstrictor response obtained during 

'selective ' activation of the arterial and venous sympathetic 

nerves in the perfused hindpaw of the doge The increase in 

arterial resistance reached 68% of the maximal response 0.5 min 

after the onset of arterial nerve activation while at the same time 

venous nerve stimulation produced a response which was only 19% of 

maximum. 

The consequence of these properties of the veins, as far as 

the respiratory modulation of sympathetic activity is concerned is 

that at normal respiratory rates (10-15 breaths per min) the 

oscillating activity may not produce a corresponding oscillation of 

venoconstrictor tone and as a consequence, of cardiac preload. 

Factors which may contribute to the more slowly developing response 

of venous smooth muscle include the time for delivery of the 

transmitter to the smooth muscle following release from nerve 

varicosities, the rate of delivery of calcium to the contraction 

mechanism and the viscoelastic properties of the venous smooth 

muscl e (Rothe, 1984). 
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c) Heart Rate 

The frequency-response characteristics of the heart rate 

response to a sinusoidally modulated frequency of cardiac 

sympathetic nerve stimulation have not been determined 

experimentally (Chess et al., 1975). If one neglects the 

nonlinearities in the onset and decay characteristics of the 

cardioaccelerator response to sympathetic nerve stimulation then 

the corner frequency, f, can be predicted from the step function 

response using the formula f = 1/(2nt), where t is the time 

constant of the onset response (Chess and Calaresu, 1973). The 

accuracy of this formula has been demonstrated experimentally on 

the response of heart rate to vagal stimulation (Chess and 

Calaresu, 1973). From data of heart rate responses to step 

function stimulation of the inferior cardiac nerve in acute spinal 

cats (Bachoo et al., 1988) the predicted corner frequency is 0.5 

cycles/min (0.008 Hz): If this 'derived ' characteristic corner 

frequency could be verified experimentally it may go some way in 

explaining the almost total absence of a sympathetically mediated 

respiratory modul~tion of heart rate despite the numerous 

observations demonstrating a respiratory modulated discharge 

pattern of inferior cardiac nerve (Kollai and Koizumi, 1977,1979). 

The vagal mechanism of heart rate control is characterized by a 

fast frequency response. There is little attenuation of the 

oscillatory power of the signal at normal respiratory rates, the 
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corner frequency is ~ 5 cycles/min (0.7 Hz) and 90% attenuation 

on1y occurs at 24 cycles/min (0.4 Hz); in addition there is little 

evi dence of a phase 1 ag at normal respi ra tory rates. The fast 

frequency-response cha racteri sti cs of this neuro-effector system 

allows a more faithful translation of the temporal components of 

the incoming neural signal. 
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PROPERTIES OF THE INSPIRATION-RELATED ACTIVITY OF SYMPATHETIC 

PREGANGLIONIC NEURONES OF THE CERVICAL TRUNK IN THE CAT 
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1 NTRODUCTI ON 

In normal experimenta1 conditions a large fraction of 

sympathetic pregang1ionic and postganglionic neurone~ of the cat 

fire in rhythmic bursts, synchronous with inspiration (e.g. Cohen & 

Gootman, 1970; Preiss, Kirchner & Polosa, 1975; Barman & Gebber, 

1976). The rhythmic bursting persists in the absence of 

respiratory movements and following sino-aortic denervation and 

vagotomy. Therefore this rhythm is thought to be generated by 

central mechanisms (Tang, Maire & Amassian, 1957). Two hypotheses 

have been proposed to explain the mechanism of generation of this 

inspiration-re1ated component of sympathetic discharge. One 

attr'butes this firing pattern to facilitatory input from brainstem 

inspiratory neurones to sympathetic pregang1ionic, or to 

antecedent, neurones. This hypothesis receives support from 

observations of analogies in the responses to a variety of stimuli 

of inspiratory motoneurones and of sympathetic preganglionic 

neurones with inspiration- re1ated firing pattern (Preiss, Kirchner 

& Polosa, 1975; Preiss & Polosa, 1977; Gerber & Po1osa, 1978, 1979; 

Conne11y & Wurster, 1985). The other hypothesis proposes that the 

inspiration- related activity of sympathetic neurones 1S driven by 

a hypothetical neural oscillator, independent of, but coup1ed to, 

the brainstem respiratory oscillator, and entrained to the latter 

at normal respiratory frequencies (Koepchen, 1962; Barman & Gebber, 

1976) • 
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In the present study an analysfs was made of the temporal 

structure of the inspiration-related sympathetic burst and 

experiments were performed to clarify its generation mechanism. 

Specffically, these experiments were aimed at the question of 

whether or not the relation of ~ympathetic to phrenic nerve 

activity showed behaviour expected of a system of two coupled 

oscillators (Pav1idis, 1973). Therefore, the phase-de1ay between 

the two bursti ng rhythms \'1as exami ned under condi ti ons in whi ch the 

respiratory oscillator was forced to assume frequencies different 

from fts natura1 frequency, both in the transient and in the 

steady-state. To this end respiratory frequency was modified by 

various means, which include changes in body temperature and 

stimulation of vagal or superior laryngeal nerve afferents. 

METHODS 

Cats of either sex were used (2.5 to 4.5 kg). Anaesthesia was 

obtained wfth pentobarbitone (35 mg/kg i.p., followed by i.v. 

supplements of 9 mg/kg every 3 hl. With this dosage the withdrawa1 

reflex on pinching forepaw or hindpaw was suppressed for the 

duration of the experiment. After cannulation of the trachea, all 

anima1s were artificially ventilated, while continuously monitoring 

tidal CO~ concentration with an infrared gas analyser and tracheal 

pressure wfth a strain gauge, and paralysed with pancuronium 

bromide (initial dose 200 ~g/kg followed by maintenance doses of 
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100 ~g/kg given I!very 2-3 h, when the effect of the previous dose 

had worn off, as ev; denced by the appearance of spontaneous 

breathing movements, and after testing for adequancy of the 1 evel 

of anaesthesia). Artificial ventilation was adjusted to obtain, in 

control conditions and during ventilation with room air or with 

100% 0L' end-tidal PCO of between 30 and 45 nm Hg. A respiratory 
L 

pump rate of 15 to 18 cpm and peak tracheal pressure of 4-6 cmHLO 

were used in control conditions. In some experiments, in which 

hi gh respi ratory pump frequenc i es were used whi ch 

resulted in hyperventilation, COL mixtures in DL were used to 

maintain end-tidal PeoL close to control values. In these cases in 

control conditions ventilation was with 100% O~. An artery and 

vein were cannulated for continuous recording of systemic arterial 

pressure and for injection of drugs, respectively. Rectal 

temperature was maintained at 37°C by means of a servo-control1ed 

infrared heat lampe 

The electrical activity of the whole phrenic nerve and 

cervical sympathetic trunk was recorded monophasically, after 

desheathing, with silver hook electrodes, amplified (bandpass JO Hz 

to 10 KHz), displayed on an oscilloscope and stored on magnetic 

tape. After hal f-wave rectification and low-pass ffltering (Re 

circuit with 100 ms time constant'. the electrical activity was 

al so dhpl ayed on a pen recorder. These recti fi ed, 10w-pass 

fil tered, records of neural acti vit Y are usual1y referred to in the 

l iterature as "integrated" actfvity. The level of "zero" actfvity 
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for the recording of the cervical sympathetic trunk was obtained by 

applying procaine to the nerve or by erushing the nerve proximal to 

the recording eleetrode. Thin filaments were dissected from the 

cervical sympathetic trunk, under a dissection microscope, for 

single unit recor'di ng. All units studied were spontaneously fi ri ng 

in control conditions. In 7 cats the central end of the eut 

i nternal braneh of the superi or l aryngeal nerve was desheathed and 

mounted on a pair of silver hook electrodes for stimulation. 

Monophasic square wave pulses (0.2 ms duration) from a stimulator 

were delivered through a stimulus isolation unit. Trains of 

stimuli were del ivered at se1ected times during the respi ra tory 

cycle, by triggering the stimulator at variable delays from phren'jc 

burst onset wi th a square-wave pul se obtai ned at the onset of the 

burst. All nerves were kept under mineral oil in a pool made with 

the skin flaps. 

In al1 animals the aortic nerves were bilaterally identified, 

separated from the vagus nerves and eut. The vagus nerves were 

also eut bil aterally in the neck except in the experiments of 

entrai nment of the respi ra tory ose 111 ator ta the respi ra tory pump. 

The earotid sinus nerves were also bilaterally cut in all 

experiments, exeept in those in wh1ch the effects of baroreceptor 

activation on the 1nspirat10n-related sympathet1e discharge were 

studfed. In the text, the tenn inspiration is used to define the 

ph.lse of phrenie nerve act;vity from onset to beginning of rapid 

dec1ine, while the interval between end of one inspiration and 



c 

c 

106 

onset of the next is defined as expiration. Lung inflation 15 

indicated by the increase in tracheal pressure caused by the 

resp; ratory pump. The phase-rel at; on of the resp; ratory pump cycl e 

to the central resp;ratory cycle is defined by the delay (in ms) 

between onset of phrenic nerve burst and onset of rise in tracheal 

pressure. S;milarly. the phase-rel ation of the sympathetic burst 

cycle to the central respiratory cycle is defined as the delay (in 

ms) between phrenic burst onset and sympathetic cervical burst 

onset. Thi s measurement i s al sa referred to in the text as 

phase-delay. Entrainment of the phrenic nerve burst cycle to the 

respiratory pump cycle refers to the cond;tion in which the 

periodic changes in lung volume, caused by the respiratory pump. 

affect the rhythm of phreni c nerve activi ty such that 1 ung 

inflation occurs with a fixed delay, which is a function of pump 

frequency, following phrenic burst onset. Intrinsic frequency of 

an oscillator is defined as the frequency ;n the absence of input. 

RESULTS 

a) Pattern of Sympathetic Discharge In Inspiratfon 

When the electrical activity of the whole cervical sympathetic 

trunk was recorded under normal experimenta 1 cond; ti ons. a burst of 

spikes was observed in close temporal relation w;th the phrenic 

nerve burst (Fig. lA and B). The peak ampl itude of the sympathetic 

burst increased or decreased when phrenic burst amplitude increased 
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FIGURE LEGENDS 

The inspiration-related sympathetic discharge. A: 

recording of the electrical activity of the phrenic 

nerve (upper trace) and cervical !'JI1Ipathetic trunk. 

B: same records as in A after ha1 f-wave 

rectification and low-pass filtering (time constant 

100 ms) • 
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Relation between phrenic (Phr) and cervical 

sympatheti c trunk (esT) burst di scharge at vari ous 

1 evel s of central respi ratory drive. Each trace i s 

the average of 20 sweeps. (A) A decrease in central 

chemical respiratory drive by hyperventilation in air 

has equivalent effects on the phrenic and sympathetic 

bursts. Even at the lowest levels of PCOL which 

produced rhythmic phrenic nerve activity (iii) 

there was an associated sympathetic discharge. (B) 

Increasing level s of pentobarbitone anesthesia cause 

an equivalent depression of phrenic and sympathetic 

bursts. 
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or decreased with changes in COL or anesthetic level (Fig. 2). 

Onset and termination of the sympathetic burst occurred in a fixed 

time-relation to onset and termination of the phrenic nerve burst. 

for a given set of experimental conditions, and were delayed with 

respect to the latter. A measure of the constancy of time 

relation. the standard deviation of the phrenic to sympathetic 

burst onset delay, is shown in Fig. 9. The onset delay of the 

sympathetic burst varied inversely with end-tidal pend (Fig. 3) as 

would be exppcted if the output of brainstem inspiratory neurones, 

which is also known to vary inversely with end-tidal peo,! (Cohen, 

1968), W.lS providing the synaptic drive for the burst. The delay 

varied al so with the level of anesthesia and was longest at the 

highest anesthetic doses (not shown). The values for onset delay 

shown in the figure are typical for the group of animals studies. 

After the onset, the contour of the low-pass fil tered i nspi ration­

related sympathetic wave showed one of two trajectories. The most 

frequent trajectory (22 cases out of 26) was characterized by an 

initial progressive increase in amplitude, reaching its maximum 

during the initial part of the phrenic nerve burst (approximately 

during the first 30% - 40% of the phrenic nerve burst duration); 

afterwards, ampl itude stayed approximately constant for the 

remainder of the duration of the phrenic nerve burst (Fig. 4A). 

This waveshape will be referred to as square wave-lfke. In 

the remaining 4 cases the trajectory was a replica of the 
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Effect on the phrenic (Phr) to sympathetic (CST) 

burst onset de1ay of various levels of end-tidal 

PCO.::! . Each trace ; s the average of 25 sweeps, t imes 

(ms) indicate the delay at the respective end-tidal 

PCO ~. Increasing pCC L from a rel atively hypocapnic 

(1) to a nc,rmocapnic (ii) level decreases the delay 

by 20 ms. Hypercapnia (i i i) & (i v) produces further 

decrease in delay. Arrows indicate onset times. 

End-tidal pCO
l 

values in (ii), (Hi) and (h) were 

obtained by ventil ation with CO 2-containing g!S 

mi xtures. 

( 
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FIG. 4 eomparison of phrenic bursts (Phr) and inspiration­

rel ated bursts (recorded in the cervical sympathetic 

trunk, eST). Rectified, low-pass filtered whole 

nerve recordings. A and B are from two different 

cats. Each trace i s the average of 25 sweeps. A: 

the most commonly observed sympatheti c waveform has a 

square-wave shape. B: exceptionally, the 

sympathetic waveform has the same ramp-shape as the 

phrenic waveform. 
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trajectory of the low-pass fi 1 tered phrenic nerve burst, i.e. 

amplitude increased progressi ve1y reaching i ts peak in approximate 

coincidence with the peak of the phrenic nerve wave (Fig. 48). 

Thi:) waveshape will be referred to as ramp-l ike. After the 

occurrence of the peak of the phreni c wave, both types of 

trajectories decayed to the pre-burst activi ty 1evel (3 of 26), or 

to be10w it (23 out of 26), at a rate simi1ar to, or slower than, 

that at which phrenic nerve activity decayed. Inspirat;on-re1ated 

sympathetic discharge was present, in control ronditions, in all 

the animal s studi ed. The di scharge persi sted without attenuati on 

after i .v. administration of up to 20 mg/kg hexamethonium bromide, 

which suggests that it was recorded From preganglionic axons. 

Tlie temporal characteristics of the inspiration-synchronous 

sympathetic discharge were examined in 20 units of the cervical 

sympathetic trunk. These units were silent during expiration and 

discharged a burst of spikes during inspiration. The inspiratory 

burst, in various units, was made of from 3 to 32 spikes (Fig. 5). 

For a given unit and for a given set of experimental conditions the 

number of spikes in the burst was remarkably constant. The times, 

during the phrenic nerve burst, at which these units were first 

recrufted are shown in Fig. 6. The majority (16 out of 20) was 

recruited during the first 30% of inspiration. Once recruited, the 

maj ori ty of uni ts fi red at a frequency s imfl ar to the onset 

frequency. Thus, the ratio of the last to the first interspike 

interval of the burst was, on average, 1.15 ± .42 (n=20, p 0.01). 
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Fi ri ng patterns of sympathetic pregangl ionic units 

during their inspiratory burst. Four different units 

are shawn, generating bursts with different numbers 

of spikes. Top trace in each panel is -low-pass 

filtered phrenic nerve burst. Calibrations under B 

and 0 apply al so to A and Ct respect; velYe 
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Cumulative histogram of recruitment times of 

sympathetic units during inspiration. Recruitment 

tfme ;s tfme between phrenic burst and sympathetic 

unit burst onset. This time is expressed as fraction 

of inspiration duration (Ti). N = 20. 
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For the same 20 units. 65 t of the intraburst interspike intervals 

fo110wing the first were within ± 20% of the first interva1. This 

is in contrast with the intraburst firing pattern of phrenic 

motoneurones which is characterized by a progressive acceleration 

of frequency during the burst (Iscoe, Dankoff, Migicovsky & Po1osa, 

1976). 

b. Experimental Tests of the Coupled Oscfllator HYpothesfs 

f) Superfor Laryngeal Nerve Stimulatfon: Phase-Response 

Curves 

The properties of a biological oscil1ator can be characterized 

by the effect of a stimulus, presented at different times (or 

phases) of the cycle, on the duration of the same cycle, i.e. its 

phase-response curve (Pavl1dis, 1973). It is known that superior 

laryngea1 nerve afferents can reset the rhythm of the phrenic 

motoneurones' burst (Larrabee & Hodes, 1948). On the basis of the 

coup1ed osci11ator hypothesis, mentioned in the introduction, the 

premise for this experiment (performed on 7 cats) is that any 

phase-advance or phase-delay, caused in the cycle of the 

respiratory osci11ator by the stimulus, would resu1t in the output 

of this oscillator reaching the hypothetical sympathetic oscillator 

during a different phase of its cycle. Hence, it is predicted that 

the phase delay between the outputs of the two osci11ators shou1d 

bp different from that observed in the unstimulated condition 

(Pavlidis,1973; Jalife, 1984; Delmar, Jalife & Michaels, 1985). 

Electrical stimuli (trains of 4 stimuli at 200 Hz, 0.2 ms, 0.2 
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Identity of the resetting effect of a train of 
stimuli to the superior laryngeal nerve (4 stimuli at 
200 Hz, 0.2 ms, 0.2 mV) on the rhythm of the phrenic 
and of the inspiration-related sympathetic discharge. 
This effect is displayed in the graph as the change 
in cycle duration on the ordinate (expressed as a 
fraction of control) caused by stimuli presented at 
various times of the cycle (shown on the abscissa and 
expressed as cycle phase, i.e. fraction of cycle 
duration). Plus and minus signs indicate 
prolongation and shortening, respectively. Arrow on 
abscissa indicates end of the inspiration phase of 
the cycle. Inspiration onset is at the origine 
Superior laryngeal nerve stimulation prolongs the 
period of the phrenic and of the inspiration-related 
sympathetic discharge except when delivered during 
the last part of inspiration. Insets show phrenic 
nerve (top) and sympathetic waveform in control 
conditions (C) and for stimulation (arrow) in middle 
(i) and late (ii) inspiration and late expiration 
(iii). Notice that the two waveforms have similar 
shapes and maintain the same temporal relation to 
each other during curtailed or prolonged cycles as in 
the control, unstimulated, cycles. Each point in the 
graph is average ± S.D. of 20 cycles. Each waveform 
in insets is average of 10 sweeps. Notice similarity 
of phrenic and sympathetic waveforms. 
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mY) were delivered to the central cut end of the superior laryngeal 

nerve every fifth respiratory cycle, at various delays from the 

onset of the phrenic nerve Durst. Fig. 7 shows the resulting 

phase-response curve for phrenic nerve and inspiration-related 

sympathetic discharge, i.e., the changes in cycle duration (or 

phase shift, expressed as % of control) as a function of the time 

of the cycle (expressed as a fraction of the normalized cycle 

duration) at which the stimulus was delivered. Except for the 

shortening of the cycle caused by stimuli delivered during the last 

part of inspiration (Fig. 7ii), at all other times of the cycle the 

effect of stimulation was a prolongation, which varied in magnitude 

in a chdracteristic manner with stimulus timing. The significant 

finding, in relation to the hypothesis being tested, was that the 

phase-shift caused by the stimulus was the same for both phrenic 

and inspiration-related sympathetic discharge, i.e. the two 

waveforms maintained the same temporal relation to each other 

during the curtailed or prolonged cycles as in the unstimulated 

cycles. An additional observation was that stimuli delivered 

during inspiration caused characteristic changes in the phrenic 

waveform which were always associated with equivalent changes in 

the wavefonn of the inspiration-related sympathetic discharge Ce.g. 

Fig. 7 (i) as described earlier CBachoo & Polosa, 1985). 
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11) Entra1nment of the Phren1c Nerye Burst to Chang1ng 

Respiratory Pump Rates 

In another experiment (performed on 6 cats) the periodic 

stimulus provided by phasic lung inflation was used to mOdify in a 

stable manner, i.e. entrain, the cycle duration of the brainstem 

respiratory oscillator. For a system of two coupled oscillators, 

entrainment is produced by the periodic input from the driving 

oscillator modifying the period of the driven oscillator on a cycle 

by cycle basis (von Holst, 1939). Stable entrainment in a 

one-to-one ratio between driving and driven oscillator frequencies 

is 1imited in the case of described neural osci11ators, to a narrow 

range of frequencies bordering the intrinsic frequency of the 

driven osci11ator (Pinsker, 1977b; Ayers & Se1verston 1979). 

Within the limits of stable one-ta-one entrainment, a change in 

frequency of the driving input will shift the phase at which the 

input reaches the driven oscillator, according1y modifying the 

period of the driven osc111ator such that equality with the period 

of the rhythmic input is achieved. When the period of the driving 

oscillator is too different from that of the driven oscillator, 

entrainment ratios different from one will occur (Pav1idis, 1973). 

If the bursting rhythms of the phrenic nerve and of the cervical 

sympathetic trunk were the result of the activity of such coupled 

oscHlators, a varying phase-delay between the respective waveforms 

at dffferent frequencfes would be expected. In addition, the 

frequencies at which stable one-to-one entrainment of the two 
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Relation between phrenic and sympathetfc burst 
discharge during entrainment of the phrenic nerve 
burst to changing respiratory pump rates. Cat wfth 
intact vagus nerves. The plot shows on the ordinate 
the de1ay in ms between phrenic and sympathetic burst 
on sets (open circ1es) at various phrenic burst 
frequencies (abscissa) obtained by changing 
respiratory pump frequency in a range within which 
there is a 1:1 ratio of pump to phrenic burst 
frequency. Crosses indicate de1ays in ms between 
onsets of phrenic burst and of lung inflation 
(measured as tracheal pressure) at the various 
phrenic burst frequencies shown on the abscissa. 
Notice relative constancy of the delay between 
phrenic and sympathetic burst. In contrast, notice 
large variation in the delay between phrenic burst 
and lung inflation, which is typical of biologica1 
oscil1ators driven by a periodic synaptic input of 
varying frequency, as may be generated by another 
osci11ator (Pav1idis, 1973; Pinsker, 1977; Ayers & 
Selverston, 1979). Insets show samp1e records of 
tracheal pressure (T.P.), phrenic (Phr) and 
sympathetic (CST) discharge from the same experiment 
plotted in the graphe At the 10west respiratory pump 
frequency (right most records) inflation occurs in 
expiration and is associated with a burst of 
sympathetic discharge as described previously (Bachoo 
& Po10sa, submitted). Each point on graph is average 
of 20 cycles. Each wavefonm in insets is average of 
10 sweeps. 
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waveforms cou1d be maintained wou1d be 1imited to a range borderfng 

the intrinsic frequency of the hypothetica1, driven, sympathetic 

osci1lator. Alternative1y, if the inspiration-related sympathetic 

waveform is the result of t;.I~ sympathetic preganglionic neurones 

sharing with phrenic 'nJt0rleurones input from the respiratory 

osci11ator, the two waveforms may be expected to maintain a 

constant time delay at a11 frequencies. 

Sensory input, presumab1y from pulmonary stretch receptor 

afferents, generated by lung inflation dt various frequencies, was 

used to entrain the respiratory oscillator to the respiration pump 

(Cohen, 1969; Vibert, Caille & Segundo, 1981; Petri110, Glass & 

Tri ppenbach, 1983) and thereby change the respi ratory osci 11 ator 

frequency, within limits, by changing ventilation pump frequency. 

The resu1ts of such an experiment are shown in F;g. 8. Within the 

ventilation pump frequencies of 13 and 39 cycles/min, at constant 

tidal volume, the ratio of phrenic nerve burst rate to pump rate 

was one. The phase-del ay between the phrenic nerve burst and the 

trachea1 pressure trace (the latter giving an indication of the 

time course and amplitude of the input) changed in a 

characteristically smooth manner over this range of frequencies 

(Fig. 8 crosses) from 900 ms to near zero. This is a behaviour 

typical of biological oscillators driven by periodic synaptic input 

of variabl~ frequency, as may be generated by another oscillator 

(Pavlidis, 1973; Pinsker, 1977a; Ayers & Selverston, 1979). In 
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contrast, over the same range of frequencies the phase-delay 

between phrenic nerve burst and inspiration-related sympathetic 

dfscharge remafned approximate1y constant (Fig. 8, open circles). 

A small increase (by 8 ms) at the higher frequencies was within the 

magnitude of change that can be observed as a result of changes in 

excitabi1ity of the sympathetic preganglionic neurone or in the 

magnitude of the input. This trend can be accounted for by the 

changes in end-tidal PCO which occurred with changes in 
L 

respiratory pump frequency between l3 and 39 cpm. In a typical 

experiment, end-tidal PCO varied from 48 mmHg at the lowest 
L 

frequency to 35 mmHg at the highest frequency. At frequencies 

greater than 18 cpm COL was administered to the animal to prevent 

marked hypocapnia. At constant, high respiratory pump frequency, 

an increase in de1ay of comparable magnitude was observed when 

end-tida1 PCO~ was changed within this range (see Results section 

1) by switching From ventilation with various CO,-containing gas 
L. 

mixtures to ventilation with room air. Thus, Fig. 8 shows an 

absence of changes in the phase-delay between phrenic and 

inspiration-re1ated sympathetic discharge in the frequency range in 

whfch a one-to-one relation between respiratory pump and phrenic 

nerve burst frequencies existe Analogous results were obtained in 

the other 5 cats in which a similar experiment was performed. It 

should be mentioned that outside che range of frequencies in which 

one-to-one phase-locking between phrenic burst and respiratory pump 

frequency occurs, entrainment ratios of phrenic to pump frequency 
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greater or sma11er than one occurred, as described in Petri110, 

Glass and Trippenbach (1983). The inspiration-re1ated sympathetic 

discharge a1ways dup1icated the phrenic behaviour and maintained a 

constant phase de1ay relative to the phrenic nerve burst. Thus, 

constancy of the phase delay between the inspiration-re1ated 

sympathetic discharge and the phrenic nerve burst was observed 

under a11 relations of phrenic frequency to pump frequency 

studied. 

f1f) Hyperthermfe Hypoeapn1c Polypnea 

The phase-de1ay of the inspiration-re1ated sympathetic 

discharge to phrenic nerve burst was studied under conditions in 

which changes in phrenic nerve burst frequency greater than those 

caused by superior 1aryngea1 nerve stimulation or by lung inflation 

were produced. In two vagotomized, sino-aortic denervated, 

para1ysed, artifici al1y venti 1 ated cats hyperthermi a (42°C rectal 

T) produced by radiant heat was used to induce poljpnea. In one 

cat, in normocapnia, the frequency of the phrenic nerve burst 

increased from 15 bursts/min at 37°C to 36 bursts/min at 42°C. A 

further increase in frequency, to 324 bursts/min, was obtained 

when, at a temperature of 42°C, the anima1s wsd made hypocapnic by 

hyperventilation in air (end-tida1 Peo 10 mmHg; Cohen 1964, 
L. 

Monteau, Hilaire & Ouedraogo, 1974). Similar results were obtained 

in the other cat. The inspiration-related sympathetic discharge 

frequency maintained a one-to-one relation to the phrenic burst 

frequency over the whole range of frequencies. Fig. 9 shows that 
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Phase-relation between phrenic and sympathetic burst 

discharge during hyperthermic-hypocapnic polypnea in 

a vagotomized cat. The table shows that the de1ay 

between phrenic and sympat~et;c waveforms varies 

little within the wide t'ange of respiratory cycle 

durations obtained in this experiment. Each value is 

the mean of 40 measurements. See text for possible 

explanations of the increase in delay at the highest 

frequency. A, Band C show the average waveform (40 

sweeps) recorded at cycle duration values of 3800, 

450 and 185 ms. Arrow heads indicate delay. Phr: 

phrenic. eST: sympathetic cervical trunk. 
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... ... 

------ 200 ms 

PHRENIC TO SYMPATHETIC BURST DELAY AT VARIOUS RESPIRATORY CYCLE DUKATIONS 

CYCLE 
DURATION (ms) 3800 1060 760 300 185 

DElAY (ms) 
MlAN ! 5.0. 43! 2.7 41 ct 2.6 42! 2.7 47 ct J.8 60 ct 4.3 
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the phase delay between the two waveforms varied relati vely li ttle 

in spite of a 20-fold change in frequency, being 43 ms in control 

conditions and 60 ms at the highest respi ratory frequency. The 

increased delay at the highest frequencies (an increase of less 

than 1% of control cycle period) can be attributed to changes in 

the excitabil ity of the pregangli onic neurone as well as in the 

properties of the synaptic drhe, resul ti ng from factors such as 

hypocapnia (see Fig. 3), hyperthermia and high bursting rates. An 

additional feature to be noted in Fig. 9 is that the relative 

constancy of the phrenic burst onset - sympathetic burst anset 

del ay over the whol e range of frequencies causes the greatest part 

of the sympatheti c burst ta occur duri ng the expi ratory phase of 

the respiratory cycle at the highest respiratory frequencies. 

c. Cases of Absence of Inspiratfon-Related Sympathetic 

Discharge in the Presence of Central Insp1ratory Acthity 

The picture emerging from the experiments described in the 

previous section is one of a tight relationship between phrenic and 

sympathetic burst acthi ty. Thi s picture i scons i stent wi th 

results of previous experiments demonstrating parallel changes of 

the two bursts in a number of di fferent experimental si tuati ons 

(changes in systemic PCOL , Preiss & Polosa, 19.,7, Connelly & 

Wurster, 1985; lung inflation, Gerber & Polosa, 1978; superior 

laryngeal nerve stimulation, Gerber & Polosa, 1979, Bachoo & 
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Di sappearance of i nspi rati on-rel ated sympatheti c 

discharge during the arteria1 pressure increase 

caused by injection of noradrenaline (5 I-lg/kg Lv.). 

From top: mean systemic arterial pressure, low-pass 

fil tered phrenic and cervical trunk recordi ng. The 

disappearance is presumably due to baroreceptor­

evoked depression of i) sympathetic neurone 

excitability and ii) input from brainster.l 

i nspi ratory neurons (as suggested by the depress ion 

in peak phrenic amplitude). After sino-aortic 

denervation, the same increase in arteria1 pressure 

had no effect on either sympathetic or phrenic nerve 

activity (not shawn). Time of NA injection indicated 

by arrow. 



SA~50l 
(mmHg) J 

90 

Phr. 

eST 

fl 

135 

FIG. 10 

-4 sec 



136 

Polosa, 1985l. However, in some experimenta1 conditions t~e 

inspiration-re1ated sympathetic discharge was seen to disappear 

a1though the phrenic nerve burst was present. One such condition 

i s duri ng the depressi on of sympatheti c pregang1 i oni c neurone 

activity, presumab1y of baroreceptor origin, associated with the 

pressor response caused by i.v. injection of noradrenaline (Iggo & 

Vogt 1962). In these conditions (Fig. 10) the peak amp1 Hude of 

the phrenic nerve burst was marked1y attenuated (by approximate1y 

one ha1f with respect to control) and the inspiration-related 

sympathetic discharge disappeared. The reduction in the 1evel of 

central inspiratory activity, caused by the baroreceptor reflex 

(Nishino & Honda, 1982) is unlikely to be the entire cause of the 

disappearance of the inspiration-related sympathetic discharge 

because reductions of comparable magnitude in the level of central 

inspiratory activity, caused by lowering end-tidal PCO or by 
.!. 

increasing the level of anesthesia, resulted in a rough1y 

proportional reduction in this discharge as in the amplitude of 

phrenic nerve activity (Fig. 2). Therefore, the absence of the 

inspiration-related sympathetic discharge is like1y due to a b10ck 

of the input from brainstem inspiratory neurones along its 

transmission path to the sympathetic preganglionic neurone by the 

powerful inhibitory action of the arterial baroreceptors. 

Another condition in which the sympathetic discharge 

corresponding to a phrenic burst was absent was the occurrence of 

central inspiratory activity (in rather unusual experimenta1 
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Absence of i nspi rati on-rel ated sympatheti c di scharCle 

when a phrenic burst occurs with a short delay after 

the end of the preceding phrenic burst. This 

condition occurred during phase-locking of the 

phrenic nerve burst to the ventilation pump 

frequency, wi th two phreni c bursts occurri ng for each 

pump cycle. Notice presence of sympathetic burst when 

large phrenic burst occurs, absence when small 

phrenic bur~~ occurs. T.P.: tracheal pressure. 

Phr: phrenic nerve activity. eST: cervical 

sympathetic trunk activi ty. Averages of 2-4 sweeps. 

) 

) 



Phr. 
J 

eST 

( 

138 

FIG. 11 

---500 ms 



..... 

139 

situations) during the phase of the respiratory cycle immediately 

fo1lowing the end of inspiraUon. An example is shown in Fig. 11. 

Thh record was obtained in an animal with intact vagus nerves in 

which entrainment between phrenic nerve burst and respiratory pump 

frequency occurred in a 2:1 ratio. There was, for each pump 

cycle, a phrenic nerve burst of normal amplitude and duration, 

leading the infl ation by 150 ms and followed, at 310 ms from the 

peak. by another burst of much smaller amplitude and shorter 

duration. The smaller burst coincided with the defl ation phase of 

the respiratory pump cycle. This burst occurred at the time of 

the respiratory cycle at which the level of sympathetic discharge 

was at its minimum. As the figure shows, therE' was no syrnpathetic 

burst corresponding to the small phrenic burst. Another example is 

shown in Fig. 12. These records are from a cat in which phrenic 

nerve activity spontaneously became of the gasping type (St. John 

& Knuth, 1981), i.e. was characterized by bursts of short duration, 

fast rise time and irregular occurrence (Fig. 12A, B & Cl. Some of 

the phrenic bursts occurred in close succession. When the onset of 

a burst occurred at an ; nterval of 130 ms or 1 ess after the peak of 

the preceding one, no corresponding sympathetic discharge occurred 

(B). At an interval of 170 ms (C) the inspiration-related 

sympathetic di scharge was present but was much attenuated in 

amplitude (compare with A). The observations shown in Fi g. 13 and 

14 cou1d be explained with the hypothesis of a post-inspiratory 

phase of sympathetic pregangl i onic neurone depression, duri ng which 
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Absence of i nspi ration-rel ated sympathetic di scharge 

when a phreni c burst occurs wi th a short del ay after 

the end of the preceding phrenic burst. Phr: 

phrenic nerve-activity. eST: cervical sympathetic 

trunk activity. A, B, and C: during spontaneous 

"gasping ll respiratory cycle duration is very 

irregular. Notice absence of second sympathetic 

burst in Band i ts presence, but with great 

attenuati on, in C. 

c 
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The sympatho-exci tatory effect of a trai n of stimul i 

to the superior laryngeal nerve (8 pulses at 40 Hz, 

2V, 0.2 ms) varies with time in expiration. The 

excitatory effect is absent in early expiration (A). 

It appears later in expiration and increases with 

time in expiration (B & Cl. Phr & CST: phrenic and 

cervical sympathetic trunk activity. St: stimulus. 

Each trace 1s average of 10 sweeps. 

<: 

r ...,. 
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the input from brainstem inspiratory neurones could become less 

effective in producing a discharge. Results consistent with this 

hypothesis were obtained by stimulation of superior laryngeal nerve 

afferents, which have been shown to have an excitatory action on 

the sympathetic preganglionic neurone, independent of the central 

respiratory activity (Bachoo & Polosa, 1985). A train of stimuli 

was gi ven at vari ous times of the ex~i ratory phase (Fi g. 13) • A 

stimul us trai n, given 640 ms after the end of inspi ration did not 

cause a discharge (A) of sympathetic p,'eganglionic neurones. A 

discharge first appeared when the stimulus train was given 1.6 s 

after the end of inspiration (B) and the discharge increased in 

ampl i tude as the stimul us was given 1 ater in expi ration 2 s after 

inspiration end (C). Since in hypocapnia, resulting in 

abolition of rhythmic phrenic nerve activity, the response was 

simil ar in ampl itude to that recorded in C, these data are 

interpreted as showing that after the end of inspiration the 

sympathetie pregangl ionie neurone undergoes a period of depression, 

which wanes with time in expiration. 

DISCUSSION 

The experiments j ust reported have pravi ded a descri pti on of 

several properties of the inspiration related sympathetic 

di scharge. Some of the experiments have studied the phase-delay 

between phrenic and inspiration- related sympathetic waveforms 
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efther in response to a dhcrete stimul us (to the superior 

laryngeal nerve) presented at various phases of the respiratory 

cycle or, in the steady state, when the phrenic nerve frequency was 

changed over a wi de range of values by an external rhythmi c ; nput 

(the periodic 1ung inflation by the respiratory pump) or cy 

altering phy~;ological variables (temperature, end-tida1 PCC ). 
i. 

These observati ons are rel evant to the questi on of whether or not 

the inspi rati on-rel ated sympathetic di scharge resul ts From the 

activity of a hypothetical neural oscillator, synaptically coup1ed 

and entrai ned to the respi ratory osci 11 ator (Koepchen, 1962; Barman 

& Gebber, 1976). 

The most obvi ous feature of the pattern of resetti ng of the 

phrenic and sympathetic activity cycle by superior laryngeal nerve 

stimulation is their close similarity, resulting in the absence of 

relative phase-shifts. On the assumption that the superior 

laryngeal nerve afferent input acts independently on the 

respiratory oscillator and on the postulated sympathetic 

oscillator, the observed similarity imp1ies (Pav1idis, 1973) that 

the two neuron systems undergo an identica1 cycle of varying 

sensitivity to this input. Although the details of the 

physiological mechanisms which generate the phrenic and 

i nspi rati on-rel ated sympatheti c wdveforms are incompl etely 

understood, it seems unl ikely that the properties of the two 

systems should be identical. Hence, the above assumption of an 

action of the 1 aryngeal afferents independently on two oscnl ators 
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can al50 be considered unlfkely. In view of the well known, 

apnea-promoti ng, super; or 1 aryngeal nerve refl ex (Larrabee & Hodes, 

1948) a more like1y assumption is that the superior laryngeal nerve 

input acts primarily to reset the central respiratory cycle and 

that the cycle of the putative sympathetic oscillator is perturbed 

secondarily by synaptic coupl ing between the two. This hypothesis 

too is un1ike1y, however, since for a system of coup1ed osci1lators 

it is predicted that during perturbation of either oscillator the 

phase delay between the two output waveforms will change (Pinsker, 

1977b), and yet no change in the phase delay between phrenic burst 

and inspiration-re1ated sympathetic discharge was found during the 

perturbed cyc1 e or the succeedi ng cycl es. The simn a rit y of the 

pattern of response of phrenic and inspiration-re1ated sympathetic 

\.avefJrms to superior 1 aryngea1 nerve stimu1 ation, together with 

the absence of response features expected from a system of coup1ed 

oscillator, suggests that the superior 1aryngea1 nerve input acts 

on a common ose i 11 ator whi ch drives both the phreni c and the 

sympathetic discharges. 

It is well known (Vibert, Caille & Segundo, 1981; Petrillo, 

G1 ass & Tri ppenbach, 1983) that in cats wi th intact vagus nerves 

the phrenic nerve discharge becomes tfme-locked to lung inflation 

by the respiratory pump, via the Hering-Breuer reflex circuit, in a 

manner which complies with theoretica1 predictions (Pham Dinh, 

Demongest, Baconnier & Benchetrit, 1983; Petri110 & Glass, 1984) 

and experimental observations (Pinsker, 1977a) of the behaviour 
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of a neural osc;l1ator ddven by a periodic input. Namely, i) the 

range of frequencies over which stable one-to-one entrainment can 

be maintained is l imited to a set which borders the intrinsic 

frequency of the respiratory oscillator, (i .e. the frequency in the 

absence of pulmonary stretch receptor input) and ii) at each 

respi ratory pump frequency, withi n thi s set, the forci ng input 

(inflation) assumes a unique position in the phrenic activity 

cycle. For frequencies higher th an the intrinsic frequency of the 

respiratory oscillator, inflation occurs with a short delay from 

the phrenic burst onset, resul ti ng in a shortened phrenic nerve 

discharge and subsequent expiratory duration (Clark & von Euler, 

1972). For frequenci es lower than the i ntri ns i c frequency of the 

respiratory oscillator, inflation occurs in expiration and results 

in a prolongation of eX\Jlration and of the subsequent phrenic nerve 

discharge (Zuperku & Hopp, 1985). Thus, within the range of stable 

one-to-one entrai nment of the respi ratory osci 11 ator frequency to 

the respi ratory pump frequency there i s a conti nuous change in the 

phase del ay between i nfl ati on and onset of phrenic nerve di scharge 

as a function of frequ('ncy (Fig. 9, see a1so Petrillo, Glass & 

Trippenbach, 1983, Fig. lOa). In marked contrast, the absence of 

any comparable change in the phase delay between phrenic and 

sympatheti c waveforrns (same Fi g. 8) over the same range of 

frequencies suggests that the equality of period of phrenic and 

inspi ration-related sympathetic di scharge i s not due to mechani sms 

comparable to those which maintain equal ity of the respiratory pump 
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and phrenic periode Thus, these findings make it unlikely that the 

frequency of the inspiration-related sympathetic discharge results 

from the activity of an autonomous neural oscillator coupled to the 

respiratory oscillator. Instead, these resu1ts are compatible with 

the hypothesis of a common neural oscil1ator which drives both the 

phrenic and the sympathetic di scharges. 

A1though, as stated above, experimenta1 observations (Wend1er, 

1974j Pinsker, 1977aj Ayers & Selverston, 1979; Peterson & 

Calabrese, 1982) upho1d the theoretica1 predictions (Pavlidis, 

1973j Winfree, 1980) that a stable one-to-one entrainment of 

coup1ed oscil1ators is limited to within a narrow range of 

frequencies borderi ng the free-run frequency for the coup1 i ng 

conditions prevailing in neural systems, the possibility m?y be 

considered that the absence of a frequency-dependent change in the 

delay between inspiration-re1ated sympathetic discharge and phrenic 

discharge in the pump-1ocking experiments was due to the too 

1imited range of frequencies tested. In the experiments of 

hyperthenni c, hypocapnic polypnea there was an approximately 

20-fo1d increase in phrenic burst and inspiration-re1ated 

sympathetic discharge frequency, again without apparent 

frequency-dependent phase shHts between the two waveforms. 

The entrainment of osci11ators is a phenomenon which is 

ubiquitous through the animal kingdom (von Ho1st, 1939) extending 

from oscillators with free run periods of mil1iseconds (Winfree, 
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1980) to circadhn oscillators (Moore-Ede, Su1zman & Fuller, 1982). 

The present experiments have focused on two testable features of 

the phrenic and inspiration-re1ated sympathetic discharge which 

would help identify the existence of the postulated sympathetic 

osci1lator, name1y the range of frequencies over which a stable one­

to-one relation is maintained and the phase delay between the 

respective waveforms. The general applicability of these testable 

features is demonstrated by the published examples of known 

synaptically coupled neural osci1lators, or of known biological 

oscillators which can be entrained by rhythmic synaptic inputs, 

(Perkel, Schu1man, Bullock, Moore & Segundo, 1964; Levy, Iano & 

Zieske, 1972; Stein, 1976; Pinsker, 1977a; Ayers & Se1verston, 

1979; Peterson & Calabrese, 1982; for comprehensive reviews, see 

Winfree, 1980; Pinsker & Ayers, 1983; Selverston & Moulins, 1985). 

Although the mechanisms underlying entrainment in the examples 

ci ted above are 1 i ke 1 y to be different, a 11 these s tudi es 

illustrate the generality of the features of coupled oscillators, 

upon which the present experiments have focussed. The qual ifying 

1 imitation must be made, in extrapol ating from the data just 

reviewed to the experimental situation of the present experiments, 

that the dynamic behaviour of entrained oscillators in invertebrate 

pacemaker eel1 s or in non-neural mammal ian systems may not be 

appl icable to compl ex neural osei 11 ators. However the experimental 

evidence appears to be to the eontrary (Pinsker & Ayers, 1983). 
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Si nce the hypothes i s of coupl ed oscill ators has been shown to 

be unlikely by the results discussed previously, the fixed temporal 

relation between phrenic nerve discharge and the inspiration­

related sympathetic discharge may be explained with the hypothesis 

that the phrenic motoneurones and the sympathetic preganglionic 

neurones are driven by a common rhythmic input. Al though onset and 

offset of the inspiration-related sympathetic discharge have fixed 

temporal relation to the onset and offset of phrenic nerve 

acthi ty, in the majori ty of cases the shapes of the two waveforms 

were different. The difference may result from differences in the 

properties of the pathways delivering the oscillator output to the 

two neurones. For instance, the sympathetic pregang1ionic neurones 

may be receiving the same periodic, ramp-shaped excitatory 

post-synaptic potential as the phrenic motoneurones (Berger, 1979), 

and the recrui tment and fi ri ng properti es of the two neurones may 

account for the difference in wave shape. In normocapnia, phrenic 

motoneurones are recrui ted throughout inspi ration (St. ,John & 

Bartlett, 1979) and their firing frequency increases with time 

during inspiration, reaching a maximum at end-inspiration (Iscoe, 

Dankoff, r~i gi kovsky & Pol osa, 1976). The shape of the 

inspiration-related sympathetic discharge could be explained with 

the hypothesis that the majority of sympathetic preganglionic 

neurones are recrui ted early in inspi ration and thereafter their 

fi ri n9 frequency stays more or l ess constant. The data presented 

on the temporal structure of the inspi rati on-synchronous bursts of 
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single sympathetic preganglfonic neurones are consistent with this 

hypothesis. Interestingly, the inspiration-synchronous discharge 

of the whole hypoglossal nerve has a square-wave 1 ike shape, 

similar to that of sympathetic nerves (Hwang, Bart1ett and St. 

John, 1983). Hypoglossal motoneurones are recruited most1y at 

inspiration onset and, once recruited, fire at a relatively 

constant rate during inspiration (Hwang, Bartlett & St. John, 

1983). A property of the sympathetic preganglionic neurone which 

may be contributing to the maintenance of a relatively constant 

firing frequency during inspiration is a large amplitude, long 

duration, summating, afterhyperpolarization (Yoshimura & Nishi, 

1982) • 

Final1y, the hypothesis of a common oscillator driving both 

phrenic motoneurones and sympathetic preganglionic neurones does 

not require that both populations of driven neurones De always 

simultaneously active. Differences in excitability of the neurones 

themselves or of the connecting pathways to the driving oscil1ator 

may be expected to result in the possible absence of rhythmic 

activity in one and persistence in the other, as shown by sorne of 

the present observations (Fig. 10-13). 

The conclusions reached in the present study may appear to be 

in contra st with some of the conclusions reached by Barman and 

Gebber (1976). It must be realized, however, that the data on 

whfch these two studies are based are different. The observations 

of Barman and Gebber (1976) concern a slow amplitude modulation 
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(with period similar to that of the phrenic bursting rhythm) of a 

3-4 Hz repetitive waveform recorded in sympathetic postgang1ionic 

nerves. In severa1 of thei r records thi s slow modu1 ati on appears 

to be independent of, i.e., not phase-1ocked ta, the phrenic nerve 

burst. The present study, in contrast. concerns the periodic burst 

of sympathetic preganglionic neuron firing which previous work has 

defined as inspiration-re1ated on the basis of constant 

phase-relation tO, and simi1arity of properties with, the phrenic 

nerve burst (Preiss, Kirchner and Po1osa, 1975; Gerber and Po10sa, 

1979). The data presented in the study by Barman and Gebber are 

most1y non-stationary and therefore information concerning the 

statistica1 properties of the slow modulating signal and its 

phase-relation to the phrenic nerve cycle is not availab1e for some 

of their most intriguing observations (e.g. their Fig. 4 and 5). 

Thus, in the absence of insight into the relation, if any, between 

the peri odic, i nspi rati on-rel ated, sympathetic burst, studi ed here, 

and the slow modulation, studied by Barman and Gebber, it cannot be 

stated whether the di screpancy between these two sets of 

conclusions is real or is the result of different phenomena being 

studied in the two investigations. 
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SUff4ARY 

The experiments reported here have examined sorne temporal 

characteri stics of the i nspi rati on-rel ated sympatheti c 

discharge of the cat in control conditi ons and duri ng forci ng 

of the respiratory oscillator into marked deviations from its 

natural frequency. Purpose of these experiments was to 

establish whether or not the relation of sympathetic to 

phrenic nerve activity shows properties consistent with the 

hypothesis that the inspiration-related sympathetic discharge 

is driven by a neural oscillator, independent of, but coupled 

and stably entrained to, the brainstem respiratory oscillator. 

2. The electrical activity of the whole cervical sympathetic 

trunk (n = 26) or of small strands of the cervical trunk 

containing single units (n = 20) and of the phrenic nerve was 

recorded in pentobarbitone anaesthetized, paralysed, 

artificially ventilated, sino-aortic denervated cats. Most of 

the cats were bil aterally vagotomi zed. 

3. The onset of the inspiratory burst of the sympathetic 

preganglionic neurones had a fixed delay from the onset of the 

phrenic nerve burst. The level of activity within the burst, 

in whole cervical trunk recording, reached a maximum in early 

inspiration and then was maintained at approximate~y this 

level for the rest of inspiration (22/26 cats). In four cats 

the activity level increased throughout the burst. Individual 
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sympathetic preganglionic neurones displaying 

inspiration-relat.ed burst firing were characteristically 

recruited in early inspiration and thereafter maintained an 

approximately constant firing frequency for the rest of 

inspiration. 

4. Electrica1 stimulation of afferents in the superior 1aryngea1 

nerve during various phases of the respiratory cycle caused 

equiva1ent, phase-dependent, resetting patterns of both 

phrenic nerve and inspiration-re1ated sympathetic discharge. 

5. In cats with intact vagus nerves, entrainment of the brainstem 

respi ratory osci11 ator to the frequency of the respi ratory 

pump was used to change the frequency of the former, within 

1imits, by changing the frequency of the latter. Over the 

range of frequencies tested, the pump-to-phrenic de1ay varied 

as a function of frequency, while the de1ay between phrenic 

and sympathetic burst onset was essentially independent of 

frequency. 

6. In hyperthermic-hypocapnic cats phrenic nerve burst frequency 

increased up to about 300 bursts/min from a value of 15 

bursts/min in normothermia-normocapnia. At a11 frequencies 

within this range the sympathetic burst maintained a delay, 

with respect to the phrenic burst, which was essentially 

independent of frequency. 
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7. The fact that phrenic nerve and sympathetic burst maintained a 

one-to-one relation with essentially constant delay over all 

frequencies tested is inconsistent with the known behaviour of 

coupled neural oscillators. Therefore, the equality of period 

of phrenic nerve burst ~nd inspiration-related sympathetic 

discharge is unlikely to result from th~ activity of an 

autonomous sympathetic oscil1ator coupled to the brainstem 

respiratory oscillator. Instead, these results are compatible 

~ith the hypothesis of a common oscillator which drives both 

the phrenic and the sympathetic discharge. 

8. In sorne experimental condi ti ons phreni c nerve acti vi ty without 

a corresponding sympathetic burst was observed. This 

dissociation was seen i) during baroreceptor activation caused 

by the increased systemic arterial pressure resulting from 

injection of a pressor drug, and ii) when, during abnormal 

respiratory rhythms, a phrenic nerve burst occurred at a short 

interval after a preceding burst. This dissociation is likely 

due to depression of the sympathetic neurone and/or to 

depression of the input from the brainstem respiratory 

oscillator. Hence these observations are not inconsistent with 

the hypothesis above. 
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CHAPTER III 

LACK OF EVIDENCE OF COUPLED OSCILLATOR MECHANISMS IN THE 

GENERATION OF SYMPATHETIC RHYTHMS 
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1. INTRODUCTION 

Under usual experimental conditions, the background discharge 

of sympathetic preganglionic or postgang1ionic neurons, in 

preparations with intact CNS, shows periodicities time-1ocked to 

the central respi ratory cyc1 e or to the cardi ac cyc1 e. One 

possible explanation of these periodicities is that sympathetic 

preganglionic neurons (SPN) activity is modu1ated by the rhythmic 

output of brainstem respiratory neurons (respiratory periodicity) 

or by rhythmic inhibition from arterial baroreceptor afferents 

(cardiac periodicity). This exp1anation imp1icit1y excludes the 

possi bil i ty that the SPtJ themse1 ves, or the associ ated antecedent 

circuitry, have intrinsic rhythmicity, i.e. rhythmicity 

independent of that resulting from these two periodic inputs. It 

has been reported, however, that in particu1ar experimenta1 

conditions sympathetic discharge can show periodicities similar to, 

but independent of, the central respiratory (Koepchen, 1962; Barman 

& Gebber, 1976) and cardiac (Gebber, 1980) rhythms. These 

observations have raised the possibi1ity that these sympathetic 

periodicities resu1t from an intrinsic rhythmicity of neuron 

networks antecedent to the SPN (i .e. of "sympatheti Cil osci 11 ators, 

Gebber, 1980). It has been proposed that under most experimental 

condi ti ons such i ntri ns i c rhythms may become entra i ned to the 

rhythm of activity of arteria1 baroreceptor afferents or of 

brainstem respiratory neurons. Thus, the SPN and antecedent 
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c;rcuitry may be viewed as a system made of an oscillator which 

recei ves rhythmi c input from ex terna 1 sources. Such a sys tem h 

referred ta as a caupled oscillator system. 

There is ample theoretical (Pavlidis, 1973; Stein, 1977; 

Segundo & Kohn, 1981) and experimental (Pinsker & Ayers, 1983) 

literature describing the behaviour of systems of coupled 

oscillators in biology. A comparative survey of a variety of such 

systems involving nerve or cardiac cells will be presented ta 

il1ustrate their :nain features. Experimental tests will be 

described of whether or not the respiratary rhythm of sympathetic 

discharge conforms with these features. In addition, published 

experimental evidence, which has been used as basis for the 

hypothesis that an independent sympathetic oscillator generates the 

cardiac modulation of sympathetic discharge, will be examined in 

search of the essential features of oscillator behaviour. 

2. GLOSSARY 

An attempt has been made to use in this paper terminology 

consistent with that used in oscillator literature (Pavlidis, 1973; 

P1nsker, 1977b). Sorne terms and concepts are defined here. A 

neural oscillator is a single neuron, or a network of neurons, 

which generates a rhythmic output in the absence of rhythmic input. 

An oscillation is a cyclical change in a variable (e.g. neural 

activity) with relatively constant waveform and periode The 
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free-run or i ntri nsi c frequency of an osc11lator i s the frequency 

in the absence of periodic input. Wh en considering two 

osci11ators, coupling between the two exists if perturbing the 

rhythm of one resets the rhythm of the other. For neural 

oscillators coupling is provided by synaptic connections. Coupling 

can be weak or strong, dependi ng on the strength of the synapti c 

connection. The relationship between two osci11ators can be 

described by the temporal relationship of their respective 

waveforms, expressed in real time as delay or nonnalized to cycle 

duration as phase angle. Entrainment refers to a condition in 

which an oscillator (the follower) is driven at a frequency 

different from i ts free-run frequency by a rhythmi c input 

oris"nating from another oscnlator (the driver) ta which it is 

coupl ed or from an external peri odic input, e.g. from a sensory 

source: a constant phase angle between oscillator input and output 

is evidence of entrainment. 

3. COUPLED OSCILLATOR PROPERTIES 

Any input whi ch produces a trans i ent perturba ti on of an 

o~cillator free-run period (i.e. a phase-shift) can entrain that 

oscil1ator (which becomes a follower) at frequencies higher or 

lower than i ts free- run frequency. The input pro duces the 

entrainment by either phase-advaneing or phase-delaying, on a cycle 

by eyel e bas i s, the follower osei llator (a phase- advanee occurs 
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when the onset of the cyele occurs earlier than predicted fram the 

free-running frequency, a phase-delay when the onset of the cycle 

oceurs later than predicted). A phase response curve (PRe) 

describes the just mentioned phenomenon, i.e. the change in 

osei 11 ator cycl e dura t ion produced by a si ngl e di screte input, as a 

functi on of the time of the cycle at which the input occurs. The 

maximum phase advance or phase delay eaused by the input defines 

the limits within which the frequency of an oscillator can be 

modified by that input. For known neural osci1lators these limits 

defi ne a narrow range of frequenci es around the free-run frequency 

(see bel ow). 

In the steady-state, as a consequence of the properties 

disclosed by the PRe: (1) an oscillator coupled to a rhythmic 

synaptic input can be stab1y entrained to the frequency of the 

perturbi ng externa1 source in a one to one ratio only over a narrow 

range of frequencies; (2) at each frequency in the one-to-one range 

the equality of the period of the driven oscillator with the input 

period is achieved by the input occurring at a unique phase of the 

cycle, such that the input-output phase difference may span the 

entire free run cycle duration of the driven oscillator; (3) when 

the frequency of the driving input exceeds the lirnits of the 

one-to-one range, different entrainment patterns invo1ving srnall 

integer ratios are established between the frequency of the input 

and the frequency of the driven oscillator. For instdnce, beyond 

the boundaries of the 1:1 entrainment ratio, the entrainment 
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pattern assumes a 2:3, 1:2 etc. ratio, as the input frequency is 

reduced and 3:2, 2:1 etc. ratio as the input frequency is 

increased. Under these conditions the phase relation varies on a 

cycle to cycle basis in an orderly, repeating manner. The range of 

ratios outside the 1:1 range is also described as relative 

coordination (von Holst, 1939). At frequencies of the input which 

are at the boundary between ranges giving stable entrainment, the 

driven oscillator may exhibit transient irregu1ar dynamics with no 

fixed phase relation ta the input. 

4. BEHAYIOUR OF COUPLED BIOLOGICAL OSCILLATORS 

The above mentioned features of coupled oscillators, namely 

1 imited range of frequencies over \'Ihich a stable one-to-one 

relation is maintained and different phase-rel ation between 

respecti ve waveforms at di fferent frequenci es withi n the one- to-one 

range, are deri ved from both theoreti cal cons i derati ons 

(Pavlidis, 1973; Stein, 1977; Glass & Mackey, 1979; Winfree, 1980; 

Segundo & Kohn. 1981) and experimenta1 observations (see bel ow). 

They app1y to oscillators with free run periods from milliseconds 

CPerke1 et a1., 1964; Guevara et al., 1981) to circadian (Enright, 

1965; Moore-Ede et al. J 1982; Turek, 1985). The genera 1 ity of 

these features is illustrated by examp1es of coupled oscillators 

drawn from si ng1 e pacemakers neurons (Perke1 et al., 1964; Pi nsker, 

1977a), simple neural network oscillators in invertebrates (Stein, 
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1976; Ayers & Sel vers ton, 1979; Peterson & Cal abrese, 1982), 

compl ex neural network oscill ators in vertebrates (von Hol st, 1939; 

Petri110 et al., 1983) and cardiac pacemaker eel1s (Levy et al., 

1972; Guevara et al., 1981; Jalife, 1984). Although this list of 

examples is by no means exhaustive (for comprehensive reviews see 

Pinsker and Ayers 1983; Selverston and Moulins, 1985; Winfree, 

1980) it il1ustrates the principle that, at 1east qua1 itative1y, 

the dynamics of eoup1ed oscillator behaviour is predictab1e and 

applies to a wide variety of bio1ogical oscillators. 

Entrainment of singlp pacemaker neurons by rhythmic e1eetrical 

stimulation of an excitatory or inhibitory synaptic input has been 

we11 characterized in a number of preparations. Pinsker (1977a) 

demonstrated the range of stab1 e 1:1 entrainment of an endogenously 

bursting neuron of Ap1ysia by an inhibitory input to be 1imited to 

6% above and 30% be10w its free-run frequency. At each frequency 

the burst of the pacemaker neuron assumed a uni que phase-rel ation 

to the rhythmic driving stimulus. Similar findings have been 

described by Ayers and Sel vers ton (1979) in the stomatogastric 

neural network of the lobster in response to stimulation of 

inhibitory or exeitatory interneurons. Peterson and Ca1abrese 

(1982) reported that the neural network generati ng the rhythm of 

the heart beat in the 1eech cou1d be synaptically driven by 

rhythmic electriea1 stimu1 ation of an antecedent neuron, at rates 

different fram its free-run frequency. They noted stable 10eking 

of the cardiac neural osei llator rhythm to the driving frequency 
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within well defined 1 imHs (10% ab ove and 40% below the free-run 

frequency). Stein (1976) has shown a simi1ar phenomenon for neural 

oscillators which govern limb movement in crayfish, while v. Holst 

(1939) reported simi1ar findings for central 10comotor pattern 

generators in the spinal cord of the dogfish. An example of this 

phenomenon in vertebrates i s provi ded by the effects of vagus nerve 

stimul ation on the peri od of the cardi ac si nus rhythm. Over a 

restricted range of frequencies, both above and below the intrinsic 

sinus no de frequency, the sinus rhythm can be entrained to the 

peri od of the vagal stimul us, wi th a uni que phase rel ati on of the 

stimulus to the cardiac cycle at each frequency (Levy et aL, 1972; 

Slenter et al., 1984). A more detailed analysis of the behaviour 

of cardiac pacemaker cells entrained by rhythmic intracellular 

current pulses (Guevara et al., 1981) or iontophoretic pulses of 

acetylcholine (Michaels et al., 1984) has been reported, again with 

very similar results ta those described abave. Jalife (1984) 

developed an in vitro cardiac preparation which is instructive in 

defining the essential elements involved in the behaviour of 

coupled oscillators. His data shows that the range of frequencies 

over which two independent pacemaker centers in the rabbit 

sino-atrial node can be stably entrained is a function of the 

strength of the coupl i n9 between the two centers. The coupl i ng 

strength was manipu1 ated by a vari able shunt resi stance connecting 

the two autonomous pacemaker populations. With infinitely high 

shunt resistance (zero coupling) each pacemaker had its intrinsic 
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frequency and was not affected by changes in the frequency of the 

other. With intermediate values of shunt resistance, mutua1 1:1 

entrainment occurred which was 1imited to a range of frequencies 

bordering the intrinsic frequency of the pacemakers and was 

characterized by a unique phase- relation at each frequency. At 

frequencies beyond those characterizing the 1:1 range, mutua1 

entrainment invo1ved integer ratios. With zero shunt resistance, 

i.e. with infinitely tight coupling, the two pacemaker centers 

assumed an identical frequency and behaved as a single pacemaker. 

In vertebrates, the brainstem neural network generating the 

rhythmic central respiratory drive for motoneurons of the 

respiratory muscles (which will be referred to as the respiratory 

osci11ator) can be entrained by rhythmic sensory input, presumably 

from pulmonary stretch receptors, associated with 1ung inflation 

produced by a mechanica1 ventilator. Thus, the situation is 

ana1ogous to that of two coup1ed osci11ators, i.e. there is a 

rhythmic synaptic input acting on an intrinsically rhythmic neural 

network. A number of investigators (Vibert et al., 1981; Pham Dihn 

et al., 1983; Petrillo & Gl ass, 1984) have described the 

entrainment behaviour of the respiratory osci11ator to the 

mechanical ventilator. One of the most detailed accounts of this 

behaviour is by Petrillo et al (1983). Their data she,w that it is 

possible to entrain the frequency of the respiratory osci11ator to 

that of the mechanical venti1ator such that it may be speeded up or 

slowed down with respect to its free-run frequency. The 1:1 
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entrainment is limited to a narrow range of frequencies and within 

thi s range each frequency i s obta i ned by the 1 ung i Ml a t ion 

occurring at a specifie phase of the respiratory cycle. The 

described dynamic eharaeteristics of coupled biologiea1 oseillators 

are observed in experimental situations, with the exception of the 

data by Jalife (1984), in which entrainment is unidirectional. 

However, two or more osei 11 ators may be mutually entrai ned such 

that thei r phase-rel ati on i s the result of the i nterpl ay of thei r 

coup1ing signa1s. The dynamie characteristics of unidirectional1y 

entrained osei11ators a1so apply to mutually entrained oscillators 

(Buno & Fuentes, 1984; Jalife, 1984; Pearce & Friesen, 1985). 

5. IS THE INSPIRATION-RELATED SYMPATHETIC DISCHARGE GENERATED 

BY AN INDEPENDENT SYMPATHETIC OSCILLATOR? 

We have examined the periodic burst of SPN firing whieh 

previous work has defined as inspiration-related on the basis of 

its timing in the respiratory cye1e and of similarities of 

properties with the phrenic nerve burst (Preiss et al., 1975; 

Gerber & Polosa, 1978, 1979). The purpose of the study was to see 

whether the relation of this component of sympathetie discharge to 

the phrenie nerve burst would show the properties expected of a 

system of eoupled oscil1ators. A detailed description of these 

experiments )s presented elsewhere (Bachoo & Polosa, in press). A 

brief suntmary of the relevant experiments is presented here. 
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i) Phase-Response Curve to Superi or Laryngeal Nerve Stimul ation 

One way of characterizing the properties of an osci11ator is 

by describing the phase-dependent effects (phase response curve 

described above) produced by brief stimulation of an input. 

Stimulation of low threshold afferents in the superior laryngeal 

nerve (SLN) was used to perturb the cycle of the respi ratory 

oscillator. Its output, measured as the phrenic nerve burst, could 

be phase-advanced or delayed, with respect ta its free-run period, 

by a stimulus train applied to the SLN (Bachoo & Polosa, 1985). 

The phase response curve was i dentical for the rhythm of both 

phrenic and sympathetic burst, suggesting that the stimulus was 

acting on a common oscill ator mechani sm. If sympathetic bursting 

activity was independently rhythmic, as the respiratory oscillator 

cycle was phase-advanced or phase-del ayed by the stimulus, the 

respiratory oscillator input would occur at a different phase of 

the hypothetical sympathetic oscillator cycle and therefore, 

according to the behaviour of coupled oscillators, the two 

waveforms would have to change their time rel ation to each other. 

The assumption here is that the SLN stimulus perturbs the 

respi ratory osei 11 ator and that the latter then perturbs the 

sympathetic oscillator. Thus, the SLN stimulus would not be 

expected to have the same effect on the respi ratory and sympathetic 

oscil1ator cycles. 
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Entrainment of the Phrenic and Inspiration Re1ated Sympathetic 

Burst to the Mechanica1 Venti1ator 

We modified the respiratory frequency, in cats with intact 

cervical vagus, by changing the ventilation pump frequency. The 

prediction here was that if the sympathetic, inspiration-re1ated, 

burst was generated by an independent sympathetic osci 11 ator whieh 

was entrained to the respiratory oscillator, the relation between 

phrenie and inspiration-re1ated sympathetic burst would be expected 

to di sp1 ay the behavi our observed in coup1 ed osci 11 ator systems 

when the frequency of the dri ver 05ci 11 ator i s changed. Name1y, a 

1imited 1:1 range and, within this range, a different 

phase-rel ati on at each frequency. The resu1 ts show i nstead an 

unlimited 1:1 range, i.e. whatever frequency the respiratory 

oscillator was forced to adopt by the mechanica1 venti1ator, so did 

the sympathetie burst. Over the entire frequency range studied (10 

to 40 cycles per min) the phase relation between the phrenic and 

i nspi rati on-rel ated sympathetic burst reillai ned es senti a'lly 

constant. This constrasts with the phase relation of the phrenie 

burst to the inflation cycle, which was different at each 

frequeney, as ex pee ted of an ose i 11 a to r dri ven by a rhythmi c input 

(Petrill0 et al., 1983). 
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c) Hypocapnic-Hyperthermic Polypnea and the Inspiration-Related 

Sympathetic Burst 

In vagotomized cats, raising the core temperature from 37 ta 

42°C by means of radi ant heat increased the frequency of the 

phrenic and i nspi rati on-rel ated sympatheti c burs t from 15 tfl 36 

bursts/min. Subsequent hyperventil ation (1 oweri /19 end-ti dal pCO, 

to 10 mm Hg from a control of 35 mmHg) produced a very marked 

increase in the frequency of bath bursts, which reached a maximum 

value of approximately 300 bursts/min (Cohen, 1964; Manteau et al., 

1974). Over this entire range of frequencies, from 15 ta 300 

cycles/min, phrenic and sympathetic bursts maintained a 1:1 

relation and a phase-relation which was essentially constant. 

The fact that the phrenic and inspiration-related sympathetic 

burst maintained a one-to-one relation with essential1y constant 

del ay at all frequencies tested i s inconsi stent with the hehavi our 

expected of coupled neural osci11ators. Therefore, the equrllity of 

period of phrenic nerve burst and inspiration-related sympdthetic 

burst is unlikely to result from the activity of an autonomous 

sympathetic osci 11 ator coupled to the brainstem respi ra tory 

oscillator. Instead, these results are compatible with the 

hypothesis of a common oscil1ator which drives both the phrenic and 

the sympatheti c di scharges. 
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6. THE CARDIAC MODULATION OF SYMPATHETIC DISCHARGES 

r"odulation of sympathetic discharge at the frequency of the 

heart beat has been described by a number of investigators (Adrian 

et al., 1932; Downing & Siegel, 1963; Cohen & Gootman, 1970). The 

first detailed analysi s was presented by Green and Heffron (1968). 

The cardiac modulation of sypathetic discharge was considered to 

be the consequence of the sympa tho- i nhi bi tory baroreceptor refl ex: 

the arterial pressure increment associated with systo1ic ejection 

produces an increment in the 1evel of sympathetic inhibition above 

that which exists at diastolic levels of arterial pressure. Thus, 

the records show burs ts of spi kes occurri n9 between the phases of 

depression produced by consecutive heart beats (Green & Heffron, 

1968). The bursting, however, persi sts, at a mean frequency 

similar to that of the heart beat, in barodent:!rvated cats (Taylor & 

Gebber, 1975; Gebber 1976). In low-pass filtered records these 

bursts appear as a seri es of i rregul ar s10w waves. Based on these 

observations on barodenervated animal s, the hypothesis proposed by 

Gebber (1976) is that the slow wave activity is the resu1t of the 

activity of an independent sympathetic osci11ator which, in the 

presence of arteri al baroreceptor input, i s entrai ned to the rhythm 

of the heart beat. The pub1 ished records (Gebber, 1976) show that 

this slow wave activity is characterized, in barodenervated cats, 

by waves of variable shape occurring at irregular interva1s. 

Statistical analysis of this aperiodic burst discharge reveals a 

broad power spectrum (2-6 Hz) without preferred frequenci es and a 
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fl at autocorrelogram. We are unaware of any previous descri ption 

of a biological oscillator with such aperiodic characteristics. It 

;s possible for an oscillator to show aperiodic (chaoticl behaviour 

in particular conditions associated with a forcing input (Guevara & 

Glass, 1982; Olsen & Degn, 1985) and this could be a possible 

explanation for lad of periodicity of the 2-6 Hz wave dctivity. 

However, the lack of periodicity of this signal, whether resulting 

fram absence of intrinsic rhythmicity in the generator or from 

chaotic behaviour of an intrinsical1y rhythmic gE'nerator, precludes 

a search for praperti es of coupl ed osei 11 ator systems because such 

an analysis presupposes a constant period of the signals as a 

starting condition. Published records of this activity in real 

t;me (Gebber, 1976) permit the additional observation that in the 

presence of arterial baroreceptor input the phase-relation between 

peaks of individual waves and the cardiac cycle, at constant heart 

rate, is variable. Averaged records are not usefu1 in this context 

because they give no information on the vadability of the signal 

and henee of the phase-relation. Since entrainment of oscillator~ 

(sc above) requires fixed phase-relation, this observation 

suggests that there ;s no entrainment of the 2-6 I~z waves to the 

cardiac cycle when the baroreceptor input is intact. Thus, the 

lack of evidenee that the 2-6 Hz wave activity is rhythmie in 

barodenervated animals and the lad of evidence that the 2-6 Hz 

wave aetivity is locked to the cardiac cycle when baroreceptor 

input is intact prec1udes the possibility of applying the coupled 
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osci 11 ator hypothesi s to the cardi ae rhythm of sympathetie 

discharge. As a corol1ary, described phenomenology coneerning the 

interaction of baroreceptor inhibition with the 2-6 Hz wave 

activity is not interpretable in terms of the properties of 

coupled oscillators. 

CONCLUSION 

This paper has attempted to identify the criteria that can be 

used to define il biological system as a system of two eoupled 

oscillators. The approach is empirical, using criteria based on 

common features which underly the behaviour of known cases of 

coupled biological oscillators. When the respiratory and cardiac 

periodicities of sympathetic discharge are tested with sueh 

criteria, neither periodicity shows properties consistent with the 

hypothesis that it is generated by a system of eoupled 

oscillators. 
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CHAPTER IV 

PROPERTIES OF A SYMPATHO-INHIBITORY AND VASODIlATOR REFLEX 

EVOKEO 8Y SUPERIOR lARYNGEAl NERVE AFFERENTS IN THE CAT 
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1. INTRODUCTION 

The background discharge of sympathetic nerves in the cat 

shows a slow rhythmic modulation related to the respiratory cycle 

(Adrian, Bronk & Phillips, 1932). A similar observation has been 

made in man (Wallin, 1981). 1\ conspicuous feature of this 

modulation is an incy?ase in firlng rate in synchrony with 

; nsp; ration. Th; s i nspi ratory component of sympathetic act i vit y 

persists under experimental conditions in which sensory afferents 

providing ref~ex routes for coupling resplration to sympathctic 

activity have been eliminated (Tang, Maire & Amassian, 1957) dnd 

can therefore be assumed to originate from withln the central 

nervous system. Experimental procedures, such as changing arterial 

PCO~ and activation of pulmonary stretch receptor or superior 

laryngeal nerve afferents, which modify the activity of brainstem 

inspiratory neurones in a predictable way. cause paralle1 

modifications of the inspiration-synchronous firing of sympathetic 

preganglionic neurones, suggesting that this pattern of firing i~ 

the resu1t of excitatory synaptic input From brainstem lnspirdtory 

neurones (Preiss & Polosa, 1977; Gerber & Po1osa, 1978 & 1979). 

This input appears to be relayed to the sympathetic pregang1ionic 

neurones through a descending pathway which is independent of the 

bulbo-spinal projection ta phrenic motoneurones (Kubin, Trzebski & 

Lipski, 1984) and runs in the dorsal half of the spinal cord 

(Connelly & Wurster, 1982). 
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f1hereas it has been established that the inspiration-

synchronous fracti on of total sympatheti c nerve activi ty is large 

(Cohen & Gootrnan, 1970; Preiss, Kirchner & Polosa, 1975; Barman & 

Gebber, 1976) the extent of the contribution of this phasic 

component of sympathetic activity to the maintenance of 

vasoconstnctor tone is unknown. This information is important for 

a description of cardiovascular regulcttion in terms of the extent 

of control exerted by various synaptic inputs on the level of 

sympathetic preganglionic neuronal activity. 

In ù previous study (Gerber & Polosa, 1979) it was shown that 

the burst firing in inspiration of sympathetic preganglionic units 

was suppressed by electrical stimulation of an afferent fibre group 

in the superior l aryngeal nerve which causes i nspiratory 

suppression (Hillenbrand & Boyd. 1936; Larrabee & Hodes, 1948). 

That observation is the <;tarting point for the present study. which 

describes changes in vascular resistance in the hindlimb of cats, 

perfused at constant fl OW. duri ng stimu1 ation of the same 

inspiration-lnhibitoryafferents. These afferents evoke a 

vasodilatation, the properties of which suggest that it is caused 

by suppression of the inspiration-synchronaus activity of 

vasoconstrictar neurones. The data indicate that this component of 

sympatheti c dl scharge makes a si gnif; cant contr; buti on ta the 

neurogenic vasoconstrictor tone of the hin-11 imb. 
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2. METHODS 

The experiments have been conducted on 20 adult cats of either 

sex (2.5 to 4.5 kg body weight) under sodium pentobarbital 

anaesthesia (35 mg/kg; .p. followed by ; .v. supplements of 9 mg/kg 

every 3 hours). With this dosage the withdrawal reflex on pinching 

forepaw or hi ndpaw was suppt'essed for the durati on of the 

experiment. An artery and vei n were cannul ated for Illon; tari ng 

systemic arteri al pressure and for i njecti on of drugs or 

measurement of central venous pressure, respecti vely. All cats 

were paralyzed with pancuronium bromide (initial dose 200 .'rn/kg 

foll owed by mai ntenance doses of 100 )tg/kg whi ch were gi ven every 

2-3 hours, when the effect of the previous dose had worn off, as 

ev; denced by the appearance of spontaneous breathi ng movements, and 

after testing for adequacy of the leve1 of anaesthesia). 

Artificia1 ventilation was adjusted ta obtain an end-tidal PCO; of 

between 25 and 35 mmHg. Hypocapnia (end-tidal PCO .. of 10-15 mrnHg) 

was produced in sorne animal s by increasi ng the frequency of the 

respiratory pump from the control value of 15 to 25 cycles/min. 

Rectal temperature was monitored and maintained at 37°C by means of 

a feedback controlled infra-red lampe A cardiotachometcr, 

triggered by the blood pressure signal, was used ta rneasure heart 

rate in sorne of the cats. Tidll PCO l was continuously rnonitored 

with an infra-red gas analyzer. 

The electrical activity of the phrenic nerve and cervical 
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sympathetic trunk was recorded monophasical1y with sil ver hook 

e1ectrodes, amplified (1/2 amplitude bandpass 30-3000 Hz), 

displayed on a storage oscilloscope and stored on magnetic tape. 

The amplified phrenic and cervical trunk signals were also low-pass 

filtered (Re ci rcuit wi th 100 ms time constant) after half-wave 

rectification and displayed on a pen recorder together with other 

variables. The phase of phrenic nerve activity from onset ta the 

beginning of rapid decl ine is defined as inspiration, while the 

phase of phrenic nerve silence is defined as expiration. 

Sympathetic discharge was characterized, in control conditions, by 

two components: a burst of action potentials, synchronous with the 

phrenic nerve burst, and a relatively steady level of discharge 

during expiration, on which the burst was superimposed. The former 

component will be referred ta as inspiration-synchronous 

sympathetic discharge, the latter as tonie discharge. The level of 

zero activity in the cervical sympathetic trunk was determined by 

applying procaine to the nerve proximal ta the recording electrode, 

or by crushing it. The cut central end of the internal braneh of 

the superior 1 aryngeal nerve was desheathed and mounted on a pai r 

of sil ver hook el ectrodes for stimul ati on. Monophas i c square wave 

pulses (0.2 ms duration and 50 Hz) were delivered to the nerve with 

a stimulator and isolation unit. In those experiments in which 

trains of stimuli were de1ivered at selected times during the 

respiratory cycle, a square wave pulse was obtained at the onset of 

the phrenic nerve burst and used to trigger the stimulator with 
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variable delays. All nerves were kept under mineral oil in a pool 

made wi th the sk in fl aps. 

In all animals the vagus and aortic nerves were sectioned in 

the neck. In 13 animals the earotid sinus nerve was al so eut 

bilaterally. The purpose of these denervations was to eliminate 

refl ex effects on sympathetic activity evoked by pulmonary stretch 

receptor and arterial baroreceptor afferents. Baroreceptor 

denervation was necessary because, as described under 'Results', 

systemie arterial pressure changes occurred during superior 

1 aryngeal nerve stimul ati on. Denervati on al so el iminated the 

effects of peri phera1 chemo-receptors on brai nstem respi ratory 

neurones and caused a decreased output of these neurones 

(Miseroechi,1976). In these cats, peak amplitude of the 

integrated phrenic nerve burst decreased after sino-aortic 

denervation as did the amplitude of the inspiration-synchronous 

sympathetic discharge. The peak amplitude of both signals WaS 

brought back ta control by adding CO" to the inspired gas mixture. 

Thus, experiments in these peripherally chemoreceptor-denervated 

cats were performed at end-tidal PCO L values of 35 to 4r, rnrnHg. In 

this group of moderately hypercapnie anima1s results were 

qualitatively similar to those obtained in a normocapnic group {n = 

5} with intact carotid sinus nerves (end-tidal PCO; 25-35 mmHg). 

The effects of superior laryngeal nerve stimulation on 

neurogenic vasoconstrictor tone was studied by measuring perfusion 

pressure during constant Flow perfusion of the innervated hindlimb. 



,.. 
j 

189 

One external i1iac artery was exposed by a 1aparotomy, isolated and 

cannulated. The abdominal aorta was ligated just rostral to the 

bifurcation. With a precalibrated roller pump, b100d was pumped at 

constant flow (9 to 13 ml/min) from the common carotid artery of 

the same cat (autoperfusion, 13 experiments) or of a donor cat 

(cross-perfusion, 5 experiments) into the cannulated external iliac 

artery. Heparin (SOn units i.v.) was given before onset of 

perfusion and every 90 min thereafter. At the beginning of each 

experiment the Flow rate was adjusted 50 as to obtain a hindlimb 

perfusion pressure equal to systemic arterial pressure (of the 

recipient, in the case of cross-perfusion). Perfusion pressure of 

the hindlimb was measured 1ess than 5 cm anterior to the point of 

cannulation of the external iliac artery. Central venous pressure 

was monitored through a catheter advanced approximately 20 cm from 

the Femoral vein into the thoracic inferior vena cava. An 

effective degree of isolation of the arterial suppl y to the 

hindlimb was indicated by the observation that when the pump was 

stopped for approximately 30 5 hind1 imb perfusion pressure fell 

from 187 1_ 40 ta 28 ± 6 mmHg (mean ± SO) under control conditions 

and to a level of less than 10 mmHg after ganglionic block with 

hexamethonium (10 mg/kg i.v.). Absence of any significant 

collateral circulation was also shawn by cross-perfusion 

experiments (n = 3) in which the systemic arterial pressure of the 

recipient was raised by i.v. administration of noradrenaline. No 
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changes in hindlimb perfusion pressure were observed for at least 

20 s following ;ncreases of the recipient's systemic arterial 

pressure by as much as 125 mmHg. In the cross-perfusion 

experiments blood was returned from a common caroti d artery of the 

recipient to a jugular vein of the donor at the same rate as it WdS 

withdrawn From the donor to perfuse the 1imb. The absence of 

shifts in b100d volume between the two cats was demonstrated by the 

1ack of weight changes of the donor cat, the weight of which was 

continuously monitored with an accuracy of 10 g. With 

constant-flow perfusion, vasoconstriction and vasodilatation were 

indicated by an increase or a decrease in hindlimb perfusion 

pressure, since central venous pressure did not change during these 

experi ments. Hexamethoni um (lo mg/kg i. v .) caused hi ndl i mb 

perfusi on pressure to fall by 51 1 15%, from 187 1 40 to 92 1 13 

mmHg (n :: 18, P .001): this fall in perfusion pressure was taken 

as a measure of the neurogenic component of vasoconstrictor tone. 

The fo11owing drugs were used: hexamethonium bromide (Sigma), 

phento1amine mesy1ate (CIBA), proprano101 (Ayerst), atropine 

su1phate (Squibb), noradrena1ine (Winthrop). 

Numerical results are given in the text as mean 1 standard 

deviation. A paired t-test was used to evaluate the significance 

of differences between means. 
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3. RESUl TS 

a) Depressant Effect of Superior Laryngeal Nerve Stimulation 

(SlN) on Sympathetic activity 

Repetitive stimulation of the superior laryngeal nerve (50 Hz, 

0.2 ms pulses) at an intensity just sufficient to abolish phrenic 

nerve bursts (typically 100-200 mV) also abolished the 

inspiration-synchronous wave of sympathetic activ;ty (Fig. la). 

This component of sympathetic discharge was suppressed for as long 

as the phrenic nerve burst was inhibited, usually for the whole 

duration of stimulation. In cases in which phrenic nerve activity 

resumed in spite of the continuing stimulation, the inspiration­

synchronous sympathetic discharge always resembled the phrenic 

nerve response (e.g. Fig. 6a). At these low stimulus intensities 

depression of this phasic component of sympathetic discharge was 

the only observable effect of superior laryngeal nerve stimulation 

on sympathetic nerve activity. Stimulation at higher intensities 

also caused an increase in the level of the tonie component of the 

sympathetic discharge (just noticeable in Fig. lb and obvious in 

Fig. le). The properties of this excitatory effect of superior 

laryngeal nerve stimulation are described in a later section. 

When cats were made hypocapnic by hyperventilation with air 

until bath phrenic nerve burst activity and inspiration-synchronous 

sympathetic discharge had disappeared, superior laryngeal nerve 

stimulation of intensity just sufficient to produce inspiration­

suppression ei ther had no effect on sympathetic activity (Fig. 2) 

or caused weak excitation. Depression of sympathetic activity was 
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LEGENDS 

Effects of superi or l aryngeal nerve stimul at; on on 

phrenic and sympathetic neurone discharge. From 

above: integrated phrenic nerve activity (Phr), 

integrated cervical sympathetic trunk activity (eST), 

stimulus signal (SLN). Stimulation was repetitive at 

50 Hz, 0.2 ms and the intensity indicated. Threshold 

intensity for phrenic nerve activity suppression was 

0.1 V. In this, and all subsequent figures, an 

upward deflection indicates increased phrenic or 

cervical sympathetic trunk discharge. Notice 

disappearance of inspiration-synehronous component of 

sympathetie activity during superior laryngeal nerve 

stimulation and increase in tonie sympathetic firing 

at the highest stimulus intensity (panel c). 

" 

J 
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FIG. 1 

(a) (b) (c) 

Phr. \llJltJJjjJ mlll~JJJ jjJJ~JJ 
CST l~ ~ 
SLN i ~I 

0.1 V 0.2V 0.6V 

20 sec. 
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Lack of effect of superior laryngeal nerve 

stimulation, at threshold for phrenic nerve activity 

suppression, on sympathetic activity in hypocapnia. 

From above: integrated phrenic nerve activity (Phr), 

integrated sympathetic cervical trunk activity (CST), 

stimulus. Under control conditions (a) (end-tidal 

PCO
L 

42 mmHg) superior laryngeal nerve stimulation 

(0.2 mV, 50 Hz, 0.2 ms) for the duration shawn causes 

suppression of phrenic nerve activity and of 

inspiration-synchronous sympathetic discharge. After 

hyperventilation in air (b) (end-tidal PCO; 12 mmHg) 

phrenic nerve activity and inspiration-synchronous 

sympathetic discharge are absent: superior 

laryngeal nerve stimulation with the same parameters 

as in (a) is without effect. 

} 
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FIG. 2 

SLN _-r--________ _ 

(b) 

..... 

20 sec. 



196 

never observed dur; ng superi or l aryngeal nerve stimul at; on when the 

inspiration- synchronous sympathetic discharge was absent. Return 

ta control conditions restored the inspiratory discharge of both 

nerves and of the inhibitory effectlVeness, on both, of superior 

laryngeal nerve stimulation. 

The effect of superior laryngeal nerve stimulation on the 

inspiration-synchronous sympathetic discharge was closely similar 

te the effect stimulation had on phrenic nerve activity. This was 

shown by experiments in which trains of stimul"i l50 Ill, 0.2 Ins 

pulses). which were of short duration (100-200 ms) with respect to 

the duration of a respiratory cycle, were delivered at various 

times during the cycle. By appropriate timing it was possible to 

grade the inspiration-suppressing action of the stimulus, i.e., it 

was possible to eliminate a variable fraction of the phrenic nerve 

burst: the concomitant effect on the inspiration-synchronous 

sympathetic discharge was always analogous to that on the phrenic 

burst. A train given at any time during expiration delayed the 

onset. without modifying the amplitude, of the following phrenic 

nerve burst and of the concurrent inspiration-synchronous 

sympathetic discharge. The same stimulus during the 1ast 10-20'J, of 

inspiration anticipated the onset of the subsequent inspiration, 

without modifying the amplitude of the ongoing, or of the 

fol1owing, phrenic burst and concurrent inspiration-synchronous 

sympathetic discharge appreciably. On the other hand, stimulation 

during the initial 80% of inspiration eliminated the remainder of 
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The effect of superior laryngeal nerve stimulation on 

inspiration- synchronous sympathetic discharge is 

closely re1ated to the effect on phrenic nerve activity. 

Two hundred ms trains of stimuli (50 Hz, 0.2 ms, 0.18 V) 

delivered every second phrenic burst at 50 % (a), 35 % 

(b) and 21 't (c) of inspiration. 

-
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the phrenic nerve burst and concurrent inspiration-synchronous 

sympathetic discharge. The fraction of the discharge which was 

eliminated depended on the timing of the stimulus. This graded 

inhibition of phrenic burst duration and amplitude ~y superior 

1 aryngea l nerve stimul ati on, and the associ ated effects on the 

inspiration-synchronous sympathetic discharge, are shawn in Fig. 

3. 

With stimulus trains of 100-200 ms duration, given during the 

first 50% of inspiration, the inspiration-suppressing effect first 

appeared at 0.10 . 0.04 Y (n = 12) as a small transient depression 

of the phrenic burst and became maximal at 0.16.: 0.05 V, at which 

intensity the phrenic burst was terminated. 

b) Vasodilator Effect of Superior Laryngeal Nerve Stimulation 

Under control conditions, repetitive stimulation (50 Hz, 0.2 

ms pulses) for 2ù-30 s at maximal intensity for inspiration­

suppression caused a decrease in hindlimb perfusion pressure (Fig. 

4), in addition to suppressing the inspiration-synchronous 

sympathetic discharge. In 18 experirnents in sino-aortic denervated 

cats, the peak decrease in perfusion pressure was 23.0 t 10.3 mmHg 

from a control value of 187.0 -: 40.0 mmHg (p ( .001). A 

vasodilator response was a1so shawn by 5 cats with intact carotid 

sinus nerves (e.g. Fig. 6a). 

The vasodilatation was dbo1ished by the 9dnglion-blocker 

hexamethonium (18 cats, 10 mg/kg i.v.) or by the alpha-adrenergic 
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Repetitive superior laryngeal nerve stimulation (50 Hz, 

0.2 ms) at intensity just sufficient ta suppress phrenic 

nerve activity (0.3 V) causes suppression of 

inspiration-synchronous sympathetic discharge, decrease 

in hindlimb vascular resistance and decrease of system;c 

arterial pressure. From above: systemic arterial 

pressure, hindlimb perfusion pressure (constant Flow), 

cervical sympathetic and phrenic neurograms, stimulus 

signal. Dashed line shows level ta which hindlimb 

perfusion pressure fell when hexamethonium bromide (10 

mg/kg) was given i.v. later in the experiment. 

j 
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receptor antagoni st phentol ami ne mesyl ate (2 cats. 450 119 ; i1to the 

perfusion line, Fig. S). The vasodilatation was Ilot affected by 

atropine sulphate (2 cats. 0.5 mg/kg Lv.) or by propranolol (2 

cats, 100 Ilg/kg lov.). The fall in perfusion pressure, during 

repetitive laryngeal nerve stimulation, WdS 24.2 ' 9.8% of that 

caused by hexamethoni um (n = 18). On the assumpti on (see Methods) 

that the fall in perfusion pressure caused by hexamethonium was due 

to 105s of the neurogenic component of vasoconstrictor tone, this 

value represents the fraction of neurogenic tone suppressed by 

superior laryngeal nerve stimulation. 

In many cases perfusion pressure remained steady at the lowest 

level to to which it had fallen during the whole p~riod of 

repetitive superior laryngeal nerve stimulation (as in Fig. 4). In 

other cases, however, the initial fall in perfusion pressure was 

foll owed by gradual recovery towards control val ues, in spite of 

continuous stimulation (Fig. Sa). 

An osei 11 ati on in perfus i on pressure, at the same frequency as 

that of the phrenie nerve burst and i nspi rati on-synchronous 

sympathetic di scharge of the cervical trunk. but; ndependent of the 

ventilation pump frequency, was evident in 9 of the sino-aortic 

denervated cats. This respiratory oscillation in perfusion 

pressure disappeared during the vasodilatation caused by superior 

laryngeal nerve stimulation (Fig. 4 and 8, middle and right panels) 

as well as at low end-tidal PCOL levels (10-15 I111lHg) which were 

associ ated wi th di sappearance of the phreni c nerve burst and of the 
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Hindl imb vasodilatation caused by superior laryngeal 

nerve stimulation is abolished by phentolamine mesylate. 

From above: systemic arterial pressure, hindlimb 

perfusion pressure, (constant Flow) phrenic neurogram, 

stimulus signal. (a) control. (b) one min after 

admi ni strati on of phentol amine (450 ~g) into perfusion 

line. (c) 5 min after administration of the drug. 
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inspiration-synchronous sympathetic discharge. 

Several observations suggest that the reflex vasodilatation is 

related to the reflex inhibition of the inspiration-synchronous 

sympathetic discharge, described in the preceding section. 

First, the superior laryngeal nerve afferents mediating the 

vasodilator reflex and the suppression of the inspiration­

synchronous sympathetic discharge exhibited similar excitability. 

ilith repetitive stimulation at 50 Hz, voltages which l'lere 

subthreshold for suppression of the inspiration-synchronous 

sympathet i c di scharge caused no fall in perfusi on pressure, whi 1 e 

vol tages which l'lere maximal or supramaximal for the former l'lere 

also respectively maximal or supramaxima1 for the latter. 

Secondly, when the inspiration-synchronous sympathetic 

discharge (together with phrenic nerve activity) was eliminated by 

hyperventilation in air (end-tidal peeL 10-15 rnrnHg) , stimulation of 

the inspiration-suppressing afferents caused no vasodilatation. 

Loss of the vasodilator reflex could not be attributed to a 

vasoconstrictor acti on of hypocapni a on the hindl imb vascul ature 

because it occurred even when the peeL of the arterial blood 

perfusing the hindlimb was maintained within the normocapnic range 

by the use of a nonnocapnic donor animal (5 experiments, Fig. 6). 

In these hypocapnic preparations the tonie eomponent of the 

discharge of the cervical sympathetic trunk was not significantly 

different from that of the controls. Moreover, significant 

neurogenic vasoconstrictor tone l'las still present, as shown by a 
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Loss of the vasodilatation evoked by superior laryngeal 

nerve stimulation during hypocapnia and persistence of 

the vasoconstriction Cross-perfusion of the hindlimb 

by donor animal (end-tidal PCC,: 38 ilI11Hg). From above: 

systemic arterial pressure of recipient animal, hindlimb 

perfusion pressure (constant flow) ~ systemic arterial 

pressure of donor animal, cervical sympathetic and 

phrenic neurograms of recipient animal, stimulus signal. 

(a) End-tidal peo, of recipient animal 38 mmHg. Notice 

suppression of phrenic nerve activity and 

inspiration-synchronous sympathetic discharge, and fall 

in hindlimb perfusion pressure during repetitive 

superior laryngeal nerve stimulation (0.14 V, 50 Hz, .2 

ms). (b) Recipient animal hypocapnic (end-tidal peo) 14 

mmHg). Notice absence of phrenic nerve activi ty and 

inspiration-synchronous sympathetic discharge. No 

effect of superior laryngeal nerve stimulation on 

cervical sympathetic trunk activity or hindlimb 

perfusion pressure. (c) Recipient animal as in (b). 

Superior laryngeal nerve stimulus intensity raised to 

0.6 V: notice increased firing in cervical sympathetic 

trunk and increased perfusion pressure. 
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Baroreceptor-evoked sympa tho- i nhi bi t i on and 

vasodilatation persist during systemic hypocapnia. 

Cross-perfusion of hindlimb of recipient animal with 

intact baroreceptor nerves by donor animal (end-tidal 

PCOL 40 mm Hg). From above: systemic arterial pressure 

of recipient animal, systemic arterial pressure of donor 

animal ~ hindl imb perfusion pressure (constant Flow), 

phreni c neurogram, end-ti da l peG", cervi ca 1 sympatheti c 

neurogram, all of recipient. At arrow, 5 1L9 

noradrenaline injected Lv. into recipient. Notice 

decrease in cervical sympathetic activity and hindl1mb 

perfusion pressure associated with rise in recipient 

systemic arterial pressure. 

} 
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fal1 in perfusion pressure following hexamethonium administration. 

Furthermore, reflex vasodilatation cou1d still be evoked by 

arterial baroreceptor afferent stimulation (3 experiments, Fig. 7). 

This degree of systemic hypocapnia a1so caused vasodilatation which 

was associated with disappearance of the respiratory oscillation in 

perfusion pressure in those cats which exhibited this phenomenon. 

As shown in Fig. 6 (compare panel a and b) the vasodilatation 

caused by repetitive stimulation of the superior 1aryngcal nerve 

under control conditions was of similar magnitude to that caused by 

hypocapnia. Similar observations were made in the other 4 cats 

with cross-perfused hindlimbs. 

Third, the magnitude of the reflex vasodilatation could be 

graded by stimu1ating the inspiration-suppressing afferents of the 

superior laryngeal nerve with short bursts of stimuli (100-200 ms 

train duration, 50 Hz, 0.2 ms pulses), delivered during vdrious 

phases of the respiratory cycle, once during each of 5-10 

consecuti ve respi ratory cyc1 es. No vasodil atati on occurred if the 

stimulus was given during the last 10-20% of inspiration or during 

expiration (Fig. 8, right panel). Vasodilatation occurred with 

stimulation during the first 80% of inspiration, the magnitude of 

which depended on the timing of the stimulus train during this 

phase. Vasodil atation was maximal when the stimulus was given 

during early inspiration (first 10-20%, Fig. 8, left panel), but 

was less when the stimulus was delivered during mid-inspiration 

(Fig. 8, middle panel). These effects of the timing of the 
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Effect of stimulus timing during the respiratory cycle 

on the vasodilator response to superior laryngeal nerve 

stimulation. From above: systemic arterial pressure. 

hindlimb perfusion pressure (constant flow), cervical 

sympathetic and phrenic neurograms, stimulus. Dashed 

line shows level of hindlimb perfusion pressure aiter 

hexamethonium. Superior laryngeal nerve stimulus (200 

ms trains, 50 Hz, 0.2 ms, 0.1 V) triggered at selected 

delays from onset of phrenic nerve burst and delivered 

for several consecuti ve respi ratory cyel es. Left panel: 

stimulus g;ven in early inspiration. Suppression of 

phrenic nerve burst and inspi ration-synchronous 

sympathetic discharge. Marked vasodilation. Number of 

trains greater than predicted from control duration of 

respiratory cycle because stimulation in ear1y l greatly 

shortens the post-stimulus cycle. Middle panel: 

stimulus given in mid-inspiration. Suppression of a 

fraction of phrenic nerve burst and inspiration­

synchronous sympathetic discharge. Vasodilatation 

present but less than in left panel. Evident shortening 

of respiratory cycle during stimulation. Right panel: 

stimul us given in early expiration. No effect on 

phrenic burst or inspiration-synchronous sympathetic 

discharge. No effect on hindlimb perfusion pressure. 
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s timul us on the magni tude of refl ex vasodil at3tion are strongly 

relni ni scent of the effects of stimul us timi ng on the magni tude of 

the depression of the inspiration-synchronous sympathetic 

discharge, shown in Fig. 3. 

c) Sympatho-excitatory and Vasoconstrictor Effects of SLN 

St i mu lat ion 

As mentioned in the section describing the sympatho-depressant 

effects, repetitive stimulation of the superior laryngeal nerve (50 

Hz, 0.2 ms pulses), with intensity greater than that which was just 

sufficient for inspiration- suppression, evoked a marked ;ncrease 

in tonie sympathetic aetivity (Fig. le) together with suppression 

of the i nspi rati on-synchronous sympathetic di scharge. Si nce the 

sympatho-inhibitory effeet is absent at end-tidal PCO; levels low 

c'lOugh ta abolish phrenie nerve and inspiration- synchronous 

sympathetie di scharge, thi s sympatho-exci tatory effect was the only 

response seen during repetitive stimulation in hypocapnia (Fig. 

6e). The properti es of the excita tory eomponent of the refl ex 

evoked in the cervical sympathetic trunk by supericr laryngeal 

nerve afferents were therefore studi ed by stimul ati on duri n9 

hypocapnia. Stimulation with short trains of stimuli (200 ms train 

duration,50 Hz, 0.2 ms pulses) caused a discharge with a threshold 

of 0.18 1 0.03 V and a maximum amplitude at 0.80 ; 0.10 V (n::: 3). 

The di scharge had a 1 atency of 76 1 4 ms (n = 3), measured from the 

first stimulus. Repetition of stimulation at a 
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Vasoconstrictor effect of superior laryngeal nerve 

stimulation. From above: systemic arterial pressure. 

hindlimb perfusion pressure (constdnt flow) phrenic 

neurogram, end- tidal peo.!. stimulus. End-tidal PCO/:l0 

mmHg. Stimul us train: 0.2 ms, 50 Hz. Vasoconstrictor 

response did not increase with stimulation ;ntensity 

greater than l.OV (not shown). 
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rate of 0.5 train/s or more caused a rapid attenuation of the 

amplitude of the response. There was an increase in hind1imb 

perfusion pressure associated with the discharge of the cervical 

sympathetic trunk. This vasoconstrictor effect was also studied in 

i sol ati on Dy repetiti ve stimul ati on of the superi or 1 aryngea l nerve 

during hypocapnia in 8 cats in which one hindlimb was autoperfused. 

Fig. 9 shows the results of such an experiment. The threshold was 

0.2 V, the vasoconstriction increased at 0.4 and was maximal at 1.0 

V. With maximal stimulation the increase in perfusion pressure was 

17.1 ± 6.4 mmHg (n = 8, P (.001). Vasoconstriction was not 

sustained through the period of stimulation. 

d) Effects of SLN Stimulation on Heart Rate and Systemic Arteria1 

Pressure 

Instantaneous heart rate was monitored in 5 cats. Under 

control conditions heart rate was 192 ± 23 beats/min. During 

repetitive stimulation (50 Hz~ 0.2 ms pulses), of intensity just 

sufficient ta suppress the phrenic nerve burst and the inspiration­

synchronous sympathetic discharge, heart rate decreased by 6 1 3 

beats/min (P < .005). Increasing the intensity of the stimulus up 

ta 1.0 V did not modi fy thi s response. Si nce all cats were 

vagatomized, this small bradycardia was presumab1y mediated by the 

sympathetic nerves. During hypocapnia, repetitive superior 

laryngeal nerve stimulation at up to 1.0 V intensity had no effect 

on heart rate. As mentioned above. the vasodilatar response ta 



( 

,( 
1 

217 

superior laryngeal nerve stimulation was also lost under these 

conditions (Fig. 6b). 

Superior laryngeal nerve stimulation evoked changes in 

systemic arterial pressure which were consistent with the changes 

observed in the electrical activity of the cervical sympathetic 

trunk and in hindl imb perfusion pressure. Systemic arterial 

pressure decreased when repetitive stimulation resulted in 

inspiration-suppression, suppression of the inspiration-synchronous 

sympathetic discharge and vasodilatation (Fig. 4, Sa, 6a, 8 left 

and middle panels), but did not change when the same stimulation 

was employed either during hypocapnia (Fig. 6b) or with such 

timing that no depression of the inspiration-synchronous 

sympathetic discharge occurred (Fig. 8 right panel). Systemic 

arterial pressure increased wh en the superior laryngeal nerve was 

stimulated at intensities greater than those required for 

inspiration-suppression, and caused sympatho-excitation and 

vasoconstriction (Fig. 6c, 9b and cl. 

DISCUSSION 

This study has shown that one of the reflex actions of 

superior laryngeal afferent fibres on sympathetic activity is a 

selective suppression of the inspiration-synchronous component. 

The selectivity of this action is indicated by the fact that 

depression of this component occurred without any depressant action 
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on the tonie component of the firing of these neurones. In fact, 

the latter was often enhanced. This reflex appears to be mediated 

by the same low threshol d afferents whi ch suppress the phreni c 

burst. In addition, electrical stimul ation of low threshold 

afferents in the superior laryngeal nerve evokes a vasodilatation 

of the hindlimb which is aboli shed by hexall1ethonium. The 

vasodilatation ;s presumably due to a decrease in neural 

vasoconstrictor tone, since it is abolished by the alpha-adrenergic 

blocker phentolamine and unaffected by either atropine or 

propranolo1. 

This reflex vasodilatation hdS sorne unique properties which 

suggest that the under1ying mechanism is not a process reducing the 

responsiveness of the sympathetic preganglionic neuronûs to 

excitatory inputs but a selective suppression of the 

inspiration-synchronous sympathetic discharge. First, the 

vasodilatation was present on1y when there was an 

inspiration-synchronous wave in the sympathetic discharge and this 

wave was abolished by superior laryngeal nerve stimulation. The 

vasodilatation disappeared when end-tidal peo; was lowered ta a 

level be10w threshold for the occurrence of phrenic nerve activity 

and of the inspiration-synchronous sympathetic discharge. 

Secondly, the magnitude of the vasodilatation was influenced by the 

timing of the stimulus with respect to the respiratory cycle, being 

maximal when the stimulus was delivered during early or middle 

inspiration and minimal when the stimulus was delivered in late 
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inspiration or in expiration. Both these oroperties are at 

variance with those of other sympatho-inhibitory and vasodilator 

ref1exes, e.g. that evoked byarterial baroreceptor afferents. 

The 1 atter refl ex occurs whether or not there i s an 

inspiration-synchronous component of sympathetic discharge (Gerber 

& Polosa, 1978) and during hypocapnia (present experiments). 

Moreover, baroreceptor inhibition of sympathetic neural discharge 

is greater in expiration than in inspiration (Seller, Langhorst, 

Richter & Koepchen, 1968). 

The observati on that a respi ratory oscill ati on in hind1 imb 

perfusion pressure, which was present under control conditions in a 

number of cats. di sappeared during the vasodil atation evoked by 

stimulation of the superior laryngeal nerve is also consistent with 

the hypothesis that the vasodilatation is due ta suppression of the 

inspiration-synchronous sympathetic discharge. Since this 

respi ratory osci11 ation was independent of the frequency of the 

respiratory pump and the preparations were paralyzed, sino-aortic 

denervated and vagotomized, it cou1d not have been caused by 

mechanica1 or refl ex effects of the infl ation-deflation cycle of 

the pump. On the other hand, as the frequency of this perfusion 

pressure oscillation was related to that of the phrenic nerve burst 

and of the inspi rati on-synchranous sympathetic di scharge, it i s 

more 1ike1y that it was due ta respiratory modulation, generated 

within the central nervous system, of the activity of hindHmb 

vasoconstrictor neurones. The same mechanism was postulated by 
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Koepchen, Seller, Polster & Langhorst (1968) to account for an 

oscillation in hindlimb blood flow observed under similar 

experimental conditions. During hypocapnia this oscillation in 

perfusion pressure disappeared, as did the inspiration-synchronous 

sympathetic discharge. During vasodilatation caused by superior 

laryngeal nerve stimulation this oscillation also disappeared, 

along with the inspiration-synchronous sympathetic discharge. The 

simplest interpretation of this parallelism is that the 10ss of the 

vasodi1ator reflex is the consequence of the suppression of the 

inspiration-synchronous sympathetic discharge. In other words. the 

10ss of the respiratory oscillation in perfusion pressure during 

superior laryngea1 nerve stimulation suggests that respiratory 

modulation has disappeared from the activity pattern of the 

sympathetic neurones supp1ying the hindl imb vasculature. r~oreover. 

since systemic hypocapnia caused vasodilatation (Fig. 6b) which 

was associated with 10ss of the respiratory oscillation in 

perfusion pressure and caused ioss of the inspiration-synchronous 

sympathetic di scharge as the domi nant effect on sympathetic 

activity. it can be suggested that hypocapnic vasodilatation is due 

ta removal of the same component of sympathetic di scharge. namely 

the inspiration-synchronous sympathetic discharge, as is the 

vasodilatation evoked by superior laryngeal nerve stimulation. The 

observation that the hypocapnic and the superior 1aryngeal 

nerve-evoked vasodilatation were of similar magnitude is consistent 

with this interpretation. 
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The set of superior laryngeal nerve afferents responsible for 

the vasodilatation is excited by stimulus intensities within the 

same range as that which terminates the phrenic nerve burst, 

causing apnea when repetitive1y activated, and depressing the 

inspiration-synchronous sympathetic discharge. The properties of 

the inspiration-inhibitory afferents in the superior 1aryngea1 

nerve have been studied by Miller and Loizz; (1974). These 

afferents represent 25% of the mye1inated axons in this nerve and 

have conduction velocities of about 40 rn/s. 

In sorne cases, during superior 1aryngeal nerve stimulation at 

low intensity, perfusion pressure fe11 initially followed by 

recovery towards or above control during the stimulation period. 

This biphasic time course of the response may result from the 

simultaneous occurrence of two opposing central effects, 

suppression of the inspiration-synchronous sympathetic discharge 

and the sympatho-excitation. due to overlap in the excitability 

properti es of the i nspi rat; on-suppressi n9 and sympatho-exci tatory 

axons. 

Associated with the fa11 in hind1imb perfusion pressure, 

caused by stimulation of the inspiration-suppressing afferents in 

the superior 1 aryngeal nerve, there was invariably a fall in 

systemic arterial pressure Ce.g. Fig. 4, Sa, 6a, 8 1eft and middle 

panels). If stimulation d;d not cause a fall in perfusion 

pressure, no fall in systemic arterial pressure occurred. The same 

explanation offered for the vasodilator effect of superior 
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1 aryngeal nerve stimul ati on coul d account for the depressor effect. 

Namely, a suppression of the inspiration-synchronous component of 

sympatheti c di scharge ta the heart and vascul ar beds other than the 

hindlimb is likely to result in a fall in systemic drterial 

pressure due to a reduction in bath cardiac output and total 

peripheral resistance. The depressor effect could be used to 

estimate the component of systemic arterial pressure which is 

~aintained by the inspiration-synchronous sympathetic discharge. 

The fall in systemic arterial pressure, observed during superior 

1 aryngeal nerve stimul ation, therefore suggests that the 

inspiration-synchronous sympathetic discharge contributes to 

vasoconstrictor activity in vascular beds other than that under 

study. Under the conditions of the present study the contribution 

of the decrease in heart rate to the fall in systemic arteri al 

pressure was negligible. 

Excitation of sympathetic preganglionic neurones of the 

cervical sympathetic trunk and an increase in systemic arterial 

pressure in response ta mechanical stimulation of the larynx has 

been described previously by Nadel and Widdicombe (1962) and Tomori 

and Widdicombe (1969). Sorne properties of an excitatory 

syrnpathetic reflex, evoked by stimulation of superior laryngeal 

nerve afferents and presurnably underlying the se effects, were 

described by Gerber and Polosa (1979). The present resu1ts extend 

these findings by providing evidence that this sympatho-excitatory 

reflex involves hindlimb vasoconstrictor neurones and is evoked at 
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intensities of superior laryngeal nerve stimulation greater than 

those required for inspiration-suppression, hence presumably by 

myelinated afferents of smaller diameter than those causing 

inspiration-suppression. 
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SUrt4ARY 

1. The background discharge of sympathetic preganglionic neurones 

shows a marked inspiration-synchronous component which is 

known to originate from within the central nervous system. 

The contribution of this component to total neurogenic 

vasoconstrictor tone is unknown. 

2. In order to estimate its extent we have exploited the 

inspiration- suppressing effect of a group of low threshold 

afferent fibres in the superior laryngeal nerve. 

3. The electrical activities of the cervical sympathetic trunk 

and of the phrenic nerve were recorded in 

pentobarbital-anaesthetized, paralyzed, artificially 

ventilated, sino-aortic denervated and vagotomized cats, 

together with the perfusion pressure of an innervated hindlimb 

perfused at a constant flow rate. 

4. Repeti ti ve stimul ati on of the super; or 1 aryngeal nerve at an 

intensity just sufficient to suppress phrenic nerve activity 

inhibited the inspiration- synchronous sympathetic discharge 

and caused hindlimb vasodilatation. This vasodilatation was 

abolished by hexamethonium or phento1amine, but was not 

affected by atropine or propranolol. 

5. Fol1owing the elimination of phrenic nerve activity and 

inspiration-synchronous sympathetic discharge by systemic 

hypocapnia, repetitive stimulation of the superior laryngeal 
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nerve eith~r failed to affect the residual sympathetic 

activity and hindlimb perfusion pressure, or caused an 

increase of both. 

6. Stimulation of the superior laryngeal nerve with short (0.2s) 

trains of stimuli, delivered at selected times of the 

respiratory cycle for several consecutive cycles, had similar 

effects on phrenic nerve bursts, inspiration synchronous 

sympathetic discharge and hindlimb perfusion pressure. 

Stimulation at progressive 1y t·arlier times during inspiration 

produced a graded reduction l' all three variables, while 

stimulation during late inspiration or early expiration had no 

effect on any of them. 

7. The results suggest that the vasodilator reflex, elicited by 

inspiration- suppressing afferents in the superior laryngeal 

nerve, results from selective abolition of the excitatory 

input which causes the inspiration-synchronous discharge of 

sympathetic neurones. The magnitude of the hindlimb 

vasodilatation can therefore, be taken as an indication of the 

extent of control of hindlimb vasoconstrictor tone exerted by 

this particular input. By comparing the magnitude of the 

reflexly-evoked vasodilatation with that of the vasodilatation 

resulting from ganglionic blockaoe, it was estimated that 

24.2% of the neurogenic vasoconstrictor tone of the hindlimb 

was attributable to the inspiration-synchronous component of 

sympathetic discharge. 
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CHAPTER V 

THE PATTERN OF SYMPATHETIC NEURONE ACTIVITY DURING EXPIRATION IN 
THE CAT 
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1. INTRODUCTION 

Previ ous studi es have fi rmly es tab 1 i shed that the fi ri ng 

pattern of single sympathetic preganglionic units, or of whole 

sympathetic nerves, has a rhythmic component, whi ch i s synchronous 

with the inspi ratory phase of the respiratory cyc1 e at normal 

respi ratory frequenci es and has properti es simil ar ta those of the 

phrenic nerve burst (Cohen & Gootman, 1970; Preiss, Kirchner & 

Polosa, 1975; Barman & (jebber, 1976; Pre;ss & Polosa, 1977; Gerber 

& Polosa, 1978 & 1979; Polosa, Gerber & Schondorf, 1980). In 

contrast, there are few observati ons on the properti es of the 

sympathetic diseharge which oecurs during the expiratory phase of 

the respiratory cycle. Published records of the electrical 

acti vit y of whol e sympatheti c nerves in vagotomi zed animal s show 

that the level of activity inereases from early to late expiration 

(Cohen & Gootman, 1970; Barman & Gebber, 1976). Sorne of these 

records show a monotonie increase in activity throughout 

expiration, while others show an early ;ncrease followed by a 

plateau. Various interpretations of the se incrementing patterns of 

sympathetic aetivity during expiration are possible, but none has 

been subjected to experimental test as yet. The ; ncrementi n9 

pattern may represent a recovery of acti vit y from an early 

expiratory depression or an incrementing excitation synchronous 

with the phase of activity of brainstem expiratory neurones 

(Bainton, Richter, Seller, Ballantyne & Klein, 1985) or of 
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phase-spanning respiratory neurones (Gootman, Cohen, Piercey & 

Wol otsky, 1975). 

The present experiments were di rected to the questi on of 

whether the background discharge of sympathetic preganglionic 

neurone contains rhythmic components related to the activity of 

brainstem expiratory neurones. The existence of such components 

wou1d suggest the existence of )ynaptic connections between these 

two sets of neurons. The activity level of brainstem expiratory 

neurones 1s known to be enhanced during moderate lung inflation 

(Sears, 1964; Bi shop, 1967) and duri ng systemic hypercapni a 

(Bainton, Kirkwood & Sears, 1978; Bainton & Kirkwood, 1979). 

Therefore in the present experiments we have investigated the 

effect of these exp; ratory- faeil i tating maneuvers on the pattern 

of firing of the cervical sympathetic trunk in expiration. 

2. METHODS 

Thirty one eats of both sexes were used (2.3 to 4.0 kg). Five 

of the cats were decerebrated at Inidcollicular level under ether 

anesthesia. In the remainder, anaesthesia was obtained with i .p. 

sodium pentobarbitone (35 mg/kg initial dose, followed by a 

maintenance dose of 9 mg/kg i .v. every 3 hrs). With this dose the 

withdrawal reflex on pinchi ng forepaw or hindp,~w was suppressed for 

the duration of the experiment. The trachea was cannulated and the 

animals were artificially ventilated, while continuously monitoring 
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tidal CO2 concentration with an infrared gas analyser and tracheal 

pressure with a strain gauge. ~l cats were paralyzed with 

pancuronium bromide (initial dose 200 Iig/kg followed by maintenance 

doses of 100 fl.g/kg whi ch were given every 2-3 hours, when the 

effect of the previ ous dose had worn off, as evi denced by the 

appearance of spontaneous breathing movements, and after testing 

for adequacy of the level of anaesthesia). Frequencyand tidal 

volume of the respiratory pump were adjusted to obtain, in control 

conditions, a end-tidal peo:, of between 35 and 40 mmHg. In ten 

experiments a phrenic-triggered respiratory pump was used (Remmers 

& Gauthier, 1976). Central respiratory cycle is defined as the 

interval between two successive phrenic nerve bursts. Inspiration 

is defined as the time between onset of phrenic nerve activity and 

beginning of rapid decline, expiration as the remainder of the 

cycle. Infl at;on is defined as the increase in tracheal pressure 

caused by the respi ratory pump, defl ati on as the return of trachea 1 

pressure to pre-inflation level From peak inflation. For 

consistency with the terminology used in respiratory physiology 

(Grippi, Pack, Davies & Fishman, 1985) the value of tracheal 

pressure or of lung volume at the end of the deflation phase of the 

ventilation cycle is referred to as end-expiratory level. A 

variable load to passive deflation (a water column of var;ous 

heights), which produced graded increases in end-expiratory lung 

volume (FRe), was introduced in the circuit when required (Bishop. 

1967, Russell & Bishop, 1976). Systemic hypercapnia was produced 
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by ventilation with gas mixtures containing various CO2 

concentrations in Dl' systemic hypocapnia by hyperventilation in 

room air. Catheters were placed in a femoral artery and vein for 

conti nuous recordi ng of systemi c arteri al pressure and for 

administration of drugs, respectively. Rectal temperature was 

maintained at 37-38°C using an infrared lamp controlled by a 

feedback circuit. 

The electrical activity of the phrenic nerve, of the cervical 

sympathetic trunk and, in three cats, of the recurrent laryngeal 

nerve was recorded monophasically with silver hook eleetrodes, 

amplified (bandpass 10 Hz to 10 KHz) and stored on magnetic tape. 

After half-wave rectification and low-pass filtering (time 

constant 100 ms) the se signals were also displayed on a storage 

oscilloscope and pen recorder. These reetified, low-pass filtered, 

records of neural aetivity are usually referred ta in the 

literature as "integrated" activity. The level of "zero" aetivity 

for the recording of cervical sympathetic trunk activity was 

obtained by applying procaine ta the nerve or by crushing the nerve 

proximal ta the recording electrodes. 

The carotid bifurcation was exposed bilaterally in all 

animals, after reseetion of a segment of the esophagus and trachea, 

and both carotid sinus nerves were identified at their junctian 

with the IX eranial nerve and eut. The aortic nerves were also 

bilateral1y eut when they were identified as separate from the 

cervical vagus nerves. The vagus nerves were eut in some cases 
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before the begi nni ng of the experiments. In the major; ty of cases 

they were prepared for section during the experiment. In two cats. 

after a left thoracotomy, a catheter was inserted into the 

pericardial sac for injection of procaine (2 ml of a 2% solution) 

(Arndt, Pasch, Samodelov & Wiebe. 1981) at the appropriate time 

during an experiment. 

3. RESULTS 

a) Pattern of Activity During Expiration of the Cervical 

Sympathetic Trunk (eST) at Normal FRC 

The pattern of sympathetic activity during expiration was 

examined in 9 vagotomized cats and in 22 cats with intact vagus 

nerves. In the latter group the observations were made in the 

absence of artificial ventilation during a period equal to two 

respiratory pump cycles. All animals were normocapnic and showed a 

pronounced i nspi rati on-synchronaus sympatheti c di scharge. In 11 of 

the cats the mean level of sympathetic activity was appraximately 

constant throughout expiration. This will be referred to dS a 

"toni Cil pattern (Fi g. lA). In the majority of cats (17) the mean 

level of activity increased from early expiration ta middle or late 

expiration. This will be referred to as an "incrementing" pattern. 

In sorne cats showing an incrementing pattern the increase was 

continuous throughout expiration, in others a plateau was fonmed in 

late expiration (Fig. lB). These differences in the pattern of 
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FIGURE lEGENDS 

Patterns of sympathetic activity during expiration in 

anaesthetized, vagotomized, paralyzed normocapnic cats. 

From above, averaged (20 sweeps) integrated phrenic 

nerve and cervi cal sympathetic trunk activity. In thi s 

and all subsequent fi gures all averages shawn were 

tri ggered From the onset of phrenic nerve di scharge. An 

upward defl ecti on i ndi cates i ncreased di scharge. A, B & 

C: recordings From three different cats, all show;ng a 

pronounced inspi ratory sympathetic di scharge. Panel A: 

mean level of sympathetic activity remained constant 

throughout expiration (tonie type). Panel B: mean 

level of sympathetic activity increased continuously 

during expiration (incrementing type). Panel C: a 

distinct wave-like discharge of sympathetic activity 

appeared during the second half of expiration. 

........ 
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expiratory firing between animals were not related to differences 

in the duration of the respiratory cycle or of its phases, nor ta 

pre5ence or absence of the vagus nerve. Each pattern was invariant 

for a given set of experimental conditions. Three cats showed a 

distinct burst of activity in late expiration (Fig. lC). Thus, in 

these cases sympathetic activity showed two peaks for each 

respi ratory cyel e. Simi l ar observati ons have been recently 

described by Bainton et al. (1985). Peak amp1 itude and rate of 

rise of this expiratory burst, in the low-pass fntered record, 

were lower than for the i nspi rati on-synchronous sympathetic burst. 

Since these animal s were sino-aortic denervated and vagotomized or 

at constant lung volume, ft may be assumed that this pattern of 

sympatheti c acti vi ty in expi rati on was not generated refl exly but 

by mechanisms within the CNS. A possible exp1anation for thh 

pattern 15 that it results from excitatory input from brainstem 

expiratory neurones to sympathetic preganglionic neurones. If this 

was the case, ft should be possible to evoke an increase of 

sympatheti c acti vit y duri n9 expi ration by performing manoeuvers 

whi ch are known ta increase the level of acti vit y of brai nstem 

expi ratory neur'f'npc:. 

b) Pattern of Activity in Expiration of the CST During 

Ventilation with Positive End-expiratory (PEEP) (increased 

FRC) 

Positive end-expiratory pressure within the range from 2.1 ± 
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0.4 to 6.7 :: 0.6 cm H ,0 caused an increase in the level of activity 

during expiration of the cervical sympathetic trunk in 19 of 22 

cats with intact vagus nerves tested. In addition, expiratory 

loading caused attenuation of the inspiration-synchronous 

sympathetic discharge. Fig. 2 shows the results of such an 

experiment. At zero end-expi ratory pressure the pattern of 

expiratory activity of the cervical sympathetic trunk was tonie 

(panel A). Panel s B & C show the effect of ventilation with 

end-expiratory pressures of 2.5 and 5.0 cm H,.:O, respectively. An 

expiratory wave appeared, reminiscent of that shown in Fig. IC. 

The expiratory wave appeared with some delay with respect to the 

onset of exp; rati on, incremented fi rst and then decremented 

somewhat before the onset of the foll owi n9 i nspi rati on. The 

ampl itude of thi s expi ratory wave of sympatheti c acti vit y was 

greater at s.a (Fig. 2e) than at 2.5 'Fig. 2B} cm H;O. At 5.0 cm 

H~O end-expiratory pressure a decrease in peak amplitude of the 

phrenic nerve burst and of the i nspi rati on-synchronous wave of 

sympathetic discharge was also observed. The inspiratory and 

expiratory waves were of similar amplitude at this value of 

end-expiratory pressure. With a pressure of 10 cm H;a (Fig. 2D), 

phrenic nerve activity disappeared, together with the inspiratory 

and expiratory components of sympathetic diseharge. At this value 

of end-expi ratory pressure the sympathet;c record showed waves of 

depression which were related in time to eaeh inflation ~hase of 

the respi ratory pump cycle and which appeared ta summate, resul ti ng 
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in a progressively decreasing level of sympathetic activity. 

Positive end-expiratory pressure produced the expected (Cohen, 

1975) excitation of expiratory neurones: a burst of activity 

in late expiration appeared in the record of recurrent laryngeal 

nerve activity during ventilation with end-expiratory pressures of 

2.S and 5.0 cm H;O. All these effects on sympathetic, recurrent 

1 aryngeal and phreni c nerve activHy di sappeared after bi 1 ateral 

cervical vagotomy. Effects similar to those just described were 

obtained in cats in which procaine was injected in the pericardial 

sac. This result rules out the possibility that sensory receptors 

in the heart, responsive to changes in transmural pressure and/or 

shape of the cardiac chambers resulting from positive 

end-expiratory pressure ventilation (Cassidy & Mitchell. 1981). 

could be the source of the observed excitation in expiration of 

sympathetic neurones. In these experiments. in which ventilation 

with positive end-expiratory pressure was used, lung inflation 

started in inspiration and terminated in early expiration. and 

inspiration was terminated by the inflation. i.e. phrenic nerve 

acti vit y was entrai ned to the respi ratory pump cycl e. Thi sis the 

most common1 y observed phase-rel ati on duri n9 entrai nment of phreni c 

nerve activity to lung inflation in cats with intact vagus nerves 

drtificially ventilated at inflation frequencies close to, or 

higher than, the spontaneous frequency of the respiratory pattern 

generator. (Cohen, 1969; Vibert, Caille & Segundo, 1981; Petrillo, 

Gl ass & Tri ppenbach, 1983). 
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Effect of positive end-expiratory pressure on the 

pattern of cervical sympathetic trunk activity in 

expi rati on. Each panel shows i ntegrated cervi cal 

sympathet i c trunl< (above) and phreni c nerve de ti v i ty. 

Panel A: control records at zero end-expi ratory 

pressure. Sympathetic aetivity in expiration is of the 

tonie type. Panels (B), (C) & (D) show the effeets of 

end-expiratory pressures of 2.5, 5.0 and 10.0 cm H ,0 

respective1y. In B, a smdll wave-like increase in 

sympathetic activity appears late in expiration. In C, 

the wave of sympathetic activity in expiration increases 

in size while the phrenic burst and inspiration­

synchronous sympathetic discharge are markedly reduced. 

In D, after one cycle of ventilation at zero 

end-expiratory pressure, end-expiratory pressure of 10 

cm H~O is applied between the arrows. The phrenic nerve 

burst is completely suppressed. Cervical sympathetic 

trunk activity shows a progressive slow decline, on 

which are superilnposed waves of depression, presumably 

synchronous wi th each 1 ung i nfl ati on. Returni n9 to zero 

end-expi ratory pressure (second arrow) causes the 

reappearance of the phrenic burst and of the inspiration 

synchronous sympathetic discharge. 
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Results similar to those shown in Fig. 2 were obtained during 

ventilation with positive end-expiratory pressure when lung 

inflation was limited to inspiration by using a phrenic-triggered 

respiratory pump, th us simulating the phase relation of inflation 

to central respiratory aetivity existing during spontaneous 

breathing. Onset and end of lung inflation coincided approximately 

wi th onset and peak of the phreni c nerve burs t. The results of 

such an experiment are shown in Fig. 3 in which panel A shows the 

waveform of the cervical sympathetic trunk recorded with the 

respi ratory pump turned off and panel s B-D show the effect of 1 tlng 

inflation during inspiration at increasing FRCs caused by 

increasing levels of positive end-expiratory pressure. Panels e-g 

show the effect of 1ung inflations, causing peak tracheal pressures 

in the same range (4.4 to 9.4 cm H .. O) as in panels B-D on cervical 

sympathetic trunk activity during systemic hypocapnia. In panel A, 

wi th the respi ratory pump turned off and zero tracheal j.)ressure, 

the activity of the cervical sympathetic trunk in expiration was of 

the tonie type and at d low level. When the respirdtory pump was 

turned on (panel B) a small arnpl itude expiration- synchronous 

sympathetic di~charge appeared. At increasing FRC values (panels C 

& D) the peak amplitude of the expiration-synchronolls sympathetic 

diseharge increased; in additior., there was a progressive decrease 

in the ampl itude of the i nspi ratlOn-synchronous sympathetic 

discharge and phrenic burst. Duration of expiration increaserj. 

All these effects disappeared after bilateral cervical vagotomy. 
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In the experiments shown in Fig. 2 and 3 (panels B-O), the 

deflation phase of the ventilation cycle occurred in expiration. 

This fact suggests the possibility that the appearance of the 

expiration-synchronous sympathetic discharge during ventilation 

with positive end-expiratory pressures in the range from 2.1 + 0.4 

to 6.7 ' 0.6 cm H ,0 was the result of reflex excitation of the 

sympathetic preganglionic neurone by vagal afferents activated by 

lung deflation (Daly, Hazzledine & Ungar, 1967). This possibility 

is made unl ikely by two sets of observations. One is that for the 

range of 1 ung vol umes used in these experiments, when the rhythmic 

ae ti vit y of the central respi ratory pattern generator was 

el iminated by systemic hypocapni a (Fig. 3, panel s e-g), no 

excitation of sympatnetic activity on deflation, but only 

depression on inflation, ""as observed. The other observation is 

that at constant, elevated lung volume, in normocapnia, a similar 

sympatho-excitati on in expi rati on was recorded (see next secti on). 

The l ad of sympatho-excitation by positive end-expiratory 

pressure in the absence of central respiratory activity (Fig. 3e-g) 

suggests tI~dt the expiration-synchronous sympathetic discharge 

evoked hy positive end-expiratory pressure in normocapnia results 

From an effect llediated by brainstem respiratory neurones. Thus, 

the peri odi city of the expi rati on-synchronous sympatheti c di scharge 

dppears to be determined not hy the inflation-deflation cycle of 

the respi ratory pump, but by the rhythm of the activity of these 

neurones. If this inference was correct, then during constant 
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Effect of increasing FRC on cervical sympathetic trunk 

activity in expiration. Ventilation witt! 

phrenic-triggered pump. In each panel, from top 

tracheal pressure, integrated phrenic nerve and cervical 

sympathetic trunk activity (averages of 20 sweeps). 

A-D: normocapnia (end-tidal Peo 40 111" Hg). e-g: 

hypocapnia (end-tiddl PCO 15 IlIn Hg). A: respiratory 

pump off. B: ventilation with zero end-expiratory 

pressure. Notice small expiratory WJve of sympathétic 

activity. C & 0: ventilation with positive 

end-expi ratory pressure of 2 and 6 cm H o. !Jotice 

graded increase in the expiratory wave of sympathetic 

activity, together with depression of phrenic burst and 

inspiration-synchronous sympathetic discharge and 

prolongation of expiration. e-g show the effect of lung 

inflation on sympathetic activity in the absence of 

rhythmic phrenic nerve activity. 
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el evated 1 ung vol ume in normocapnia an expi ration-synchronous 

sympathetic discharge should be observed. 

c) Pattern of Activity in Expiration of the CST at Constant, 

Elevated Lung Volume 

In 22 cats wi th intact vagus nerves, at the end of the fi rs t 

pump cycle following the application of positive end-expiratory 

pressure, the respiratory pump was turlled off for the duration of 

2-3 respiratory cycles: the lungs remained inflatec1 at the higher 

FRC. The results of a typical experimellt are shown in fig. 4. 

Fig. 4A shows the control sympathetic waveform at zero 

end-expiratory pressure and at constant lung volume: there was d 

promi nent i nspi rati on-synchronous sympdtheti c di schdrge wh île 

activity in expiration was of the 'incrementing' type. Positive 

end-expiratory pressure (4 cm H 0, Fig. 48 dnd f) cm" 0, Fig. 4C) 

caused the appearance of an expiration-synchronous sympathetic 

discharge. In addition, there was an increase in duration of 

expiration and sorne attenuation of the peak amplitude of the 

phrenic nerve burst, as descrihed by f1artoli. !3ystrzycktl, Guz, 

Jain, Noble and Trenchard (1973). The peak ampl iturle of trIe 

inspiration-synchronous sympathetic discharge was also somewhtlt 

attenuated. These effects were observed in 19 out of 22 cats over 

the range of positive end-expiratory pressure values from 2.1 0.4 

to 6.7 . 0.6 cm H O. Bilateral cervical vagotomy abolisher1 dll 

these effects, which were also lost at lev~ls of systemic 
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Effect of static lung inflation on activity pattern of 

cervical sympathetic trunk in expiration. From above, 

integrated phrenic nerve and cervical sympathetic trunk 

activity (averages of 8 sweeps). Panel A: Control at 

constant lung volume and zero end-expiratory pressure. 

Incrementing pattern of cervical sympathetic trunk 

activity in expiration. Panels Band C: An increase in 

static lung volume (tracheal pressure of 4 and 6 cm H~O) 

caused the appearance of a wave-like discharge during 

the second half of expiration, which was greater at 6 

than at 4 cm H.a tracheal pressure. 
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hypocapnia associated with abolition of phrenic nerve activity. 

With tracheal pressures in excess of 10.2 cm H.O phrenic nerve 

activity disappeared together with the inspiration and expiration 

synchronous sympathetic discharge, and the level of sympathetic 

acti vi ty was markedly depressed. 

d) Pattern of Activity During Expiration of the CST at Nonnal FRC 

when Phasic Lung Inflations Occurs in Expiration 

During the experiments of static lung inflation, described in 

the precedi ng secti on, the expi ra ti on-synchronous sympathetic 

di scharge appeared at trachea1 pressure val ues we1l wi thi n the 

range of inflation pressures occurring during "normal" artificial 

ventilation. 1t WdS of interest to test whether lung inflation 

with normal tidal volumes during expiration, in cats with intact 

vagus nerves, woul d cause an expi rat; on-synchronous sympatheti c 

discharge. This test was performed in 15 cats with intact vagus 

nerves. Inflation in expiration was obtained in sorne of the cases 

by setting the frequency of the respiratory pump at a value lower 

than the intrinsic central respiratory frequency determined with 

respi ratory pump off. Wi th intact vagus nerves, one to one 

phdse-locking of the central respiratory cycle to the slower 

l'espiratory pump cycle occur~, within a limited range of 

Frefluencies, with inflation occurring in expiration (Petrillo et 

dl •• 1983). In other Cdses the experiment was done with the 
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Effect of phasic lung inflation in expiration on 

cervical sympathetic trunk activity in expiration. From 

above, tracheal pressure, integrated phrenic nerve and 

cervical sympathetic trunk activities (averages of 15 

sweeps). Panel A shows the cervical sympathetic trunk 

activity in expiration, in control conditions during 

apnoea. Panel B shows that during ventilation with lung 

inflation occurring in expiration there is a wave-like 

sympathetic discharge, together with prolongation of the 

phase. 
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The effect of lung inflation in expiration on cervical 

sympathetic trunk activity in this phase depends on lung 

volume. From above, tracheal pressure, integrated 

phrenic and ceryi cal sympathetie trunk aeti viti es 

(average of 10 sweeps). Lung i nfl ati on tri ggered by 

phrenic burst. Dotted line marks the level of cervical 

sympathetic trunk activity at a value of systemic 

hypocapnia (end-tidal Peo , 15 mmHg) at which phrenic 

nerve activity was absent. A: lung inflation with low 

tidal volume (peak tracheal pressure 3.~ cm H 0) caused 

an expiratory sympathetic discharge. 13: lung inflation 

wi th 1 arge ti dal vol ume (peak tracheal pressure 12 cm 

H"O) produced an inhibition of cervical sympathetic 
'-

trunk activity to a leyel lower than the hypocapnic 

level (i.e. below the level obtained by suppression of 

rhythmic respiratory actiyity). The increased duration 

and steeper rise of the integrated phrenic record in (8) 

are probably the result, respectively, of the dependence 

of inspiratory duration on the duration of the preceding 

expiration (Zuperku & Hopp, 1985) and of the reflex 

excitatory effect of large, rapid deflations on 

brainstem inspiratory neurone activity (Sellick & 

Widdicombe, 1970). 
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phrenic-triggered pump by triggering inflation from the offset of 

the phrenic burst. Inflation pressures of 5-6 cm H 0 were used. 

Fig. 5 shows the results of such an experiment. An expiration­

synchronous sympathetic di scharge, of shape and ti,ne course 

comparable to those of the expiration- synchronous sympathetic 

di scharge shown in Fi g. 2-4, was observed in 13 out of 15 cases 

tested. In addition, a prolongation of expiration over the 

control val ue in apnea was observed. It must be mentioned that 

when inflation pressures in excess of 10.2 cm H 0 were used, 

inhibition, rather than excitation, of sympathetic activity in 

expiration occurred (Fig. 6) as previously shown by Gootman, 

Feldman & Cohen (1980). When the animal was ventilated with peak 

tracheal pressure of 7 cm H 0 dt various repetition rates, such 

that the inflation occurred entirely in inspiration (Fig. 7A), in 

late inspiration and early expiration (Fig. 713) or entirely during 

expiration (Fig. 7e), marked expiration-synchronous discharge was 

only observed when inflation was entirely in expiration. This 

discharge, as well as the phase-locking between respirdtory and 

pump cycle, disappeared after bilateral cervical vagotu,lY. When 

central rhythmic respi ratory ae t i vit y was dboll shed by 

hyperventilation in air (end-tidal Peo 15 mm Hg) lung inflation at 

the same repetition rate and with the same peak tracheal pressure 

eaused a small depressi on of sympatheti c di scharge. 
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Effeet of lung inflation during various phases of the 

central respiratory cycle on cervical sympathetic trunk 

activity in expiration. Stable 1:1 locking of the lung 

in f1 ati on cye1 e to var; ous phases of the respi ratory 

cycle l'las produced by changing the frequency of the 

respi ratory pump. From above, tracheal pressure, 

integrated phrenic nerve and cervical sympathetic trunk 

dctivities (averages of 12 sweeps). lI,: lung inflation 

i s synchronous l'Ii th the phrenk nerve di scharge. 

Sympathetic activity in expiration ;s of the tonie type 

and at a 101'1 level. B: lung inflation oceurs during 

l ate inspi rati on and early expi ration. Cerv; cal 

sympathetic trunk discharge in expiration similar to A. 

C: lung inflation is entirely in expiration. A marked 

expiration synchronous sympathetic discharge appears 

(absent when respi ratory pump was turned off). Same 

explanation as in legend fig. 6 for the differenee in 

phrenic burst shape between panel Band C. The 

difference in phrenic burst shape between panel A and 8 

is likely due to the different phase relation of lung 

i nfl ati on ta phrenic burst. 
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Effect of systemi c hypercapnia on the di scharge of the 

cervical sympathetic trunk in expiration. Decerebrate 

sino-aortic denervated, vagotomized cat. From above. 

integrated phrenic nerve and cervical sympathetic trunk 

activities (average of 20 sweeps). A: in normocapnia, 

cervical sympathetic trunk activity in expiration is of 

the ton; c type. Duri n9 progres s i ve hypercapni a, the 

level of cervical sympathetic trunk activity in 

expiration increases in 8 and assumes a wave-like shape 

at tlle highest end-tidal Peo values (C). Slowing of 

the central respi ratory rhythm in hypercapni a (as in 

panels B & C) in a simil:lr preparation has been 

described before (St. John, 1979). 
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e) Pattern of eST Activity in Expiration nuring Systemic 

Hypercapni a 

In el even vagotomi zed, si no-aorti c denervated cats, the 

pattern of cervical sympathetic trunk activity was studied at 

various levels of arterldl PCO Records from such an experi ment 

in a decerebrate cat dre shown in Fig. 8. With increasing CO 

levels, in addition to the progressive increase of the peak 

ampl itude of the i nspi rati on-synchronous component of sympatheti c 

discharge, previously described (Preiss & Polosa, 1977), there was 

a150 a progressive increase of the di5charge in expiration, which 

had a wave-like appearance as in the Fig. 2-7. 

DISCUSSION 

Th; s paper reports the observati on that the di scharge, 

recorded in the cervical sympathetic trunk, has d component. 

time-locked to the respiratory cycle, whic" oeeurs in expiration. 

Thi 5 component i s detected infrequently in control conditions but 

is consistently observed during moderate increases in FRC and 

during hypercapnia. 

Concerning the mechanism by which the inerease in FRC evokes 

the expiratory sympathetic discharge, the range of effective 

tracheal pressures and the abolition of this discharge by bilateral 

cet'vical vagotomy sugge5t that the5e 5ympatho-excitatory effects of 

i ncr-edsed FRC are mediated by pul monary stretch receptors 

(Sant/Ambrogio, 1982). The faet that systemie hypocapnia, whieh 
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has negligible influence on pulmonary stretch receptor discharge 

(Kunz, Kawashiro & SCheid, 1976; Bradley. Noble & Trenchard, 1976), 

el iminates the exp; ratory sympathetic di scharge cdused by an 

increase in FRe, suggests that not on1y the dischal'ge of pulmonary 

stretch receptors, but al so a certain 1eve1 of activity of 

brai nstem respi ratory neurones i s necessary for the i ncrease in FRC 

to cause the expiration-synchronous sympathetic discharge. The 

observation of rhythmic expiratory sympathetic discharge during 

static lung inflation in norrnocapnic animais wlth intact vagus 

nerves shows that the facilitation of sympatheti~ discharge in 

expiration caused by an increase in lung volume is locked to the 

central respiratory cycle rather than to the pump cycle. This set 

of observations suggests the inference that the expiratory 

sympathetic discharge results From the activity of neurones, with 

the rhythmicity of respiration, which are activated by sensory 

input from the 1 ungs (presumably or; gi nati ng from pul monary stretch 

receptors) and, in addition, by CO,. 

A number of analogies between the properties of the expiratory 

sympathetic discharge on one hand and the properties of the 

activity of expiratory motoneurones and brainstem expiratory 

neurones on the other suggest the brainstem expiratory neurones as 

the source of the e1pi ratory sympatheti c di scharge. Expi ratory 

al pha-motoneurones show 1 ittle or no acti vit y duri ng normal 

ventilation (Sears, 1964; Bishop, 1967). This is consistent with 

the low level of sympathetic activity during expiration in 
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normocapnia (see results). Sympathetic activity increases with 

moderate increases in FRC which have been shown to recruit 

expiratory motoneurones (Bishop, 1967; Russell & Bishop, 1976; 

Oimarco, Oimarco, Stroml & Al tose, 1984; the present study). At 

large values of FRC, which cause inhibition of expiratory 

motoneurons (Sommer, Feldman & Cohen, 1979), expiration-synchronous 

sympathetic discharge was never observed. In hypocapnia, 

expiratory motoneurones lose their rhythmicity and at very low 

values of arterial PCO they become silent (Bainton et ~l., 1978; 

Bainton & Kirkwood, 1979). In this condition, the excitatory 

effect of moderate lung inflation on these neurones is 10st 

(Baril lot & Dussardier 1976) as it is on the sympathetic 

preganglionic neurones (see results). Brainstem expiratory 

neurones show responses similar to those of expiratory alpha 

motoneurones. During lung inflation above FRC brainstern expiratory 

neurones show facil i tati on at transpulmonary pressures in the 

normal tidal range or slightly above it (Cohen 1969; Bianchi & 

narillot, 1975; Feldman & Cohen 1978; Baker, Frazier, Hanley & 

Zechman, 1979) and i nhibiti on at transpulmonary pressures markedly 

higher than normal (Koepchen, Klussendorf & Phi11ip, 1970; Bianchi 

& Barillot, 1975; Cohen, Sommer & Feldman, 1982). The firing rate 

and burst duration of these neurones increase during syste~ic 

hypercapnia (Cohen 1968). 

As stated above, the vagal afferents evoking the 

expiration-synchronous sympathetfc discharge during the experiments 
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of increased FRC and of inflation in expiration are probab1y those 

associated with the low threshol d, slowly adapting pulmollary 

stretch receptors which cause the Hering-Breuer expiratory­

facilitatory reflex (Fishman, Phil1ipson & Nade1, 1973; Farber. 

1982). These maneuvers caused shortening of the phrenic nerve 

discharge and prolongation of expiration (see results; also Fig. 

3-7) cons i 5 tent with the hypothes i s that they werC! evok i"9 the 

Hering-Breuer reflex (Bartoli et al., 1973). 

The present results that large inflations in expiration 

(tracheal pressure in excess of 10 cm H 0) cause sympathetic 

inhibition are consistent with those of Gootman et al. (1980). 

Thus, lung inflation, in the present experiments, had a dual effect 

on sympathetic pregangl i onie neurones in normocapnic cats wi th 

intact vagus derves: i t caused faci l i tat; on at low trallspu1 monary 

pressures, and inhibition at higher transpulll10ndry pressures. This 

dual effect can be explained with the hypothesis that the 

excitation, caused by inflation in expiration, is probably 

secondary to acti vati on of expi ratory neurones, as di scusseô dbove, 

whereas the inhibition is due, at least in part, to a primary 

reflex effect, independent of the respiratory neurones, since the 

inhibition is present in hypocapnia. 

The observation, described in the present paper, that lung 

inflation may cause excitation of sympathetic neurones, leads to 

the prediction that under appropriate condltions, namely at sorne 

inflation volumes, the expiration-synchronous excitation may 
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outwei gh the depressant effect, with the net result that the 

activity level of these neurones may increase during lung 

inflation. Sorne observations in the literature (Hainsworth 1974) 

are consistent with this prediction. In the dog static inflation 

of an i nnervated 1 ung, whil e the other l ung was denervated and 

ventilated, caused d small but signiffcant increase in hindlimb 

vascular resi5tance at tracheal pressure values of 5-20 cm H"O, 

while at higher tracheal pressures (20-40 cmH,O) hind1imb vascular 

resistance decreased. These data show, therefore, a reversal of 

the effects of lung inflation, reminiscent of the reversal observed 

in some of the present experiments (e.g. Fig. 2D & 6B). It must be 

1)0; nted out, however, tha t no such reversal was obta i ned in the 

experiments of Oaly et al. (1967) who found in dogs that lung 

infl ation witt! trdnspulmonary pressures up ta 7 cm H.O (estimated 

tracheal pressure 11 cm HO, Spe 11 c;, 1970) had no effect on 

hindlimb vascular resistance, while lung inflation with 

transpulmonary pressures in excess of 7 cm H 0 caused vasodilation. 

Wh; le the mcchani sm of th; s reversal has not been investigated yet, 

the ohset'vation that in order to black the refl ex vasodilatOl' 

effect of large lung infl ations requires vagal cool ing ta 1°C (Oaly 

et al., 1967), while it is known that the vaga1 afferents causing 

the Heri ng-Breuer refl ex are blocked at between 8 and SoC (Fi shman 

et al., 1973) suggests that receptors associated with unmyelinated 

afferents could be responsible for the sympatho-inhibitory effect 

of luny hyper inflation. Pulrnonary receptors associated with 
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unmyel i nated afferents have been shown in open chest dogs to Ile 

excited by hyperinflation (threshold 7 cm H .. O transpulmonary 

pressure), ta be non-adapti n9 and to cause refl exly apnea. 

hypotension and bradycardia (Coleridge, Coleridge and Luck, 1965; 

Green, Schmidt, Schultz, Roberts, Coleridge & Coleridge, 1984). 

Finally, in the case of the CO:,-evoked increase of sympathetic 

discharge in expiration, its mechanism may include, in addition ta 

an increased facilitatory input fram brainstem expiratory neurones, 

an increase in sympathetic preganglionic neurone excitability 

calJsed by CO.' (Zhang, Rohlicek & Polosa, 1982) resulting in 

increased respons i veness to exci tatary input. 
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l SUff4ARY 
'-

1. The properties of sympathetic pregangl ionic nl~urone activity 

during expiration were studied in pentobarbitone-anaesthetized 

(n = 26) and in non-anaesthetized, midcollicular decerebrate 

(n = 5), paralyzed, artificially ventilated cats in wh;ch the 

electrica1 activity of the phrenic nerve and of the cervical 

sympatheti c trunk was recorded. 

2. In control conditions (end-tidal Peo between 35 and 40 mmHg, 

zero end-expiratory pressure) sympathetic activity during 

expiration was either steady at a low leve1 (n = 11) or showed 

a modest progressive increase from a low leve1 in ear1y 

expiration (n = 17). Very infrequent1y (n = 3), it showed a 

transient increase during the second half of expiration. 

3. Artificial ventilation with positive end-expiratory pressures 

in the range From 2.1 . 0.4 (mean . S.D.) to 6.7 · 0.6 cm H ,0 

caused, in cats with intact vagus nerves, an increase in 

sympathetic neurone activity during the second hal f of 

expiration. Within this range of pressures, the magnitude of 

the illcrease was related to the magnitude of the positive 

end-expi ratory pressure. Thi s effect reversed at hi gher 

positive end-expiratory pressures. Pressures in excess of 

10.2 ' 1.8 cm H.O caused inhibition of sympathetic activity. 

4. The sympa tho-exc i tatory effect of pos i t ive end-expi ra tory 

pressure disappeared after bilateral cervical vagotomy. With 
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intact vagus nerves, it also disappeared at levels of systelllic 

hypocapnia (end-tidal Peo, 15 mm Hg) which abolished phrenic 

nerve activity. In hypocapnia, artificial ventilation witt! 

peak trachea1 pressures greater than 7.2 1 1.1 cm H 0 caused 

inhibition of sympathetie activi ty, while ventilation with 

lower end-expiratory pressures had no efFect on sympathetic 

acti vit y • It may be cone1 uded that the sylllpatho-exci tatory 

effect of positive end-expiratory pressure is mediated by 

vagal afferents and requires a certain level of brainstem 

respiratory neurone activity. 

5. Sympatho-excitation during expiration was also observed, in 

normocapnic conditions, during short-duration stdtic lung 

infl ation with tracheal pressures in the range From 2.5 1 0.3 

to 7.0 ' 0.8 cm H,O as well as during drtificia1 ventilation 

with zero end expiratory pressure when lung inflation occurred 

in expiration. These responses were abolished by bilatera1 

cervical vagotomy and during systemic hypocapnia. 

6. Sympatho-excitation during expiration was a150 observed when 

systemic hypercapni a was produced in vagotomi zed cats by 

artificial ventilation with gas mixtures containing 5 or lO't, 

co , . 
8. These results can be explained by the hypothesis ttlat sorne 

brainstem expiratory neurones are a source of facilitatory 

synaptic input to sympathetic neurones. The activity of 
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1. SUMMARY OF EXPERIMENTAL FINDINGS 

The work presented in this thesis explores the properties of 

two components of syrnpathetic neuron discharge which are 

time-locked to the central respiratory cycle but independent of the 

ventilation cycle and are therefore presurnably generated by 

mechanisms operating within the CNS. Three of the papers concern 

the inspiration-synchronous burst of syrnpathetic discharge, the 

fourth is about a previously unknown, late expiration (E), 

component of sympathetic discharge. 

Paper #1, published in Journal of Physiology (London) 385: 

545-564, 1987, describes sorne properties of the inspiration-related 

sympathetic discharge (IRSO) and explores the basis of the 

relationship between sympathetic discharge and phrenic nerve 

discharge (PND). The IRSD was recorded in the whole cervical 

sympathetic trunk (eST) or in small eST strands containing single 

units. In whole nerve recording the IRSO appears as a burst of 

firing which is observed in all animals studied. Onset and 

termination of the sympathetic burst had a fixed delay, for a given 

set of experimental conditions, from onset and termination of the 

phrenic nerve burst. In contrast with the inspiratory burst of the 

phrenic nerve, which has a typical incrementing envelope, 

suggestive of a staggered recruitment of the neurons over the whole 

of inspiration (1) and of a progressive increase in firing 

frequency of the recruited neurons during l, the envelope of the 
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insp; ratory burst of the eST ;s usually square-wave-Hke. Th; s 

shape could arise from the combination of various recru;tment 

patterns and firing frequency behaviours. Single-unit recording 

prov;des the explanation for the square-wave shape of the envelope 

of the inspi ratory sympathetic burst: the majority of units are 

recruited during the initial 30% of 1 and, once recruited, their 

firing frequency stays approximately constant until the end of 1. 

Experimental procedures, like changes in CO; or in anesthetic 

levels, which mOdify the level of central 1 activity, resulted in a 

roughly proportional change in the amplitude of the phrenic nerve 

bllrst and of the 1 burst of sympathetic firing. These data are 

consistent with the hypothesis that phrenic motoneurons and 

sympathetic preganglionic neurons (SPNs) that generate the 1 burst 

are driven by a common rhythmic input. Differences in burst shape 

may result from differences in the properties of the pathways 

delivering the rhythmic input to the two sets of neurons and/or of 

the neurons themsel ves. 1 nteresti ngly, the I-burst of hypoglossal 

motoneurons (described by others) is similar ta that of SPNs and is 

explained in the same way (early recruitment in l, constant firing 

frequency) • 1 n other expe ri menta l condi t ions, however, the 

ampH tude of the burst of the phrenic nerve and CST coul d be qui te 

different. One such condition is baroreceptor stimulation: the 1 

bursting of SPNs was suppressed while the phrenic nerve bursting 

was only slightly depressed. This is probably the result of the 

strong, selective, inhibitory effect of the baroreceptor input on 
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SPNs. Another condi ti on i s when a phreni c burs t occurs at a short 

interval Ce.g. 0.5 sec} after a preceding one. In these 

conditions the I-burst of the eST is either missing or greatly 

attenuated. This is possibly the result of a postulated inhibitory 

acUon of early-E brainstem neurons on SPNs. The hypothesis of a 

common inpu~ do es not requi re that both sets of neurons be always 

simultaneouslyactive. Thus, differences in excitability of the 

neurons themsel ves or of the pathways connecting them to the 

rhythmic driver, as a result of the action of other synaptic 

inputs, may cause presence of rhythmic bursting in one set and 

absence in the other, as observed during baroreceptor stimulati on 

or during spontaneous instantaneous high frequency bursting of the 

phreni c nerve. The hypothes i s of a cOl1l11on rhythmi c dri ver for both 

phrenic motoneurons and SPNs was further supported by experiments 

in which the respiratory rhythm was altered by electrical 

stimulation of the afferent axons in the superior laryngeal nerve 

(SLN), by va ryi ng the frequency of the respi ratory pump in cats 

with intact vagus nerves in whi ch there was entrai nment of the 

respi ratory pattern generator to the frequency of the respi ratory 

pump and by hyperthermia-hypocapni a. These experiments showed that 

the IRSD had always the same behaviour as the phrenic burst, over a 

wide range of experimental conditions. Electrical stimulation of 

afferents in the SLN at va ri ous ti mes (phases) of the respi ratory 

cycle produced equivalent. phase-dependent, resetting patterns for 

both phreni c and sympatheti c burst. When the phrenic nerve burst 
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frequency was changed between 13 and 39 cycles per minute (cpm) by 

changes in respiratory pump frequency, the sympathetic burst 

remained locked in a l:t ratio to the phrenic nerve burst with a 

constant delay. Simi1ar results (I:l ratio and constant de1ay 

between phrenic and sympathetic burst) were obtained when the 

phreni c burst frequency i ncreased from 15 to 300 cpm by i ncrea~ i ng 

body temperature to 42 C in hypocapnia. 

Paper #2, published in the monograph: Organization of the 

Autonomi c Nervous System: Centra 1 and Peri phera 1 Mechani sms, pp. 

189-202, 1987, analyzed sorne of the experimental data presented in 

paper #1 for evidence of coupled oscillator mechanisms in the 

generati on of the respi ratory rhythm of sympathetic di scharge. The 

justification for undertaking this ana1ysis is the proposa1, made 

by sorne authors in the absence of an appropriate experimental 

basis, that the respiratory rhythm of sympathetic discharge 

resu1ts from intrinsic rhythmicity of neuron networks specifically 

antecedent to the SPN whi ch, under mos t experi menta 1 condi ti ons, 

becomes entrained to the rhythm of acthity of brainstem 

t'espi ratory neurons. The proponents of thi s hypothesi s seem not to 

be aware of the fact that the hypothesis is testable. The system 

made of the hypotheti cal specific antecedent ci rcuHry to the SPN 

and the respiratory pattern generator (RPG) may be considered, 

accordi ng to thi s hypothes i s, anal ogous to an osci 11 ator (the 

rhythmic circuitry antecedent to the SPN) which receives rhythmic 

i "put froln an externa l sou rce (the RPG). Such a system i s referred 
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to as a coup1ed osci1lator system. From a survey of theoretica1 

and experimental Hterature it is c1ear that the dynamics of 

coupled oscillator behaviour is predictab1e and is remarkably 

simi1ar over a wide variety of biologica1 oscil1ator types. Three 

features of the steady-state behavi our of an osc111 ator acted upon 

by a rhythmic input are of diagnostic value and can be used as 

criteria to define a bio1ogica1 system as a coupled oscillator 

system: i) the oscillator can be stab1y entrained in a one-to-one 

ratio to the frequency of the driving input over a narrow range of 

frequencies only, ii) at each frequency withil"l the one-to-one 

entrainment range the input occurs at a unique phase of the cycle, 

i.e. the time of occurrence (phase) of the input during the 

oscillator cycle is a function of frequency, and iii) when the 

frequency of the dri vi n9 input exceeds the li mits of the one- to-one 

range, entrainment patterns involving smal1 integer ratios are 

established between the frequency of the input and the frequency of 

the driven oscillator. The experimenta1 data obtained when ~he 

phreni c burst frequency was changed by changi n9 the respi ratory 

pump frequency or by hyperthermia-hypocapnia and presented in the 

preceding paper were examined for these criteria. The data did not 

meet any of these criteria. In fact, phrenic and 

inspiration-re1ated sympathetic burst maintained a one-to-one 

relation over all frequ,mcies tested. In addition, the del~y 

between the two bursts was independent of frequency. Thus, the 

data are inconsistent with the behaviour expected from a system of 
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coupled oscillators. lnstead, the results are compatible with the 

hypothesis of a common oscillator which drives both the ph~anic and 

the sympathetic neurons. 

Paper #3, published in Journal of Physiology (London) 364: 

183-198, 1985, describes an estimate of the contribution of the 

inspiration-synchronous compone nt of SPN discharge to neurogenic 

vasoconstrictor tone. The experimental approach consisted of 

comparing tone before and after "ablation" of this component of 

sympathetic discharge. Ablation was obtained by exploiting the 

I-suppressing effect of a group of low threshold afferent axons in 

the SLN. Estimates of changes in neurogenic vasoconstrictor tone 

were obtained by recording, in the cat, perfusion pressure of an 

innervated hindlimb perfused at a constant flow rate. At constant 

flow, perfusion pressure is a measure of vascular resistance of the 

hindlimb. The electrical activity of the eST and phrenic nerve 

(PN) was also recorded. The main finding of this study is that 

when the SLN is stimulated with a train of ~timuli of intensity, 

frequency and duration just suffi ci ent to suppress phreni c nerve 

discharge for 20-30 s, the IRSD is also suppressed and vasodilation 

of the hindlimb is observed. The vasodilation is neurogenic and is 

abolished by nicotinic block with hexamethonium or by the 

alpha-adrenergic blocker phentolamine. The vasodilation evoked by 

SLN stimulation was graded by patterning the SLN stimulus in such a 

way that it did not suppress the phrenic nerve burst but produced 

on1y premature termination of it for several consecutive cycles. 

a 
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8y adjusting the timing of the stimulus train in the 

respiratory cycle it is possible to grade the extent of shortening 

of the phrenic burst. The effects on the IRSD were al ways parallel 

to those on the phrenic burst. Under these conditions, the 

magnitude of the vasodilation increased in relation to the extent 

of stimulus-induced shortening of the phrenic nerve burst. 

Stimu'ation in late 1 or early E, which had no effect on the 

phrenic burst, had no effect on the IRSD or on hindlimb vascular 

resistance (HLVR). At low CO~ levels, at which phrenic burst and 

IRSD are absent, SLN stimulation produced either no change in 

sympathetic discharge and HlVR or an increase in both. These 

results can be explained with the hypothesis that the vasodil.Jtor 

reflex, evoked by the inspiration-suppressing afferents ir. the SlN, 

results from selective suppression of the excitatory input which 

causes the IRSD. This explanation is based on the just reviewed 

observations that in the absence of IRSD (e.g in hypocapnia) SLN 

stimulation caused no vasodilation and that vasodilation is somt 

how in proportion to the SLN effe~ts on the IRSD. The magnitude of 

the SLN-evoked hindlimb vasodilation can therefore be taken as an 

indication of the extent of control of HLVR exerted by the IRSD. 

The ratio of the maximum SLN-evoked vasodilation to the maximum 

vasodilation resulting from ganglionic block (the latter an 

indication of total ~eurogenic tone) provides an estimate of that 

fraction of neurogenic vasoconstrictor tone of the hindlimb that is 

due to the IRSD. In normocapnic, normoxic conditions this 
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component accounted for 24% of hindlimb vascular resistance. 

Paper #4 pUblished in Journal of Physiology (London) 378: 

375-390, 1986, des cri bes the di scovery of another component of 

sympathetic discharge which is locked to the respiratory cycle. 

The initial observation was that in sorne cats~ under control 

conditions, sympathetic activity recorded in the CST shows a 

transient increase dur; ng the second hal f of E. In these animals, 

then, there were two sympatheti c bursts for each respi ratory cycle, 

one in 1, the other in late E. The late expiratory burst was 

always smaller than that associated with inspiration. Manoeuvres 

which are known to increase the level of activity of late E 

brainstem neurons resulted in the appearance of a late expiratory 

burst in all tne cats tested. Artificial venti lation with positive 

end-expiratory pressure (PEEP) in the range from 2.1 to 6.7 cm HLO, 

with intact \'agus nerve, caused the appearance of a late E burst. 

Within this range, late-E burst amplitude was related to magnitude 

of PEEP. Wit~ hi gher va 1 ues of PE'EP sympatheti c acti vit y was 

i nhi bited. The 1 ate-E sympathoexcitatory effect of PEEP 

di sappeared after bi l atera 1 vagotomy and, wi th intact vagus nerve, 

when the arterial PCO
L 

was lowered by hyperventilation in air to a 

level at which phrenic nerve activity was abolished. It seems, 

therefore, that the late E excitatory effect of PEEP on SPNs is 

mediated b,l vagal afferents and requires a normal level of 

brainstem respiratory neuron activity. A late E burst was also 

observed in normocapnia, during statlc lung inflation for the 
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duration of 2-3 respiratory cycles with pressures in the 2-7 cm HLO 

range, whne the respiration pump was off, as well as during 

artifi ci al venti 1 ati on wi th zero end-expi ratory pressure when 

inflation was made to occur in E. These responses, too, were 

abolished by bilateral cervical vagotomy and during systemic 

hypocapni a. A l ate E burst of SPN fi ri ng was al so observed in all 

vagotomized cats made hypercapnic by ventil ation with gas mixtures 

containing 5-10% CO,.:. Since it is known that the activity level of 

brainstem late E neurons is enhanced by moderate degrees of lung 

inflation and by increased chemical drive, and since in these 

conditions a late E burst appears in the discharge of SPNs, it may 

be concluded that late E neurons are a source of excitatory input 

to the SPN. 

2. PHYSIOLOGICAL SIGNIFICANCE OF THE RESPIRATORY MODULATION OF 

SYMPATHETIC FIRING 

a) Optimizatian of 0') Del ivery? 

It may be argued that since the functian of the respiratory 

and cardiovascular systems is ta meet the metabol ic needs of 

tissue, central coupling between brainstem neurons controlling 

respi rati on and the cardi ovascul ar system may hel p coordi nate the 

actions of the two systems. This proposition, at least as far as 
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mammals are concerned, is not entirely logical. Many of the 

circul atory variables which are involved in control 1 lng the 

deHvery of O2 to tissue are not under CNS control: for example, 

the decrease of vascular resistance associated with increased 

metabolism, the 02-extraction, the ventricular stroke volume (ln 

part). On the other hand, ventilation is entirely under CNS 

control. Thus, the central coupling would on1y have a minor 

influence on the cardiovascular steps involved in O~ transport. A 

striking demonstration of the fact that DL transport is relatively 

i ndependent not on1y of any synchroni zati on between sympatheti c and 

respiratory neuron activity but even of sympathetic activity in 

general is provided by the experimenta1 finding that cardiac 

denervation in greyhounds results in only modest reductions in 

maximal aerobic work rates and maximal cardiac output val ues 

(Donald et al., 1963, 1968). Another point to be mentioned in this 

regard is the large difference between the de1ay associated with 

activation of respiratory muscles, which is re1atively short, and 

that associated wi1.h activation of cardiovascu1ar effectors, which 

is relatively long. Thus, synchronous activity of the neurones 

controlling the two systems resu1ts in asynchronous activation of 

the two sets of periphera1 effectors. It is possible, on the other 

hand, to argue for the usefulness of the coordination between heart 

rate and ventilation in fish (Satchell, 1960; Shelton and Randall, 
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1962). In both e1asmobranchs (e.g. dogfish) and te1eosts (e.g. 

trout) the on1y neural mechanism of sinus rate control is a vagal 

inh1bftory action which can increase or decrease heart rate (Taylor 

and Butler 1982). There is no evidence for any ro1e in the control 

of heart rate of adrenergic nerve fibers (Short et al. 1977). 

Ventilation (i.e. f10w of water over the gi11s) is produced by 

c10sing of the mou th and generating a positive orobranchia1 

pressure (this is equiva1cnt to inspiration in mamma1s). In 

dogfish (and fish in genera1), under resting conditions, the heart 

beats at the same frequency as ventilation. Satche11 (1960) 

reported that a heart beat was three times more 1ike1y to occur 

during the c10sed mouth phase than during the open mouth phase of 

the venti1atory cycle. This coordination is the resu1t of a 

periodie inhibition of the parasympathetic cardiac inhibitory 

neurons, which a1lows the sinus rate to acce1erate to its intrinsic 

rate. The inhibition of parasympathetic cardiac neurons is 

presumab1y mediated by the same neural network whieh generates the 

mechaniea1 act of ventilation. Due to the intermitteney of the 

water flow over the gi11s, this coordination ensures that b100d 

flow is maximum when water flow is maximum. This matehing of blood 

and water f10w is 1ike1y to increase the effectiveness of 

respfratory gas exchange across the gi11 epithe1ium. This may be 

particularly important in aquatic animals due to the h1gh energy 
. 

expenditure invo1ved in irrigating the gi11s (She1ton and Randa11, 

1962). The coup11ng between resplratory neurons and sorne autonomie 
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neurons may therefore be interpreted as a mechanfsm with a deffnite 

metabo li c funcU on in sorne spec i es of fish, whi ch has been retaf ned 

through evo1ution in higher species 1ike the mamma1s even though a 

case for a similar function as in fish cannot be made. 

b) Brainstem Respiratory Neurons eontribute to the Synaptfc 

Activity That Under1ies the Background Firing of SPNs 

It is possible to take the view that the synchronization of 

PNA and IRSO is a trivial consequence of the fact that inspiratory 

brainstem neurons are connected to the SPN or to antecedent 

faci1itatory neurons. The fact that the signa1s carried by this 

pathway are rhythmic and hence impose a rhythm on SPN firing may 

not be important. What may be important is the mean 1evel of 

excitatory drive this input provides to the SPN population. An 

ear1y si ng1 e uni t study of SPNs projecti ng to the eST (prei ss et 

al., 1975) showed that when the respiratory drive was decreased by 

lowering PaCO~ a11 SPNs, the activity of which consisted 

exc1usive1y of an I-synchronous discharge, became silent. This 

effect was attri buted to the decrease in drive from brai nstem 1 

neurons, and not to a decrease in excitatory chemoreceptor input 

directly to the SPN, because SPNs with firing unrelated to 

respiration were not significantly affected by this manoeuvre 

(Preiss and Polosa 1977). The striking difference in the response 

to hypocapnia of respiratory-modulated and non-modulated SPNs 
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suggested that the COL-sensitivity of SPNs, which is mainly 

mediated by peripheral and central chemoreceptors (Lioy et al., 

1978; Hanna et al., 1979), is the result not of direct connections 

between chemoreceptors and SPNs, which would be unlikely to select 

respiratory modulated neurons only, but of the connections between 

chemoreceptors and brainstem respiratory neurons and between the 

latter and the SPN (Polosa et al., 1980). On the basis of these 

data and interpretations, the loss of I-synchronous sympathetic 

discharge in hypocapnia may be attributed, therefore, to the loss 

by the SPNs of the excitatory drive deriving from brainstem 1 

neurons. Based on this assumption, in a study of the effect of CO~ 

on single SPN firing (Preiss and Polosa, 1977) it was estimated 

that in normocapnia 50-60% of the firing was due to input from 

brainstem 1 neurons. Experiments in which the effect of hypocapnia 

on the neurogenic component of hindlimb vascular resistance (HLVR) 

was measured, gave a value of 30$ for the neurogenic component of 

HLVR which can be eliminated by hypocapnia and which therefore, on 

the assumptions stated above, can be attributed to input from 

brainstem 1 neurons (Lioy et al., 1978). This value is close 

enough to the estimate of the neurogenic component of HLVR due to 

I-activity, obt,ined in the experiments of I-suppression by SLN 

stimulation reported in chapter 4, to suggest that both hypocapnia 

and SLN stimulation remove the same component of SPN discharge. 
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c. IRSD and Synaptic Transmission in Sympathetic Ganglia and at 

Neuro-effector Junctions 

In addition to contributing to the mean activity level of 

SPNs, as discussed in the previous section, the respiratory input 

by virtue of the burst firing it produces mayactivate (or enhance) 

synaptic transmission mechanisms at the ganglionic synapse and at 

the neuro-effector junction. 

i) Input-Output Relation of Sympathetic Ganglfa: The Amplifying 

Function of the Ganglia 

The level of sympathetic input to cardiovascular effectors is 

determined by the number of sympathetic postganglionic neurons 

which are firing and by their firing frequency. In turn, the leve1 

of activity in the postganglionic neuron population is determined 

by the number, and discharge rate, of active SPNs as well as by the 

input - output relation of the ganglion. The latter can be 

modified by a number of pre - and post - synaptic mechanisms, some 

of which are sensitive to the pattern of SPN firing and hence can 

be marked1y affected by the respiratory modulation of SPN firing. 

It is estimated that in CNS intact, anesthetized or 

decerebrate, unanesthetized cats, on1y 20-30% of the total 

population of SPN which projects to the eST are tonically active at 

a mean firing rate of 1.4 Hz (Po10sa 1968; see also Jiinig 1985). 
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Approximate1y ha1f of these tonically active SPNs show respiratory 

modulation, i.e. receive input from the respiratory pattern 

generator (Preiss and Po1osa, 1977). The most prominent feature of 

the respiratory- modu1ated activity (as discussed in chapters 1 and 

2) is a burst-like discharge in 1 time-locked to the burst 

discharge of the phrenic nerve. The instantaneoüs discharge rate 

of a single SPN during the burst can be as high as 40 Hz (Bachoo 

and Po1osa, 1987). The inspiratory burst of 2-40 spikes is 

followed by quiescence or low level activity during expiration such 

that the mean firing frequency remains relatively low. 

The fraction of active neurons, and their mean firing rate, 

are both hi gher for the postgangl i oni c than for the pregangl i oni c 

sympathetic neurons. In chloralose-anesthetized cats 75-100% of 

postgang1ionic vasoconstrictor axons of the hindlimb are tonically 

firing at a mean frequency of 3.4 Hz, (0.5 - 5.0 Hz, Janig 1985). 

Most of these postganglionc neurons (~ 90%) display a 

respiratory-rel,ated discharge (Janig 1985). Similar1y, in cats and 

rabbits anesthetized with chloralose or urethane, the majority 

(80%) of the superior cervical ganglion (SCG) neurons are tonical1y 

active and discharge at a mean rate of 3-4 Hz. Approximately half 

of these neurons display a respiratory-modulated discharge pattern 

(Mirgorodski and Skok, 1969). 

The rate of fi ri n9 of sympatheti c postgangl i oni c neurons 

c01trolling hindlimb vascular resistance under normal conditions 

was indi rectly esUmated as 3-5 Hz by the frequency of repetitive 
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supramaximal stimulation of the distal, cut end, of postganglionic 

axons requi red to produce the same 1 eve 1 of vascul a r res i s tance as 

before secti on of the axons (Fol kow, 1952). In anestheti zed 

vagotomized cats, in which surgical dece~tralisation of the right 

stellate ganglion or ganglionic block of cholinergie transmission 

reduced heart rate to 120-140 bpm from a control value of 200 bmp, 

supramaximal stimulation of the right inferior cardiac nerve at 2-4 

Hz is required to obtain the control heart rate of 200 bpm (Bachoo 

et al., 1988). A comparison of the proportion of tonically active 

pre- and post-gangl i oni c neurons and of thei r respecti ve fi ri ng 

frequency suggests that ganglionic transmission results in 

ampl ifi cati on of the input. Thi sis the consequence of the 

recrui tment of a greater number of output that input neurons and of 

the firing of the former at higher frequencies than the latter. 

ii) Organization of Sympathetic Ganglia 

The amplifying properties of sympathetic ganglia may be 

attributed in large part to the organization of the synaptic 

connections between preganglionic and postganglionic neurons. 

There is no evidence of connections between ganglion cells which 

could act as a positive feedback mechanism and account for the 

amplification (based on 562 cell pair recordings in the guinea-pig 
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SCG CPurves and lichtman, 1978). On the other hand, a number of 

postganglionic neurons greater than that of preganglionic neurons 

could account for the amplification. Anatomical data in mammals 

suggest that the ratio of pre- to post-ganglionic neurons is in the 

range of 1:10 to 1:20. For the SCG of the guinea-pig, the number 

of preganglionic axons that project to the ganglion, based on 

counts of retrogradely labelled cells in the spinal cord following 

horseradish peroxidase application to the cut eST, was 1600. The 

number of neurons in the SCG is estimated at 16,000. If each 

ganglion cell were innervated by a single preganglionic axon, then 

each preganglionic axon would contact on average 10 cells. 

However, SCG cells are, on average, innervated by 12 different 

preganglionic axons (Nja and Purves, 1977). Therefore, a 

preganglionic axon, on average, innervates 10 x 12 ganglion cells 

in the SCG. The set of ganglion cells innervated by one 

preganglionic axon is called a structural unit (Purves and Wigston, 

1983). Thus, this pattern of innervation demonstrates considerable 

divergence and convergence of SPN input. 

iii) Effects of the Convergence of SPN on Ganglion cells 

In vivo intracellular recordings from postganglionic neurons 

revea 1 that the spi kes generated by these neurons duri ng thei r 

tonie firing are produced by fast compound EPSPs due to activation 

of r:ieotinie receptors. The ionie mechanisms underlying the fast, 

nicotinic EPSP have been studied in amphibian and mammalian 
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ganglion cells (Selyanko et al., 1979; Skok, 1986). The 

spontaneous fast suprathreshold EPSPs are likely due to the 

synchronous firing of severa1 converging presynaptic axons while 

the ineffective EPSPs may be due to the firing of fewer such axons. 

That input from severa1 pregang1ionic axons is invo1ved in 

producing spontaneous firing in a sympathetic ganglion cell is 

indicated by the finding that the frequency of occurrence of 

spontaneous fast EPSPs recorded from ganglion ce11s decreased in a 

stepwise manner during sequentia1 acute section of the various 

nerves that provide input te the mesenteric ganglion (Crowcroft 

and Szurszewski, 1971). Furthermore, with graded anoda1 b10ck of 

the cervical sympathetic trunk, current that se1ective1y b10cked 

conduction in 10w-tresho1d preganglionic axons reduced the 

frequency of, but did not abo1ish, the spontaneous firing of 

postgang1ionic neurons (Mirgorodski and Skok, 1970). 

Consider the case of a postgang1ionic neuron which, as 

described above, may receive synaptic contacts from 10-20 

pregang1ionic axons of which approximate1y 20% i.e. 2-4 are active 

at any given time. Each active pregang1ionic axon evokes nicotinic 

EPSPs (of 10-30 ms duration) at a mean rate of 1-2 Hz. It is 

assumed that the ni coti ni c EPSP generated by one pregangl i oni c axon 

is subthresho1d (Eru1kar and Woodward, 1968; B1ackman and Purves, 

1969; Perri et al., 1970; Sacchi and Perri, 1971; Mirgorodski and 

Skok, 1970; Lebedev et al., 1977), therefore thresho1d can on1y be 

reached by "superposition" CB1ackman 1974) i.e. by spatio-temporal 
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summation of nicotinic EPSPs (but cf. Skok, 1983). If the time of 

firing of one preganglionic axon were independent of the time of 

firing of the others, intuitively the probability that the required 

number of input axons fired within the required 10-30 ms would be 

very low. 

A possible mechanism for increasing the chance of summation is 

by synchronization of a large fraction of the tonically firing 

preganglionic neurons, as occurs during the I-related discharge of 

SPNs. Synchronization means that the 1I0pulation of SPNs firing 

with an inspiratory pattern will simultaneously and periodically 

increase their mean firing rate. Thus, the inspiration-related 

burst of SPN firing is likely to enhance ganglionic transmission by 

increasing the probability of spatial summation of nicotinic EPSPs. 

In additon, it has been shown that burst firing can enhance 

transmission by activating a number of pre- and post-synaptic 

ganglionic mechanisms. 

iv) Presynaptic Ganglionic Mechanisms Which May be Activated by 

The IRSD 

In anesthetized cats ventilated for 45 minutes with 

hypercapnic-hypoxic gas mixtures the acetylcholine content of the 

SCG, determined mainly by content in preganglionic axon terminals, 

increases by up to 33% (Birks, 1978). This manoeuvre increases 

inspiratory neuron activity and hence the IRD of SPNs (Preiss and 
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Polosa 1977). Electrical stimulation of the CST with burst 

stimul us patterns that mimic the respi ratory burst produced a 

similar result, i.e. an increase in ACh content of the SCG by up to 

70% over a period of 1-4 hrs., compared to stimulation for the same 

duration and with the same mean frequency (0.2 - 4.0 Hz) but with 

constant interstimulus intervals. These mean frequencies are 

within the spectrum of physiological SPN discharge frequencies 

(Bachoo and Polosa, 1987). Burst-patterned stimulation also 

i ncreases ACh output by up to 3-fol d over that produced by constant 

interval stimuli of the same mean rate (Birks 1978, 1982). Thus, 

a pattern of SPN stimulation which mimi~s the respiratory-modulated 

pattern of discharge of these neurons can markedly increase ACh 

output as well as ACh synthesis and storage. 

The increase in ACh output produced by burst stimulation 

exerts a significant effect on transmission. Stimulation of the 

preganglionic input to the stellate ganglion of the cat with a 

burst pattern similar to that which increased ACh release from the 

SCG, evoked compound action poten~ials in the inferior cardiac 

nerve larger than tnose evoked by unpatterned stimulation of the 

same mean frequency (Birks et al., 1981). The potentiation of the 

evoked response by the burst pattern is likely due, in part, to an 

increase in the amplitude of the nicotinic EPSP resulting from the 

demonstrated increase in ACh output. Other possible mechanisms 

contributing to the potentiation include activation of a slow 

muscarinic EPSP by the increased ACh output (Shulman and Weight, 
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1976) and of a late-slow non-cholinergic, possibly peptidergic, 

EPSP (Nishi and KOketsu, 1968). Both mechanisms can produce a 

prolonged increase in excitability of the postganglionic neuron 

(Ubet, 1964, Jan et a1., 1980; Hartzell 1981; see below). With 

regard to the Just mentioned non-cholinergie EPSP, over the last 

few years neuropeptides have become the object of investigation as 

putative neurotransmitters in the sympathetic nervous system. It 

has recently been shown that SPNs of the cat may contain up ta 6 

different neuropeptides (KruKoff et al., 1985). These peptides are 

presumably co-localised with ACh within the same nerve terminal. A 

role for peptides in ganglionic transmission is suggested by the 

analogies between the mechanism of the late-slow EPSP and that of 

peptide-evoked depolarization (Jan and Jan, 1982) as well as by the 

demonstration of peptide depletion by prolonged preganglionic 

stimulation (Bachoo et al., 1987). Because of the frequency­

dependence of their release (Anderson et al., 1983; Dutton a~d 

Dyball, 1979; Lundberg, 1981; Lundberg et al., 1986), peptides in 

preganglionic axan terminals may be particularly affected by the 

respiratary modulation of SPN activity. 

v) Post-synaptic Ganglionic Mechanisms Which May Be Activated by 

The IRSD 

The muscari nie and the non-cholinergic mechanism of ganglionic 
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transmission were mentioned in the preceding section because of 

their possible importance in explaining the facilitation of 

ganglionic transmission by burst patterning, mimicking the IRSD, of 

the preganglionic input. Here more details about both mechanisms, 

in particular details concerning their frequency-dependence, are 

given. 

a) Muscarinic mechanisms 

Activation of muscarinic receptors by the released ACh may 

produce long-lasting depolarization of ganglion cells (North and 

TOkimasa, 1984; Brown and Selyanko, 1985; Percy and Krier, 1987). 

The depolarization is due to block of a voltage dependent K+ 

current (Brown and Adams, 1980; Adams and Brown, 1982). It has 

been shown that electrical activation of the preganglionic input to 

the cat stellate ganglion can evoke firing of cardioaccelerator 

neurons by a muscarinic mechanism (Brown, 1967; Flacke and Gillis, 

1968). However, in order to demonstrate muscarinic actions 

activation of preganglionic axons at high frequencies is required. 

For instance, in the rabbit SCG and guinea-pig inferior mesen~eric 

ganglion the lowest stimulation frequencies capable of producing a 

slow muscarinic EPSP were in the 8-10 Hz range (train duration 2s) 

(Nield, 1978; Percy and Krier, 1987). These frequencies are 

greater than the mean firing frequencies of tonically active SPNs 

but within the range of peak frequencies reached during the 

inspiration-related discharge (Polosa, 1968; Bachoo and Polosa, 
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1987). As mentioned above, cardiovascular effectors can be 

activated exclusively by ganglionic muscarinic mechanisms. There 

is evidence in the literature of reflex activation of these 

mechanisms. Thus, sympathetic vasoconstrictor (Freyburger et al., 

1950; Brown, 1967) and cardioaccelerator neurons (Freyburger et 

al., 1950) can be activated in the presence of a nicotinic 

antagonist by cerebral ischemia, a manoeuvre which is known to 

produce an intense sympathetic discharge. Henderson and Ungar 

(1978) have shown that the reflex increase in vascular resistance 

in skeletal muscle observed during stimulation of the arterial 

chemoreceptors persists when hexamethonium at doses of 1-2 mg/kg is 

administered, whereas the reflex increase in resistance evoked by 

unloading the baroreceptors in abolished. The response to 

chemoreceptor stimulation is abolished by atropine. These 

observations can be explained by the hypothesis that peripheral 

chemoreceptor excitation produces an increase in sympathetic 

activity mostly in the form of an enhanced inspiration-related 

discharge which is capable of activating muscarinic mechanisms of 

ganglionic transmission by virtue of its high frequency components. 

Unloading the baroreceptors, on the other hand, would likely lead 

to a predominantly asynchronous increase in sympathetic activity 

which may lack the high frequency components required for 

activation of ganglionic muscarinic mechanisms. This 

interpretation is supported by the observations of Janig et al., 

(1983) who showed that during blockade of nicotinic transmission 
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postgangl1onic muscle vasoconstrictor neurons coul d be reflexly 

activated by pedpheral arterial chemoreceptor stimulation. This 

activation was in most cases atropine-sensitive and hence, 

presumably, muscarinic. In a few notable exceptions, the reflex 

activation of the neurons was resistant to muscarinic antagonists, 

suggesting that it was medi ated by a non-chol inergic rnechanism. 

b) Non-cholinergie mechanisms 

In the presence of blocking doses of nicotinic and muscarinic 

antagonists, activation of postganglionie neurons by preganglionic 

axons may still occur, but requires repetitive stimulation at even 

hi gher frequency than requi red for activati ng muscarinic 

transmission. We have studied non-cholinergie transmission in the 

cat stell ate gangl ion (Bachoo et al., 1988). Foll owi ng bri ef 

activation (40 Hz 5-30s) of the preganglionic input the 

non-cholinergie mechanism can produce a persistfng (10 min) 

afterdischarge of ganglion cells. The lowest frequency of 

preganglionic stimulation whieh eould evoke a detectable 

eardioacceleration mediated by non-cholinergie ganglionic 

transmission depended on the number of aetivated preganglionic 

axons. Stimulation with supramaximal intensity of the sympathetic 

trunk just below T3WR, which contai ns a 1 arge number of 

pregangl i oni c axons en route to the stell ate gangl ion, requi red 10 

Hz. On the other hand, stimul ation of TlWR or T2WR, whi ch contai n 
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a smaller number of preganglionic axons projecting to the SG, 

required a higher frequency. The frequency and tempcral pattern of 

the stimu1 us were al so critical for the acti vation of the 

non-choHnergic mechanism. A long (5 min) train of pulses at 5 Hz 

(1500 pulses) failed to produce cardioacceleration, whereas a brief 

(3.8 sec) higher frequency train (40 Hz, 152 pulses) produced 

cardioacce1eration. A stimulus pattern mimicking the IR-discharge 

(40 Hz 1 sec train every 10 sec) produced a cardioacceleration 

while the same number of stimuli delivered at the same mean rate (4 

Hz) with constant interstimulus interva1 faned to produce 

cardioacceleration. These results suggest that the 

inspiration-rel ated bursting pattern of SPN firing may be important 

for activating this non-cholinergie mechanism of gang1ionic 

transmission. 

An important question is what is the ro1e of this 

non-cholinergie mechanism of ganglionic transmission under nonnal 

conditions, when cholinergie mechanisms are intact. In the case of 

the heart, under normal experimental conditions block of nicotinic 

transmission with the appropriate dose of antagonists eliminates 

all neurogenic cardioaccelerator tone, as shown by the observation 

that subsequent bilateral stellectomy produces no further drop in 

heart rate (Bachoo and Pol osa. unpub l i shed observations). Thus, 

ganglionic transmission of the background SPN activity requires the 

'Iicotinic mechanhm and, under the same conditions, the 

non-cholfnergi c mechani sm, on its own, is inadequate to fi re the 
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ganglion cells. A possible role for the non-cholinergie mechanism, 

under these conditions, is to enhance the efffcacy of nicotinic 

transm;ssion by increasing the excitabnity of the post-ganglionic 

neuron, i.e. to modulate nicotinic transmission. We tested this 

possibi1ity in experiments in the cat in which we studied the 

effect of stimul ation wi th a short-trai n 00-40 Hz for 1 s) of one 

set of preganglionic inputs to the decentralized stellate ganglion 

on the fi ri ng of a pool of gangl ion neurons whi ch were acti vated by 

single shock stimulation of a converging input via a nicotinic 

mechanism. The conditioning train produced a long-lasting 

facilitation (Bachoo & Polosa, unpublished observations). This 

heterosynaptic faci 1 itati on persi sts during muscari ni c and partial 

nicotinic b1ock, hence is mediated by a non-cholinergie mechanism. 

The facil i tati on i s not modi fi ed by b 1 ockers of adrenoceptors or 

dopamine receptors. Evidence of heterosynaptic facilitation of 

nicotinic transmission is also provided by the observations of 

B1 umberg and Jani 9 (1983). They showed that the background 

activity of postgangl ioni c neurons supplying the cat hindl imb was 

enhanced for periods of up to 40 min following a short train of 

repetitive stimu1 ation of the peripheral cut end of a white ramus 

which provides part of the input to the gangUon where the neuron 

ce1l bodies are situated. In the cat stellate ganglion in vitro, 

Mochida and Libet (l985) described a 10nglastfng facilitation of 

muscarinic responses following conditionlng by heterosynaptic 

input. This facilitation was not medfated by a cholinergie 
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mechanfsm. Thus both nfcotfnfc and muscarfnfc mechanism can be 

heterosynaptfeally faeflitated by a non-cholinergie meehanism 

following a br1ef high frequeney stimulation of SPN input. 

In addition to influeneing the exeitability of postganglionie 

neurons, the inspiration-related burst of SPNs may also be 

important in the regulation of catecholamine synthesis in 

postganglionie neurons. Ip and Zigmond (1984) showed that in the 

rat SCG, preganglionie nerve stimulation at 10 Hz for 30 min 

resulted in a 5-fold inerease in DOPA synthesis, suggesting that 

tyrosine hydroxylase (TH) aetivity, the rate-limiting step in NA 

synthesis, had inereased. Hexamethonium and atropine redueed this 

increase by only 50%, suggesting that the action on TH was mediated 

in part by a non-cholinergie mechanism. If however, preganglionic 

nerve stimulation was perfonmed with a burst pattern (10 Hz, 1 sec 

every 6s for 30 mins, i.e. 6 times fewer pulses than in the ease of 

10 Hz for 30 min) DOPA synthesis was 3 times greater than with 

continuous stimulation. Furthermore, under these conditions, the 

increase in TH activity was not reduced by nicotinic and muscarinic 

antagonists, whieh indieates that burst-pattern stimulation 

activated DOPA-synthesis entirely by a non-cholinergie mechanism. 

Thus the relative importance of cholinergie and non-cholinergie 

transmission in the transynaptic regulation of TH activity may vary 

with the pattern of SPN firing. 
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(vi) Cellular Mechanisms of Presynaptic Effects Produced in 

Sympathetic Ganglia by High Frequency Bursts 

At many synapses the release of transmitter by the axon 

terminal is facilitated by previous impulse activity in the same 

axon, espec1ally 1f activ1ty 1s of the burst type (larrabee and 

Bronk, 1947; Del-Castillo and Katz, 1954; Brimble et al., 1972; 

Bliss and Lomo, 1973). The transient increase in intracellular 

Ca L+ concentration associatp.d with the action potential, and which 

is required for exocytosis of transmitter, may persist for several 

tens of milliseconds (Magleby and Zengel, 1975a,b; Erulkar and 

Rahamimoff, 1978). Summation of consecutive CaL+ transients is 

thought to be responsible for the facilitation of transmitter 

release which is observed when the nerve terminal is invaded by an 

action potential at a short interval after a preceding one. Such a 

mechanism has been proposed as the explanation for the phenomenon 

of post-tetanic potentiation (PTP), which has been particularly 

well studied in sympathetic ganglia, at the vertebrate 

neurom~scular junction and in la afferent nerve terminals. This 

phenomenon of facilitation restricted to the tetanized input 

(homosynaptic) may have more than one component. Following a brief 

(10 sec) conditioning tetanic (5-10 Hz) stimulation of the 

preganglionic input to a sympathetic ganglion, the homosynaptic 

facilitation of synaptic transmissfon demonstrates two phases of 
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decay. a fast phase, prominent with shorter trains and a slow 

phase, prorninent with repeated bursts or longer trains (Zengel et 

al., 1980). Lev-Tov and Rahaminoff (1980) suggest that the quick1y 

decaying phase of facilitation may be due to the above described 

transient accumulation of Ca~+ ions and should be 1abe1ed PTP. The 

slowly-decaying phase, they suggest, may be due to accumulation of 

Na+ ions in the nerve termina1s and should be 1abe1ed long term 

facilitation (LTF). Birks and Cohen (1968a,b) demonstrated that 

miniature EPP frequency, and by inference ACh output, increased at 

the frog neuromuscular junction under conditions that produced Na+ 

accumulation (e.g. pharmacological1y blocking the Na+-pump) in the 

nerve terminals. 

An accumulation of Na+ ions inside the nerve termina1s during 

and after a high frequency burst of firing is thought to enhance 

the release of neurotransmitter through an increase in 

intracellular Ca~+. How does the increase in intracellu1ar Na+ 

lead to a rise in free intracellular Ca~+, which must be the 

ultirnate cause of the increased frequency of m.epp's and 

potentiation of the epp? Blaustein (1976) demonstrated that in the 

squid giant axon an exchange reaction occurs across the ce1l 

membrane that exchanges internal Ca~+ for external Na+. The 

stoichiometry for this reaction is not clear, ratios of 1:3 or 1:4 

have been suggested (Blaustein, 1976). It is assumed that the 

Nt+-Ca~+ exchange is mediated by a carrier molecule which shuttles 

bac~ and forth across the membrane whenever the interna1 and 
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externa1 binding sites are occupied by Ca:.1+ and Na+, respectfve1y. 

The energy for this Na+-Ca:.1+ pump comes from the Na+ 

e1ectrochemica1 gradient maintafned by the ATP-dependent Na+-K+ 

pump. In princip1e, the Na+-Ca2 + pump can not on1y exchange 

internal Ca:.1+ for external Na+ but al so external Ca 2+ for interna1 

Na+. This latter exchange cou1d account for the we11 known 

ouabain-i nsensi tive Na+ effl ux which i s marked1y reduced when the 

external Ca;!+ concentration is zero (Blaustein, 1976). Which ion 

(Na+ or Ca:.1+) is exchanged depends on the concentration of Ca 2+ and 

Na+ on each side of the membrane and the relative affinities. Thus 

under conditions when intracellu1ar Na+ is high, following 

repetitive stimulation, internal Na+ is exchanged for externa1 

Ca+:.!. Similar exchange reactions can a1so take place across 

mi tochondri a (B1 austei n et al., 1980). A 35 Hz 5 sec trai n 

i nc reases interna 1 Na+ concentra t ion by 10 mM and Ca concentrati on 

by a factor of 4 over the resting level s (Birles, 1985). 

Birles (1985) has shown that choline uptake by a high affinity 

transporter in the axon termi na 1 membrane i s the rate-l imi ti ng step 

for ACh synthesis in sympathetic ganglia and that this transport 

process is intimately linked to the activity of the Na+-K+ pump 

i.e. depression and activation of the Na+-K+ pump is associated 

with depression and enhancement, respectively, of choline uptake. 

This has 1ed Birks (1985) to suggest that the influx of Na+ fons 

wi th the action potentia1 not on1y gi ves ri se to an i ncrease in 
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intracell u1 ar Ca 2+ through the Na+ -Ca 2+ exchange mechanhm, but may 

also be important in controlling ACh synthesis by its effect on 

cho1 i ne uptake. 

Redman and Walmsley (1983) have shown that some boutons of la 

afferents whi ch synapse on motoneurons have a very low probabil i ty 

of release when the axons are stimulated at low frequencies but can 

be recruited to release transmitter by a high frequency burst. 

Wojtowicz and Atwood (1985, 1986) have described an analogous 

phenomenon at the crayfish neuromuscular junction. This 

neuromuscu1 a r junct ion ; s made of as many as 25-50 morpho 1 ogi ca 11y 

defined synapses distributed along a 5-10 um length ofaxon 

termi nal • However, a surface focal el ectrode whi ch can record from 

the whole length of the neuromuscu1ar junction detects transmission 

from far fewer synapses at low frequencies of stimulation. This 

led Wojtowicz and Atwood (1985, 1986) to conclude that relatively 

few release sites contribute to the epp at low stimulation 

frequencies. Following a high frequency train of stimuli, the 

quantal content of the epp increased presumably as a consequence of 

an i ncrease in the number of boutons whi ch were i nvaded by the 

action potential and released transmitter. A similar situation 

exhts in adrenergic nerve varicosities where the probability of 

release of noradrenaline from a particular release site is very low 

:'ut can be increased by a previous tetanus (Cunnane and Stjarne, 

1984). Birks and Isacoff (1988) suggest that a similar situation 

may exist in the rat superior cervical ganglion where burst-pattern 
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stimul ation, resembl ing the IRSD, produced a potentiation of 

nicotinic transm;ss;on by a presynaptic mechanism which ;nvolved an 

increase in the statistical parameter for probability of release 

(p). If this general picture 15 correct, a possible mechanism of 

long tenn potentiation is the recruitment of previously inacthe 

synapses into the pool of synapses which release transmitter 

following invasion of the axon terminal by an action potential. 

The mechanis:n by which high frequency stimulation recruits the 

previ ously inactive synapses at the crayfi sh neuromuscul ar juncti on 

is unknown. One possibiHty is the co-release of a peptide that 

acts on the axon tenninal to increase the probability of invasion 

of the boutons by the action potenti al. 

The phenomenon of "spi ke broadeni ng" i.e. i ncreased durati on 

of the acti on potenti al duri n9 a burst has been proposed (Hol z et 

al., 1988) as a mechanism for allowing a greater CaLf influx in 

neurons showi ng thi s feature (hypothal ami c neurons, athers) and 

thereby for facilitating transmitter release. The basis of spike 

broadening is inactivation of K+-channels responsible for spike 

repolarization. ffowever, since no electrical recording from 

preganglionic axan terminals ;s available, there ;s no evidence of 

whether or not such phenomenon occurs in ganglia. 
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vii) Effeet of Burst Patterni ng of PostgangH oni c ~Ieuron Activity 

on Neuro-effecto r Transmi ss ion 

Burst patterning of postgangl ionie neuron aetivity al so has an 

enhanci ng effect on transmi ss i on to the effeetors. 1\ number of 

investigators have compared transmitter release or the responses of 

autonomie effector cells produeed by burst pattern stimulation with 

those produeed by continuous stimul ati on at the same mean 

frequency. Nilsson et al (1985) have reported that larger 

vasoeonstrictor responses were obtained in isolated mesenteric 

arteries in vitro upon stimulation with trains of irregularly 

spaeed stimuli containing high frequency components, compared to 

trains of regularly spaced stimuli of the same mean frequency (2 

Hz). Whether this increase in sympathetic vasoconstriction is 

related to enhanced release of noradrenaHne or neuropeptide Y is 

not known. Both these agents are capable, at least in the cat 

spleen, of mimicking the functional responses to nerve stimulation 

(Lundberg et al., 1985). Release of neuropeptide Y (NPY) from the 

splenic nerve is potentiated compared to catecholamine release, in 

pigs, by burst patterned stimulation at the same mean frequency 

with equally spaeed stimuli (Lundberg et al., 1986). Andersson et 

al (1983) described the response of resistance and capaeitance 

vessel s in the cat hi ndl imb to electrieal stimul ation of the lumbar 

sympathetie trunk. Stimulation in bursts (1.0 s duration) or at a 

cor.stant frequency, at mean rates from 0.5 Hz to 16 Hz, produced 
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constrictor responses of similar magnitude in resistance vessels, 

whereas the response of capacitance vessels (measured as a change 

in blood volume of the vascularly isolated hindlimb muscle) was 

markedly greater with the burst pattern of stimulation. Similar 

effects were obtained with postganglionic axons innervating the SA 

node (unpublished data from our laboratory). In cats with 

decentralized right stellate ganglion, stimulation of the right 

inferior cardiac nerve with burst patterned stimulation over a mean 

frequency range from 0.5 to 4 Hz, consistently produced a 30 to 60% 

greater heart rate increase than that produced by continuous 

stimul ation at the same mean frequency. It therefore appears that 

high frequency burst patterned discharge of postganglionic neurons 

increases the magnitude of cardiovascular effect~r response. 

Lundberg et al (1986) have emphasized the importance of burst 

stimulation for the release of NPY from sympathetic postganglionic 

axon terminals. In anesthetized pigs, splenic nerve stimulation 

with bursts induced a greater increase in splenic vascular 

resistance and a 5 fold higher NPY output than continuous 

stimulation of the same mean frequency. Blockade of cr and S 

adrenoceptors or depletion of releasable catecholamines failed to 

prevent the increase in vascular resistance evoked by burst 

stimulation. This suggests that the burst released a 

non-adrenergic constrictor agent, possibly NPY. NPY has a potent 

vasoconstrictor action in a number of isolated vascular 

preparations and potentiates the vasoconstrictor action of NA 
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(Lundberg et al., 1986). Fried et al (1985) showed that in 

sympathetic nerve terminals of the spleen NPY is stored mainly in 

large dense core vesicles, whereas NA is present in bath large and 

small dense core vesicles. Continuous stimulation at low frequency 

releases mainly NA, while intermittent high frequency bursts 

preferentially enhance the release of NPY (Lundberg, 1985). 

Therefore, under physiological conditions, the burst-like discharge 

pattern of SPNs, relayed to the postganglionic neurons, may 

preferentially release the peptide content of the larger dense core 

vesicles of postganglionic axon terminals. 

The amplitude of excitatory junction potentials (EJPs) 

generated by the release of NA at the smooth muscle-nerve junction 

is influenced by the pattern of action potentials arriving at the 

nerve terminals. A burst pattern has been shown to produce on 

average larger EJPs than constant interval stimuli at the same mean 

frequency (Cunnane and Stjarne, 1984). In fact, the efficacj of 

the impulses in a patterned train can be more than 50% greater than 

that of impulses at a constant interstimulus interval in terms of 

the EJP amplitude contributed by each impulse. However, the 

junctional potential are not sOlely responsible for the greater 

effectiveness of the patterned discharge. The slow time course of 

relaxation of the smooth muscle is also likely to play a role in 

this regard. The development of tension would be considerably less 

were it not for the slow time course of relaxation relative to the 

d~cay constant of the EJPs. This slow time course permits 
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sUl1II1ati on of the contracti ons evoked by each acti on po~enti al; n 

the burst and results in a greater net contraction. 

In sUl1I11ary, one consequence of the resp; ratory-modul ated 

pattern of SPN di scharge i s an i ncrease in the efficacy of synaptic 

transmi ss ion at gangl ion; c synapses and at the neuroeffector 

junct;on. This resul ts in a more sensi the control of the 

card;ovascular system by the CNS. 

3. ORGANIZATION OF THE RESPIRATORY RHYTHM GENERATING NETWORK 

a) Generallties 

As al ready menti oned the average contour of the SPN di scharge 

can show several rhythmic components locked to various phases of 

the respiratory cycle in addition to the discharge synchronous with 

phrenic activity (i .e. the IRSD). These additional components are 

a marked depression in early expiration (Bainton et al., 1985), a 

facilitation in late expiration (Bainton et al., 1985; Bachoo and 

Polosa, 1986; Koizumi and Kollai, 1987) and a weak, short-lived 

depression in early inspiration (Cohen and Gootman, 1970; Gootman 

and Cohen, 1974; Bainton et al., 1985). The implication of this 

complex respiratory modul ation of sympathetic activity is that 

several respi ratory neuron types which are thought to be part of 

the respiratory rhythm generating network may be capable of 

influencing sympathetic activity, in addition to the inspiratory 

neurons, for which the evidence is reasonably good. It seems 

appropri ate, therefore, to outl i ne current thoughts on how 



-;; 'f 

313 

the respiratory rhythm is generated. This is relevant in view of 

the fact that the same hypotheti cal network i s 1 i ke1y to generate 

the respiratory modulation of sympathetic activity. A number of 

recent reviews provide a thorough description of the work aimed at 

identifying the cellular e1ements of the rhythm-generating network 

and their synaptic organization (Cohen, 1979,1981; Euler, 1983; 

Feldman, 1981,1986; Long and Duffin, 1986; Merri 11 , 1981; 

Mitchell, 1977; Richter, 1982; Richter and Ballantyne, 1983). The 

evidence on the basis of which a neuron is c1assified as a member 

of the network is, essentially, the existence of a temporal 

relationship between the firing pattern of the neuron and phrenic 

discharge (cf. Netick and Orem 1981). A stricter criterian for a 

neuron to be cons i dered a consti tuent of the respi ratory network i s 

that its activati on or i nhi bi ti on shoul d reset the respi ratory 

rhythm (see Pinsker and Ayers 1983). However, in the mamma1ian CNS 

the acti on of a si ng1 e neuron has rarely been shown to be 

consequential and this makes it uncertain whether the stricter 

cri teri on coul d be met by a rea 1 neuron. Thi s secti on revi ews, in 

brief, current notions concerning the neural network which 

generates the respi ratory rhythm. Features of rhythm-generati ng 

neural circuits of invertebrates are also briefly reviewed, because 

for the invertebrates the make-up and function of some of these 

circuits is known, and hence these circuits provide possible models 

of how the respi ratory pattern generator may be made and may work. 
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However inadequate our current concepts may be, the existence of a 

temporal relationship between the firing pattern of particular 

respiratory neurons and a particular component of sympathetic 

activity has 1ed to the hypothesis that the latter may be a 

consequence of the former. This hypothesis does not presuppose 

that respiratory neurons which are thought to be modulating 

sympathetic activity be part of the hypothetical respiratory rhythm 

generating network. Indeed they may be interneurons which simply 

re1ay input from the rhythm generating network to brainstem neurons 

generating sympathetic activity. 

It is general1y agreed that the respiratory rhythm in mamma1s 

is generated in the 10wer brainstem (see, Feldman 1986 for further 

discussion, especial1y on the possible ro1e of the spinal cord in 

rhythmogenesis). This is most dramatically i11ustrated by the 

observation that a1though transection of the spinal cord at high 

cervical 1evel abo1ishes the respiratory motor outflow to the 

diaphragm and intercostal muscles (but cf. Aoki et al., 1980) 

periodic respiratory activity persists in cranial nerves VII, IX, X 

and XII (St. John et al., 1981). The respiratory rhythm, e.g. the 

burst firing of the phrenic nerve, persists after midcollicular 

decerebration, paralysis and vagotomy in preparations with intact 

brainstem-spinal cord connections, suggesting that it is generated 

in the medu11a in the absence of rhythmic sensory feedback from the 

lungs. Summaries of studies which have attempted to outline the 
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neural ci rcuf try of the respf ratory rhythm generator based on 

studfes of neurons disp1aying a respiration-re1ated firing pattern 

or on neuroanatomical mappi n9 studf es can be found in the review by 

Long and Dufff n (1986). 

b) Features of the Output of the Respi ratory Rhythm Generat1 ng 

Network 

The maj or features of the output of the respf ratory rhythm 

generator directed ta inspiratory motoneurons are i11ustrated by 

the dfseharge of the phrenic nerve, which innervates the diaphragm 

and subserves a purely inspi ratory functi on. The timing of the 

aeti vi ty of brai nstem i nspi ratory motoneurons whi ch send thei r 

axons to the hypog1 ossa1, gl ossopharyngeal, recurrent 1 aryngeal and 

superi or 1 aryngeal nerves i s the same as that of phrenic 

motoneurons, suggesti ng tha t these neurons are all dri ven by a 

common input (Fukuda and Honda, 1983). 

Whole phrenic nerve actfvity characteristically shows an 

abrupt onset, followed by an augmenting discharge involving both a 

progressive recruitment of the motor neuron population and an 

inereasing ffring frequeney (Iseoe et al., 1976). This discharge 

pattern is produced by a ramp-like depolarfzation of the phrenic 

motoneuron membrane (Berger, 1979) which terminates abruptly. The 

rilmp-l ike depolarization is thought ta be the product of the 

acdvity of a particular population of brainstem inspiratory 
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neurons which are therefore called ramp-inspiratory neurons 

(Feldman, 1986). The output of these brafnstem neurons 1s relayed 

to the inspiratory motoneurons through premotor bulbospinal neurons 

and, in paral1el, to a population of late inspiratory 1 off-swltch 1 

brainstem neurons, which are thought to be responsible for 

terminating the firing of the ramp-generating inspiratory neurons 

by producing, with a delay, a powerful inhibitory shunting of their 

membrane (Cohen, 1979). This inhibitory action, which is 

short-lasting, shuts off all phrenic activity for approximately 

50-100 ms and marks the end of the inspiratory phase. This phase 

of inhibition is followed by a period of post-inspiratory phrenic 

activity, characterized by abrupt onset (marking the onset of 

expiration) and gradual decline (i.e. end of stage 1 expiration, 

Richter and Ballantyne, 1983). Expiratory motoneurons innervating 

the internal intercostal and abdominal muscles are activated on1y 

after all post-inspiratory activity of phrenic motoneurons has 

ceased. 

c) F1r1ng Patterns of Bra1nstem Neurons Presumed To Be 

Components of the Resp1ratory Rhythm Generat1ng Network 

At present there is no genera1ly accepted scheme for 

classifying respiratory neurons and moreover there is little 

indication about what might constitute a unifying classification 

scheme; schemes based on firing pattern, anatomY, morpho10gy and 
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responses to inputs have been used. For the purpose of this 

discussion it seems most relevant to describe the firing pattern of 

respiratory neurons, their sequence of activation and thelr 

interaction. Since bu1bospinal neurons are pre-motor and are not 

lfke1y to be part of the pattern generator mechani sm we will 

concentrate on the firing pattern of those respiratory neurons 

who se axons do not extend beyond the brainstem, i.e. 

proprlobu1bar respiratory neurons. 

Medu11ary neurons with discharge pattern phase-1ocked to the 

phrenic di scharge are mai n1y concentrated in two areas, the dorsal 

and ventral respiratory group. The 'dorsal respiratory group' 

(DRG) anatomical1y corresponds to the ventro1atera1 nucleus of the 

tractus solitarius. The 'ventral respiratory group' (VRG) 

encompasses the nucleus ambiguus and retroambiguus (Long and Duffin 

1986). Many of these respi ratory neurons send thei r axons to the 

spinal cord (bulbospina1 neurons), as shown by their antidromic 

excitation in response to spinal cord stimulation, and function as 

premotor neurons, projecting to the spinal motoneurons which 

innervate the diaphragm, intercostal and abdominal muscles 

(Hilaire and Monteau, 1976; Fe1dman and Speck, 1983; Davies et al., 

1985a,b). Whether these bu1bospinal neurons are involved in 

generating the respiratory rhythm or act as relay neurons for a 

respiratory command signal they receive from antecedent neurons has 

not been resolved. As al ready mentioned, in theory the crucial 
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test is whether or not selective activation of these neurons alters 

(resets) the respiratory rhythm. The available experimenta1 data 

are contradictory, since antidromic activation of the se bulbospinal 

respiratory neurons reset the respiratory rhythm in one study 

(Gauthier and Monteau, 1986) but failed to reset it in another 

(Fe1dman et al., 1984). However, it must be realized that with 

stimulation within the CNS it is practically impossible to 

se1ective1y antidromical1y activate a set of axons without 

simultaneously activating, antidromical1y or orthodromically, other 

axon sets which can synaptical1y influence neurons antecedent to 

the system under study. When dealing with single neurons it is 

possible to differentiate an antidromic From an orthodromie 

response because the former has a sharp thresho1 d and an 

al1-or-nothing character (Lipski, 1981). These criteria no longer 

app1y in the case of neuron populations, which give graded 

responses to both orthodromie and antidrornic stimulation. 

Among propriobulbar inspiratory neurons, many fire throughout 

inspiration with an augmenting firing frequency, similar to the 

augmenting phrenic diseharge (ramp-inspiratory neurons). Few fire 

with a decrementing frequency during the same phase (Cohen. 1968; 

Cohen and Feldman, 1984) and are recruited early in inspiration 

(ear1y inspiratory neurons). Others are reeruited late (late 

inspiratory neurons) during inspiration (Baker and Remmers. 1982; 

Feldman et al., 1976; Marino et al., 1981). Another population of 

propriobulbar respiratory neurons discharges only during expiration 
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(L1psk1 and Merrill, 1979). Among these, some fire only during the 

post inspiratory phase (early expiratory or post-inspiratory 

neurons) while others fire only during the second half of 

expiration (1ate expiratory neurons) (Ballantyne and Richter, 1982; 

Feldman and Cohen, 1978; Richter and Ballantyne, 1983). Expiratory 

neurons may fire with an augmenting or decrementing pattern or at 

constant frequency. Thus propriobulbar respiratory neurons can be 

classified (on the basis of the phase of the respiratory cycle in 

which they discharge) as ramp inspiratory, early inspiratory, late 

inspiratory, post inspiratory and late expiratory neurons. The 

early and late inspiratory neurons are thought ta be reciprocally 

inhibitory and to make up the mechanism for switching inspiration 

off (Bradley et al., 1975; Cohen, 1979; Feldman et al., 1976; 

Richter and Ballantyne, 1983; Sears et al., 1982). 

It is this wide variety of firing patterns which is thought to 

be indicative of an organized neural network in which interactions 

between the various types of respi ratory neurons resul ts in the 

generati on of a rhythmic output, the respi ratory rhythm. A 

comparison of firing patterns and membrane potential trajectories 

of the various propriobulbar respiratory neurons, bulbospinal 

respiratory neurons and respiratory motoneurons suggests a limited 

number of possible synaptic interactions between the vari OUS types 

of neurons. However, the unresolved issue remains whether or not 

a1y of the currently identified propriobulbar respiratory neurons 

plilys a direct role in generating the respiratory rhythm. It 
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cannot be ruled out that these neurons are simply follower neurons 

downstream of as yet unidentified pattern generator neurons. 

The following is a hypothetical temporal sequence, consistent 

with observed data, of respiratory neuron interactions that would 

result in a rhythmic output appropriate for generating a 

respiratory cycle (Euler, 1983; Richter et aL, 1986). Tonie 

excitation of central and peripheral chemoreceptors by arterial 

pCO~ leads to tonie activation of the brainstem reticular 

activating system which in turn excites propriobulbar inspiratory 

neurons. In contrast, E-neurons are weakly excited by increasing 

CO:.! (Sears et al., 1982). The ramp-inspiratory neurons fire with 

an augmenting discharge and feed this activity into bulbospinal 

inspiratory neurons and late inspiratory neurons. The latter 

neurons are silent initially, however, due to inhibitory input from 

early inspiratory neurons. Early inspiratory neurons, which fire 

with a decrementing pattern, inhibit during their discharge late 

inspiratory neurons, post-inspiratory neurons and late expiratory 

neurons. Their discharge, however, fades with time, possibly due 

to intrinsic membrane properties resulting in firing adaptation. 

When these neurons stop discharging, late inspiratory neurons are 

released from inhibition and discharge a short burst of action 

potentials, which results in a transient but powerful inhibition of 

bulbospinal, propriobulbar, and inspiratory motoneurons. This 

marks the end of the inspiratory phase of the cycle and corresponds 
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in time to the period of brief interruption of phrenic nerve 

activity (Richter's 'reversible off-switch ' ). At this time 

post-inspiratory neurons are also transient1y hyperpolarized 

followed by a pronounced rebound excitation. Once post-inspiratory 

neurons start to discharge they inhibit all inspiratory and late 

expiratory neurons of the network (irreversible off-switch). The 

discharge of post-inspiratory neurons fades with time presumably 

due to intrinsic membrane properties (Richter and Heyde, 1975), 

expiratory neurons are released from inhibition, start to discharge 

and inhibit the inspiratory and post-inspiratory neurons of the 

network. What terminates late. E-neuron activity is not clear. 

Switching between E-I phases may occur when the E-neuron population 

fatigues. 50 that its level of activity spontaneously declines and 

by a process of disinhibition allows a buildup of activity in the 1 

population. Alternatively, Feldman (1986) has described a 

population of very late E-neurons, which fire a brief burst of 

spikes before the onset of the phrenic burst and may hypothetically 

subserve a role equivalent to the late-inspiratory neurons. 

d) Central Motor Pattern Generator Mechanisms in Simple 

Nervous Systems: Possible Models for Respiratory 

Rhythmogenesis in Mammals. The Role of Re-excitation and 

Rec1procal Inhibition in Rhythogenesis 

Vertebrate and invertebrate animals can produce a number of 
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rhythmic motor patterns lfke those underlying walking, swimming and 

feedfng. The neuronal circuitry generatfng these rhythmic motor 

patterns has been reasonably well identified and analyzed in a 

small number of invertebrate motor systems. From the analysis of 

these rhythmic motor pattern generators it is clear that patterned 

activity can be generated by neural circuits in two ways, (i) by 

the pacemaker properties of constituent neurons or (ii) by a set of 

non-pacemaker neurons connected in such a way that a regular 

alternation of activity and quiescence results. Until recently it 

was believed that pacemaker and non-pacemaker neurons are 

fundamentally different. Recent in vitro experimental data show 

that non-pacemaker neurons, for example neurons from the guinea-pig 

nucleus tractus solitarius (NTS) (Dekin et al., 1~d5) and 3PNs from 

the cat thoracic spinal cord (Yoshimura et al., 1987) can show 

pacemaker properties in the presence of particular 

neurotransmitters. The term conditional pacemaker has been 

introduced to refer to these cases. Although the physiological 

significance of conditional pacemakers in rhythmic pattern 

generation is not yet clear t the notion of conditional pacemaker 

suggests that the distinction between the two ways of generating 

rhythmic motor patterns should not be considered too rigidly. 

Examples of pattern generators in which the rhythm is produced 

by identifiable pacemaker neurons, which drfve a set of other 

neurons eventually relaying the output to the effector cells, are 

neural networks which regulate the pyloric rhythm of the lobster 
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(Selverston and Miller, 1980) and the heart beat of the leech 

(Calabrese and Peterson, 1983). Both networks demonstrate a 

property of redundancy which seems to apply as well to the 

respiratory pattern generator. Redundancy is shown by the fact 

that after selective destruction of the pacemaker neurons, a 

pattern of rhythmic activity similar to that existing before 

continues to be produced by the remainder of neurons in the 

network. Presumably the post-lesion rhythm is due to the capacity 

of certain neurons in the network to become pacemakers when the 

dominant pacemakers elements of the network are removed. This 

phenomenon is presumably prevented, under normal conditions, by a 

mechanism analogous to the overdrive suppression experienced by 

sino-~tri~l cells whose intrinsic pacemaker rate is slower than the 

frequency of the fastest sino-atrial pacemaker cells (Vassal le, 

1977). These cells assume a pacemaker role only when the faster 

pacemaker cells are elimi~ated. Several observations suggest that 

redundancy may also occur in the neural network generating the 

respiratory rhythm. In the cat brainstem, lesions of either the 

DRG or VRG or cold block of the Botzinger-C complex, sites which 

are thought to contain respiratory neurons directly involved in 

generating the respiratory rhythm, do not abolish the rhythm (Speck 

and Feldman, 1982; Budzinska et al., 1985). Complete midsaggital 

transection of the brainstem can give rise to what appears to be 

normal respiratory 3ctivity from the two half brainstems in a 

nu~ber of experimental animals. including rabbit. (Gromysz and 
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Karczewski, 1980), monkey and cat (Gromysz and Karczewski, 1982). 

Furthermore, rhythmic phrenic dlscharge, resembling the normal 

discharge, can be seen following transection of the spinal cord at 

the first cervical level (Aoki et al., 1980). The inference from 

these observations is that a respiratory rhythm can still be 

obtained after significant reduction of the amount of nervous 

tissue which is presumed to be generating it, that is, the 

respiratory pattern generator may be characterized Dy a s1milar 

redundancy as di spl ayed by the generators of the pyl ori c rhythm in 

the lobster and the heart rhythm in the leech. 

Examples of pattern generators in which the rhythm is produced 

by the interactions of non-pacemaker neurons are the generators of 

the swimming rhythm in the mollusks clione and tritonia. The 

central pattern generator (CPG) for swimming in the mollusk clione 

(Satterlie, 1985) is relatively simple and consists of four 

non-pacemaker interneurons, two of which control the parapodial 

upstroke and two the downstroke. These two sets of interneurons 

are 1 i nked by reci procal monosynapti c i nhi bi tory synapses. All 

four interneurons show post-inhibitory rebound. This simple 

neuronal network produces a rhythmic output in the presence of 

tonic input. The CPG for the swimming rhythm in the mollusk 

tritonia (Getting, 1983a,b) is more complex than that for cllone. 

In Tritonia, the swim oscillator consists of two types of cells, 

interneurons which are premotor to the dorsal and ventral swim 

muscles (DSI and VSI, respectively) and other interneurons (C2) 
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(Getting, 1981, 1983a,b). Neurons within each group (OSI, VSI and 

C2) are connected by reciproca1 exci tatory synapses, C2-neurons are 

excited by VSI and inhibited by OSI. The interneurons of these 3 

groups are part of the swim central pattern generator (CPG) shown 

by the fact that advancing or de1aying their burst with 

intracellu1ar current injection can reset the entire motor pattern 

(Getting et al., 1980; Getting, 1983b). The sequence of activation 

of these interneurons during the swim cycle begins with firing of 

the OSls. This can be produced by tactile stimulation in-vivo or 

by e1ectrica1 stimu1 ation of an appropriate sensory nerve. The 

firing of OSIs inhibits the VSIs and attempts to excite the C2 

interneurons. The C2 interneurons' membrane properties are such 

that there is an initial (~ 100 ms) period of rectification 

(A-current) which effectively delays onset of firing; C2 

interneurons in turn excite the VSI, so although the VSI are being 

inhibited by the OSI, the C2-mediated excitatory action eventually 

prevails over the OSI-mediated inhibition. Once the VSI fire, they 

inhibit both the OSI and C2 thus terminating the DSI burst. 

However, with the OSI silenced the VSI no longer receive an 

excitation From C2 and their spike frequency declines, 

disinhibiting the OSI and thus allowing the cycle ta repeat. This 

pattern of activity persists so long as the depolarisation is 

sufficient to make the OSI fire at a frequency sufficient ta bring 

the C2 interneurons to threshold. The most important element in 
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thfs network whieh allows a eye1ie pattern of activity to be 

sustained is the role of C2 interneuron which produce, with a 

delay, an amp1ified feedforward excitation of VSI. A number of 

other invertebrate rhythm-generating circuits also show a similar 

degree of complexity (see Elliot and Benjamin, 1985). Two 

principles of possible importance for the respiratory pattern 

generator which are illustrated by CPGs of simple nervous systems 

are feedback excitation and reciprocal inhibition. 

As far as feedback excitation is concerned, Salmoiraghi and 

Burns (1960) sugge~ted that within the set of inspiratory or 

expiratory brainstem neurons self-re-excitation occurs such that 

once excitation takes place in some members of the set it quickly 

spreads to the other members as well as returning, with 

amplification, to the originally excited neurons. This would 

result in a progressive increase in the level of excitation within 

each set. In CPGs of simpler nervous systems, the basis for 

self-re-excitation is provided by mutual excitatory connections. 

This has been demonstrated for CPGs which control swimming in 

Tritonia (Getting, 1981), feeding in snails (Kaneko et al., 1978), 

ventilation in Aplysia (Byrne, 1983), the pyloric rhythm in 

lobsters (Miller and Selverston, 1982) and the heart beat in leech 

(Tazaki and Cooke, 1979). In the majority of these systems, the 

mutual excitatory coupling is by means of electrical synaptic 

junctions. The one exception is the CPG which controls swimming in 

Tritonia, where chemical rather than electrical synapses mediate 
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mutual excitatory coupling between interneurons active during 

dorsal flexion. The function of this kind of positive feedback 

mechanism in these CPGs appears to be that of synchronizing the 

activity of a population of neurons as well as of reinforcing 

excitation, whether endogenous (pacemaker CPGs) or exogenous 

(non-pacemaker CPGs). Miles and Wong (1983) have provided an 

example of the operation of mutual excitation in the rat 

hippocampal slice, in which activation of a single pyramidal cell 

by intracellular stimulation produces synchronized firing of a 

large population of hippocampal neurons, if synaptic inhibition is 

suppressed by picrotoxin. The effect was attributed to excitation 

spreading through synapses between cells. As far as evidence that 

feedback excitation exists in the RPG, the autocorrelogram of the 

spike activity of bulbospinal inspiratory neurons and of phrenic 

discharge is characterized by a sustained oscillation with a 

fr~quency in the range of 50-100 Hz (Cohen, 1973, 1976; Feldman and 

Speck, 1983; Richardson and Mitchell, 1982). These high frequency 

oscillations have been reported in diaphragmatic EMGs from awake 

cats and humans (Bruce and Goldman, 1983). This suggests that the 

level of input to the neurons or the neuron excitability fluctuates 

in a regular fashion at a frequency within this range. 

Cross-correlation analysis of brainstem inspirato~y neurons against 

phrenic discharge shows that in most inspiratory neurons the 

oscillation is phase-locked to the phrenic oscillation. Cohen 

(1973) suggested that this synchrony of spike activity arises from 
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reexcitant connections. The membrane potential of bulbo-spinal 

inspiratory neurons shows a slow, ramp-like, depolarizing wave in 

inspiration. Superimposed on the first two-thfrds of the slow 

depolarization is an oscillation of up to 5 mV amplitude and 

frequency of 50 - 100 Hz (Mitchell and Herbert. 1974a). Action 

potentials occur at the peak of these oscillations of membrane 

potential. resulting in an oscillating pattern of the neurons 

discharge which ;s then synaptically transmitted to phrenic 

motoneurons. During the last third of inspiration the oscillation 

disappears, possibly due to desynchronization of the synaptic input 

which generates the oscillation. Mitchell and Herbert (1974a,b) 

however showed that the oscillation in membrane potential begins 

before the appearance of action potenti als in all bul bo-spinal 

inspiratory neurons studied. This observation is inconsistent with 

the view that bulbo-spinal inspiratory neuron5 are synchronized by 

self-reexciting loops. On the assumption that the 1 

ramp-generating neurons are connected to each other by exci tatory 

connections, intracellular stimulation of a single cell, or of a 

few cells. should lead, under appropriate conditions. to 

excitations of the whole homonymous population. as found in the 

hyppocampal slice by Miles and Wong (1983). 

As far as reciprocal inhibition i5 concerned, Burns and 

Salmoiraghi (1960) proposed that the inspiratory and expiratory 

neuron sets of the respiratory pattern generator are reciprocally 
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inhibftory, so that as one group becomes active ft inhfbits the 

other and sfmul taneous exci tatfon of both sets does not occur. 

Reciprocal inhibition between neurons discharging in opposite 

phases is a cOlll1lon feature of CPGs in simple nervous systems 

(Pi nsker and Ayers, 1983). Concerni ng the questi on of whether 

recfprocal inhibition is essential in the generation of the 

rhythmicity in a11 these CPGs, presently this question has been 

answered in the affi rmative on1y for the CPG in the mol1 usk cl i one 

(Satterlie, 1985). As mentioned previously, the CPG for swimming 

in this mollusk consists of two groups of antagonistic interneurons 

that are coupl ed by reciproca1, monosynapti c inhi bitory 

connections. This network is capable of stable osci11atory 

acthity driven by rebound firing evoked on the decay phase of 

ipsps. Cycling can be initiated by injection of a short 

depol arizing or hyperpo1arizing current pul se into one cell of the 

network. Hyperpolarizing the membrane of an interneuron with a 

long current pulse abolishes swimming activity for the duration of 

the pulse. In at least two other CPGs reciprocal inhibition has 

been shown to have on1y a partial ro1e in rhythm generation. In 

the CPG regulating the heart beat of the leech, reciprocal 

inhibi tion between a pair of connand osci11 ator neurons has a rol e 

in tenninating the endogenously initiated burst activity. If one 

member of the pair is removed, the cycle duration of the remaining 

'lne increases dramatically (Peterson, 1983). The burst activity of 
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the dorsal swim interneurons in the Tritonia CPG is also tenn1nated 

by reeiproeal inhibition from ventral swim interneurons (Getting, 

1983a) • 

Ever sinee Burns and Salmoiraghi' s (1960) original proposal, 

reciprocal inhibition between medullary inspiratory and expiratory 

neurons has been frequently invoked to explain respiratory 

rhythmogenesi s. Richter et al. (1979) provi ded the fi rst 

convincing evidence of inhibition of NTS inspiratory neurons during 

expiration by intracellular recording from these neurons. IPSPs 

were observed during expiration whieh were reversed by 

intracellular chloride injection. The contour of the reversed 

IPSPs elosely resembles the envelope of the augmenting firing 

pa ttern of the caudal NRA expi ratory neurons (Merril, 1974). The 

latter neurons were therefore considered the most likely source of 

the expiratory inhibition of NTS inspiratory neurons. Further 

study by Fedorko et al. (1983), and Merri 11 and Fedorko (1984) 

provided evidence that the expiratory inhibition of NTS inspiratory 

neurons is due, in part at least, to input from Botzinger 

expiratory neurons. However, the role of this inhibition in 

producing the alternating, two phase, pattern of respiratory 

activity is unelear since ablation of mueh of Botzinger complex 

does not abol i sh the respi ratory rhythm. 

In summary, this survey of topies related to the mode of 

operati on of the respi ratory pattern generator, in particul ar the 
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survey of neuron types which are part of the network, leads to the 

working hypotheses that the synaptic input responsib1e for the 

complex respiratory modulation of sympathetic neuron activity 

derives from ramp inspiratory neurons, which may account for the 

IRSD, from early inspiratory neurons, which may account for the 

early inspiratory inhibition (Cohen and Gootman, 1970; Bainton et 

al., 1985), from post-inspiratory neurons, which may account for 

post-inspiratory depression, and from 1ate-expiratory neurons, 

which may account for 1ate expiratory excitation. On1y for the 

first hypothef,is, that ramp inspiratory neurons are responsible for 

the IRSD, there is enough data of simil arities in SPN and 

inspiratory neuron responses to various stimuli to make it look 

fairly 1ikely. The hypotheses concerning the other three 

components of respi ratory modu1 ati on requi re more data compari ng 

firing pattern and responses of sympathetic neurons with those of 

the postul ated input neurons. 

4. SYNTHESIS OF MECHANISMS BY WHICH RESPIRATION INFLUENCES 

CIRCULATION 

In section 1 of the introduction (Chapter 1) the various 

mechanisms by which respiration can influence the operation of the 

cardiovascular system have been reviewed. In these sections each 

mechanism has been described and analysed in isolation. Here an 

attempt is made to fit these various mechanisms together in order 
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to see how they i nteract wi th each other and what h the; r overall 

effect in the control of SAP. 

During quiet breathing at normal respiratory rates (12-20 

breaths/min) and tida1 volumes SAP fa11s in inspiration and 

increases in expiration (Dornhorst, 1952). This oscillation in SAP 

is the resultant of the interp1ay of severa1 mechanica1 and neural 

influences. The mechanica1 influences are a consequence of the 

changes in pleural pressure, associated with breathing, and affect 

main1y cardiac function (see the Introduction for details). The 

neural influences include a centrogenic mechanism, based on a 

postu1ated synaptic coup1ing between brainstem respiratory neurons 

and sympathetic as well as cardiac parasympathetic neurons, and 

reflexogenic mechanisms, mediated by sensory neurons associated 

with cardiovascu1ar and respiratory structures, which connect with 

both sympathetic and parasympathetic cardiac neurons. 

During inspiration, the reduction in pleural pressure 

increases the gradient for venous blood flow from the extrathoracic 

systemic veins ta the right atrium (Brecher, 1956). This leads to 

an increased prelaad of the right ventricle, resu1ting in an 

increase in right ventricular stroke volume. Left ventricu1ar 

stroke volume fa11s in inspiration, as a resu1t of a number of 

mechanism(s). (1) The inspiratary increase in right ventricular 

fi 11 i ng may disp 1 ace the i nterventri cul ar septum ta the 1 eft 

thereby reducing 1eft ventricular comp1iance (Olsen et al., 1985; 

Beyar et al., 1987). As a resu1t, the compressed 1eft ventricle 
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fi11s 1ess and its stroke volume will be reduced. (2) An increase 

in pu1monary vascu1ar capacitance (Trimby and Nicholson, 1924) 

which will decrease fi11ing of the 1eft ventric1e and (3) an 

increase in 1eft ventricular afterload (Summer et al., 1979). 

With the beginning of inspiration there is an increase in 

sympathetic activity, namely the IRSD, which produces, within a few 

seconds, an increase in periphera1 vascular resistance, heart rate 

and contractility and hence b100d pressure. The inspirdtory 

inhibition of parasympathetic cardiac neurons will make the major 

contribution to the increase in heart rate. Therefore, by virtue 

of the coupling between brainstem respiratory neurons and the 

autonomie neurons which influence the cardiovascular system, the 

inspiratory phase of the central respiratory cycle will produce an 

increase in peripheral resistance and cardiac output and hence 

b100d pressure. However, unlike the mechanical effects, which have 

no appreciable delay, the neurogenic effects have built-in delays, 

mainly contributed by the slow target cell response to autonomie 

transmitters. Therefore the onset of the increase in SAP due to 

this centrogenic mechanism will be delayed with respect to the 

onset of inspiration. For details of the step response 

characteristics of cardiovascular effectors see Introduction, 

section 7 of part II. The delay will determine whether the effect 

on the targets occurs in the same phase in which the neural 

modulation occurs or in the next phase. For example, at normal 
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respiratory rates, the respiratory sinus arrhythm;a, which is 

largely due to I-inhibition of parasympathetic cardiac neurons and 

to a small er extent to I-facil i tation of sympathetic cardiac 

neurons, is characterized by increase of heart rate in 1 and 

decrease in E. Whether the inspiratory increase in heart rate 

actually contributes to an increase in cardiac output during 

inspiration and therefore SAP has not been established (see Barnes 

et al., 1980). Typical onset del ay and time constant of the 

increase in heart rate and peripheral resistence in response to 

pre- or postganglionic sympathetic stimulation are 0.5 - 2.0 sec 

and 3-12 sec (Rosenbaum and Race, 1968; Chess et al., 1975) 

respectively, depending on intensity and frequency of stimulation, 

i.e. depending on number of axons recruited and their discharge 

rate. Hence, depending on the duration of the respiratory cycle 

and its phases, the peak neurogenic effect on SAP may occur 1 ate in 

inspiration, or during the successive expiration, or even during 

the successive inspiration. Some properties of the IRSD component 

of the centrogenic mechanism in open loop conditions, i.e. the 

absence of sensory feedback from 1 ungs or from arteri al 

baroreceptors, are known (see Introducti on part II). We know, for 

instance, that the magnitude of this component will change in close 

relationship with changes in tre level of phrenic nerve activity 

(Preiss and Polosa, 1977), that this component involves the 

activity of approximately half of the discharging SPN pool (Polosa 
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et al., 1980) and that thi s component accounts for approximately 

one fourth of the neurogenic vasoconstrictor tone in the hil1dl imb 

in normocapnia (Bachoo and Polosa, 1985). 

WHh the onset of inspiration, air f10w starts and 1ung volume 

increases. This increase in vol ume is sensed by pu1monary 

receptors with afferents in the vagus nerve which feed the lung 

vol ume i nformati on onto brai nstem respi ratory neurons as well as 

sympathetic and cardiac parasympathetic neurons (see introduction 

part II, reflex mechanisms). The question to consider is how the 

vagal sensory feedback modi fies the centrogeni c mechani sm when, in 

normal conditions, the latter operates in closed-loop conditions. 

Inspiratory lung inflation, within a certain range of tidal 

vol umes, results in shortening of inspiration and of the succeeding 

expiration, when the vagus nerve is intact (Clarke and Euler, 

1972). There is no change in the rate of rise of phrenic activity, 

hence peak amplitude of the phrenic bursts decreases. Lung 

inflation with large tidal volumes in inspiration abolishes the 

IRSD (Gootman et al., 1980). The effect on parasympathetic cardiac 

neurons is an increase in discharge (Anrep, 1936). However, these 

effects are likely to be small at normal ti da1 vol ume (Bachoo and 

Polosa, 1986). In addition, there is evidence for an inhibitory 

action of lung inflation on sympathetic neurons that is not 

secondary to changes in the activity of brainstem respiratory 

neurons (Gootman et al., 1980; Bachoo and Po1osa, 1986). However, 

the effect on1y appears with very large inflations and therefore 
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may be dhregarded when only tidal vol umes withl n the eupneic range 

are consi dered. In concl usi on, probably the feedback fram 

pu1monar\ afferents activated by the increase in 1ung vol ume 

occurring in inspiration is of 1itt1e consequence in modlfying the 

centrogenic mechanism when tida1 volume is in the eupneic range. 

When, however, inspiratory activity increases, e.g. because of 

increased chemoreceptor drive or during exercise, the vaga1 

feedback may be expected to signi flcantly dampen the amplitude of 

the IRSD as well of the non-modul ated sympathetic discharge, and 

sign; ficant1y increase parasympathetic cardiac neuron activity. 

During a respiratory cycle the negative swing in intrathoradc 

pressure occurring in inspiration produces a decrease in cardiac 

output (resu1t of decrease 1eft ventricular stroke volume and 

increased heart rate) which is followed by an increase in cardiac 

output in expiration. This "mechanica1" fluctuation in cardiac 

output resu1ts in a synchronous fluctuation in SAP. The 

rel ati onshi p between the f1 uctuati ons in SAP and the phase of the 

respiratory cycle is a function of respiratory rate (see 

i ntroducti on) • At moderate rates of brea thi ng 02-20 breaths/mi n) 

SAP fa1ls during most of inspiration. At lower rates ( 10 

breaths/min) inspiration is associated with an increase in SAP. 

The fluctuation in SAP is translated in a fluctuation ln 

baroreceptor activity. Durlng inspiration the baroreceptors are 

unloaded and as a consequence sympathetic activity increases. The 

increase in sympathetic activity during i.nspiratlon may also be 
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due, in part, to relative refractoriness of the baroreceptor reflex 

circuit during inspiration (Gilbey et al., 1984). This reflex 

increase in sympathetic activity in inspiration, coupled with the 

centrogenic IRSD, will produce an increase in peripheral 

resistance, heart rate and contractility. Due to the delays 

associ ated wi th sympathetic activati on of target cell s the phase 

and cycle in which the effect on SAP will occur depends on the 

frequency of respiration and the magnitude of the sympathetic 

oscillations. For postganglionic firing frequencies between 1 and 

10 Hz the time constant of the response to a step input is between 

3 and 12 s (Rosenbaum and Race, 1968); at normal respiratory rates 

(10-15 breaths/min) the increase in resistance will coincide with 

. 

expiration. Simultaneously with the reflex increase in sympathetic 

activity in inspiration, the inspiratory unloading of the arterial 

baroreceptors will produce a reflex decrease in the activity of 

parasympathetic cardiac neurons. For this system, since the delays 

are shorter th an for the sympathetic system (see Introduction, 

section 7 of part II), the cardiac parasympathetic disfacilitation 

will result in an increase in heart rate during the same 

inspiratory phase during which the baroreceptors are unloaded. 

Both the neurogenic increase in vascular resistance and in cardiac 

output will act, if they occur in inspiration, to minimize the 

decrease in SAP produced by the mechanical influence of inspiration 

on cardiac output. If they occur in expiration they will enhance 

the increase in SAP produced by the mechanical effect of expiration 

on cardiac output. 
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Various authors have reported that oscillations in sympathetic 

activity at the frequency of respiration may be mediated by the 

baroreceptor reflex evoi<ed by the t'espiratory oscillation in SAP 

(see Wallin and Fagius, 1986; Eckberg et al., 1985). In a number 

of human studi es respi ratory modul ati on of sympathetic activity was 

only observed when a blood pressure oscillation at the frequency of 

respiration was present (Eckberg et al., 1985). This suggests that 

the respiratory modulation of sympathetic discharge in these cases 

is secondary to the IImechanical li respiratory oscillation in SAP and 

is mediated by the baroreflex. Wurster and Connelly (1987) have 

recently reported that in cats with pontine lesions, the 

baroreflex-induced respiratory oscillations in sympathetic 

activity, consequence of mechanically induced respiratory swings in 

arterial pressure of 5-20 mmHg, can be the dominant fonn of 

respiratory oscillation in sympathetic activity. It is conceivable 

that this could occur if the gain of the baroreceptor reflex in the 

experimental conditions just described was greater than under the 

experimental conditions in which the centrogenic type of 

respiratory modulation of SPN discharge is observed. 
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