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ABSTRACT

This thesis asks two questions. First, is there an efferent 

control system of the arterial cheraoreceptors other than by control 

of the vasculature? Secondly, do single chemoreceptors show an 

oscillation in their discharge with respiration and, if so, what is 

the natural history of the oscillations?

The general methods for the recording of the discharge of 

single chemoreceptor fibres of the sinus nerve of the cat are 

described. Specific experimental details are described in the 

appropriate chapters.

Efferent control

Microelectrodes were used to record intracellular potentials 

from the carotid body in vitro and in vivo in an attempt to link 

efferent inhibition arising from electrical stimulation of the 

sinus nerve with changes in the membrane potentials of the cells. 

176 cells were recorded from in vitro and 22f cells in vivo. These 

were probably Type I cells. Membrane potentials ranged from 

15-60 mV with a mean of about 30 mV. No 'physiological 1 or 

pharmacological stimulus that was used affected these potentials.
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Potassium chloride solution depolarised the cells reversibly. 

Stimulation of the sinus nerve at intensities sufficient for maximal 

excitation of the 'C 1 fibres within it had no effect on the 

recorded potentials. Neither transient junctional-type potentials 

nor slow drifts of potential were seen.

In parallel experiments the sinus nerve was stimulated 

electrically whilst recording the discharge in single chemoreceptor 

fibres peeled from the nerve distal to the stimulating electrodes. 

Stimulation could cause adventitious excitation of the recorded 

afferent resulting in antidromic depression, which mimicked a true 

physiological inhibition of the discharge. Some of the features of 

this adventitious excitation and the ease with which it occurred 

were investigated using an isolated segment of vagus, baroreceptor 

fibres, and chemoreceptor fibres. Low concentrations of local 

anaesthetic could raise the threshold for adventitious excitation 

whilst not affecting the normal passage of impulses. When looking
*

for true inhibition, a continuous check for adventitious excitation 

was kept, utilizing the fact that chemoreceptors show a mipjmnm 

interspike interval of about 10 msec. With this check, stimulation 

of the sinus nerve still caused a reduction in discharge in 

afferent fibres, to about 70^ of control, though this was rather
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variable. In four out of five fibres tested, the inhibition was 

reduced or abolished by close intra-arterial injection of atropine.

In conclusion: the true inhibition of discharge vrould seem not 

to be synaptic but vasomotor in origin.

Oscillations in discharge

Most single fibres of the cat and dog showed oscillations in 

discharge in phase with respiration when summed by computer over 

many respiratory cycles. The trough in the oscillation followed 

inspiration with a delay equal to the lung to carotid body circulation 

time. The amplitude of these oscillations was increased by 

decreasing respiratory frequencies or by increasing metabolism by 

poisoning with dinitrophenol. Hypercapnia or hypoxia decreased the 

relative amplitude of the oscillations but the absolute amplitude 

remained approximately constant. Oscillations from pairs of fibres 

recorded simultaneously wsre similar in phase and relative amplitude. 

The oscillations were not affected by sectioning or stimulating the 

cervical sympathetic trunk, nor by sectioning the sinus nerve 

whilst recording from an afferent from the otherwise intact nerve. 

The most likely source of the oscillation is thought to be the 

respiratory oscillation of P ^ in the carotid blood. It is
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•

proposed that the responses can be explained in terms of families

of parallel transient P nr. -response curves that are steeper thana » UJ2 

the fans of response curves described for the steady state by other

workers and cut these curves at the mean P ^ .a »uu2

A non-sympathetic efferent fibre that was recorded from showed 

no oscillation in the discharge with respiration, and interval 

distribution histograms of its discharge did not have the simple 

exponential form shown by afferent discharge.

Earlier workers had described the discharge of single chemo- 

receptors as random and this was seemingly at variance with an 

oscillating discharge. In an attempt to resolve this it was 

assumed that the mean frequency of the random process varied over 

the respiratory cycle, and statistical tests showed that, with this 

assumption, the impulses were random with respect to each other 

although they were not random with respect to the respiratory cycle. 

That is, the probability of the occurrence of an impulse varies with 

a respiratory periodicity but not with the time since the occurrence 

of the previous impulse.

The technique of recording from two fibres simultaneously on 

separate electrodes was originally used to see if it would be
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justifiable to apply the results of summing the discharge of one 

fibre over many cycles to the response of the whole nerve, i.e. many 

fibres over one cycle. This recording method allowed farther 

comparisons between fibres, when the arterial stimulus must have 

been the same for both receptors, by going back over the experimental 

records and comparing the frequencies of discharge of the pair of 

fibres at any time. In some experiments specific manoeuvres were 

performed to obtain further information. The frequencies of 

discharge of fibres were compared: at steady mean rates; during 

the responses to various ventilatory stimuli; at the intra-arterial 

injection of 100$ COp-saline; as well as in their oscillatory 

behaviour over the respiratory cycle. If allowances were made for 

differences in characteristic mean frequencies of discharge, the 

sensitivities to any change of arterial stimulus proved remarkably 

similar, that is the discharge of one receptor could give as much 

information as that of the whole population. There were indications 

that receptors might differ in threshold, peak response, and 

adaptation. The most striking finding was that the sensitivity of 

a receptor could change with time, although, at any one moment, the 

chemoreceptors are a surprisingly homogeneous population. The 

results suggest that there is a single mechanism responsible for the
•

sensitivity to hypoxia and hypercapnia.



Chapter 1

General Introduction

1.1 The shape of the thesis.

The work presented is in two main parts and, although there 

are links between them, they can be regarded as two separate topics; 

studies relating to the efferent pathway to the carotid body that 

runs in the glossopharyngeal nerve; and studies on the oscillation 

in cheinoreceptor discharge that occurs with respiration.

When I started the experimental work in September 1969 there 

was the newly discovered possibility of a specific inhibitory 

neural pathway that could influence directly the response of the 

chemoreceptor endings (Nell & O'Regan, 1969&, b) to their adequate

stimuli, the P „ and P _- -pH of the carotid blood. If there ' a,02 a,C02 * a

was such a pathway, all the previous work on the activity of 

chemoreceptor afferents would have to be repeated as it had all 

been performed on the cut nerves and so with the efferent pathway
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interrupted. Also, if the efferent pathway acted by influencing 

the actual gerie ration of impulses by the chemoreceptor terminals, 

then perhaps studying its influence could give a clue to this 

process and help us to open the 'black box 1 of the carotid body. 

With the latter point particularly in mind the main lines of approach 

to the efferent pathway were to attempt to confirm the stimulation 

experiments of Neil & 0'Began (l969a) unde-r a variety of circumstances, 

particularly in vitro, and, in parallel experiments, look with 

microelectrodes for any changes of membrane potential v/ithin the 

carotid body that might be associated with the inhibition.

In the spring of 1970 I began to realise that the technique of 

stimulating the sinus nerve close to the recording electrode, as 

used by Neil & O'ifegan (I9&9&)j introduces an experimental artefact 

and that much of their work was therefore suspect. To add to this, 

the microelectrode work \vas proving difficult and entirely negative. 

The appearance of a paper on the artefact (Fidone & Sato, 1970) 

confirmed my interim conclusion that the efferent pathway was 

probably not the lever with which to open the black box.

However Fidone & Sato (1970) did not seem fully to realise the 

significance of their own results to the conclusions of Neil &
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O'Regan (I969a, b), and the full publication of the work using

electrical stimulation (Noil & O 1 Began, 19?1 a) left some unsatisfactory 

loose ends. Further experiments "were done to investigate the 

mechanism of the artefact and a few loose ends tied to add some 

constructive comment to what was otherwise a destructive statement.

The second main topic of the thesis is the natural history of 

the oscillations in the discharge of chemoreceptors that occur with 

respiration. This investigation was a sequel to the work of Black 

& Torrance (1970 >̂fl° obtained evidence that imposed oscillations 

in the activity of chemoreceptor offerents could influence ventilation. 

Previous workers had seen respiratory oscillations in the integrated 

activity of chemoreceptors of the sinus nerve, but little work had 

been done on single fibres. The investigation was purely of the 

response of the receptor considered, for the most part, as an 

isolated unit; no further work was done on the significance of 

these oscillations in the control of respiration.

The technique of recording simultaneously from two single 

fibres on separate electrodes, used originally as a test of whether 

it was justifiable to apply the results obtained from single fibres 

to the oscillations of the integrated activity of the whole nerve,



- i, -

led to the additional topic presented as the final section of the 

thesis. This approach has. raised some possibly discuieting problems 

for the experirnenter wishing to quantify the response of the chemo- 

receptors.

1.2 The carotid body

Our ideas of the workings of the arterial chemoreceptors are 

in a state of flux. In recent years many of the older, supposedly 

well-established, facts have been doubted, refuted, and some even 

subsequently re-established. The newer evidence on many points is 

frankly contradictory and in other areas confusing. Therefore to 

review the whole subject would be time-consuming and not particularly 

helpful, and so I shall concern myself mainly with those topics that 

are relevant to a discussion of the subject of the first part of 

the thesis, the efferent pathway. Because this must touch on many 

facets of the physiology of the chemoreceptors this Section will 

serve also as an introduction to the second part of the thesis on 

the oscillations in discharge.
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Boosts

Chemoreceptor activity is grouped in the carotid body, situated 

at the carotid bifurcation, arid the aortic bodies, a group of 

islands of chemoreceptor tissue in the aortic arch. They are

sensitive to the PO , PQQ â L pH of the arterial blood: increasing 

hypoxia, hypercapnia or acidaemia will increase the mean rate of 

discharge. They are the afferent limb of a reflex to increase the 

ventilation. The basic structure is two types of cell arranged in 

groups, or glomeruli, in which one type, on which the afferent 

nerves terminate, is enclosed by the other type. They are highly 

vascular, with a high oxygen consumption, and the high blood flow 

is influenced by efferent autonomic nerves.

The early work, anatomical (de Castro, 1926; 1928) and 

physiological (Hermans & RLjlant, 1933; Bogue & Stella, 1935), was 

done around 1930, and de Castro (1928) in fact inferred the correct 

physiological role of the carotid body from anatomical studies. 

The bulk of the research on chemoreceptors has been done on the 

carotid body because of ease of access, and in the literature 

1 chemoreceptors 1 arcl 'carotid body1 tend to be used synonymously. 

This is reasonable as a generalisation, and will hold here, but the
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carotid and aortic bodies do appear to differ in some respects. 

Recent reviews of arterial chemoreceptors include Torrance 

(1969, 197^ ), Mitchell (1970), Biscoe (1971) and Howe & Neil 

(1972).

The responses of chemoreceptors

The stimulus-response curve to hypoxia at constant P pn is

hyperbolic (see e.g. Eyzaguirre & Lewin, 1961 a, and Hornbein, Griffo 

& Roos, 1961 - integrated whole nerve; Biscoe, Purves & Sampson, 

1970 - single fibres). The receptors fire, albeit at a very low 

frequency, even at oxygen tensions of 600 torr (Biscoe et al.,

1970) and the discharge increases little until the P n falls belowa,02

90-100 torr when the discharge begins to increase and does so ever

more rapidly as the P ~ falls further. At very low oxygen tensionsa,u2

the receptors are depressed and their discharge falls again (Black, 

McCloskey & Torrance , 1 971 ) .
*

The response to P ^ at constant P n is approximately lineara, u>2 a >u2
over the normal range of P -~ . The slope lessens at high and low

» 2 
P ^ making the overall curve signoid (Eyzaguirre & Lewin, 1961 a).

Hypoxia and hypercapnia interact: the mean frequency of discharge

at a given Po n or PQ nn is higher if the other stimulus is a, Up a
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greater. A full quantitative study using single fibres has not yet 

"been published and ^sould be a very valuable addition to the 

literature, but v:ork on the integrated response shows that the 

interaction is more than additive (Hornbein, 1968; Fitzgerald & 

Parks, 1971)« Thus the resulting change in the frequency of

discharge seen on changing both the mean P and mean P n~ to
a, Up a,uUpp ,p

new mean levels is greater than the sum of- the changes in frequency

if the P _ and P n are changed individually. It is important a, Up a,mjp

to realise that this refers only to steady-state levels of P ^ and
a > 2

P n and not to the increase in discharge at the change of gas a,uj£

tension (see Section 6.3).

The speed of response of afferents from the cut sinus nerve to

a large step change of P _~ is rapid and adapts. The response is
a,uu2

slower, a1^ there is no adaptation, to a similar change of P n
a > u2 

(Black, McCloskey & Torrance, 1971). Inhibition of carbonic

anhydrase, an enxyne known to be present in the carotid body (Lee &  

Mattenheimer, 1964), prevents the fast CGp response , and the

response to large steps of P ~ or P nr. are then similara, Up a,uUp

(Black, McCloskey & Torrance , 1971; Travis, 1971). This suggests 

that the rapid response, to a large change in COp at least, arises 

via the subsequent change in pH at the receptor. The evidence
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from steady-state experiments is controversial \vith the sides 

equally divided into those who believe that CQp does not exert, an

effect over and above its effect through pH (Gray 1968; Hornbein,a

1968) and those who believe that COp has an effect per se (Neil & 

Joels, 1963; Biscoe, Purves & Sampson, 1970). Work on the aortic 

chemo receptors does not help. Sampson & Hainsv/orth (1972) reported 

that lowering the pH at constant P ^ could even cause a fall in
•* a

the frequency of discharge.

Hornbein, Griffo & Hoos (1961) reported oscillations in the 

discharge of the integrated response that occurred with respiration, 

suggesting that the speed of response of chemoreceptors was fast 

enough for them to follow the oscillations in the blood gases. This 

is dealt v/ith in more detail in Section 6.3

Blood vessels and blood flow

The organ is well supplied with blood. There is an undoubted 

efferent nerve supply to the carotid body to regulate the blood 

flow (see below) and the main question in the problem of efferent 

control is whether there is any non-vascular efferent supply.

The pioneer work of de Castro is summarized in the Wates 

symposium (de Castro & Rubio, 1968). The blood vessels make up
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25-33% of the total volume of the carotid body. The tissue is 

arranged in lobules each supplied by an arteriole. Tortuous 

sinusoids vrind around the glomeruli of cells within a lobule. 

Arteriovenous anastomoses enable blood to by-pass the sinusoidal 

system. They are mostly situated peripherally and occur less often 

in the deeper parts. This pattern was seen in all arterial chemo- 

receptor tissue, including aberrant tissue-. The artery to the 

carotid body, its arterial and some of its arteriolar branches, have 

baroreceptor endings in their walls.

Daly et al. (1954-) measured the total blood flow as 40 }al per 

minute (2000 ml/min/100 g) and subsequent investigators agree with 

this (Purves, 1970a; IfcCloskey & Torranee, 1971). These studies 

used inflow or outflow techniques, Keller & Lubbers (1972) used a 

hydrogen clearance method and arrived at the same figure. Daly 

et al. (1954) found that the flow was proportional to the blood 

pressure, as did Biscoe, Bradley & Purves (1970) and Purves (l970a). 

McCloskey & Torrance (1971) saw auto regulation of the blood flow in 

some experiments on the denervated carotid body of rabbits and cats. 

In the cats barbiturate anaesthesia prevented autoregulation, which 

might be why the earlier investigators, who used barbiturates, did
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not see the phenomenon. However, LIcCloskey & Torrance (197"0 

point out that one of the published records of Purves 1 (I9?0a). does 

in fact show autoregulation.

Sympathetic fibres reach the glornus directly from the superior 

cervical ganglion and also by a circuitous route entering the carotid 

body with the sinus nerve (Biscoe & Sampson, 1968). Daly et al. 

(1954) stimulated the cervical sympathetic and reduced the blood 

flow. Purves (l970b) confirmed this and also implied a tonic 

sympathetic outflow to the carotid body by showing that cutting the 

pra- or post-ganglionic cervical sympathetic ipsilate rally increased 

the blood flow by about 25%. There are vasodilator fibres in the 

glossopharyngeal nerve (Neil & O'Bggan, 1971&).

Thus the ca.rotid body has a high blood flow and the capability 

exists to control local and overall flow in a variety of ways. 

De Castro & Rubio (1968) reported changes in the size of the carotid 

body, reflecting the volume of blood in the sinusoidal system, when 

the cat breathed different ga.s mixtures. There were concomitant 

changes in the speed of flow through the surface veins so they could 

not make any statement on total blood flow. They supposed that the
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control system acted through the baroreceptor endings and arterio- 

venous shunts that they had seen. No one else has reported these 

changes in the size of the carotid "body, though Ungar reported 

having looked for them (see the discussion of De Castro & JRubio, 

1968). Purves (I970a) showed that the total blood flow through the 

carotid body increased by about a third in severe hypoxia or hyper- 

capnia whether the sympathetic supply was -intact or not. The sinus 

nerve was intact so perhaps this hyperaemia was mediated by the 

vasomotor efferents that run in it. Hypercapnia may have a further 

local role: auto regulation was sometimes produced by hypercapnia, 

and Purves (197Gb) found that stimulation of the cervical sympathetic 

had a greater effect in hypercapnia.

As Purves (l970b) himself points out, there is an apparent 

inconsistency in that the blood flow increases in conditions of 

heightened sympathetic activity although stimulating the sympathetic 

electrically decreases the flow. He sees the role of the sympathetic 

as that of redistribution of blood within the glomus. Keller & 

Lubbers' (1972) hydrogen clearance method, which uses microelectrodes 

inserted into the glomus, has enabled local flows to be measured. 

The peripheral flow was apparently less than the flow through the
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centre of the carotid body, but this may "be "because the volume 

increases towards the periphery, as the method measures values of 

flov/ related to unit weight rather than as absolute values. They 

claim in their Discussion that they \vere unable to show any 

consistent effect of hypoxia or hyperoxia on local flov;, though 

they do not publish the observations on which they base this. The 

authors also seem rather confused by the previous literature, saying 

that Daly et al. (1954) saw au tore gula tion v/hen in fact Daly et al. 

(1954) found that flow was linearly related to blood pressure.

The hylrogen clearance method may one day prove more useful, 

but how 'local 1 are the flows measured? De Castro & JRuMo (1968) give 

the impression of gross changes in blood flov/ through large local 

volumes, but Purves (I970a, b) thinks of many parallel vascular beds 

within the glomus. One could suppose that these are-the lobules of 

De Castro & Ribio (1968) and that the hydrogen clearance method is 

not local enough to measure the difference in flow between adjacent- 

vascular beds. The same group (Acker, Lubbers & Purves, 1971) 

previously concluded that the blood flow was not homogenous from

work on local Pn , but this too is controversial.U2
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consumption.

I have to discuss Vn because if efferent nerves can affect it
U2 

they may well alter the discharge. Also it may be of importance in

the process of chemoreception.

The very high blood flow means that the arterio-venous oxygen 

difference is very small. Comroe & Schmidt (1938) found that the 

reflex hyperpnoea to carbon monoxide poisoning in dogs was abolished 

by bubbling oxygen through the poisoned blood and concluded that the 

carotid body could extract all the oxygen it needed from the plasma. 

Duke, Green & Neil (1952) saw no increase in the discharge of the 

whole sinus nerve during carbon monoxide poisoning* Apparently the 

arteriovenous difference was negligible and the chemoreceptors were 

responding to the oxygen tension of the blood rather than to the 

oxygen content. 7/hen Daly et al. (195*0 reduced the blood flow to 

one quarter by lowering the blood pressure, they were able to 

measure an A-V difference of 2 vols % 9 equivalent to 0.5 vols % at 

normal flow. This gave an oxygen usage of 9 ml/min/1QO g, but, as 

they themselves admitted, they were at the very limits of the 

capability of their ice t hod. All the more credit to them that their 

figure has been corroborated. Mills & Edwards (1968) used more
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use and showed that carbon monoxide jjoisoning would excite the 

chemoreceptors. Using these results they canoe up with an A-V 

difference of 0.35 - 0,5 vols % (Edwards & Mills, 1969). Purves

(1970s.) used gas chrcrnatography and this gave an A-V difference of
  

0.35 vols % and a Vn of 7.5 ml/min/100 g.U2 

The carotid body thus apparently has the highest oxygen

consumption in the body and it is an obvious conclusion that this 

is intimately connected with the process of chemoreception. Fay
*

(1970) found that the Vn of the saline perfused carotid body wasU2 

much lower, 1.5 na/min/100 g; Joels & Keil (1968) remarked that

the carotid body did not sustain responses as effectively when 

perfused with saline as it did when perfused with blood.
•

Daly et al. (195**-) assumed that the Vn of the carotid bodyU2 

was constant and that the A-V oxygen difference therefore varied

inversely with the blood flow. According to Purves (l970b) this is 

so in the sympathectomized carotid body, but if the sympathetic
•

supply is intact the A-V difference does not change, i.e. the VnU2 
decreases with a decrease in flow as the perfusion pressure is
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reduced. Hypoxia and hypercapnia also reduced the Vn providedU2 

that the sympathetic was intact.

There are some aspects of this work that are rather disquieting. 

First, the method of measuring oxygen content, although more accurate 

than that used by Baly et al. (1954), is still only accurate to 

0.15 vols % (see Purves, 1970a; table 1) in measuring an A-V 

difference of 0.35 vols %. It was even used for an A-V difference 

of 0.05 vols % (see Purves, 1970a; table 3, line 2).

Secondly, Biscoe, Bradley & Purves (1969) confirmed Neil & 

O'Rsgan's (l9&9a) observation that stinflating the distal cut end of 

the sinus nerve increased the blood flow through the gloms and 

added that the A-V oxygen difference was increased by stimulation,
•

i.e. there was a rise in the Vn . The later full paper (Biscoe,U2 

Bradley & Purves, 1970) makes no mention of this, and nor does

Purves (I970a, b) although the implications are important to his 

interpretation. Thus in hypoxia the sympathetic discharge increases
*

and acts to reduce the Vn while the glossopharyngeal efferentU2 

discharge acts to increase the V0 . (As an aside at this point:U2 

blood flow increases if efferent discharge is increased by electrical
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stimulation of the sinus nerve or by systemic hypoxia with the 

sinus nerve intact , but does hypoxia cause hyperaemia in the 

totally densrvated carotid body?).

Thirdly, the most important conclusion that Purves 0970b) 

reaches is that the oxygen consumption may be the single most 

important factor in the mediation of the chemoreceptor responses.

This is giving the sympathetic nervous system, which seemingly
  

profoundly affects Vn , a very important role. Surely, then, thereU2 

should be obvious differences between the the responses of the

chemoreceptors to natural stimuli before and after the sympathetic

is cut? In fact the responses of the chemoreceptors are qualitatively

the same even in the superfused preparation (Eyzaguirre & Koyano,

The effects on the discharge of the blood flow and sympathetic innervation

The confused state of affairs concerning the blood flow and 

oxygen consumption is not helped by, and certainly does not help, 

interpretation of the effects of blood flow and the s;ympathetic 

nervous system on the discharge of chemoreceptors. Floyd & Neil 

(1952) showed that stimulating the cervical sympathetic enhanced 

the discharge of the whole sinus nerve and this has been attributed
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to the decrease in blood flow (Daly et al., 195^)- . The effects of 

stimulation are not apparent in vitro (Eyzaguirre & Lewin, 1961c) 

which lends farther credance to this view. The discharge of the 

aortic chemoreceptors is increased by stimulation of the stellate 

ganglion (Mills, 1968) or a fall in blood pressure (Lee, Mayou & 

Torrance, 1964-). However Biscoe, Bradley & Purves (1970) found 

that the discharge of afferents of the sinus nerve was little 

different from control in the steady-state following a change in 

blood pressure (over the range 60-160 mm Hg) and venous flow 

(10-60 ul/min). Furthermore the initial transient change in chemo- 

receptor activity at a change of blood pressure was not mirrored by 

any auto regulation of the blood flow. The activity of all the 

fibres studied shoved an increase in their frequency of discharge 

when the blood pressure fell below 50-60 mm Hg. This contrasts 

with the rabbit which has a very low threshold pressure, 7-18 mm Hg, 

for excitation of the chemoreceptors (Ott, Kiwull & S'iemer, 1971), ' 

even though the blood flow is of the same order (McCloskey & 

Torrance, 1971; V/eigelt et al., 1973).

One is brought back to local blood flows being important by the 

observations of I'Litchell & McCloskey (in preparation) that
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stimulation of the cervical sympathetic alvvays increased the discharge 

in rnultifibre strands of the sinus nerve but single fibre preparations 

were not necessarily affected, and those single fibres that were 

affected by stimulation of the sympathetic were not necessarily 

those affected by a change in overall blood flow.

Recording from the sinus nerve usually involves first cutting the 

nerve and, as we have seen, there are both vasoconstrictor and vaso-
v

dilator fibres in the nerve. Recording from an afferent whilst leaving 

the rest of the nerve intact (Nell & O'ltegan, 1971b) is technically 

difficult and one cannot be certain that the efferent fibres are not
•

damaged. The investigation of the effect of blood flow and Vn onU2 

chemoreception requires a method of recording from absolutely intact

nerves, for instance extracellular recording with microelectrodes of 

single units within the glossopharyngeal ganglion, and a more accurate 

method of measuring oxygen usage. We need some definitive experiments 

not to add to previous evidence but to supersede it.

Structure

The components of the carotid body are two specific types of 

cell, nerve endings, and blood vessels (Fig. 1) in a tough connective



Pig. 1: A diagram to show the essential structure of the carotid 

body. A Type I cell (l) is surrounded by a Type II cell (ll). 

Between these is a nerve ending (N). A sinusoid (B) is supplied 

by an arteriole (A) which has sympathetic (s) and 

parasympathetic (p) efferent nerves running to it.
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tissue capsule. The cell types have been variously labelled but 

Type I and Type II (de Kock, 1954) is probably the best nomenclature 

because it ascribes no function. Type I cells iire roughly spherical 

and tend to be grouped together, the groups being invested by the 

smaller Type II cells through which the nerve fibres run to terminate 

in expansions in contact with the Type I cells. The relation of the 

nerve fibres to the Type II cells resembles that of nerves and 

Schwann cells hence the term f sustenacular cells 1 for Type II cells 

(Ross, 1959). There are also nerve fibres supplying the vasculature 

that degenerate if the sympathetic innervation is cut (Biscoe & 

Stehbens, 196?) and parasympathetic fibres supplying the micro- 

ganglia that can be found in the fibrous sheath of the carotid body 

or at the surface of the organ (de Castro & Ribio, 1968).

The blood flows through sinusoids and is not in direct contact 

\7ith the nerve endings. Hess (1968) reported that there was at 

least one layer of Type II cell cytoplasm between a Type I cell and 

the blood; Eyzaguirre et al. (1972) saw some processes of Type I 

cells separated from the blood by only a basement membrane.

De Castro (1928) concluded that the expanded nerve endings 

were afferent because they degenerated after the sinus nerve had
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been cut but not after the glossopharyngeal nerve v/as cut intracranially. 

The cell bodies of these endings were therefore in the glossopharyngeal 

ganglion and, as this was a sensory ganglion, the endings were 

afferent. De Castro saw the Type I cell as the transducer - with 

one pole pointed at the blood and the other at the nerve ending.

This is the classical vievr of the arterial chemoreceptor but in 

1966, at the Wates symposium, de Kock & Dunn described some very 

fine nerve endings that ended without contacting Type I cells at 

all (de Kock & Dunn, 1964; 1966). Perhaps these fine nerve endings

 were the chemoreceptor afferent endings and the fat nerve endings

 were doing something else,

The possibility of efferent control

In 1959 Lever, Lewis & Boyd had spoken of microvesicles in the 

fat nerve endings. Biscoe & Stehbens (196J?) confirmed this and 

suggested that the fat nerve endings might be efferent, releasing 

the contents of the vesicles to act synaptically on the Type I 

cell. Y/hen Biscoe, Lall & Sampson (1970) repeated de Castro's 

(1928) original experiment they found that intracranial section did 

cause degeneration of the fat nerve endings, but with a longer time
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course than the degeneration follov/ing section of the sinus nerve

so that de Castro (1928), who only waited 10-12 days "before histology,

would not have seen any degeneration.

By this time Neil & O'Eegan had produced their first electro- 

physiological evidence of a non-vascular efferent pathway (Neil & 

O'ltegan, 1969a, b). Biscoe & Sampson (1968) had recorded two types 

of efferent activity in the cut central end of the sinus nerve. 

One type -was of sympathetic origin. The other type v/as a sparse 

non-rhythmical discharge that showed an increase in its frequency 

after an intravenous injection of adrenaline, or in systemic hypoxia 

or hypercapnia even when the chemoreceptor nerves were cut. Neil & 

0'Began used two experimental approaches. Stimulating the trunk of 

the cut sinus or aortic nerve whilst recording from an afferent 

strand peeled from the nerve distal to the stimulating electrodes 

inhibited the discharge in the afferent strand (Neil & O 1 Began, 

1969a). They also recorded from afferent and efferent slips of the 

sinus nerve with the remainder of the nerve in continuity hoping to 

maintain its efferent innervation intact. The efferent discharge 

increased when the afferents of the ipsilateral carotid body were 

excited (Neil & O'ffegan, 1969b).
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The efferent innervation described by Neil & O'Regan (lyZja., b) 

apparently reduced the discharge of the afferents in hypoxia. 

Sampson & Biscoe (1970) described how the P _ -response curve was 

shifted upwards after section of the remainder of the sinus nerve, 

the effect being most pronounced at low P Q . Neil & O'Regan (197^ 

reported their earlier results more fully: if, whilst recording 

from an afferent slip, the main trunk of the nerve was cut in 

steady-state hypoxia the frequency of discharge in the efferent slip 

increased, though there was little change in steady-state normoxia. 

They envisaged a negative feedback loop acting directly at the level 

of the afferent endings to suppress the discharge. One surprising 

observation was that the response to severe hypoxia had an earlier 

onset if recorded from the cut rather than the otherwise intact 

sinus nerve. In a true negative feedback loop the speed of response 

will not be affected as, unless the time in the loop is very short, 

a response has to occur before the feed-back can cut it down. One 

would expect a reduced peak response, as they report, provided the 

response takes some time to build up to allow the feedback to act. 

It would be interesting to know if, with the otherwise intact nerve, 

the peak discharge was followed by a reduction as the system
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'hunted' around a null point as a negative feedback system can do. 

They make no mention of this, but they were causing very severe

hypoxia (the inspired mixture was 5$> Op ^n ^2) ar1^ cou^- no "t ^•VQ 

reached a steady state.

Keil & O'Bsgan (l9?1b) do not make any observation in hypercapnia 

but there is no reason to suppose that the effects on efferent 

activity, and its effect on afferent activity, could be any different 

from those in hypoxia. Hypercapnia would be a more useful tool to 

investigate the speed of response of the chemoreceptors with and 

without the efferent supply intact as the response to hypercapnia 

is more rapid than that to hypoxia (Black, McCloskey & Torrance,

1971).

So, in a few ysars, the mode of function of the carotid body 

had been turned on its head. Now the fat nerve endings were efferent, 

modifying the response of the Type I cells to the levels of the 

blood gases, and a search began for the afferent terminals, which 

could be the fine nerve endings of de Kock & Dunn (1964-; 1966).

It is here that the results from electron microscopy become 

confusing. The contact between the fat nerve ending and the Type I



cell acquired the terra 'synapse', -which was unfortunate as this 

implies the function of the transmission of nervous information. 

The microvesicles of Lsver et al. (1959) became 'synaptic vesicles'. 

Authors described sub-types of Type I cells, different species of 

fat nerve ending, and specialised membrane thickenings at all sorts 

of cell contacts (see Howe & Neil, 1972). There v?as no longer a 

single story and the electrophysiologist could pick a histology to 

suit any theory of function. \Yhile Biscoe (1971) and others were 

championing the Type I cell-nerve ending contact as efferent, 

Kobayashi & Uehara (1970) described 'afferent synaptic complexes' 

in the mouse. Kobayashi (197H) saw both afferent-type and efferent- 

type ' synapses 1 in a number of species in the course of a comparative 

study, and this paper includes a useful list of previous ultra- 

structural studies of the carotid body (see his Table 1).

But there was no confirmation of the existence of any fine 

nerve endings. At the 7/ates symposium Hess (1968) had suggested 

that de Kock & Dunn (1968) had been looking at pre-tezminal fibres 

and this was becoming more and more likely. Yfcen Hess & Zapata 

(1973.) repeated de Castro's (1928) degeneration experiments yet 

again, they reaffirmed his story: the fat nerve endings degenerated
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only after extracranial section of the sinus nerve and not after 

intracranial section of the glossopharyngeal nerve. Pre suitably, in 

the experiments of Biscoe, Lall & Sampson (1970) some operative 

trauma during the difficult intracranial section must have caused 

the development of fibrous constrictions that strangled the cell
•

bodies in the ganglion or the axons in the nerve and there ms late 

degeneration of the endings. Neither did Neil & 0' Began' s (l9&9a ; 

1971 s1) electrophysiological evidence of an efferent innervation go 

unchallenged (see Chapter

The initiation of response

An efferent pathway could directly affect the process of the 

initiation of impulses at the receptor terminals so I shall consider 

some aspects of this,

The discharge of an afferent can be related to the gas tensions 

of the carotid blood but the actual stimulus is the availability of 

oxygen and CO^/H to the recej^tor. Histologists give 15-30 |-t as 

the distance between the blood and the most remote parts of the 

carotid body (ibss, 1959; de Castro, 1950- Tne calculated partial

pressure of oxygen in the tissue (p^ n ) is about 10 torr less than
> 2

the capillary Pn (Forster, 1968), assuming a spheroidal arrangementU2
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of the tissue with groups of cells surrounded by blood. Schur 

(unpublished) describes a cylindrical arrangement of the tissue 

around the blood vessels and this -would give a somewhat larger drop

from the capillaries. The predicted Pr, n in the centre of the
x > 2

glomus is therefore high, provided that a substantial volume of 

arterial blood is i»t shunted. KeUer & libbers' (1972) finding that 

the blood flow through the centre of the carotid body is of the same 

order as the overall flow suggests that if shunts exist they must 

be very local. The sinusoidal A-V oxygen difference is also of the 

same order as the overall A-V difference; Mills & Edwards showed 

this in their experiments on the discharge of the chemoreceptors in 

carbon monoxide poisoning (Mills & Edwards, 1968; Edwards & Mills, 

1969). Thus, even local shunts are not significant enough for one

to need to alter predictions of P  n . Direct measurement of the
» 2 

? , n in the centre of the carotid body gives a figure of about
J 2 

50 torr (Acker et al., 1971; Vfoalen & Nair, 1973).

Prediction and measurement both indicate that a part of the 

transduction process is sensitive to changes of oxygen tension well

above the critical Pn for oxygen uptake by the enzymes of theU2 

respiratory chain. Yet the evidence from experiments on the



- 27 -

discharge of chemoreceptors suggests that metabolic poisons excite 

the chemoreceptors by interfering v/ith the production of ATP (Joe Is 

& Neil, 19&-; 1968), and that hypoxia excites in the same way. 

Mills & Jobsis (1972) obtained spectrophotometrie evidence of two 

types of cytochrome a, (cyt, a^.) in the carotid body. One had the 

normal high affinity for oxygsn that cyb.a has in other tissues, 

but the other had an unusually low affinity for oxygen and was 50%

reduced at a P in the perfusate of 90 jf35 torr. There was aU2 
positive correlation between the reduction of this cyt.a, and the

frequency of impulses recorded from the sinus nerve. The experiments 

had to be done on perfused tissue to remove the haemoglobin and the 

authors admit that they were not able to wash it all out. There is 

no risk of confusing the fluorescence produced by the oxidation state 

of haemoglobin v/ith that produced by the cyt. a, as the wavelengths 

are different, but it could be that the incomplete perfusion had 

created long diffusion paths for oxygen so that the remote cyt. a,

needed a high Pn in the perfusate for its oxidation.U2

Acker et al. (1971) saw a gradient of P^ n from high values
* 2 

in the centre of the carotid body to values of 0-10 torr at the

periphery and raising the P A affected the central P far more
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than the peripheral Pri ^ . They maintain that there is no need to 

postulate an end-oxidase of low affinity for oxygen as there will

always be low P 's in the glomus. However, YThalen & Hair (1973)
j V'/P

report that the peripheral Pm ~ is higher than the central P-, n
> O £ x

£• w

and that there are few places where the P is less than 10 torr.
» 2 

Both sets of observations cannot be correct.

It is not known if the glossopharyngeal efferents alter the

P  n , but the first priority in this field must be to solve the i,u2

disagreement on the noeripheral P  n . Until this is done any1,02

experimental observations must be open to doubt.

Transmitters in the carotid body

If there is indeed an efferent inhibition which is not vascular 

a transmitter is presumably involved at the nerve ending which 

radiates this inhibition. I have, therefore, to discuss the subject 

of transmitters in the carotid body: their presence and possible 

significance.

The early physiological work on the chemoreceptors coincided 

with the emergence of acetylcholine as the transmitter at the 

neuromiscular junction and other synapses. Schweitzer & \Vright
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(1938) first suggested that acetylcholine might be a sensory 

transmitter in the carotid body, being released by the Type I cells 

to act on the nerve endings.

Since then many substances have been proposed as the sensory 

transmitter. Probably the most favoured and most tested candidate 

has been acetylcholine, and Eyzaguirre has been its most staunch 

supporter. He has done a large quantity of work with the whole 

gamut of cholinergic pharmacological agents, mostly on the superfused 

carotid body as first described by Eyzaguirre & Lewin (196'lb). His 

most celebrated experiments are the Loewi-type preparations in which 

two carotid bodies were suspended in the stream of superfusate and 

stimulation of the upstream carotid body caused excitation of the 

one downstream (Eyzaguirre, Koyano & Taylor, 1965). This excitation 

was enhanced by eserine, depressed by hexamethonium, and blocked by 

mecamylamine or acetylcholinesterase. These dings also had the 

predicted effect on the response of the superfused carotid body to 

applied acetylcholine (Eyzaguirre & Koyano, 1965b; Eyzaguirre & 

Zapata, 1968a). However,'Biscoe (1963) found that hexamethonium 

only blocked the effect of acetylcholine on some occasions and did 

not alter the response to hypoxia. Douglas (1952) had demonstrated
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this earlier on the reflex response to acetylcholine. Sampson 

(1971) shov/ed that, in vivo, mecamylamine -would block the action of 

applied acetylcholine "but did not alter responses to 'natural 1 

stimuli in contradiction to the earlier results of Eyzaguirre & 

Zapata (l968a). Sampson (1970 also pointed out that Eyzagiiirre & 

Zapata (l;)68a,)3'had used concentrations of mecamylamine far in excess 

of that required to block transmission in ganglia, and concluded 

that it had been acting as a local anaesthetic. Eyzaguirre 

(Eyzaguirre et al. 3 1972) had already needed to postulate that 

applied acetylcholine was also acting at extra-synaptic sites to 

explain the dichotomy between the pharmacological and natural 

stimuli, and the picture was getting rather hazy. It v^as rather 

odd that enough acetylcholine v/as diffusing from the upstream 

glomus to excite the downstream glomus in the Loewi-type experiments 

if the true post-synaptic surface v/as inaccessible to administered 

acetylcholine and blocking agents. Paintal (1969) calculated that 

the carotid body would have had to release virtually 5>Q/b of its own 

weight in acetylcholine if the responses of the downstream glomus 

were to be attributed to acetylcholine diffusing from the upstream 

glomus. Metz (1969) had reported the release of acetylcholine from
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the isolated carotid body in vivo, but only in hypoxia, or hypoxia 

plus hypercapnia. No acetylcholine was recovered in normoxia or in 

hypercapnia alone. These results are not convincing evidence that 

acetylcholine is the prims mover in the natural responses of the 

organ and, as Biscoe (19?0 points out, he collected the perfusate 

in a pool on skeletal muscle.

There are other lines of evidence that suggest it is unlikely 

that acetylcholine is the transmitter. Hebb (1968) reported a far 

lower concentration of choline acetylase in the carotid body than 

in the superior cervical ganglion although they both contained 

approximately the same concentration of acetylcholine. She also 

drew attention to the high concentration of the enzyme in the sinus 

nerve and suggested that 3C$ of the fibres could be small cholinergic 

efferent fibres. These fibres may be the parasympathetic fibres 

mediating the hyperaemia seen on stimulating the sinus nerve 

electrically (Neil & O'Jtegan, 19?1a) aM which, I believe, are 

responsible for the inhibition of discharge during electrical 

stimulation (see Section 4.3).
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At the other end of the cholinergic path there is surprisingly 

little cholinesterase in the carotid body (Biscoe & Silver, 1966). 

It is mostly pseudocholinssterase and occurs mostly in relation to 

blood vessels and a few cells which Biscoe & Silver took to be 

possible aberrant sympathetic ganglion cells. Bollard & Jones (1970) 

claimed that the butylcholinesterase was localised uniformly on the 

cell membranes of the Type II cells although their pictures are not 

good and they admit that the granularity of the reaction product 

did not make it possible to localize the enzyme to any particular 

cell membrane.

Much of the work on acetylcholine has been done vdth the de Castro 

picture in mind (de Castro & Ribio, 1968). The microvesicles in 

the fat nerve endings look cholinergic but this does not fit with 

the de Castro picture of sensory transmission from the Type I cell. 

Although clear-cored vesicles d.o occur in the Type I cell, they never 

appear in the vast agglomerations seen in the pre-synaptic terminals 

of proven cholinergic pathways. It must also be said that the fat 

nerve endings do not contain such vast numbers either. It is 

possible that acetylcholine is released by the fat nerve endings 

and excites some other structure in the carotid body but this
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suggestion is open to all the criticisms mentioned above. Also, if

the fat nerve ending releases a transmitter in response to hypoxia 

and hypercapnia, v/hy could an action potential not be generated 

v/ithout the intermediate step?

Catecholamines have been proposed as transmitters. The Type I 

cells have a highly granular cytoplasm and the electron microscope 

reveals vesicles with an electron dense core (e.g. Dearnaley, 

Fillenz & V/oods, 1968) similar to the vesicles in the adrenal 

medulla. The carotid body is known to contain catecholamines, 

although the type and amount present are in dispute. Kobayashi 

(I9?1 a) tabulates the conclusions of previous investigations: 

dopamine emerges as the catecholamine found most frequently in the 

largest amounts. Lishajko (1970) reported that human chemodectomas 

contained dopamine and that it could be released from, or taken up

by, isolated vesicles by a process inhibited by reserpine and
ticompetitively reduced by noradrenaline or adrenaline. Blumcke,

Rode & Niedorf (196?) saw a decrease in the number of dense-cored 

vesicles in the Type I cells of the rat carotid body after a period 

of anoxia but Al-Lami & Murray (1968) saw no evidence of this in 

the cat and thought that there might even have been an increase.



Reserpine reduces the catecholamine content of the carotid body, as 

judged by fluorescence techniques, without apparently affecting the 

dense-cored vesicles (lliedorf, Rode & Blumcke, 1970), although Chen 

& Yates (1968) claimed that the content of the vesicles - i.e. the 

visual density of individual vesicles - was reduced.

The vesicles seem to be sensitive to impulses in the sinus 

nerve. Stimulation of the nerve causes a decrease in vesicle content 

which is atropins sensitive (Yates, Chen & Buncan, 1970), and the 

effect of reserpine is apparently dependent on the continuity of the 

sinus nerve. .One cannot be certain which fibres are required 

intact. Stimulating the nerve will excite all the afferents as well 

as any efferents. Yates e.t al. (1970) administered reserpine for 

two days after they had sectioned the sinus nerve "hut did not know 

if the afferents were still conducting at this time.

I feel that one must be very cautious in interpreting results 

based on such a subjective criterion as the content of a vesicle 

which can vary so much from section to section because of such 

things as uneven staining.

Zapata, Hess, Bliss & Eyzaguirre (1969) did a full investigation 

of the role of catecholamines in the carotid body. The amount
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present and the appearance of the granules v/as unaffected by hypoxia. 

Chronic denervation by sectioning tlie sinus nerve or the sympathetic 

supply caused no changes. There was no change in the frequency of 

discharge on applying catecholamines to the superfused glomus, 

although Biscoe (1963) had seen some potentiation of discharge. 

Zapata et al. (1969) concluded that catecholamines were -not 

excitatory transmitters in the carotid body, but they did not rule 

out a role as media-tors of mild inhibitory effects. Sajnpson (1972) 

claims that, in vivo, catecholaniines cause a decrease in the 

frequency of discharge before the development of an increase due to 

vasoconstriction. Dopamine caused only inhibition without the 

subsequent facilitation and he believes electrical stimulation of 

sinus nerve efferents is mediated by dopamine because both are 

blocked by a-blocking drugs. However, he did not check for 

adventitious excitation and antidromic depression (see Chapter 4). 

Nobody has yet looked for dopamine in the venous effluent of 

the carotid body.
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A pause

Tliis has provided a background against which I can present 

my own results. Having done so, I shall return to more general 

discussion in Chapter 5 which deals with the relevance of these 

results to the various theories of chemoreceptor function.
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Chapter 2

General Methods

Preparation of animals

Host of the experiments were done on cats (1.5 - 3.5 

(Three dogs were used when studying respiratory oscillations: see 

Section 6.3). The cats were anaesthetized with pentobarbitone 

sodium (Nemtutal, Abbott), it-2 mg/kg injected in traperi tone ally. 

The trachea v^as canmlated low in the neck and the right femoral 

vein cannulated for topping-up doses of anaesthetic. Anaesthesia 

was deep enough to abolish reflex movement to pinching betv^en the 

claw pads with the leg extended. An artery was always cannulated 

to record the blood pressure. The right femoral artery was used 

unless an experiment required close intra-axterial injections when 

an artery close to the carotid body was used, usually the lingual, 

occasionally the brachial.
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Dissection

For experiments in which the vagi were used, or "both sinus 

nerves v/ere wanted, or the carotid bodies were excised, the approach 

was medial with the cat on its back. The muscles of the raidline 

plus the trachea and oesophagus were removed between the hyoid bone 

and the trachea! cannula.

Only one sinus nerve was wanted in most experiments and then 

the approach was lateral. This approach enables the dissection to 

be done remote from the carotid body and minimises the risk of 

damaging its blood supply. It also yields a longer length of nerve 

than does the medial approach.

The animal was laid on its right side and an incision made 

from the angle of the jaw, over the masseter muscle, curving round 

over the transverse process of the atlas, and then for an inch or 

so caudally. The parotid gland was removed and the sternomastoid and 

digastric muscles separated from their insertions on the mastoid 

process. The transverse process of the atlas was cleared of muscle 

and nibbled down and the overlying muscles removed; this alloised a 

wide working area. The tympanic bulla was nibbled away, and finally 

a large lymph node lying over the carotid sinus removed, revealing
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the glossopharyngeal and carotid sinus nerves lyin^; horizontally in

the plane of focus of the micro scope.

At this stage the cat was moved from the preparation room to 

the experimental room. The cat's head was fixed with a jaw clamp, 

the skin flaps retracted and liquid paraffin (at 37 - 38°G and 

equilibrated with J5% 02 + % C02)poured in to form a pool. The 

area was further cleared under a dissecting microscope and, if 

required, the cervical sympathetic trunk and/or vagus were cut 

together with all the ganglio-glomerular nerves that could be 

identified. The dissecting plate (stainless steel, coated with 

blackened epoxy resin on its upper surface) was slid under the 

intact sinus-glossopharyngeal nerves and rested on the edge of the 

tympanic bulla.

The sheath was removed from the nerve using sharpened watch­ 

maker 1 s forceps and a small piece of razor blade held in a pin-vice. 

Y/ith the lateral approach it was possible to dissect the sinus nerve 

out from within the sheath of the glossopharyngeal nerve and then 

it was easy to strip the sheath down the sinus nerve like taking 

off a sock. Sometimes the sinus nerve left the glossopharyngeal 

very early and then the sheath had to be removed more -painstakingly
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to avoid damaging the fibres. Few-fibre strands were peeled from 

the nerve and further divided until a strand contained only one 

fibre.

Bs cording

The electrodes were stainless steel. The single fibre strand 

was laid over one electrode and a cut length of nerve connected the 

second, indifferent electrode to the dissecting plate, through which 

the cat was earthed. The signals were amplified (Tektronix type 122 

preamplifier), displayed on an oscilloscope (Tektronix type 502 or 

f>02A) and fed to a loudspeaker. Impulses could be recorded on an 

ink-jet recorder (Elem-Schonander Mingograf type 21fB) and a tape 

recorder (Thermionic T3000). A storage oscilloscope (Tektronix 

type 5^-9) was useful for checking inter-impulse intervals (see 

below) and for later photographing stored results.
/

Tests for single chemoreceptor fibres

A fibre was accepted as a chemoreceptor if it shovjed a profound 

reduction of discharge on a sudden change to breathing 10C$ Op, an 

increase in mean frequency when breathing hypoxic gas mixtures, and, 

in some experiments, a brisk response to a close intra-arterial



- VI -

injection of saline equilibrated with 100/o COp. The easiest test 

that a fibre was single was that no intervals between impulses were 

less than 7 msec (Biscoe & Taylor, 1963).

Blood pressure was measured with an Elema-Schonander EL-IT 490A 

transducer head connected to a type EMT 460 electro-manometer. Leads 

and amplifier \vere available for recording the EGG-. Bespiratory 

air-flow v/as measured with a Fleisch pneumotachograph head and 

electrornanometer (Purness Controls Ltd). An electronic integrator 

gave a signal of tidal volume from the flow signal. A time -trace 

was available for 1, 10 and 100 msec pulses. Any of these signals 

could be recorded on available recording channels.

Artificial ventilation

Some animals were paralysed with gallamine triethiodide 

(4- rag/kg i.v.) and ventilated with a Starling Ideal pamp modified 

to give a continuous range of frequencies. A careful note of the 

anaesthetic needs of the cat were made before the gallamine v/as 

given. Gas mixtures were made up by proportional timing of flow at 

constant pressure using a water manoroster, and were stored in 

Douglas bags. They could be administered by pump, or via respiratory 

valves to the spontaneously breathing cat.

Temperature v/as maintained at 36-38°C with an electric blanket.



Chapter 3

Efferent Control: Studies with Microelectrodes

3.1 Methods

Dissection

The area -was exposed by medial dissection (see Chapter 2) and one 

carotid body, as free from overlying connective tissue as possible, 

removed complete with a long length of the carotid sinus nerve. The 

cat was maintained anaesthetized and at approximately 37-5°C with the 

second carotid body in situ until required.

Superfusion apparatus

The carotid body was transferred to a perspex trough (Pig. 2) 

and fixed in position. In early experiments a small entomological pin 

was used but it was difficult to position the pin and the carotid 

body was either distorted or half destroyed. Later the Ag-.AgCl

"*The trough was built by Chris Hurst
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Carotid sinus
nerve on 

stimulating electrodes

Microelectrode T- partition

For injection 
of aqents

Inlet for 
Superfusate

Outflow 
reservoir

Cork

Carotid body 
impaled on 
earthing wire

Liquid paraffin 

Superfusate

(Not to scale)

Pig. 3: A diagranmatic representation of the arrangement of the 
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adjusting only rarely as its volume was very large in comparison 

with that of the perfusion channel.
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Pig, 4: The warm water heating system. The water was heated in a 

reservoir and then circulated to the warm water bath, along a 

counter-current system for keeping the piped superfusate warm, and 

into the wanning chambers of the perspex block. The temperature 

of the superflisate passing over the carotid body was 36-37°C.
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earth wire was led "beneath the cork and the carotid body impaled 

on it (Fig. 3).

The carotid body lay in a stream of superfusate, Ringer-Locks 

solution equilibrated with 95$ 02 + 5$ C02 (pH adjusted with Tris 

buffer to about 7A5), delivered from constant pressure-head bottles. 

Above this stream v.ss a layer of paraffin, also equilibrated with 95^ Q 

+ 5% OOp, into which the sinus nerve could, be lifted for recording 

or electrical stimulation (Fig. 3).

The superfusate and chamber were kept at 36-37°C by a warm 

water heating system (Fig. 4).

This type of in vitro preparation had been described by 

Eyzaguirre & Lev/in (l96lb), but there were problems with the outflow 

of superfusate. At first the superfusate was allowed to overflow 

a perspex barrier as Eyzaguirre & Lewin (I96lb) described, but this 

made the level of fluid in the perfusion channel oscillate and 

caused shifts in the B.C. level of the record. Leading the fluid 

away with pieces of cotton did not help, and sucking the fluid away 

with a hypodeimic needle connected to a vacuum tap caused artefactual 

spikes to appear on the record. The eventual solution was as in 

Fig. 3, the perfusion channel led to a wide, deep outlet and away



to a large outflow reservoir. The superfusate flowed out under a 

T-partition that held the paraffin back in its chamber.

The warm water bath stood on a table, the height of which could 

be adjusted to allow the rate of flow of superfusate to be altered. 

The maximum rate was 10-12 ml/rain. The volume of the channel was 

1.5 ml. Superfusate could be drawn through the connecting tubing 

rapidly, or a sample removed for testing of pH etc., by means of 

the tap on the inlet line (Fig. 3).

Drugs and test solutions were injected through fine tubing 

connected to a hypodermic needle set into the perspex block.

Microelectrodes and micromanipulator

The microelectrodes were made from hand-pulled glass capillary 

tubing (from the University Glass-Blowing unit) cut into lengths 

and pulled in pairs in an electronic puller (lent by Miss R. J. Banister) 

They were filled with JML KC1 by boiling cautiously under reduced 

pressure in a conical flask until bubbles had ceased coming from 

their shanks. All were inspected under a microscope for damage or 

the presence of air bubbles and any that contained air bubbles were 

heated once more in the KC1. If that did not work they were
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discarded. Microelectrodes of resistance 15-100 M/l were used. 

They were clamped in the end of an insulated threaded rod and moved 

using a mechanical micromanipulator of the Huxley (1961) type that 

allowed movements of 0.2ji.

Electrical apparatus

Ag-AgCl wires connected the microelectrode and the earthing 

wire to the input stages of a cathode follower. The earthing wire 

was connected via a calibrator unit providing back-off potentials 

in 10, 1 and 0.1 mV units. A battery-resistor circuit could be 

connected to the microelectrode and its resistance measured from 

the voltage drop across it. The micromanipulator and perfusion 

bath were bolted to a solid table and enclosed in a shielded metal 

box having the front open for the experimenter. The only electronic 

equipment inside the box was the input valve of the cathode follower, 

enclosed in its own metal box together with the switches for putting 

the battery-resistor in circuit, plus the electrodes for recording 

from and stimulating the sinus nerve.

The recorded voltages and nerve impulses were displayed on an 

oscilloscope (Tektronix type 502A) and photographed (Cossor
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Oscillograph Camera llodel 1458) on 35 era paper (Kodak Linagraph KP30).

The stimulator was a constant current device (see also 

Section 4.1). Stimuli were always supramaximal for excitation of 

all the C fibres of the sinus nerve (Fig. 6, Section 4.1). The 

current dialled could be converted approximately to a voltage by 

referring to a graph of current versus voltage constructed from 

observations on isolated segments of sinus nerves. In some 

experiments the voltage was read directly by connecting an oscilloscope 

trace across the stimulating electrodes.

3.2 Experimental Procedure

The major part of the study was done in vitro using 26 carotid 

bodies from 14 cats. Further observations were made in vivo (5 cats).

The microelectrode was advanced until it could be seen under 

the dissecting microscope to be dimpling the surface of the carotid 

body. The electrode was then moved in small increments whilst 

watching the recorded voltage on the oscilloscope. The connective 

tissue sheath of the carotid body is very tough and many electrodes 

broke. Eyzaguirre & Lewin (l96lc) used chymotrypsin to partially 

digest the connective tissue, but enough successful penetrations
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Pig. 5* Intracellular recordings made with KCl-filled glass 

microelectrodes in the carotid body. Upper traces: zero baseline 

and signal markers; lower traces: voltages recorded by the 

microelectrode.

A-C: a discontinuous record during one drive into the 

carotid body. A; cell 1 was only held for a few seconds. On 

driving further cell 2 was found and the potential maximised, but 

it was lost also. Cell 3 was found shortly afterwards and (B, cont.) 

maximised. Note how the potential wanders around zero during the 

drive. After the break in B an injection of KCI (0.2 ml, 1$0 mEq/1.) 

into the flow caused depolarization readily reversed by speeding up 

the flow and washing the KCI clear. Only cell 3 was counted as a 

recorded cell. Between B and C the sinus nerve was stimulated at 

6V, 1.5 msec, 20 Hz for one minute.

D-F: a continuous record of the application of various agents. 

Doses: 100 ug ACh, 20 fig NaCN, in 0.1 ml Binger-Locke solution; 

C09 as 0.1 ml of RLnger-Locke equilibrated with 100$ C09 . The first
b £

wash (D) was by increasing the flow, the second (?) by an injection 

of 1 ml fresh superfusate. The apparent response to the latter is 

probably a consequence of a sudden change of fluid level - the 

potential did not return to its pre-injection level (cf. KCI above). 

Voltage and time calibrations as indicated.



were made in the first few experiments to make it preferable to break 

some electrodes rather than risk further insult to the carotid body. 

Probably only the most superficial cells were penetrated but those 

nearer the centre of the organ were very likely dead as in vitro 

insufficient oxygen is supplied by diffusion in from the surface 

(Forster, 1968).

There was no way of avoiding artefactual tip potentials as the 

electrode drove into the connective tissue. Small tip potentials 

could be backed off with the calibrator unit. If the tip potentials 

became very large (above 20-30 mV) the electrode was withdrawn and 

its resistance checked. The electrode was also withdrawn if it 

was bending visibly. During a drive the base-line would wander j+ 5 mV 

around zero, the criterion for penetration of a cell was that the 

potential changed suddenly on advancing the electrode. Further fine 

manipulations would usually maximise the potential (Fig, 5A - C) 

and it sometimes helped if, after a penetration that registered 

10-20 mV, the table was given a sharp tap.

0.1 - 1.0 ml of KC1 solution (150 mEq/1.) was injected into 

the flow and this caused a reversible depolarisation (Fig. 5B) only 

if the microelectrode had previously penetrated a cell by the



criterion of a sudden change of potential. All potentials recorded 

in vitro vrere tested in this way. If the KC1 had no effect even 

though there had been a sudden potential change it was assumed that 

the electrode had been damaged and it was withdrawn and checked. 

KC1 had no effect on the base-line potential if the electrode was 

free in the superfusate above the carotid body. The KC1' test was 

difficult in vivo because muscular fasciculations dislodged the
"~~'~"—*———"^•* . S- 1-.

microelectrode, and also the blood flow through the carotid body stopped 

(as judged by simple inspection of the veins) presumably because of 

spasm of the vasculature. Nevertheless, on two occasions injections 

of KC1 into the common carotid artery did cause a reversible de- 

polarisation and, once this had been demonstrated, a sudden 

potential change was the sole criterion used that a potential was 

recorded intracellularly provided that, on withdrawing the electrode, 

there was a sudden change of equal and opposite polarity.

The carotid body remained responsive throughout the experiments 

as judged by recordings of afferent activity from single, few or 

multi-fibre strands of the sinus nerve. Activity increased in 

response to stoppage of the flow of superfusate or to injection of 

100 jig NaCN into the flow. Stimulation of the main trunk of the
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nerve "whilst recording from a fine afferent slip occasionally caused 

depression of chemoreceptor activity (Neil & O'Regan, 1969a), "but 

when this occurred it was profound and could well have been due to 

antidromic depression (Fidone & Sato, 1970; see also Section 4.3).

(On one particular occasion one or two stimulus pulses were 

enough to silence the discharge for a number of seconds. This 

observation was the first indication of a possible artefact in the 

stimulation technique although, vdth hindsight, I think it is 

probable that here the nechanism of the silence was block of 

conduction in the recorded fibre rather than antidromic depression 

(see Section 4.3, Pigs. 3°c ).)

3.3 Bs suits

Ifembrane potentials of 15-60 mV (mean 27 mV) were recorded 

from 176 cells in vitro. The values in vivo were similar, 15-60 mV 

(mean 31 mV) from 24 cells. It is not known which cell types were 

penetrated but the Type I cells tend to occur in groups and are 

larger and rounder than the Type II cells. It is probable that the 

majority of observations were made on Type I cells. A cell could 

usually be held for over 10 minutes in vitro although the potential 

sometimes decayed rapidly after penetration. In vivo cells could
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only be held for up to 3 minutes, the electrode was usually dislodged 

by the pulsations of the underlying carotid artery. Intracellular 

potentials were usually lost abruptly after an advance of 10-20 n but 

occasionally the microelectrode was advanced 100 jj. whilst holding a 

steady potential. This may have been due to physical displacement 

of the carotid body by the electrode, or else may have marked the 

passage of the electrode through a glomerulus of closely packed 

Type I cells.

Apparently normal resting potentials were seen on two occasions 

when the carotid body was cut across in vitro and the microelectrode 

inserted at the cut surface.

Agents were all dissolved in RLnger-Locke and injected into the 

flow in 0.1 ml of solution. The agents used were NaCN (20 ug or 100 ug), 

ACh (20 ug or 100 ug) and saline equilibrated with 100^ CO^. The 

carotid body was made asphyxic by stopping the flow. All these 

procedures excited chemoreceptor afferents but failed to affect the 

membrane potentials (Pig. 5 D-F).

Stimulation of the sinus nerve at intensities far in excess of 

the threshold for excitation of the C fibres had no effect. 

Transient potential changes were looked for by triggering an
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oscilloscope from the stimulus pulse, but none wsre seen. Neither 

ware any D.C. changes seen after prolonged stimulation, one minute 

at 10-20 pulses per second (Fig. 5 B-C).

3.4 Discussion

These findings confirm the results of Eyzaguirre and co-workers 

(Eyza&uirre & Lewin, 196lc; Eyzaguirre & Koyano, 1965c; Eyzaguirre, 

Leitner et al., 1970) on the size of the membrane potentials of 

carotid body cells and on the absence of effects of NaCN, ACh and 

asphyxia on these potentials. Yet all these stimuli increase the 

rate of chemoreceptor discharge and also cause a slow potential 

attributed by Eyzaguirre, Leitner et al. (1970) to the generator 

potential of the afferent terminals. Eyzaguirre's results are 

extended to show that hypercapnia and, in particular, that 

stimulation of the sinus nerve are without effect.

The arguments for there being an efferent pathway to the 

carotid body other than the sympathetic supply are presented in more 

detail elsewhere. The conclusion from the work reported here is 

that, if there is an inhibitory pathway from efferent nerves to the 

Type I cells and thence to the chemoreceptor afferent terminals, then 

its mechanism is unlike the inhibitions seen in other sensory



- 52 -

systems in that it does not involve any form of electrical 

transmission, whether synaptic, i.e. involving a transmitter, or 

ephaptic. Now of course it is feasible that a transmitter might 

work via a change in, say, Cl~ conductance and this would not "be 

seen if the membrane potential of a given cell wsre approximately 

at the equilibrium potential of the Cl~ ion. However, the range of 

membrane potentials was large enough to invalidate this criticism. 

There is no ansvjer to the criticism that a transmitter might 

operate without causing an alteration in a membrane potential, 

except that this has not been demonstrated anywhere else.

If an effect had been seen on stimulation of the sinus nerve, 

that might have been good evidence of the existence of a specific 

synaptic inhibitory mechanism; the negative results that were 

obtained are unfortunately only circumstantial evidence that there 

is no such inhibition. However it is interesting that Flock & 

fiussell (1973) have demonstrated hyperpolarising potentials of 

2-7 mV arising in hair cells during analogous stimulation of 

efferent fibres in the lateral line organ of burbot, and this 

stimulation causes inhibition of the afferents at the receptor
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level (Russell, 1971a, b). Detvreiler & Alkon (1973) showed 

inhibitory coupling "between pairs of hair cells in the statocyst 

of a mollusc. The inhibition has characteristics of chemical 

transmission and occurs on mechanical stimulation of the hair cells. 

Some of the cells are also electrically coupled and both types of 

coupling occurred within a statocyst or between contralateral 

statocysts. Coupling was abolished by section of the nerve supplying 

the statocyst recorded from, Fillenz (personal communication: see 

Fillenz, 1973) has mentioned the similarities between the SIF cell 

and the Type I cell. This is a catecholamine-containing cell that 

was known by the earlier histologists as the small granular cell: 

SIP stalls for "small, intensely fluorescent" cell (Eranko & 

Harkonen, 19&5). ^e SIF cell is intermediate in many respects 

between the adrenal medullary cell and the post-ganglionic sympathetic 

neurone. They have been given a role as interneurones in ganglionic 

transmission but, unlike the analogous situation in the carotid 

body, thsre is electrophysiological evidence of this inhibition at 

the cellular level (Libet, 1970) and this is not mediated by changes 

in ionic conductances but is of longer latency and probably 

involves active transport and metabolic processes.



There is a second conclusion from the work with micro- 

electrodes. All the afferent fibres of the sinus nerve must have 

been fired antidromically during electrical stimulation as the 

stimuli were supramaxirnal for the 'C 1 fibres. Therefore the 

mechanism of antidromic depression seen in chemoreceptors (see 

Pidone & Sato, 1970; and Section 4.3) is not due to any known 

type of electrical or chemical coupling between the afferent nerve 

ending and the Type I cell.

(Some of the results and conclusions of this work have been 

published, see Goodman & McCloskey (1972)).
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Chapter it-

Efferent Control and Stimulus Artefacts

Methods

Dissection and recording etc. ware as in General Methods (see 

Chapter 2).

Electrical stimulation

Ag-AgCl stimulating electrodes were used. The set of electrodes 

consisted of 3 wires, the extra one could "be earthed if this helped 

to reduce the size of the stimulus artefact in the recordings.

A constant voltage stinailator was used in most of the experiments 

in which afferent activity of single fibres was under study. The 

device delivered square pulses 0.06 - 10 msec in duration and up to 

42 V in amplitude. The stimuli were isolated from earth. The 

stimulator could be triggered internally by an oscillator or 

externally from the time-base ramp of an oscilloscope (Tektronix 

type 502).
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the 'C 1 fibres of the carotid sinus nerve of the cat determined 

in vitro.
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A constant-current stimulator was used in some of the later 

experiments on afferent activity and in the experiments with micro- 

electrodes. This was a more flexible device with more facilities 

for triggering and for delivering paired stimuli than the constant- 

voltage stimulator.

The actual voltage applied between the stimulating electrodes 

could be read off an oscilloscope trace connected across them. 

Pig. 6 shows the strength-duration relation of the 'C 1 fibres of the 

carotid sinus nerve constructed using the constant-current stimulator, 

with the current converted to voltage.

4.2 Investigation of stimulus spread 

4*2.1 The model system 

Besults

If an electrical stimulus is applied to a nerve fibre a driven 

action potential is recorded from that fibre provided that the 

conduction distance from the point of stimulation to the recording 

electrode is long enough. If that distance is short the stimulus 

artefact will be large, and the conduction time may be so short
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Fig* 7: The Model System, using an isolated segment of vagus in the 

neck. A few-fibre strand was peeled from a separated "bundle of the 

vagus and laid over the recording electrode, R. The remainder of 

the bundle was laid over the stimulating electrodes, Sp. A second 

set of stimulating electrodes (S,) was placed under the main trunk 

of the vagus low in the neck at the other end of the isolated 

segment. Stimulating at S. caused action potentials at R. 

Stimulating at Sp had no effect unless the stimulus was large 

enough to cause excitation by stimulus escape of the fibre from 

which recordings were made when, with the appropriate interval 

between Sp and S., the impulses driven by S, were abolished by 

collision.

A: each trace triggered from So; S, at bar under each trace. 

Reducing the interval between the stimuli abolished the action 

potentials driven by S,. Time = 1 msec pulses.

B: another few-fibre strand. S, indicated by a break in the . 

time trace (10 msec pulses).

Note that the impulses driven by Sp are lost in the stimulus 

artefact.

Stimulus parameters: A: S, = 3 V, 1 msec; Sp = 14 V, 1 msec

B: S 1 = 5 V, 0.5 msec; S2 = 20 V, 0.5 msec.
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that the driven action potential is lost in the stimulus artefact. 

The model system enabled the detection of excitation of fine strands 

of nerve in this type of situation by a variation of the well- 

known collision technique of Douglas & Ritchie (1957). The 

situation differs from that just described in that the point of 

excitation is remote from the point of application of the 

electrical stimulus.

The vagus was sectioned just caudal to the nodose ganglion and 

also low in the neck. The sheath of the vagus was opened high in 

the neck and a bundle of fibres of about the same size as the 

carotid sinus nerve was separated from the vagus. A fine slip-/was, 

separated from this bundle and the electrodes arranged as in Pig. 1.

Stimulating at S^ (1 - 5 V, 0.25 - 1.0 msec) caused driven 

action potentials to appear at the recording electrode. Stimulating 

at S2 had no effect on these action potentials unless the stimulus 

was large enough to cause excitation by stimulus spread of the fibre 

from which the record was being made. In Pig. 7A, no action 

potentials can be seen to follow S2 tut a number follow S, at 

constant latencies. As the delay between S2 and S. is decreased
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these action potentials disappear. There are three humps visible 

in the top trace of Pig. 7A and by the bottom trace they have gone. 

Fig. 7B is another example of the same phenomenon.

This implies that Sp was exciting or blocking the fibres in 

the fine slip of nerve even though the stimulating electrodes were 

not directly applied to them, The action potentials were lost in 

the stimulus artefact but, if the fibres -were being excited by S^ 

rather than blocked by it, the occurrence of these action potentials 

can be deduced: impulses driven by Sp collided with the impulses 

driven by S^ and stopped their propagation to the recording 

electrode. If this analysis is correct then, for each fibre in a 

slip, the delay from S« to S. over which extinction occurs should 

be equal to (t + r) msec, where t is the conduction time from S. to 

the recording electrode and r is the refractory period of the fibre 

to S,. The conduction times from S, were measured and the refractory 

periods of each fibre measured by supplying conditioning and test 

shocks at S.. Values obtained in this standard way agreed with 

those obtained by collision with an impulse set up by stimulus 

spread from S.
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A strength-duration relation was obtained for tte fibre of 

lowest threshold in one of the studied slips to each of the stimuli 

S, and $2. S, produced the classical inverse relation (Table 1).

To determine the S0 relation. S. was set above threshold and the2 ' 1

Sp - S. delay set so that collision v/ould occur when Sp excited 

the fibre. Sp was increased until the impulse driven by S, failed 

to be recorded. The voltage threshold for Sp was independent of 

the duration of the stimulus pulse for the range of durations 0.06 - 

1 msec (Table 1).

Table 1: Voltages at threshold with varying stimulus duration to 

direct (S.) and indirect (Sp) stimuli. Determined with the Model 

System.

Stimulus S. voltage Sp voltage
duration at at
(msec) threshold threshold

0.06 2.0 14

0.25 0.6 14

0.5 0.3 14

1.0 0.2 14



- 60 -

Slight changes in recording conditions could alter the threshold 

to indirect excitation. If tissue fluid accumulated on the 

stainless steel plate below the paraffin pool the voltage threshold 

to Sg increased. This was tested by placing drops of saline from a 

hypodermic syringe onto the steel plate while Sp was just above 

threshold. This caused an increase in the threshold to S2 , i.e. the 

action potential driven by S, was seen at R, and the threshold 

reverted to its control value when the saline was removed with a 

moistened cotton wool wick.

A cotton wool pledget soaked in 2ft lignocaine (cf. Neil & 

O 1 Began, 19?1 a) was placed on the stimulated bundle of nerve between 

S2 and the recorded slip. It was difficult to restrict its effect 

and the anaesthetic blocked the driven impulses in the recorded 

slip. A drop of lignocaine at a much greater dilution (0.01$), 

applied to the region where the slip left the stimulated bundle, 

raised the threshold to excitation by S« whilst not blocking the 

impulse driven by S,. (Excess saline had not been removed).



- 61 -

Discussion

The indirect stimulus could excite the fibres in the recorded 

slip of nerve:

1. because they were branching fibres;

2. by ephaptic transmission at the cut S, end of the nerve 

(Granit, Leksell & Skoglund, 1944);

3. by evoking a synchronous volley in the nerve fibres 

surrounding them;

4. by some form of stimulus spread from Sp to the recorded 

slip.

Branching fibres are unlikely. Unless all the fibres branched 

very near to the junction of the fine slip with the stimulated 

bundle of nerve, one would expect to see action potentials from 

at least some of the fibres driven by So with a latency approaching, 

or even up to twice as great as, the latency between S.. and the 

action potentials driven by it. This is because an impulse would 

have to travel from S« to the branching point and then back to R. 

This also rules out ephaptic transmission.

Myslinated axons can be facilitated or depressed by surrounding 

synchronous activity but this alone will not evoke an action
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potential in an otherwise inactive axon (Rosenblueth, 1941; 

Marazzi & Lorente de No, 1944).

This makes stimulus spread to the fine strand the most likely 

possibility and this is compatible with the analysis of collision 

presented above. The strength-duration relation of the indirect 

stimulus (Table 1) means that it is not simply current spread as 

the voltags threshold is independent of the duration of the stimulus 

pulse. I suggest that the exciting stimulus is the capacitive 

current flowing in the recording system as the capacity between 

the signal leads and earth charges up or discharges. If the 

shortest pulse used, 0.06 msec, was far greater than the time 

constant of this system then it would not be possible to reduce this 

current except by reducing the capacity to earth.

The most probable site of excitation is at the boundary 

between the paraffin -and the saline.

4.2.2 Baroreceptors

In the Model System an 'antidromic 1 impulse can be timed to 

abolish the 'orthodromic 1 one either by collision or by leaving the 

fibre refractory to the stimulus S,. The effect of simple collision





Fig. 8: Cat: nembutal. Recording from a single baroreceptor 

fibre (upper trace of each pair). CB = carotid body and bifurcation; 

CSN = carotid sinus nerve; IX = glossopharyngeal nerve; 

R = recording electrode; S = stimulating electrodes. Note that IX 

is cut both centrally and peripherally and S is applied to the cut 

distal end so that the stimulus is applied to a portion of nerve 

with an electrical, but not a neural, connection with the baro­ 

receptor at R.

The stimulus is triggered with a constant delay from the B3G- 

(the lower trace of each pair).

A: no stimulus. The first baroreceptor impulse occurs 

approximately 120 msec after the ECG-.

B: stimulus on, 5V 0.25 msec. The stimulus artefact is 

denoted by the mark above the trace. The first impulse still occurs 

at 120 msec.

C: stimulus now 10 V 0.25 msec. The first impulse is delayed 

and occurs 145 msec after the EGG. There has been adventitious 

excitation of the recorded slip of nerve and the resulting anti- 

dromic impulse has 're-set* the baroreceptor nerve ending.

(Records retouched).
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with an antidromic impulse -would "be the same in a fibre excited 

naturally by a receptor, but, if the antidromic impulse reached the 

end of the fibre without colliding, there could be more complex 

effects on the receptor. Matthews (1933) showed that an antidromic 

impulse would reset the receptors in the mammalian muscle spindle. 

Antidromic and orthodromic impulses are equivalent in their effects 

on the excitability of mechanoreceptors (Lindblom, 1958* Burgess & 

Perl, 1973).

The close stimulation technique was set up using single 

baroreceptor fibres of the sinus nerve. The stimulus was a single 

pulse triggered from the KJG- with a variable delay. The baro­ 

receptor shown in Figs. 8 & 9 fired once or twice per systole: 

once at about 120 msec after the start of the QES complex and, if 

there was a second impulse, again at about 190 msec. . The stimulus 

that was used to excite the baroreceptor by stimulus escape was, in 

the experiment illustrated, applied to the cut peripheral end of 

the glossopharyngeal nerve distal to its junction with the sinus 

nerve (Fig. 8). It is highly improbable that there could have been 

a neural connection between the stimulated segment of nerve and a
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Pig. 9: Cat: nembutal. Activity from a single baroreceptor fibre 

of the sinus nerve. Stimulation of the cut distal end of the 

glossopharyngeal nerve (as in Fig. 8). The stimulus is triggered 

from the BCJG- (lower trace of each pair) at a varying delay. The 

dotted vertical lines indicate the approximate normal position of 

the baroreceptor impulse at about 120 msec after the BCG. 

Stimulus held constant at 1Jf V, 0.5 msec. Column 1 top: no 

stimulus. By second record of 2nd column stimulus causes 

resetting but in last two records of 3rd column impulse precedes 

stimulus and so is not affected by it. (Secords retouched).
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known baroreceptor fibre coursing in the sinus nerve to the recording 

electrode at R,

As the stimulus intensity was increased a threshold voltage 

was found at which the first baroreceptor impulse was dela;yed 

(Pig. 8C). Using a supratnreshold stimulus the first impulse was 

unaffected until the BCG- - stimulus delay was more than 50-60 msec, 

after which the impulse became progressively more delayed as the 

ECG-stimulus delay was increased (Fig. 9). The time between the 

stimulus and the first impulse was never less than about 70 msec - 

the time between the first and second baroreceptor impulses. If 

the BCG-stimulus delay was more than about 120 msec then the first 

impulse was not affected. Thus, in this situation too, a stimulus 

can cause adventitious excitation of a recorded fibre. The 

resulting anitdromic impulse resets the baroreceptor ending and, 

like other mechanoreceptors (see above), antidromic and orthodromic 

impulses are equivalent. This particular baroreceptor had an 

'excitation cycle 1 of about 70 msec which started about 50-60 msec 

after the EGG. An antidromic impulse reaching the receptor later 

than this time would reset the excitation cycle in the same way as 

does the first, orthodromic, impulse under normal circumstances.
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If. 2. 3 Conclusion

A fine recorded slip of nerve can "be excited by stimulus 

escape from a pair of stimulating electrodes applied to a nearby 

nerve trunk. This can be readily demonstrated in a Model System 

using an isolated segnent of nerve and with afferent fibres whose 

receptors discharge predictably, and it is a reasonable assumption 

that the danger of adventitious excitation exists while experimenting 

with chemoreceptor fibres when, owing to the random nature of 

their discharge, one must use indirect methods to show it.

The implications of this work, and the means of monitoring 

for antidromic impulses in chemoreceptor fibres, are discussed in 

Section 4.3 (Paper l).
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(Received 27 July 1972)

SUMMARY

1. In anaesthetized cats, stimulation of the cut carotid sinus nerve 
generally caused a reduction in discharge in afferent fibres peeled from 
the nerve distal to the stimulating electrodes, though this was somewhat 
variable. In four out of five fibres the inhibition was reduced or abolished 
by close intra-arterial injection of atropine. Only single fibres were used.

2. There was a risk of adventitious excitation of the afferent fibre by 
stimulus escape. Some of the features of this excitation and the ease with 
which it occurred were investigated using an isolated length of vagus, 
baroreceptor fibres and chemoreceptor fibres. Low concentrations of local 
anaesthetic could raise the threshold for adventitious excitation whilst 
not affecting the normal passage of impulses.

3. During stimulation of the efferent components of the sinus nerve, a 
continuous check for adventitious excitation was kept, utilizing the fact 
that chemoreceptor fibres show a minimum inter-spike interval of about 
10 msec.

4. The true inhibition of discharge would seem to be vasomotor in 
origin.

INTRODUCTION

The chemoreceptors of the carotid sinus nerve respond to changes in 
Po , JCQ, and pH of the arterial blood but their responses to these 
stimuli can be modified by efferent nerve impulses to the carotid body. 
Floyd & Neil (1952) showed that sympathetic nerves have a facilitatory 
effect, probably by a vasoconstrictor mechanism (Daly, Lambertsen & 
Schweitzer, 1954). More recently a second, glossopharyngcal inhibitory 
effect on the chemoreceptors has been shown (Xeil & O'Regan, 19716)

* Medical Research Council Scholar.
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but it has been suggested that this effect is not of vasomotor origin (Xeil & 
O'Regan, 1971 a; Fidone & Sato, 1970; Biscoe, 1971). The present study 
suciuests that this is a vasomotor inhibitory influence.^.•i . «/

Biscoe & Sampson (19G8) recorded centrifugal glossopharyngeal im­ 
pulses from the carotid sinus nerve and Neil & O'Regan (19716) showed 
that they are most easily evoked by excitation of the ipsilateral carotid 
body. These impulses appear to reduce chemoreceptor discharge, for the 
discharge in hypoxia of a chemoreceptor afferent dissected from the side 
of an uncut sinus nerve is increased if the sinus nerve is then cut proximally 
to the slip recorded from. Sampson & Biscoe (1970) reported similar 
findings.

To analyse this further, Neil & O'Regan (197la) stimulated the sinus 
nerve electrically and showed two effects. At 2-7 V (without stimulus 
isolation) there was a rise in blood flow through the carotid body and this 
was abolished by an injection of atropine close intra-arterially. With the 
stimulus at 20-35 V (isolated) there was an inhibition of discharge in 
chemoreceptor fibres peeled from the nerve distal to the stimulating 
electrodes. This inhibition was not abolished by atropine but was abolished 
by placing a cotton-wool pledget soaked in 2 % procaine on the sinus nerve 
between the stimulating electrodes and the point at which the recorded 
afferent left the nerve. They concluded that they were stimulating efferent 
inhibitory fibres and that these were distinct from the vasomotor fibres.

Fidone & Sato (1970) repeated the stimulation experiments and showed 
that, at the intensities used by Neil & O'Regan (1971 a) to depress dis­ 
charge, it was possible to excite the afferent fibre by stimulus spread, and 
so cause a cumulative antidromic depression of the chemoreceptor ending. 
At lower intensities there was a real inhibitory effect but they ruled out 
the possibility of its being vasomotor on Neil & O'Regan's (1971 a) evidence 
on the use of atropine.

Here, I extend Fidone & Sato's (1970) observations and draw attention 
to the likelihood of the occurrence of antidromic depression in Neil & 
O'Regan's (197la) experiments. The findings have been briefly reported 
(Goodman, 1972).

METHODS

Twenty-two cats (1-8-2-7 g) were anaesthetized with pentobarbitone sodium. 
(Nembutal, Abbott), 42 mg/kg i.p. and further closes of 2 mg/kg i.v. as needed. The 
trachea was cannulated, as were the femoral vein and either the femoral or lingual 
artery. Temperature was maintained at 37-38° C.

Dissection. For experiments on the vagus, the muscles of the mid line with the 
trachea, pharynx and oesophagus were retracted caudally. The carotid sinus nerve 
was approached laterally. This approach has the advantage that all dissection can 
be done remote from the carotid body and the risk of damaging its blood supply is 
minimized. It also yields a longer length of nerve than the medial approach. The
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parotid gland was removed and the sternomastoid and digastric muscles separated 
from their insertions on the mastoid process. The transverse process of the atlas was 
cleared and nibbled down, and the overlying muscles removed; this allowed a wide 
working area. The tympanic bulla wa* nibbled away and finally a large lymph node 
lying over the carotid sinus region was removed, revealing the glossopharyngeal and 
carotid sinus nerves lying horizontally in the plane of focus of the microscope. The 
cervical sympathetic trunk was sectioned above and below the superior cervical 
ganglion, as were all the ganglio-glomcrular nerves that could be identified.

Recording. The nerve to be used was covered in warm mineral oil and dissected 
on a stainless-steel plate by conventional methods. A pair of stainless-steel recording 
electrodes fed into a Tektronix type 122 preamplifier. The fine slip of nerve lay on 
the plate for a short distance after leaving the carotid sinus nerve and then lifted 
to reach the electrode. A cut length of nerve connected the second electrode to the 
steel plate through which the animal was earthed. Impulses were displayed on an 
oscilloscope (Tektronix type 502A) and fed to a loudspeaker, tape recorder (Ther­ 
mionic T 3000) and ink-jet recorder (Elema-Schonander Mingograf type 24B). The 
tape recorded records could later be fed into a storage oscilloscope (Tektronix type 
549) and photographs taken of stored sweeps.

Tests for chemoreceptor activity. These included reduction of discharge on a sudden 
change to breathing 100 % O 2 , increase in mean frequency when breathing hypoxic 
gas mixtures, and a brisk response to a close intra-arterial injection of saline equili­ 
brated with 100% CO 2 (Black & Torrance, 1971).

Blood pressure was measured with an Elema-Schonander EMT 490A Transducer 
head connected to a type EMT 460 electro-manometer and recorded on a channel 
of a Mingograf.

Stimulation. The stimulating electrodes (Ag-AgCl) were applied to the cut carotid 
sinus nerve proximal to the point at which the recorded slip left the main trunk of 
the nerve (Fig. 1, top). The stimuli were square pulses 0-06-10 msec in duration, 
up to 42 V in amplitude. All stimuli were isolated from earth and the voltages 
reported are those actually applied to the nerve. Frequency of stimulation varied 
from single shocks to brief bursts of 90 Hz.

A Model System was used to study some of the characteristics of stimulus escape. 
The vagus was cut high and low in the neck and a stimulus (the ' direct' stimulus) 
applied through Ag-AgCl electrodes to the distal end of this isolated segment. A 
slip of nerve of similar diameter to the carotid sinus nerve was dissected away from 
the side of the vagus at the proximal end of the segment and a fine slip separated 
from this. The fine slip was placed on recording electrodes and the coarse slip, repre­ 
senting the main trunk of the sinus nerve, was placed on a second pair of stimulating 
electrodes which delivered the 'indirect' stimulus. The parameters of stimulation 
at the two sites could be varied independently. 'Direct' stimulation would set up 
driven impulses in the fine slip of nerve, i.e. equivalent to orthodromic impulses in 
the sinus nerve set up by receptors. The parameters of the 'indirect' stimulus could 
be altered to investigate how impulses set up by stimulus escape might affect these 
driven impulses by collision with them or by causing refractoriness at the distal 
electrodes.

Drugs used. Lignocaine hydrochloride (Xylocaine, Astra-Hewlett Limited), and 
atropine sulphate (British Drug Houses) dissolved in Ringer solution.

RESULTS

Throughout this study the positioning of the electrodes was as described 
in Methods and illustrated in Fig. 1.
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Excitation of the recorded fibre
At relatively high stimulus intensities and with the stimulating elec­ 

trodes close to the recording electrodes it is possible to cause excitation 
of the recorded fibre of the carotid sinus nerve (Fidone & Sato, 1970). It 
is not usually possible to see the impulses caused by this excitation 
because, owing to the short conduction distance in the recorded fibre, they 
are lost in the large stimulus artifact. Occasionally driven action potentials
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Fig. 1. Cat: Nembutal. Afferent activity recorded from a single chemo- 
receptor fibre of the sinus nerve. Stimulation of the sinus nerve as shown in 
the diagram (top). CB — carotid body, CSN = carotid sinus nerve, S = 
stimulating electrodes, R = recording electrode. (A) Histogram of afferent 
activity. At the first arrow the stimulus was increased from 5 V to 14V 
(0-06 msec, 5 Hz). At the second arrow the stimulus was turned off. 
(B) Photographs of the tail of the stimulus artifact. Upper record: during 
stimulation at 5V; lower record: during stimulation at 14V. Note the 
appearance of ripples on the artifact given by impulses driven by the 
stimulus.



- 70 -

EFFERENT CONTROL OF CIIEMORECEPTORS 299
could be seen and correlated with a decrease in the frequency of firing 
of the afferent fibre (Fig. 1).

One needs to differentiate between the effects of antidromic impulses 
and of impulses arising in efferent fibres of the sinus nerve. Fidone & Sato 
(1970) showed that if a stimulus caused an antidromic impulse then there 
was a silent period following each stimulus before the next spontaneous 
impulse, and they used this silent period as a monitor of the occurrence 
of antidromic impulses. This method has been used throughout the work 
reported here. If excitation by stimulus spread were to occur, sweeps

AJ*""

10 msec

Fig. 2. Cat: Nembutal. Photographs of superimposed sweeps on the face of a 
storage oscilloscope. In the upper record the sweeps were triggered by 
spontaneously occurring action potentials and show that the shortest inter­ 
vals are about 10 msec. Lower record: different fibre during stimulation 
(15 V, 0-06 msec, 5 Hz) of the sinus nerve with the electrodes arranged as 
in Fig. 1. Sweep triggered by the stimulus. The presence of a silent period 
after the stimulus indicates that the stimulus was causing excitation of 
the afferent fibre.

triggered from the stimulus and stored on a storage oscilloscope would 
gradually build up a picture of a silent period immediately following the 
stimulus (Fig. 2). This was so with both the carotid sinus and aortic 
depressor nerves. The over-all fall in the frequency of discharge seen during 
a train of stimuli causing a silent period was so large that it could not be 
accounted for simply by the time 'lost' after each stimulus. However, it 
was not possible by altering the intensity of the stimulus to dissociate the
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phenomenon of the silent period from that of the precipitous fall in dis­ 
charge and so presumably this fall was due to an effect of the antidromic 
impulses on the nerve ending over and above simple collision and re­ 
fractoriness. This is termed antidromic depression (Fidone & Sato, 1970).

In general I found that the threshold for adventitious excitation of the 
afferent was of the order of 14-20 V, although in some preparations ex­ 
citation and consequent depression was observed at 6-7 V (Fig. 4e). In 
some experiments no excitation was obtained using the maximal stimulus 
intensity of 42 V. Occasionally a fibre would be affected during one period 
of stimulation but not during another apparently similar one a few minutes 
later. As Fidone & Sato (1970) point out, the variation is very likely due 
to changes in the current paths to earth. These changes were not thorough­ 
ly investigated here, although in some experiments earthing an electrode 
between the stimulating electrodes and the carotid body would prevent 
excitation of the afferent fibre when previously excitation had been occur­ 
ring. The occurrence of adventitious excitation was unaffected by cutting 
the sinus nerve at a point between the stimulating electrodes and where 
the recorded fibre left it. At this point the nerve lay on the dissecting 
plate and so there was a conduction path through the thin layer of saline 
on the plate providing an electrical connexion between the stimulating 
electrode and the fibre slip. However, all neural connexions between the 
stimulating electrodes and the carotid body had been severed by cutting 
the nerve.

It was noticed when investigating the thresholds for adventitious exci­ 
tation of fibres of the carotid sinus nerve that the pulse duration of the 
stimulus did not seem to have any effect. The Model System (see Methods) 
was used to define this more clearly. The strength-duration relation for 
excitation of a vagal fibre by stimulus escape with the apparatus I used 
showed that the voltage was independent of the duration over the range 
0-06-1-0 msec in contrast to the classical strength-duration curve for 
excitation by direct stimulation through electrodes applied to the same 
fibre within the vagal trunk. This implies that adventitious excitation is 
due to the flow of a capacitative current and is interesting in view of Neil & 
0'E.egan's (197la) comment that 'alteration of the pulse duration from 
0-5-5-0 msec did not modify the depression caused by stimulation' even 
though these authors claimed to be studying the effect of direct stimu­ 
lation of efferent fibres of the sinus nerve.

The Model System was also useful for investigating the effect of local 
anaesthetic on adventitious excitation. A cotton-wool pledget soaked in 
2 % lignocaine was placed on the stimulated portion of the nerve between 
the stimulating electrodes and the recorded slip (cf. Neil & O'Regan, 
197la). It was difficult to restrict its effect and the anaesthetic blocked
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the driven impulses in the recorded slip. A drop, at the greater dilution 
of 0-01 %, applied to the region where the slip left the stimulated nerve 
raised the threshold to adventitious excitation whilst not blocking con-
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Fig. 3. Cat: ]STembutal. Afferent activity recorded from a single chemo- 
receptor fibre of the sinus nerve. Stimulation of the same nerve, as in Fig. 1. 
Each record shows the 4 sec immediately before and after the start of 
stimulation at '21 Hz. The occurrence of an impulse is indicated by the key 
below each experimental record. The large deflexions on the experimental 
records are the stimulus artifacts, (a-c) Before lignocaine. Discharge is 
unaffected in (a) (5 V) when there was no silent period following each 
stimulus, (b) 15 A r , threshold for an effect on discharge, (c) 20 V, there was 
now a silent period, and it is correlated with a precipitous fall in discharge. 
(d-g) After the application of 0-001 % lignocaine. The discharge is now 
unaffected by 15 V (<1) or 20 V (e) but is affected by 25 V (/), which caused 
silent periods, (g) During recovery from the lignocaine, 20 V.
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Pig. 3<^ : Cat: r^rabutal. a-e: continuous recording from a 

few-fibre preparation of chemoreceptors from the sinus nerve, 

probably containing 3 fibres. Stimulation of the same nerve, as 

in Pig. 1, at 14 V 0.06 msec 5.2 Hz as indicated by the bar under 

b.

Note the reduction in amplitude of the recorded nerve 

impulses caused by the stimulus and the gradual recovery over 

c-e. The apparent frequency of discharge is reduced over the 

period of stimulation but it is not possible to say whether the 

real frequency has been reduced as conduction may be completely 

blocked in one of the fibres of the preparation. Itecords 

retouched.
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duction of impulses driven by the direct stimulus (excess saline had been 
removed).

The use of local anaesthetic on the carotid sinus nerve gave similar 
results. In Fig. 3 a drop of lignocaine in a concentration of only 0-001 % 
raised the threshold to excitation by stimulus spread whilst orthodromic 
impulses were not affected.

Neil & O'Regan (1971 a) could not show any disturbance of the firing 
of baroreceptors of the sinus nerve when recording from baroreceptor 
fibres and stimulating the main trunk of the sinus nerve. I, in contrast, 
found that, if the stimulus to the main nerve was set to be triggered from 
the e.c.g. at a variable delay, it could reset the timing of the baroreceptor 
impulses if it was applied shortly before the first impulse of a burst would 
normally occur. A longer-term effect of antidromic depression of baro­ 
receptors could only be produced by stimulation at high frequency; a 
brief burst at 90 Hz would usually depress baroreceptor firing for the next 
few heart cycles.

Impairment of conduction in the recorded fibre
In some fibres, large stimuli caused the amplitude of recorded impulses 

to fall, gradually recovering after cessation of the stimulus. Sometimes 
stimulation caused complete block of conduction. That this was not due 
to nerves moving on the recording electrodes was checked visually. 
Neither was it due to an alteration in recording conditions as the noise 
level remained the same. (S<ie £-*tnx £-i^- Key 3°^).

Conduction failure probably occurred in fibres in which the safety factor 
for conduction was already low. A break-down of conduction in fibres sub­ 
jected to large stimuli has been reported by Laporte & Bessou (1959) and 
attributed to reversible dielectric break-down.

True effects on chemoreceptors of stimulating the sinus nerve
True efferent inhibition \Vas studied in fourteen single chemoreceptor 

fibres of the carotid sinus nerve and one of the aortic depressor nerve. 
The stimulus was set below the threshold for exciting the afferent fibre 
and a strict watch was kept to check that there was no silent period after 
each stimulus as mentioned above. This was necessary throughout the 
observations because in some experiments some unnoticed change would 
lead to excitation of the afferent fibre when a few minutes previously there 
had been no such excitation (Fig. 4e).

All stimuli were at 20 Hz, the frequency at which Fidone & Sato (1970) 
reported that inhibition was maximal. The discharge frequency of the 
fibres used was in the range 2-5 impulses/sec. Fibres firing at a higher 
frequency than this were not used as the real inhibition is overcome by
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an increase in discharge (Fidone & Sato, 1970). Occasionally the firing of 
a fibre was reduced to this level by the administration of 30 % 0., in N2 . 

Impulses Avere counted over the minute or half-minute before (control), 
during and after stimulation. For any change in chemoreceptor activity 
to be termed as inhibition or facilitation there had to be a change of at 
least 10 % in the mean impulse frequency over that period relative to the 
control period. The irregularity of the discharge of chemoreceptor afferents 
did not alloAV of any greater certainty.

Fig. 4. Cat: Nembutal. Histograms of afferent activity recorded from a 
single chemoreceptor fibre of the sinus nerve. Stimulation of the same sinus 
nerve as in Fig. 1. All histograms refer to the same fibre showing changes 
in response on raising the stimulus intensity. Stimulus pulses 1 msec dura­ 
tion and delivered at 20 Hz. Periods of stimulation indicated by bars under 
middle portions of the histograms, (a) Stimulus = 5 V; number of impulses 
during stimulation = 150% of control, after stimulation = 99% of control. 
(6) 5V; during = 95%, after = 107%. (c) 7V; during = 72 %, after = 
91%. (d) 7V; during =76%, after 118%. (e) 7V; during = 27 %, 
after = 99 %. There was adventitious excitation of the afferent during 
stimulation, as shown by the silent period, in (e) only.



- 75 -

304 N. W. GOODMAN

Seven of the fourteen fibres of the carotid sinus nerve showed an inhi­ 
bition of discharge on each occasion that a suitable stimulus, subthreshold 
for adventitious excitation of the afferent, was applied. One such fibre is 
illustrated in Fig. 4(c-cZ). The mean value for this inhibition was 28%, 
i.e. to 72 % of control value. The largest genuine inhibition seen was 51 %, 
i.e. to 49 % of control, but this was only seen in one fibre. The mean fre­ 
quency of discharge in the period after cessation of stimulation was 98 % 
of control. The effects of the real inhibition rarely gave very obvious 
changes in discharge as can be seen from Figs. 4-6.
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Fig. 5. Cat: Nembutal. Histograms of afferent activity recorded from single 
chemoreceptor fibres of the sinus nerve. Stimulation of the same nerve, as 
in Fig. 1. Each histogram refers to a different fibre showing the varying 
responses to stimulation. Stimulus pulses 1 msec duration and delivered at 
20 Hz. Periods of stimulation indicated by bars under middle portions of 
the histograms, (a) Stimulus = 6 V; number of impulses during stimu­ 
lation = 02% of control, after stimulation = 83% of control. (6) Stimulus 
= 7 V; during = 94%, after = 102%. (c) 5V; during = 99%, after = 
121%. (d) 6-5 V; during = 64%, after = 98-5%.

Four others of the fourteen fibres gave variable responses even though, 
for each fibre, the same stimulus was used on each occasion. These four 
fibres were stimulated a total of fourteen times: on six occasions there was 
inhibition, on seven no change greater than 10 %, and on one occasion a 
facilitation of discharge. The mean rate of discharge during stimulation 
was 92 %, and in the period after stimulation 106 %, of control. The
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remaining three fibres showed no effect of stimulation (during: 97 % of 
control; after: 104 % of control).

Fig. 5 shows responses to stimulation of four different fibres. The fibre 
in Fig. 5 (a) was stimulated only once and showed a fall in discharge; that 
in Fig. 5(b) showed no change in three periods of stimulation; that in 
Fig. 5(d) was stimulated four times, always showing a fall in discharge. 
The fibre in Fig. 5(c) usually showed an inhibition but on the occasion 
illustrated gave no response during stimulation and then the frequency of 
discharge increased after the stimulus had been turned off.
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Fig. 6. Cat: Nembutal. Histograms of afferent activity recorded from a 
single chemoreccptor fibre of the sinus nerve. Stimulation of the same 
nerve, as in Fig. 1. Both histograms refer to the same fibre and show tho 
effect of a close-arterial injection of 1 mg atropine on the response to stimu­ 
lation. Stimulus parameters: 6-5 V, 1 msec, 20 Hz. Periods of stimulation 
indicated by bars under middle portions of the histograms, (a) Before 
atropine; number of impulses during stimulation — 76% of control, 
after = 104%. (&) After atropine; during = 118%, after = 108%. Thcro 
was no -adventitious excitation during either of these periods.

Five of the seven fibres that consistently showed inhibition were tested 
after a close intra-arterial injection of 1 mg atropine. With four of the 
fibres atropine reduced or abolished the inhibition. Before the adminis­ 
tration of atropine, stimulation reduced the discharge of these fibres to 
an average frequency that was 70 % of that in the control period, the 
frequency recovering to an average of 95 % of control in the period follow­ 
ing stimulation. After atropine, the average frequency was 96 % of control 
during stimulation, and 104% of control in the period following. Fig. 6 
shows a fibre in which atropine reversed the effect of stimulation so that 
it became a facilitation of discharge. The effect of atropine on the inhi­ 
bition started to wear off quite quickly and a second dose would be needed 
to maintain the effect during a subsequent stimulation 10 min later.

A feature of these experiments was the variability of changes in impulse 
frequency. Two fibres showed an increase in frequency if stimulated at 
4-5 V and a decrease if stimulated at 7 V (Fig. 4). One fibre showed no
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change during stimulation but a slight increase in impulse frequency after 
(Fig. 5c). It was as if there were two effects of stimulation, one inhibitory 
and the other excitatory, and atropine brought out the excitatory effect.

The time course of the response to stimulation varied. The most common 
was a fall in frequency in the first 15 sec of stimulation followed either by 
a levelling off or a gradual rise in frequency over tiie rest of the period of 
stimulation.

Only one fibre from the aortic depressor nerve was studied'and the main 
depressor nerve was stimulated only once, causing a fall to about 80 % 
of control in the discharge of the fibre. Atropine was not used.

It was apparent that fibres used in these experiments did not survive 
very well. The size of the potentials recorded from fibres fell and the 
greatest number of periods of stimulation that a fibre survived was 5 
(three fibres) before the signal to noise ratio fell and made further study 
impractical. This happened over about half-an-hour, but without stimu­ 
lation chemoreceptor fibres can easily survive for 1-2 lir or even longer. 
Thus it seems that even when frank excitation of the recorded fibre does 
not occur the stimuli do nevertheless affect the nerve fibre in some 
detrimental way.

DISCUSSION

Fidone & Sato (1970) showed, as it is here confirmed, that stimulating 
the carotid sinus nerve can exert two effects on the afferent activity in a 
fine slip of nerve peeled off the mam nerve distal to the stimulating elec­ 
trodes: a physiological inhibition and, at higher intensities, an antidromic 
depression. These two phenomena are entirely separate and there are two 
points at issue.

(a) What is the mechanism of the inhibition of chemorcceptors mediated 
by efferent fibres of the glossopharyngeal nerve ?

(b) What is the likelihood of excitation of the afferent fibre by stimulus 
spread in this situation and what controls should one use to check for its 
occurrence ?

Mechanism of the inhibition
Biscoe & Sampson (19G8) showed that the carotid sinus nerve carries 

sympathetic and glossopharyngeal efferoiits. Xeil & O'Regan (19716) 
showed that the latter could inhibit chemoreceptor discharge.

Fidone & Sato (1970) took Xeil & O'Regan's (1971 a) evidence on the 
use of atropine to show that the inhibition which they had found and 
which was mediated bty C-fibres was not vasomotor. However, it is possible 
that Neil & O'Rcgan (197 la) were studying the effect of atropine on anti­ 
dromic depression rather than on the true inhibitory effect (see below).
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In the present work, atropine was administered whilst checking that 
adventitious excitation of the afferent, and hence aiitidromic depression, 
was not occurring. Atropine blocked the inhibition. This reinstates the 
possibility that inhibition is vasomotor.

The variability of the chemoreceptor response to stimulation of the 
efferents in the present study is suggestive of vasomotor effects. The 
change from a facilitation to an inhibition of discharge on raising the 
stimulus, the reversal of the effect of stimulation by the administration 
of atropine, and the time course of the effects, all correspond to the effects 
reported by Neil & O'Rcgan (1971 a) on blood flow through the carotid 
body. For, as Neil & O'Regan (197la) point out, stimulation of the sinus 
nerve will excite the sympathetic and the glossopharyngeal efferent fibres 
running within, it (Biscoe & Sampson, 1968) so that the resulting change 
in blood flow and hence impulse frequency will depend on a balance 
between the facilitatory vasoconstriction and the inhibitory vasodilatation.

If the nerve endings are affected by the local changes in blood flow one 
could explain why some afferent fibres showed no effect on stimulation. 
This is akin to the effect of stimulating the cervical sympathetic on the 
discharge of chemoreceptors. Whereas multifibre preparations show an 
increase in impulse traffic, single fibres do not give so consistent a picture. 
Some fibres may double their impulse frequency whilst others may show 
no change at all (D. I. McCloskey &. J. H. Mitchell, unpublished). Fidone & 
Sato (1970) do not say whether they found any fibres whose discharge was 
unaffected by stimulation of the sinus nerve.

If the sympathetic facilitatory effects on chemoreceptors are through a 
vasoconstrictor mechanism it would be surprising if a set of vasodilator 
fibres did not have the opposite effect. It could be argued that both vaso- 
motions on stimulation of efferent nerves to the carotid body are the 
result of metabolic changes within it produced by non vasomotor efferents. 
Such an explanation is consistent with Purves' (1970) claim that the 
sympathetic reduces the oxygen uptake of the carotid body, and with 
Mills & Jobsis' (1972) suggestion from the study of the state of NAD in 
the carotid body that sinus nerve efferents increase metabolism. It should 
be borne in mind, however, that the A: V difference of the carotid body 
is tiny and the control of its blood flow is thus unlikely to be dictated by 
changes in its metabolism. Also, changes in Pa> o2 do not affect ^ in the 
denervated carotid body.

The stimulus parameters used to elicit the real inhibition are similar to 
those used by Fidone & Sato (1970) - about 6 V, 1 msec. Neil & O'Regan 
(1971 a) found such a stimulus gave vasodilatioii. Their stimulus was not 
isolated, but for stimulating the length of nerve on the stimulating elec­ 
trode an isolated stimulus will be more effective than a non-isolated one
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of nominally equal voltage. They imply in the Methods section of their 
report on the stimulation experiments (Xeil & O'Regan, 1971 a) that a 
smaller stimulus will be necessary in the non-isolated situation 'due to the 
increase in the field of excitation'. This would only be so if the structures 
they were actually stimulating were some distance from the stimulating 
electrodes and so needed current spread to excite them. However, they 
specifically state that the stimulated portion of the nerve did conduct 
impulses even after prolonged bouts of stimulation. It seems reasonable 
to say; then, that their stimulus was similar to that which causes the fall 
in the frequency of discharge due to the real inhibition.

Likelihood of adventitious excitation
Neil & O'Regan (197la) maintained that they had not caused adven­ 

titious excitation, and hence that they were not looking at antidromic 
depression because of their observations with local anaesthetic, because 
they showed baroreceptors to be unaffected by stimulation (their Fig. 8) 
and because when using the aortic depressor nerve the stimulating elec­ 
trodes were 2-3 cm from the recorded afferent.

The examples of inhibition that they publish are far more profound 
than those reported by Fidone & Sato (1970) and here for the true inhi­ 
bition. Local anaesthetic correctly applied and suitably restricted should 
certainly block conduction in the efferent fibres, but Neil & O'Regan 
(1971 a) show procaine blocking a deep inhibition, as if the situation were 
like that reported here in which lignocaine raised the threshold to adven­ 
titious excitation.

To affect baroreceptors it is necessary to put in single stimuli triggered 
from the e.c.g. and thus show re-setting of discharge, for baroreceptors 
seem not to be as prone to cumulative antidromic depression as are chemo- 
receptors. Neil & O'Regan's (1971 a) published record shows only the 
application of a train of stimuli unrelated to the e.c.g. and applied at 5 Hz. 
The time scale is not large enough to detect re-setting.

Although increasing the distance between the sets of electrodes will 
reduce the chance of excitation of the afferent fibre, I have seen instances 
of such excitation when working on vagal afferent fibres and aortic de­ 
pressor fibres with the stimulating electrodes at a distance of 2-3 cm from 
the recording electrodes.

To be sure of the validity of results obtained in these stimulation 
experiments it is absolutely necessary to check all the time that excitation 
of the afferent fibre is not occurring by looking for the silent period follow­ 
ing each stimulus. It is likely that in some of Neil & O'Regan's (1971 a) 
experiments there was no adventitious excitation, but for the reasons 
given above I suspect that excitation was occurring in the majority of the
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published records. The important point is that unless one has checked 
for excitation one cannot say that it has not occurred. Also single fibres 
must be used as it is possible for only one fibre in a multifibre preparation 
to be affected by either antidromic depression or conduction block whilst 
the others are unaffected.

It could be argued that the silent period seen when excitation has 
occurred was nevertheless due to a short-lasting inhibition mediated by 
slowly conducting fibres in the sinus nerve. This is unlikely for the follow­ 
ing reasons. (1) Fidone & Sato (1970) showed that the silent period could 
be elicited by stimulating the sinus nerve distal to the point at which the 
recorded slip left the nerve. Thus the stimulus was being applied directly 
to the recorded slip and in these circumstances the threshold for showing 
a silent period was far lower, corresponding to the threshold of the chemo- 
receptor A-fibres to direct stimulation. (2) When one uses the aortic 
depressor nerve the silent period begins immediately after the stimulus. 
If it were an inhibition mediated by slow fibres, because of the longer 
conduction distance, one would expect some spontaneous impulses before 
the inhibition set in. (3) A silent period could still be produced when the 
stimulus was being applied to a cut length of the sinus nerve having no 
nervous connexion with the carotid bod}' and, in this situation, the voltage 
threshold for antidromic depression was unchanged.

What is the reason for the silent period following adventitious stimu­ 
lation? If one studies the pattern of discharge of fibres from the carotid 
sinus nerve, one never sees interspike intervals of less than 7 msec (Biscoe 
& Taylor, 1963: circulation of the carotid body intact). Thus if a chemo- 
receptor fibre is excited electrically to conduct antidromically, and the 
antidromic impulse, on reaching the terminal, leaves it in the same state 
as does an orthodromic impulse, no spontaneous impulse should be re­ 
corded after this stimulus for at least 7 msec plus the time for conduction 
of the antidromic impulse down to the ending and conduction of the first 
spontaneous orthodromic impulse back to the recording electrode, i.e. 
(2t + r) msec. If there is collision the silent period should be at least r msec, 
the minimum interval between impulses, but this should be rare.

This analysis of the silent period differs from that of Fidone & Sato 
(1970), who explained it in terms of the relative refractory period of the 
chemoreceptor fibres which they determined away from the nerve endings 
by the classical double-shock technique.

The site of adventitious excitation was probabry somewhere near to the 
junction between the recorded fibre and the rest of the nerve, most 
probably at the saline-paraffin boundary.

If Neil & O'Regan (197la) were not studying antidromic depression, 
and they were not looking at the inhibition studied by Fidone & Sato
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(1970) and myself, then the alternative explanation is that a third mech­ 
anism was involved in their experiments.

Neil & O'Regan's (197la) suggestion that the efferent control of the 
carotid body is not a vascular one fitted well with the suggestion (Biscoe, 
Lall & Sampson, 1970) that the large nerve endings on the type I cells of 
the carotid body are efferent. De Castro (1928) had originally claimed that 
they were afferent. However, the present work questions whether there 
is any but a vasomotor efferent control of the carotid body. Furthermore, 
Goodman & McCloskey (1972) failed to find evidence that the synapses 
on the cells of the carotid body altered the membrane potentials of the 
cells, and Hess & Zapata (1972) have recently confirmed De Castro's (1928) 
original suggestion that the nerve endings on the cells are afferent and so 
contradict Biscoe et al. (1970). Thus De Castro's (De Castro & Rubio, 
1968) view of the carotid body would appear to be sustained, except for 
his as yet untested suggestion that the glossopharyngeal efferents to it 
hold its blood flow constant in the face of a change of blood pressure 
(De Castro, 1951).

I wish to thank the Medical Research Council for a personal grant enabling me to 
carry out this work, and Dr R. W. Torrance for much encouragement throughout 
its course.
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Chapter 5

Postscript to the Studies on Efferent Control

Inside the black "box; what is the chemoreceptor?

The interpretations that physiologists have made of their 

results have always been influenced, not surprisingly, by the 

current morphological thoughts. Eyzaguirre, in his papers published 

between 1961 and 1965, held that the Type I cell -was the sensor 

releasing acetylcholine to excite the nerve endings. This conformed 

with de Castro's histology (see de Castro & Rubio, 1968). Mills & 

Jobsis (1972) did their spectrophotome try at a time when apparently 

de Castro had been disproved by Biscoe, Lall & Sampson (1970).

Stimulating the sinus nerve electrically at a perfusate Pn ofU2 
7-9 torr caused oxidation of N.ADH, i.e. stimulation was affecting

the high affinity cyt.a,. As the large nerve endings, which they 

took as efferent, were in 'synaptic 1 contact only with the Type I
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cells, they assumed that these were the cells containing the high 

affinity cyt.a,. By exclusion, -the Type II cells contained the low 

affinity cyt.a,. In their view the Type I cells were metabolic 

cells in a pathway controlling the environment of the sensors, 

which were the Type II cells. They proposed that the chemical 

signal could be converted to an electrical one by the release of K 

ions from the Type II cell to excite the afferent nerve fibres. 

Paintal (1967) had also suggested the idea of a metabolic cell and a 

sensor cell, and saw the Type II cell exciting the afferent fibres 

by a mechanoreceptive process (Paintal, 1971)»

The re-establishment of the fat nerve endings as afferent 

(Hess & Zapata, 1971), plus oar evidence that stimulation of the 

sinus nerve does not affect the membrane potentials recordable 

from the carotid body (see Chapter 3), means that Mils & Jobsis 

(1972) will have to propose that the same nerve ending is both 

afferent and efferent. The same is true for the picture given by 

Kobayashi (I971b) of 'afferent-type 1 and 'efferent-type' synapses, 

as there appears to be only one type of nerve ending on the Type I 

cell (Biscoe & Pallot, 1972). Hess suggested that the sensory
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terminals might also "be motor to the Type I cells in the discussion 

of Eyzaguirre & Zapata's (19680) paper at the 7/ates symposium.

Some form of dual function of the sensory endings with the 

possible release of a substance from them could explain the 

sensitivity of chemoreceptor afferents to antidromic stimulation, 

though there is still the problem that antidromic impulses are 

apparently more potent in producing depression of chemoreceptor 

endings than are orthodromic impulses. This is only my subjective 

impression: surprisingly low rates of antidromic stimulation 

frequently silenced chemoreceptor discharge, and the silence could 

outlast the stimulation by a number of seconds. However, I was 

stimulating the recorded afferent within the main trunk of the sinus 

nerve, which means that I was stimulating many of the other 

afferents and possibly those vasomotor efferents with lowish 

thresholds. It would be better to study the effects of antidromic 

depression in chemoreceptor afferents by using a single electrode 

that could function as either a stimulating or recording electrode 

to stimulate only the fibre from which one is recording.

I saw re-setting in baroreceptors as did Matthews (1933) in 

the muscle spindle. Although Lindblom (1958) showed that orthodromic
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and antidromic impulses wsre equivalent in producing depression of 

the slowly-adapting mechanoreceptor of the skin that he was studying, 

he also shoved a more long-tern depression than simple re-setting 

following an impulse, so a more long-term depression in chemoreceptors 

would not be a unique phenomenon.

Biscoe (19?1)> following the idea that the large nerve endings
• 

were efferent, proposed that the high Vn of the carotid "body wasU2 
due to the high metabolic rate of the fine afferent nerve endings

in maintaining their resting potential. Biscoe & Taylor (1963) had 

suggested that the random discharge of chemoreceptors could be due 

to thermal noise, and this needed very fine endings. On present 

evidence this would mean that the chemoreceptor afferent fibres 

became very fine before widening out to form the terminals on the 

Type I cells. If this fine length of fibre were the area where 

impulses were generated, then the fat nerve ending could act to 

modify the discharge of the generator region, or again it could be 

an 'efferent 1 terminal because of bidirectional propagation of. 

impulses.

Eyzaguirre, Leitner et al. (1970) recorded a graded 'generator 

potential 1 from the carotid body, but intracellular work has not



-87 -

revealed what structure is responsible. Perhaps the technique of 

inserting microelectrodes into tissue slices will be more helpful 

(Pidone, 0' Leary & Eyzaguirre, 1971).

Mitchell, Sinha & McDonald (1972) regenerated the cut carotid 

sinus nerve into connective tissue remote from the carotid sinus 

region and recorded chemoreceptor activity from fibres of the 

regenerated nerve although no Type I cells were seen in the resulting 

neuroma. It seems, then, that the nerve fibres themselves are able 

to respond to the adequate stimuli of chemoreception. This 

phenomenon is not unknown (Chalazonitis & Arvanitaki, 1970). Op 

and COp could act directly in competitive interaction as ligands at 

sites on the cell membrane. Lahiri & Delaney (1973) suggest a 

conf ormational change at a receptor site to explain the Op-COp 

interaction, but this is only a brief statement and they do not 

indicate if this is an independent conclusion or whether they were 

aware of the type of work reviewed by Chalazonitis.

However, Zapata, Hsss & Eyzaguirre (1969) regenerated other 

sensory fibres into the denervated carotid body, and they too 

claimed to have recorded responses typical of chemoreceptors. The 

regenerated nerve terminals contained vesicles. They only approached



but were not applied to, the Type I cells. The Type I cells 

looked normal.

If the results of Mitchell's and Eyzaguirre's groups are both 

valid one must suppose that the nerves are specific, but that there 

is also a trophic influence exerted by a structure in the carotid 

body on the regenerating terminals. Although a chemoreceptor 

discharge is recordable in either circumstance it is not entirely 

normal unless both nerve and carotid body tissue are present. 

Further experiments are needed.

Yates et al. (1970) found that the decrease in density of the 

vesicles in the Type I cells seen on stimulating the sinus nerve 

was blocked by atropine, i.e. that there was a cholinergic link 

between the large nerve endings and the Type I cells. Mitchell & 

McDonald (1973) take this even further. They envisage a complex 

situation in which the afferent fibres form excitatory-inhibitory 

reciprocal synapses with the Type I cells, which themselves form 

synapses with one another. 5<$ of the Type I cells are f interneurones* 

that are not innervated by glossopharyngeal fibres but some of 

these are innervated by sympathetic fibres.
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I have some objections to Mitchell1 s model. He postulates a 

rapidly developing inhibition transmitted between structures in the 

glomus, but no electrical activity can be detected (Chapter 3). He 

supposes that transmission is cholinergic between the Type I cell 

and the afferent ending and dopaminergic in the reverse direction, 

and the -whole process results in a profound inhibition; but 

acetylcholine excites the chemoreceptors. My major objection is 

that he bases much of his theory on experiments involving electrical 

stimulation of the sinus nerve and could well be studying antidromic 

depression.

If it is accepted that the large nerve endings are the afferents, 

and yet the Type I cells have no direct role in the generation of 

impulses, one is faced with the question of their function.

Christie (1933) suggested an endocrine role for the carotid 

body and this theory has surfaced again in recent years. The 

vesicles in the Type I cells may not contain catecholamines but a 

peptide. Pearse has claimed the Type I cell as one of his .AHJD 

series (Pearse, 1969 - Table 1). Helpap (1970) followed the uptake 

of labelled phenylalanine by the Type I cells and found them more 

like' endocrine cells than vegetative or spinal ganglion cells.
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Traraezzani et al. (1970 suggested that erythropoietin was produced 

by the carotid body but their results have not been confirmed 

(Hansen et al., 1973; Gillis & Liitchell, 1972; Sampson et al., 

1972).

It is not possible to give a definite answer to the question 

that heads this chapter - what is the chemoreceptor? To construct 

a view of the carotid body must mean rejecting some of the evidence 

because so much of it is directly contradictory. That being said, 

I can give my personal view of what would be the most useful working 

hypothesis for the moment. It is at the fat nerve endings that the 

electrical part of the process of chemoreception starts and the 

Type I cells, whilst they may exert some influence on the endings, 

are primarily something else, for example part of a neuroendocrine 

system. Perhaps it is their influence that makes the nerve fibres 

into chemoreceptors during embryological development. It is 

possible that the afferent nerve endings release something in the 

course of their excitation, and this may affect the Type I cells. 

The Type II cells enclose the whole Type I cell-nerve ending 

complex and they could, like the glia they represent, be cells 

regulating the environment of the chemoreceptors. There is no
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direct efferent synaptic control of the process of chemoreception, 

but local blood flows, controlled by sympathetic and para- 

sympathetic nerves, are' important at least in experiments in the 

anaesthetized cat.



Foreword to the study of oscillations

0 False and treacherous Probability. 

Enemy of truth, and friend to wickednesse;. 

With whose bleare eyes opinion learnes to see, 

Truth's feeble party here, and barrennesse.

First verse of Sonnet ciii by 

Fulk G-reville, Lord Brooks.



Chapter 6

Oscillations in Chemoreceptor Discharge

6.1 Introduction

The purpose of the study was to look for and characterise 

oscillations in the probability of discharge of single chemo- 

receptor fibres that might occur as the gas tensions change over 

the respiratory cycle.

The discharge of the single fibres was recorded on tape 

together with a record of the ventilatory airflow and, the raw data 

analysed at a later date using a digital computer.

Section 6.2 deals with the methods not described already.

Section 6.3 is a paper accepted for publication by 

Inspiration Physiology. It is retyped here complete in its 

accepted form but the references are listed in the main list at the 

enl of the thesis. There are three additional figures, and the
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numbering of the figures has been altered to accommodate them 

(see the note on the title page). There is a link between the two 

topics of the thesis in this paper. One section deals briefly with 

the effect of efferent fibres on the oscillation, and, in another, 

the pattern of discharge of an efferent fibre is reported.

Section 6.4 is a reprint of a paper already published in 

Brain Bssearch.

Section 6.5 is a short note of the relevance of the results 

to the discussion at present going on amongst respiratory 

physiologists on the role of oscillations in discharge in the 

control of ventilation.

6.2 Msthoda 

6.2.1 Blood gases

In some experiments arterial Pn , P— and pH were measuredU2 ^2 

from 1-2 ml samples taken from the arterial cannula. The gas

electrodes were mounted in thermostated cells and all measurements 

made at 38°C. All the equipment was Radiometer (02 : type E 

C02 : type E 5030).
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In the oxygen electrode oxygen diffuses from the blood sample 

across a membrane and is reduced at the platinum Op-sensitive 

cathode generating a current that is measured. The COp electrode 

measures the pH of a bicarbonate solution into which the COp 

diffuses. The electrodes were calibrated with gas mixtures the 

tensions of which had been accurately measured with a Lloyd-Haldane 

apparatus.

The equipment was switched on for a number of hours before use 

to ensure stability. It was always obvious if an electrode was 

damaged because it would not give constant readings on calibration 

runs. The membranes were replaced at the first suspicion of 

malfunction.

The equipment was in a different part of the laboratory. 

Samples were transferred in heparinised syringes immersed in a 

beaker of ice. There was usually another group using the equipment 

at ths sane time and the samples were left in the ice until use: 

this was never longer than 5 minutes.

6.2.2 Computing

The tape recorder (Thermionic T3000) allowed 3 channels of 

data to be recorded, with the fourth channel used for vocal
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identification of records. Tape speed was 5j inches per secord 

throughout.

The recorder was taken to the Computing Laboratory and the data 

processed with a system incorporating an IBM 1130 digital computer. 

The conrputer was interfaced to accept and distinguish between 

signals from the event (nerve impulses) and stimulus (inspiratory 

airflow) channels. The programmes were written by Bruce Nail (1972).

The basic elements of the system are shown in Pig. 10. The 

recorded action potentials were replaced into a pulse height 

analyser (PHA) and standardized pulses passed on to the interface. 

The signal-to-noise ratio was always high enough for there to be no 

danger of triggering the PHA erroneously from base-line noise (see 

Pigs. 11, I}/5 & 13/9) but there was sporadic trouble with spurious 

elicits produced by the tape recorder which was satisfactorily 

gated out.

A stimulus marker was needed from as near to the start of 

inspiration as possible. The base-line of the signal of air-flow 

was not smooth and the rise-time of the inspiratory airflow was 

slow compared to that of an action potential (Pig. 11). The PHA. 

was not sensitive enough to trigger reproducibly from this and so
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the signal of airflow was amplified and filtered to reduce the

higher frequency noise and this modified signal triggered an 

oscilloscope (Tektronix type 565) from which the timebase trigger 

output fed ths FHA.

In artificial ventilation a simple switch and battery circuit 

provided a signal at the start of the pump cycle*.

The outputs of the tape recorder and the two PHAs were monitored 

throughout computing input runs.

The computer was programmed to sense the source of a pulse, to 

measure the inter-pulse intervals and to store them in core.

The output via the line-printer consisted of listings of 

inter-event and inter-stimulus intervals and graphical representations 

of histograms. Additional information and the results of 

statistical tests could be output via the typewriter. The histograms 

could be viewed on an oscilloscope (Tektronix type 502) (Pig. 10).

Programmes were available for post-stimulus time histograms 

(BSD), interspike interval distribution histograms (IH), and 

autocorre lelograms.
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Sources of error

1. The computer measures time in terms of a counting loop that 

takes 58 usec to perform and, although an external pulse is sensed 

almost instantaneously (within 1 usec), it cannot be acted upon 

until the current programme instruction is completed. The longest 

instruction in the counting loop was 16.6 usec, so that the precision 

of the computer in measuring intervals is of the order of 80 usec.

2. Constant differences in the tape speed -when recording 

and replaying.

3. Random errors due to moment-to-moment irregularities in 

tape speed when recording and/or replaying.

4. Errors in the measured length of the respiratory cycle 

"because of the noisy base-line and slowly-rising signal.

The effects of 1-3 above were tested by recording 100 msec 

time pulses on tape and analysing them as a train of events. In 

740 inter-event intervals the range was 99.000 msec - 99-983 msec 

and the mean 99.432 msec, showing that there was a constant error 

in tape speed of about 0.6$ and random errors of +0.5 msec in the 

measurement of an interval. The bin width in a PST was never less
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Fig. 11: The raw data and computer output. From above: spikes, 

air-flow, lines of temporal equivalence, PST.

The figures below the PST are from the typewriter and have 

been mounted below the lineprinter output. The figures represent: 

First line: the boundaries of the interval sequence called 

from store, bin width, and codes for computer 

operations.

Second line: the number of stimulus signals detected. 

Third line: sampling interval (msec), number of events, and

event frequency (impulses per sec).

Fourth line: number of inspiratory signals, mean length of 

the respiratory cycle (msec), standard deviation, and 

respiratory frequency (per sec).
n

Fifth line: % (E = mean number of impulses per bin), and 

number of bins used.
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than 100 msecbut a bin width of 10 msec TOLS used in some IHs.

Triggering from the air-flow produced the largest errors, 

A record of air-flow from an artificially ventilated cat was 

analysed as a train of events. The mean length of JtO cycles was 

3.85 sec and the range was 3.79 - 3.90 sec. The usual bin width 

for a PST was 200 msec, so the maximum jitter was of the order of 

half a bin. This error includes irregularities in the pump cycle. 

I/Then the electrical signal off the pump was used as a stimulus 

marker this error was shown to be small (see Pig. 12, top right).

Taped data were frequently analysed months after the experiment 

was recorded. Repeated analysis of the same segment of tape showed 

that the system remained reliable over a long period, within the 

limits outlined above.

Presentation of results (see also Section 6.3)

A specimen print-out of a FST by the line-printer and the 

corresponding statistical information from the typewriter are 

shown in Pig. 11 together with a record of the raw data (from the 

tape). The raw and processed data are joined by lines of temporal 

equivalence to illustrate the principle of time bins. Pig. 12 shows 

four specimen PSTs.
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Fig. 12: Pour sample PST's (lineprinter output).

Top left: summation over 36 double cycles during 

spontaneous ventilation. Length of double cycle = 12.45 sec 

.+1.07 sec (S.D.).

Top right: 38 single cycles during artificial ventilation, 

4.633 .+0.018 sec. Because the cycle is not an exact multiple of 

the bin width the last bin (4600-4800 msec) will only have been, 

collecting impulses for 0.033 sec. per cycle, i.e. one-sixth of 

the normal time. The bin contains 10 impulses, about one-sixth of 

the expected total for a bin of normal width at that time in the 

cycle.

Bottom left: 33 single cycles during spontaneous ventilation, 

5.17 +0.53 sec. The impulses collected after 5.6 sec were 

probably because of a small number of slightly longer breaths not 

coming within the normal distribution of breath length.

Bottom right: a summation during very irregular spontaneous 

ventilation, this PST is useless for analysis.

(Time in seconds).
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In Section 6.3, i.e. Paper II, PST is referred to as EDH - 

probability density histogram. The terms are virtually synonymous 

as used here: strictly a PST relates events to one point in tiros, 

the stimulus, whilst a H)H relates events to the time continuum 

"between stimuli.
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6.3 Paper II: Oscillations in the discharge of single carotid

chemoreceptor fibres of the cat. By Goodman, N. W., Nail, B. S. 

& Torrance, R. W.

N.B. All figures are numbered with a prefix II. Figures II 6,

II 7 and- II 10 are additional and so Figures 6 and 7 as they appear

in the paper have been renumbered II 8 and II 9.
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ABSTRACT

Most single chemo receptors of the sinus nerve of the cat and dog 

show oscillations in discharge in phase with respiration when summed 

by computer over many respiratory cycles. The trough in the oscillation 

follows inspiration with a delay equal to the lung to carotid body 

circulation time. The amplitude of these oscillations is increased 

by decreasing respiratory frequencies or by increasing metabolism by 

poisoning with DKP. Hypercapnia or hypoxia decrease the relative 

amplitude of the oscillations but the absolute amplitude remains 

approximately constant. Oscillations from pairs of simultaneously 

recorded fibres are similar in phase and relative amplitude. The 

most likely source of the oscillation is thought to be the

respiratory oscillation of P nn in the carotid blood. It isa,tA>2
proposed that the responses can be explained in terns of families

of parallel transient P pn -response curves that are steeper thana>^u2 
the fans of response curves described for the steady state by other

workers, cutting these curves at the mean P
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INTKCDUCTION

We have studied the oscillations that occur in the discharge 

of chemoreceptor fibres at the frequency of respiration by summing 

the discharge of single fibres over many respiratory cycles and 

suggest that they are principally to be attributed to oscillations

in P . a,C02
Hornbein, G-riffo & Roos (1961) noticed that the discharge of 

chemoreceptors may oscillate at the frequency of respiration. It 

has been supposed that the oscillation in discharge is a response to 

an oscillation in the chemical stimulus provided to them by the 

blood and that this immediate stimulus is an attenuation of the 

oscillation of gas tensions that occurs in the alveoli with
x *

respiration (Yokota, Hoofd & Kreuzer, 1973; Yokota & Kreuzer, 1973).

The first work on the oscillation in discharge was done by 

summing the discharge of many chemoreceptor fibres over single 

respiratory cycles (Hornbein et al., 1961; Biscoe & Purves, 1967; 

Leitner & Devours, 1968). Some form of summing is made necessary 

by the nearly random occurrence of impulses from single chemoreceptor



fibres (Biscoe & Taylor, 1963), "but doubts exist about the validity 

of integrating the discharge of groups of fibres. We have preferred 

to sum the activity of undoubted single units over many respiratory 

cycles.

Biscoe & Purves (1967) and Leitner & Devours (1968) did 

occasionally sum few-fibre discharges over many respiratory cycles, 

and Band, Saunders & Y/olff (1971) and Band & Vfolff (1973) have also 

given preliminary reports of such observations. Preliminary reports 

of some of our observations have also appeared (Black et al., 1973).

METHODS

Cats were anaesthetized with pentobarbitone (Nembutal, Abbott) 

ij-2 mg/kg i.p. and further doses of 2 mg/kg i.v. as needed. Dogs 

were premedicated with 1 mg/kg acetylpromazine (Boots: acepromazine 

maleate, BPC) and anaesthetized with pentobarbitone i.v. The 

animals were laid on their right sides and the carotid sinus nerve 

was approached laterally (Goodman, 1973). In experiments in which 

the carotid body was sympatheeternized the ipsilateral cervical 

sympathetic trunk was sectioned above and below the superior cervical 

ganglion and all the ganglio-glomerular nerves that could be
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identified v«re cut.

Single units were obtained from the sinus nerve by conventional 

methods and lifted on to one of a pair of stainless steel electrodes. 

The other, indifferent, electrode made contact with the animal via a 

dummy length of nerve on to the stainless steel dissecting plate 

through which the animal was earthed. The whole was covered with 

warm mineral oil. Mien the discharges of two single units were 

recorded simultaneously from two separate slips of nerve the two 

signal electrodes were referred to a single indifferent electrode 

to minimize difficulties arising from earth loops. Impulses were 

pre-amplified, monitored on an oscilloscope, and recorded on a tape 

recorder (Thermionic T 3000) and ink-jet recorder (Elema-Scho'nander 

Mingograf type 24B). Tests for chemoreceptor activity included; 

reduction of discharge on a sudden change to breathing 100$ Op, 

increase in mean frequency when breathing hypoxic gas mixtures, and 

a brisk response to a close intra-arterial injection of saline 

equilibrated with 10($ COp. To check that a unit was single a 

storage oscilloscope was used to show that no intervals between 

recorded impulses were shorter than the refractory period of the 

chemoreceptor endings, about 7 msec (Biscoe & Taylor, 1963).
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Blood pressure was monitored from either the lingual or femoral 

artery and recorded on a channel of the Mingograf. Respiratory air 

flow was measured with a Pleisch pneumotachograph head and electro- 

manometer. The signal was recorded on a channel of the tape recorder 

and the Mingograf. Animals paralysed with gallamine (Plaxedil, May 

& Baker) were artificially ventilated by intermittent positive 

pressure with a Starling ideal pump modified to give an electrical 

signal at the start of inspiration v/hich could be recorded on a

third channel of the tape recorder. In some experiments the P ,U2 
P^ and pH of arterial blood samples were measured with Radiometer

equipment.

Electrical stimulation of the cervical sympathetic trunk was 

through Ag-AgCl electrodes at a stimulus intensity supra-maximal for 

dilatation of the ipsilateral pupil.

Computing

The data were later fed into an IBM 1130 digital computer 

programmed to produce a post-stimulus time histogram (PST) using a 

signal triggered from the inspiratory air-flow, or by the electrical 

signal from the ventilation pump, as the stimulus for the start of 

the computer cycle. The analysis depends on the computer's being
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Fig. II 1: Cat: nembutal, spontaneous ventilation. Probability 

density histograms (H>Hf s) of the discharge of a single chemo- 

receptor fibre of the sinus nerve. Ordinate: the number of 

impulses per bin expressed as a percentage of the mean number per 

bin. Abscissa: time in seconds from the inspiration that 

triggered the computer cycle. Left: H)H summed over 252 single 

respiratory cycles. Total number of impulses about 7400, mean 

frequency of discharge 8.0 imp/sec. Most of the respiratory 

cycles were within the range 3.2 - 4.2 seconds as shown by the bar 

above the histogram: the arrow denotes the average length. 

Right: using the same series of impulses but constructed over 

126 double respiratory cycles. First bar and arrow as Left; 

the second bar indicates the range (6.4 - 8.4 seconds) of most 

double respiratory cycles and the arrow denotes the average 

lencth of a double cycle.
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triggered at the same point in each respiratory cycle. We tested 

the accuracy of triggering from the record of air flow using an air 

flow obtained in artificial ventilation. The computer measured the 

respiratory cycle with a range of 100 msec around the actual length: 

the slurring of the pattern in spontaneous ventilation would be 

negligible.

In these experiments the final result is more correctly 

described as a probability density histogram (FDH), for it relates 

the likelihood of an impulsed occurrence to the time from the start 

of inspiration and over the respiratory cycle. Because the inherent 

discharge of chemoreceptors is random (Biscoe & Taylor, 19&3) i* 

was necessary to collect a large number of impulses to bring out 

clearly any oscillation. The programme could handle 1400 intervals. 

With tape recorded ruins having more than this number, two or more 

computing runs could be made and the resulting histograms summed. 

If 6000-8000 intervals were collected in this way the H)H became a 

tolerably smooth curve (Pig. II.1). The number of respiratory 

cycles which had to be summed depended on the rate of firing of the 

chemoreceptor unit.

If the respiratory cycle was of irregular length the PDH would 

tail off in the later bins of the cycle. A clearer picture of an
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oscillation in the discharge could be produced by programming the 

computer to ignore every alternate inspiratory signal, thus showing 

the fluctuations in the probability of firing of a unit summed over 

double respiratory cycles (Fig. II.1). This also allowed for 

respiratory cycle lengths which were not exact multiples of the bin 

length.

Programmes for interval histograms and autocorrelelograms were 

also available (Nail, 19?2).

The amplitude of an oscillation

To make the oscillations easier to compare one with another a 

simple averaging technique was used. To the contents of each bin 

were added the bins preceding and following it, and then an average 

value was obtained by dividing by three - a 3-point running average 

(Band, Saunders & Wolff, 1971). The amplitude of an • oscillation was 

the difference between the highest and lowest points obtained in 

this way. In this paper absolute amplitude is given as impulses per 

second, and relative amplitude as a percentage of the mean number of 

impulses per bin, i.e. of ths mean rate of discharge. In the figures 

of this paper results are usually presented as variations of discharge 

around a mean of 100^ for ease of comparison of discharges in
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Fig. II 2: Cat: nembutal. HJH's: general layout as in Pig. II 

Number of respiratory cycles (nCYC) , total number of impulses 

> and mean frequency of discharge (f) as stated.

Left: spontaneous ventilation. Right: the same single fibre, the 

cat now paralysed with gallamine and artificially ventilated at a 

lovier frequency. The continuous lines drawn through the histograms 

are the three -point running averages (see text).
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different units and in different conditions. This has particularly 

been done when presenting the activity of two fibres that were 

recorded from simultaneously.

RESULTS

We have studied oscillations with respiration in the discharge 

of single chemoreceptor fibres dissected from the carotid sinus 

nerve of 29 cats and two large dogs. The animals breathed spontaneously 

or else were artificially ventilated. We were concerned with the 

factors which determine the appearance of oscillations in discharge 

and so selected respiratory frequencies at which they were likely to 

be prominent (?ig. II. 2). They can usually be seen at a respiratory 

frequency of 25 per minute but are much attenuated at 30 per minute. 

As the respiratory cycle was decreased from 4 to 2 seconds the 

amplitude of the oscillations in discharge declined much more 

rapidly than did the duration of the respiratory cycle. Oscillations 

in discharge were prominent at respiratory frequencies of 10-15 per 

minute, and most of our observations were mads on cats which breathed 

at such low frequencies, either after vagotomy or else during 

artificial ventilation. When gas transport was increased by
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poisoning with dinitrophenol (DNP) oscillations in discharge could 

easily "be detected at respiratory frequencies much higher than those 

at which they disappeared at a normal oxygen uptake.

In considering whether an oscillation in discharge had been 

abolished by some procedure it was useful to compare the shape of 

the histogram during that procedure with its shape when earlier 

there had very clearly been an oscillation in discharge. For example, 

in Fig. II JfA and C there is clearly an oscillation in discharge, but 

W2, taken on its own, does not show an oscillation so clearly. It 

does, hovever, have peaks and troughs in it which correspond quite 

well with those present in II kG and so one can say that the 

oscillation present in II kC is attenuated in II IfE but still 

persists. A further useful test cams from summing over pairs of 

respiratory cycles. If the histogram showed two similar cycles of a 

wave one could confidently say that the fibre oscillated.

Administration of gas mixtures

If the percentage of oxygen or carbon dioxide in the gas mixture 

breathed by the animal was altered, the mean rate of discharge of a 

chemo receptor unit altered and there could be changes-in the 

oscillation also.
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Pig. II 3: Cat: nembutal, spontaneous ventilation. H)H's, shown as 

the three-point running averages only, from two simultaneous fibres 

during the development of hypoxia. One fibre is shown in A and the 

other in B. General layout as before, showing the absolute 

amplitude of the oscillations, the ordinate being the frequency of 

discharge in impulses per second. The original histograms were 

constructed by hand from a series of 130 consecutive breaths of a 

Mingograf record. Each lirjs represents the sum of 20 consecutive 

respiratory cycles including the first few bins of each subsequent 

cycle, some impulses have thus been counted twice. The respiratory 

cycle was approximately 3 sec, and there was little ventilatory 

response to the hypoxia.

At breath number 30 in the series the animal was switched from 

breathing 100^ Op to a mixture of 1C$ Og in N^. Starting at the 

bottom of each of A-and B, the running averages represent breath 

numbers 11-30, 31-50, M-60, 51-70, 61-80, 91-110 and 111-130. The 

absolute amplitudes of the oscillations in discharge are low in 

hyperoxia (the lowest lines), steadily increasing as the mean rates of 

discharge rise. For one fibre (A) the absolute amplitude reaches a 

maximum, remaining fairly constant as the mean rate of discharge rises 

further. For the other fibre (B) the absolute amplitude falls off at 

the highest mean rates of discharge. The relative amplitudes of 

oscillation decrease progressively as the mean rates of discharge rise.



IM
PU

LS
ES

 
PE

R 
BI

N 
(a

s 
pe

rc
en

ta
ge

 o
f 

m
ea

n)

O

a



Pig. II k: Cat: nembutal. EDH1 s from two single chemoreceptor 

fibres of the sinus nerve recorded simultaneously on separate 

electrodes. General layout as before. Histograms A, C and E from 

one fibre; B. D and P from the other fibre.

A and B: spontaneous ventilation, air

C and D: paralyzed with gallamine, artificially ventilated, 

air

E and P: artificially ventilated, 5% C02 + 21$ 02 in 

N« mixture.-
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If the animal was given a hypoxic mixture the mean rate of 

discharge increased. The absolute amplitude of the oscillation in 

discharge might "be little altered (Fig. II 3A), decreased (Fig. II 3B) 

or increased (not illustrated). The relative amplitude was always 

decreased. If the animal was given 10C$ 02 to breathe, a sparse 

discharge usually persisted and this discharge had a respiratory 

oscillation of very marked relative amplitude (Fig. II 3). As the 

mean rate of discharge was then low the absolute amplitu.de of the 

oscillation was also low.

If an animal was given COp to breathe the mean rate of discharge 

of a fibre usually increased modestly. Our method of summation did 

not allow us to follow breath-by-breath the transient changes in the 

oscillation in discharge as COp breathing started, but when the mean 

rate of discharge had become steady in COg breathing, the discharge 

still showed an oscillation with respiration and this was usually of 

the same absolute amplitude as in the control period, or else 

somewhat reduced. Its relative amplitude was always reduced 

(Fig. II 4E and F).

Acetazolamide (Diamox, Lederle) inhibits carbonic anhydrase and 

slows the response of chemoreceptors to a large step changs of
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(Black et al. , 1970 so it might be expected to reduce an oscillation 

in discharge caused by an oscillation in P ^ . The drug also

causes gross changes in the distribution of COp because of C02-IKO~ 

disequilibrium (^!aren, 196?). There is an increased gradient between 

a raised tissue PCQ due to failure of uptake of COp from the tissues , 

and a lowered P, pn caused by hyperventilation probably due to a

high P-Q in the environment of the central chemoreceptors. The

P „ measured instantaneously is low but when measured in a sample a » uu2
taken by syringe there is time for the uncatalyzed reaction to go to

completion. We could not, therefore, loiow the mean P ^ at the
ajUUg

carotid body, and even less did we know the tissue P-- at the
L/Up

chemoreceptors. We would guess that it was not as high as in other 

tissues because the high blood flow through chemoreceptors probably 

enables most of the COp to be carried away purely in solution as 

dissolved C0 0 vdthout a marked rise in blood P .
<L ' ' UUp

The response of the chemoreceptors to the drug was very variable, 

An intravenous injection was followed by a period of silence lasting 

10-20 seconds, more likely due to the high pH of the solution than to 

any specific effect of the drug. The degree of recovery varied 

greatly: some fibres recovered to only 10-2Q& of their initial 

frequency of discharge, others regained their control frequency or
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Pig. II 5: Cat: nembutal. Animal paralyzed with gallamine and 

artificially ventilated. The pump delivered no air to the cat on 

every third pump cycle.

A: the discharge of the single chemoreceptor fibre (retouched)

B: airflow

C: H)H. General layout as before v/ith the computer 

triggered by every fourth inspiration. Total number of computer 

cycles = 27; total number of impulses = 2272; mean frequency of 

discharge k imp/sec. The arrows between C and B link approximately 

corresponding points in the airflow and histogram.
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even showed a steady rise in frequency over a few minutes to 150-200^ 

of control. It made little difference v/hether the animal was breathing 

spontaneously or was artificially ventilated.

This marie interpretation of tte effects of inhibition of 

carbonic anhydrase on the oscillation in discharge very difficult. 

However, with those fibres whose discharge recovered sufficiently for 

us to collect enough impulses to make a summation, the oscillation 

in discharge of single chemoreceptor units persisted at relative 

amplitudes that were commonly smaller than those seen prior to the 

administration of the drug.

The relation of the discharge to ventilation

To determine viiich-inspiration the trough in discharge is to be 

related to a cat was connected to the respiratory pump so that it 

delivered no air to the cat at every third pump cycle (Pig. II $)• 

The pattern of the oscillation in discharge showed that the dip in 

discharge in a histogram is to be related to the inspiration occurring 

2-3 seconds before the dip takes place and this time corresponds to 

the lung to carotid body circulation time. Thus with a respiratory 

cycle of about four seconds or longer, the length we usually used, 

the first dip in the histogram should be related to the inspiration
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Pig. II 6: Cat: nembutal. Spontaneous ventilation, vagotomized. 

EDH's: general layout as before.

A: with a clip on the external carotid artery beyond the 

carotid body.

B: after the clip had been removed.

Note that in A the dip in discharge has been delayed and is 

correlated with the inspiration preceding the one that triggered 

the computer cycle.
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Pig. II 7: Cat: nembutal. Spontaneous ventilation, vagotomized. 

H)H's: general layout as before. 

A: control.

B: with a clip on the conraon carotid artery.



that triggered the computer cycle, but with a shorter respiratory 

cycle the first dip may be related to the inspiration preceding the 

one which triggered the computer cycle.

Clipping the external carotid artery reduced overall flow of 

blood along the common carotid artery and so delayed the arrival of 

blood at the carotid body by 1-2 seconds as Judged by an injection 

of Evans Blue dye into the brachial artery. It also delayed the dip 

in the oscillation in discharge by a similar period relative to 

inspiration (Pig. II 6). Biscoe & Purves (196?) showed that 

oscillations in discharge persist after clipping the common carotid 

artery. We confirmed this and found that the dip in discharge here 

also came later, presumably because of the time taken for blood to 

traverse vertebro-occipital anastomoses (-Pig. II ?)•

Correlation of the discharge with the BOG-

Band, Cameron & Semple (1969) reported oscillations in pH of 

the carotid blood at each heartbeat, and Gerhich & Moore (1970) 

reported oscillations in the discharge of chemoreceptors correlated 

with the ECG-. We could not find any evidence of such a correlation 

when we used the EGG- to trigger the computer cycle. The probability 

of occurrence of an impulse was constant over the heart cycle in
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tv/o fibres which both showsd clear oscillations in their discharge 

in phase with the respiratory cycle. Nor v/as any evidence seen of 

an oscillation with the period of the pulse in any autocorrelelogram.

Administration of dinitrophenol

DKP (2:4-Dinitro-phenol, British Drug Houses) was administered 

to simulate the changes in gas transport that occur in exercise 

(Liang & Hood, 1973). This drug uncouples oxidative phosphorylation 

and so increases oxygen uptake several-fold. With small doses of 

DUP, COp production is increased by a similar amount, but with large 

doses lactic acid is formed and drives off further COp so that the 

RQ may become greater than unity. Cardiac output is increased and 

ventilation is stimulated.

DHP increased both the absolute and the relative amplitude of 

the oscillations in discharge. This was particularly striking in 

vagotomized cats in which the change in ventilation was principally 

an increase in depth with little change in frequency (Fig. II 8 bottom). 

After DUP the dip in discharge occurred sooner after the triggering 

inspiration and this can be attributed to BNP's increasing the 

cardiac output and so shortening the lung to carotid body circulation 

time.
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In cats with the vagi intact, DNP increased the respiratory 

frequency but the chemoreceptors showsd clear oscillations in their 

discharge at respiratory frequencies higher than those at which they 

would have been lost at a normal oxygen uptake (Fig. II 8 top).

One of the fibres studied did not show oscillations be.fore DNP 

and none were brought out by DNP. In another cat, the effect of 

DNP was studied whilst the cat breathed 100^ Op. DNP only produced 

a minimal increase in ventilation. There was some increase in the 

mean rate of discharge of the chemoreceptor fibre. The absolute 

amplitude of the oscillation in discharge was unaltered and the 

relative amplitude was decreased.

It is well known that DNP excites chemoreceptors and injection 

of DNP intravenously did cause an immediate but transient increase In the rate 

of discharge which then settled to a somewhat higher- rate than 

before the injection. This was presumably due to a high dose of 

the drug being delivered to t3ae chemoreceptors initially because of 

the very high blood flow through the carotid body and then its 

partial removal as it was gradually distributed more evenly 

throughout other, less well perfused, regions. We always waited 

until this initial hyperactivity had passed off before starting to
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Pig. II 9: Cat: nembutal. Spontaneous ventilation, animal 

vagotomized. Prom above downwards: discharge (retouched) of two 

single chemoreceptor fibres of the sinus nerve recorded 

simultaneously on separate electrodes; respiratory airflow; a

representation of the P ^ in the carotid artery at the levela,u\jp

of the carotid body; H)H f s constructed over double cycles for 

each of the fibres, general layout as before.
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record but, even so, we would not suggest that DKP had no direct 

effect on chemo receptors.

The pattern of the oscillation

The shape of the oscillations in discharge changes if the 

respiratory frequency is changed. The highest respiratory frequencies 

at which an oscillation in discharge was clearly seen were about 

IfO per min after DNP, and the shape of the oscillation then looked 

like a sine wave (Fig. II 8 top). At lower respiratory frequencies, 

the sine wave becomes skewed and then saw- toothed (Fig. II 2) with 

the fall in discharge occurring over a shorter period than the 

subsequent rise. With very low respiratory frequencies, the fall 

is still rapid and the rise is slower but the rise may lead on into 

a plateau before the next fall (Fig. II 9).

In some oscillations there was a suggestion of some secondary 

structure. This became more obvious and less easily attributed to 

the random nature of chemoreceptor discharge when it was seen in 

both of a pair of fibres recorded simultaneously. For example, in 

Fig. II 4, the pairs of histograms A and B and also C and D have a 

trough in tte oscillation during the toiild-^ap to the peak.

Thja trough is also present in histogram E but probably not in F.
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The airflow was not biphasic and no explanation is offered for this 

phenomenon. It is interesting that it has the same short latency 

from the triggering inspiration in A and B as it has in C and D, 

even though the respiratory cycles are of very different lengths and 

in A and B the cat breathed spontaneously, whilst in C and D it was 

artificially ventilated.

The effect of the sympathetic supply to the carotid body

Cutting the sympathetic supply to the carotid body did not 

affect either the absolute amplitude, the shape, or the phase 

relation to ventilation of the oscillations in the discharge of 

chemoreceptors. Nor did brief bursts of stimuli (1W. 0.25 msec, 

10 Hz for 0.7 sec) applied to the cervical sympathetic trunk and 

triggered at a constant, early or late, phase of the respiratory 

cycle, though such stimulation did raise the mean frequency of 

discharge of the chemoreceptor fibres by 10-30^, thus loi/vering the 

relative amplitude of the oscillations in discharge.

The effect of efferent fibres in the carotid sinus nerve

The carotid sinus nerve contains efferent fibres which are 

inhibitory to the chemoreceptors of the carotid body (Neil & O'ltegan,
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1971k; Sampson & Biscoe, 1970). In three experinents records were 

made from fibres peeled from the side of the sinus nerve whilst the 

rest of the nerve, and so hopefully its efferent fibres, were left 

in continuity. A run of discharge was first recorded with the nerve 

intact and the cat breathing air, and then with tte cat breathing a 

hypoxic gas mixture. \Vhilst the cat still breathed the hypoxic 

mixture, the nerve was cut proximal to the recording electrode and 

a second run was recorded during hypoxia. The cat was returned to 

breathing air and a further run was recorded.

Cutting the nerve had no effect on the relative amplitude, 

form or timing of the oscillations, either during air breathing or 

during hypoxia. It must, however, be pointed out that cutting the 

nerve had no effect on the irean frequency of discharge (Neil & 

O'Jtegan, 1971b) and so it could be argued that the efferent inhibitory 

fibres to the afferent studied had been damaged whilst dissecting 

out the afferent fibre.

The timing of impulses in efferent fibres of the carotid sinus nerve

In a number of experiments we recorded efferent activity from 

the central end of the cut carotid sinus nerve. The activity was 

sparse and responded modestly to hypercapnia and hypoxia and more
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briskly to adrenaline, as has already been reported by Biscoe & 

Sampson (1968). It also responded with a latency of about two 

seconds to the injection of 1 ml of saline bubbled with 100^ COp into 

the ipsilateral carotid artery via a cannula in the lingual artery. 

All known chemoreceptor nerve3, both vagi and both carotid sinus 

nerves, had been cut.

Vte only managed to record for computer analysis the discharge 

of one unambiguous single fibre giving good-sized action potentials. 

This discharge did not show any correlation with the respiratory 

cycle. The discharge was certainly not regular but an interval 

histogram showed that it was not completely random (Biscoe & Taylor, 

1963) in the way that the inherent discharge of chemo receptors is. 

This supports a view that the centrifugal activity was not recorded 

from a branch of what is essentially a normal afferent chemoreceptor 

fibre, although, if this were so, the chsmoreceptor would have had 

to be remote from the carotid or aortic bodies as their nerves had 

been cut.

The interval histogram declined exponentially for about 300 msec 

and then had a marked hump upon it with a peak at about 1000 msec
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Fig. II 10: Cat: nembutal. Interval distribution histograms 

constructed from the discharge of single fibre preparations of the 

sinus nerve. Ordinate: log. number of intervals. Abscissae: 

length of interval - note that the bin width is longer in A & B 

(200 msec) than in C (50 msec).

A: an efferent fibre. Animal breathing air. Total number of 

impulses (iWp) =819, mean rate of discharge (f-rirp) = approx. 1/sec

B: the same efferent fibre. Animal breathing f$ C02 + 21 % Q*

in N2. n-^jp = 780, f^-^p = approx. 2 per sec.

C: a chemoreceptor afferent fibre from another cat. iWp =

fB!P = 5 ' 1 per sec '

The distribution of intervals from the afferent can be

described as exponential. The efferent shows exponential form for 

the first 300 msec only. The lines drawn in on A and B are the 

exponentials constructed from interval distributions using the same 

intervals but a smaller bin width (20 msec) to show that the 

exponential process is seemingly unaffected by the increase in the 

mean rate of discharge of the fibre, the half-time being about 

100 msec in both A and B.
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(Fig. II 10). It was as if there was a basic, rather irregular, 

but certainly not random, discharge at a mean frequency of about 

1 per second but after each impulse had occurred there was a transient 

but striking increase in the probability that another would occur. 

The behaviour of the fibre was reminiscent of that seen in .somatic 

motoneurones when they show paired discharges (Calvin, 1972).

The occurrence of oscillations in the discharge of single ohemoreceptor 

fibres of cats

Obviously if one ventilates an animal very slowly every fibre 

should show oscillatory behaviour (Hermans & fiijlant, 1933). In our
i

experiments, if a fibre showed oscillations, these were readily 

detectable at respiratory frequencies of 20 per minute and the 

oscillations were quite large at 15 per minute. Yet of the 58 fibres 

studied 10 showed no evidence of oscillations whatsoever at these 

respiratory frequencies and another three sho^d only equivocal 

oscillations in discharge. These fibres were, in a way, frustrating 

in that we could test a range of conditions on a fibre and then 

when we later analysed the records it would emerge that the fibre 

was not oscillating anyway. Had we had on-line computing we would 

have been able to find how low the frequency of ventilation had to 

be for the discharge of these fibres to show clear oscillations.
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Ten of the 13 fibres v/ere from three cats. Although these fibres 

seemed to respond normally to changes in inspired gas tensions, the 

blood gases were normal, and the mean arterial pressure was within 

normal limits, there may have been some local circulatory disturbance 

which prevented the transmission of the oscillation of the stimulus. 

This was less likely to be the reason with the remaining three 

fibres that did not show oscillations in discharge as other fibres 

recorded from earlier or later in the same experiments did show 

oscillations. It is possible that there is a group of fibres which 

behave quite normally in the steady state but have a distinctly lower 

frequency of ventilation at which an oscillation in their discharge 

becomes apparent.- Fidone & Sato (1969) have reported that 'C ! fibre 

chemoreceptors respond less promptly to stimuli than do 'A' fibres. 

We did not measure conduction velocities.

Dogs

Single fibres dissected from the carotid sinus nerve of two 

large (25 kg; 30 kg) dogs showed oscillations in their discharge 

related to respiration. The time from inspiration to the dip in 

discharge was longer in the dogs, k-6 sec, than in the cats, presumably 

reflecting a longer circulation time from the lung to the carotid body 

in the larger animals. The relation of the dip in discharge to the
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the preceding inspiration was particularly clear, and was visible to 

the naked eye, in a record taken from one of the dogs when it was 

"breathing slowly and irregularly.

DISCUSSION 

The validity of the summing procedure

We have discussed in Methods the adequacy of the triggering of 

the computer cycle.

A problem is raised by the fact that spontaneous breathing is 

never absolutely regular, but this does not seriously blur the 

pattern of the histogram if the breathing is not very irregular. 

This point is illustrated by Fig. II 1, in which a variation of 

+0.5 sec in a respiratory cycle of about 4- seconds was tolerable. 

When summing was done over single respiratory cycles-this variation 

caused the last few bins of the histogram from the 3^00-3600 nisec 

bin onwards to contain fewer impulses than they should have, 

erroneously indicating that the probability of an impulse's occurring 

had fallen. The problem was avoided if summing over double 

respiratory cycles was done, and this was our usual practice.
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The discharge varies at the same frequency as respiration and 

the most obvious explanation of the variation is that it is caused 

by oscillations in the chemical stimulus in the blood. Thus the 

decline in discharge which starts with a delay of about 3 sec from
t

the start of inspiration is to be attributed to the arrival at the 

carotid body of the first blood that left the pulmonary capillaries 

after inspiration had brought fresh air into the alveoli. The delay 

is made up of the time taken to draw back the dead space air into 

the alveoli, the circulation time from the pulmonary capillaries to 

the carotid body, and the response time of the chemoreceptors. The 

delay should be relatively independent of the duration of the 

respiratory cycle if the heart output remains constant.

On this interpretation, the build-up of discharge from the 

moment of triggering relates to the respiratory cycle preceding the 

inspiration that triggered the computer cycle. Because spontaneous 

respiration is not absolutely regular, there is some variation in 

when this inspiration occurred relative to the triggering inspiration 

and so the build-up of discharge may be subject to some blurring. 

But, proceeding from the dip in discharge caused by the triggering 

inspiration, the pattern of discharge is correlated with the
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triggering inspiration and will be subject only to the variability 

imposed by the inherent randomness of chemoreceptor discharge. The 

second dip in discharge in a double cycle summation is the part of 

the pattern which is most susceptible to blurring, first because 

this dip in discharge relates to the inspiration following the 

triggering one, and secondly because the major part of the dip 

develops over about half a second and that is the order of variability 

of the duration of the respiratory cycle. The second dip in 

discharge of a double cycle summation was usually less steep and 

more prolonged than the dip in discharge related to the triggering 

inspiration. If, however, the respiratory cycle was short, as in 

Pig. II 8 top, the second dip in discharge in a two-cycle summation 

was the one to be related to the triggering inspiration and it was 

usually sharper than the first.

During artificial ventilation these problems do not arise, but 

it is still valuable to sum over double respiratory cycles because 

the respiratory cycle is usually not an exact multiple of the length

of a bin.

It could be argued that the discharge of a single fibre, summed 

over many respiratory cycles, does not necessarily represent the 

discharge of many fibres summed over a single respiratory cycle.
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This might be a valid criticism if our observations were used in a 

discussion of the significance of oscillations in discharge in the 

control of respiration. When, however, we recorded simultaneously 

the discharge of two fibres, the histograms for the two fibres were 

usually very similar in their shapes, the relative amplitude of ths 

oscillations, and in their phase relation to respiration, even though 

there might be a ten-fold difference in their mean rates of firing. 

There was, however, a minority of fibres which did not shew an 

oscillation in discharge and, if these are not an artefact of our 

experimental procedure, they would cause the overall amplitude of 

the oscillation in chemoreceptor discharge to be less than our 

summations would suggsst.

Our summation procedure avoids some problems which arise when 

integration is used. Then zero discharge is defined as that present 

on 10($ Op, an unsatisfactory criterion; we find that 100$ Op does 

not silence all fibres. Integrators have been used with time 

constants of one third of a second or longer, and such a time 

constant would tend to blur a rapid change in discharge. With an 

integrator and pulse height selector it is possible that some 

movement of the nerve on the electrodes will occur with respiration
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and so give a false impression of an oscillation in discharge because

the size of the potentials recorded changes. This problem can be 

easily dealt with when single fibres are used. Also one can then be 

confident that baroreceptor fibres are not present.

The source of the oscillation

With each respiratory cycle both the P _n and P oscillate,a,C02 a,02
and the oscillations in discharge of chemoreceptor fibres could be in 

response to oscillations in either or both of these oscillating 

stimuli. Yfe suggest that the oscillatory discharge is due primarily 

to the oscillation of P ^ for the following reasons: 

1. The chemoreceptors respond quickly and show adaptation to step 

changes of P ^ but respond less quickly and do not show adaptation

to step changes of P ~ (Black et al.,a,u2

2. The speed of response to step changes of P o is more variable
9^2.

from fibre to fibre (Black et al., 19?0» Our studies on pairs of 

oscillating fibres recorded simultaneously showsd little variability 

in the time of the dip in discharge from inspiration, and the change 

in discharge was rapid.

3. ?;hen the cat breathed 10($ 02 the discharge of chemoreceptors 

was greatly reduced but it still shoved oscillations at the frequency
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of respiration. The relative amplitude of the oscillations was 

increased bit the absolute amplitude was reduced. In hypoxia, the 

mean rate of discharge increased. The absolute amplitude of the 

oscillation might be increased or decreased, but the relative 

amplitude was always reduced (Band & Wolff, 1973). The.response 

curves of chemoreceptors to hypoxia would suggest a very different 

effect of hypoxia on oscillations. The curve is approximately a

hyperbola and the absolute amplitude of the oscillations in Pa »°2

should be relatively independent of the mean P ~ . Thus ana>°2

oscillation in discharge due to an oscillation in P A of constant
a > 2 

amplitude should have an absolute amplitude given by the slope of

the curve, and this curve, being a hyperbola, has a slope which is

inversely proportional to the square of the P n . It should have a
> 2 

relative amplitude which is inversely proportional to P Q . The

effect of P ~ on the relative amplitude of oscillations was the a,Ug
reverse of this prediction. Even if one accepts Purves 1 (1966)

fiialing that oscillations in P0 ~ are roughly directly proportionala >u2

to mean P ~ , the relative amplitude of the oscillations in discharge 
a >°2

should, be independent of P ~ .a,u2
The oscillations could be due to the fluctuations in blood 

pressure that occur with respiration. However, the phase relation
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of the dip in discharge to inspiration was unaffected by a change 

from spontaneous ventilation to positive pressure artificial 

ventilation, a manoeuvre which causes an inversion of the respiratory 

fluctuations in "blood pressure, and it was delayed by clipping the 

external carotid artery.

If it is accepted that the oscillations are (l) due to P^ ,
vAJp

and (2) have, an absolute amplitude that is independent of the mean 

rate of discharge when this is altered by hypoxia, this means that 

the chemoreceptors were following transient response, curves to

P .^ that are higher in hypoxia but are parallel to one another a juu2

over any given range of P r,A . The steady state response curves toa,u<J2

CCXp reported by Fitzgerald & Parks (1970 are, however, strikingly 

different from this. They appear as a fan of lines radiating from

a point on or below the Po pn axis at a P of 10-20 torr. Thus f ajUUp ajUUp
they would predict an oscillation in discharge of relative amplitude

not ranch affected by P n , and also of a smaller absolute amplitudea,Ug

than we, and other workers (Band et al., 197^), have observed.

Black, McCloskey & Torrance (1970 observed that the response 

to a large step change of PCQ adapts with a half time comparable 

to, or longer than, the duration of a respiratory cycle. Thus one
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would expect that the transient response curve would be steeper than

the steady state one. If the response to a step change of P ^a >uu2 
adapts to 1/nth of its initial peak then the slope of the transient

curve should be n times that of the steady state curve. Thus, if 

the transient response curves are indeed parallel whilst the steady

state curves form a fan, adaptation to a change of P ^ is affecteda >uu2 
by P ~ , being less in hypoxia and greater in hyperoxia.

9 2.
In further support of the idea that adaptation is significant,

the steady state response curves are not steep enough, at least at

normal to high P - , to predict oscillations in discharge of thea »u2

amplitude we have seen in response to likely oscillations in P nnajOUg

in the arterial blood, which are about 1-3 torr at normal respiratory 

frequencies. The largest oscillations in pH that Band, Cameron & 

Semple (1969) saw were of 0.05 pH units in a cat breathing at a 

respiratory frequency of 10 per minute. In one animal breathing at 

this frequency the relative amplitude of the oscillation in discharge 

was 95£o. The mean pH was 7.298, and the predicted relative 

amplitude of the oscillation in discharge to a pH oscillation of 

0.05 pH units from Fitzgerald & Parks (1970 is only 6C$. High 

relative amplitudes of oscillation (120-16($) were seen in hyperoxia,
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although it is possible that this v/as in part due to a threshold 

effect of the very low mean frequency of discharge, but even in 

normoxia relative amplitudes of approaching 100?o of the mean were 

not uncommon. The amplitudes in Pig. II 9 are 1Jf($ and 11C$ in an 

animal which was probably somewhat hypercapnic and hypoxic as it had 

been given a dose of anaesthetic not long before the runs were 

recorded. A fibre recorded from earlier in the same experiment, when 

the animal was breathing at 10 per minute, had shown oscillations of 

almost 100^ during the administration of a 5$ CCU mixture.

The pattern of the oscillation

If the receptor adapts, and its half time for adaptation is much 

longer than the respiratory cycle, its output should change in direct 

proportion to the level of the stimulus which affects it, but if it 

adapts greatly and very rapidly its output should more nearly 

represent the rate of change of the stimulus. Black, McCloskey & 

Torrance (1971) found a time constant of adaptation to COp of a few' 

seconds. Thus in slow breathing, with a marked expiratory pause, a 

changing degree of adaptation should not much affect the dip in 

discharge provoked by inspiration, but it should affect the
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subsequent rise, tending to make it plateau just before the next 

dip. We saw such a plateau in discharge -when the respiratory 

frequency was low (Fig. II 9), which would suggest that adaptation 

then contributed to the shape of this part of the oscillation. Also 

we sometimes found that the period over which discharge fell was 

distinctly shorter than inspiration, even if allowance is made for 

the time over which dead space air is being drawn back into the 

alveoli early in inspiration (Fig. II 9). This suggests that the 

off-effect, the reverse of adaptation at a fall of the stimulus, is 

here significant. Thus it would appear that the amplitude of the 

oscillation is greater than that predicted by the steady state 

response curve because adaptation is not very rapid, but that 

adaptation is rapid enough to have some part in determining the 

shape of the oscillation in discharge, at least at low respiratory 

frequencies.

If the respiratory frequency was increased but total ventilation 

was adjusted to keep the mean rate of discharge constant, the 

amplitude of the oscillation in discharge decreased. According to 

Yokota & Kreuzer (1973), increasing frequency of respiration reduces 

alveolar oscillations in gas tensions with respiration. Also the
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amplitude of an oscillation in the "blood leaving the pulmonary 

capillaries is more attenuated by the time it reaches the arteries 

if its frequency is greater. We seldom saw oscillations in discharge 

at respiratory frequencies of 30 and above when metabolism was not 

increased, but v;a saw clear oscillations at up to W) per minute when 

metabolism was increased by DNP. This would suggest that the 

receptor can follow rapid oscillations in its stimulus but that at 

rest the oscillations are too small to give an oscillation in 

discharge tha± can be detected through the randomness of discharge. 

In exercise the reverse may well be the case. We have not obtained 

any evidence to suggest that slowness of response of the receptor 

contributes to the decline in the oscillations in discharge as the 

respiratory frequency is increased, though obviously there must be 

some limiting frequency beyond which the response of the receptor 

oscillates less. Fitzgerald et al. (19^9) would suggsst that this 

is near to normal respiratory frequencies.

\Ve could not demonstrate any effect of the sympathetic supply 

to the carotid body, or of the efferent fibres running in the sinus 

nerve, on the amplitude or form of the oscillations. However these 

pathways exert their influence on the receptors, they do not affect 

the degree or time course of adaptation to an extent detectable in 

these experiments.



Mention has been made of the intrinsic randomness of the 

discharge of chemoreceptors (Biscoe & Taylor, 1963). If allowance 

is made for the fluctuation in the frequency of discharge ?/ith 

respiration, the discharge can be shown to retain the property of 

randomness, and there is no contradiction in describing it as both 

oscillatory and random (GkxxLman & Nail, 1973).

*See Section 6.4
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Oscillatory behaviour and randomness of firing of chemoreceptor fibres 

in the cat

NEVILLE W. GOODMAN AND BRUCE S. NAIL

University Laboratory of Physiology, Oxford (Great Britain) 

(Accepted May 23rd, 1973)

Here an attempt is made to reconcile an observation that the discharge of 
chemoreceptors is random4 with another observation that their discharge oscillates 
at the frequency of respiration3.

The composition of the gas in the alveoli of the lungs changes cyclically with 
respiration8 . On inspiration the alveolar partial pressure of oxygen rises and that of 
carbon dioxide falls. During expiration the opposite changes occur. These changes are 
reflected in the blood leaving the lungs and persist into the arterial blood 1 - 12 . The 
chemoreceptors of the carotid body respond to changes in PO2, PCO2 and pH in the 
arterial blood and their response is fast enough for them to follow the oscillating signal 
in a cat breathing at 20-25 breaths/min (see ref. 3).

However, Biscoe and Taylor4 had earlier reported that if one studies single 
chemoreceptor fibres their discharge is random, i.e. their generation is a Poisson 
process and there is no correlation between the time of occurrence of an impulse and 
the time of occurrence of subsequent impulses. Thus there is an apparent paradox in 
that a discharge which had been described as random can show oscillatory behaviour. 
The present analysis was undertaken to resolve this paradox.

Cats were anaesthetized with pentobarbitone sodium (Nembutal, Abbott, 42 
mg/kg) and the activity of single chemoreceptor fibres of the carotid sinus nerve was 
recorded by conventional methods6 . Impulses were monitored on an oscilloscope and 
recorded on one channel of a tape recorder (Thermionic T3000). Respiratory air flow 
was recorded on another channel. The recordings were later played through an inter­ 
face system into a computer (IBM 1130 series) and, using the start of inspiration as the 
stimulus, a post-stimulus histogram (PST) of the occurrence of nerve impulses was 
constructed10. Because the cats did not breathe absolutely regularly a clearer picture of 
an oscillation was given if the computer was programmed to ignore every second 
inspiratory signal. This gave a PST summed over pairs of respiratory cycles. A pro­ 
gramme for an interval histogram (IH) was also available.
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Fig. 1. Spontaneously breathing anaesthetized cats, recording from single chemoreceptor fibres of the 
carotid sinus nerve; A and B are from one animal, C and D from another. A and B: two different 
treatments of a series of approximately 1200 impulses. A: a histogram of the inter-pulse intervals, 
total number of intervals = 1197. ©, the observed values. The straight line is a prediction in a simple 
exponential form of the number of intervals in each class. The curved line is a prediction derived from 
summed exponentials based on the oscillatory discharge of the fibre. B: shows the oscillations in 
discharge over 36 double respiratory cycles, total number of impulses = 1119. Zero on the time 
scale represents the inspiration that triggered the computer cycle. C and D: a different series of 
approximately 1200 impulses. Layout as in A and B. Total number of intervals in C = 1199, total 
number of impulses in D = 1179. D was constructed over 78 double respiratory cycles. Overall mean 
frequency in both series was approximately 2.4 imp./sec.

The PSTs in Fig. IB and ID show the oscillations of the discharge of two fibres, 
from different cats, over double respiratory cycles. In both PSTs zero on the time 
scale corresponds to the start of inspiration that triggered the computer. In Fig. IB 
the respiratory frequency was about 9.5 breaths/min, and in Fig. ID it was about 18 
breaths/min. The mean frequency of discharge of both fibres was about 2.4 imp./sec. 
The percentage amplitude of the oscillation in discharge at the lower respiratory fre­ 
quency is about twice that at the higher respiratory frequency, although even at 18
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breaths/min the oscillation is virtually 50% either side of the mean. Thus the discharge 
could not be described as random even on first inspection.

One of the properties of a Poisson process is that the lengths of the intervals 
between the events show an exponential distribution. Biscoe and Taylor4 took a series 
of impulses from a number of single chemoreceptor fibres, constructed an IH for 
each series, and then compared the observed and predicted numbers of intervals in 
each class of interval in the histograms using the formula for a random series n = 
N(l — e~t/T) (see refs. 5 and 11). where n is the predicted number of intervals falling 
within the class width t, N is the total number of intervals in the series, and T is the 
mean interval. They showed that the IH did indeed have an exponential form, though 
the numbers of intervals in most of the series were less than 400.

A similar calculation was performed on the intervals between the impulses in 
the series used to construct the PST shown in Fig. IB. The theoretical line, being expo­ 
nential, is straight on a semi-log plot (Fig. 1A). The actual numbers of intervals that 
were observed in each class are plotted as discrete points on the same graph. The 
observed points fall below the theoretical line over the middle range of intervals and 
above at the extremes. This confirms what is obvious from the PST (Fig. IB): that the 
discharge is not random.

However, the calculation was made assuming a single mean interval T. Yet with 
an oscillatory discharge the mean frequency is changing throughout the cycle. For ex­ 
ample, with the fibre illustrated in Fig. IB, the mean discharge calculated over the 
period 1.5-2 sec after inspiration started is double the overall mean frequency. One 
can therefore make a new prediction: if the impulses are random with respect to each 
other, then the overall IH will follow a line constructed by adding a series of expo­ 
nentials, one for each of the time bins of the PST. Each of these exponentials is defined 
by n = Nx(l —e^t/Tx), where n is the number of intervals predicted within the class 
width t, and Nx is the number of intervals occurring at a mean frequency 1/TX, i.e., 
having a mean interspike interval of Tx.

To make the calculation a PST was constructed over single respiratory cycles. 
The respiratory cycle was 6200 msec long and the width of each of the 31 bins of the 
PST was 200 msec. The PST was collected over 77 respiratory cycles and thus the 
total time represented by each bin of the PST was 77 x 200 msec, i.e., 15.4 sec. The 
mean frequency for each bin, and hence Tx, could therefore be calculated. Tx varied 
between 203 msec and 2200 msec and the overall mean interval was 411 msec. Each 
of the 31 exponentials was calculated and then they were all summed. The line resulting 
from this summation is the curved line in Fig. 1A. This fits the observed points more 
closely than the simple exponential line.

However, an exponential distribution, although a consequence of a Poisson 
process, does not by itself prove that a process is Poisson: it is also insensitive to 
deviation9 . Fig. 1C is the IH for the intervals between the impulses in the series used to 
construct Fig. ID. The summed exponential line hardly deviates from the simple 
exponential line over the middle range of intervals, and it is only for intervals of more 
than 2000 msec that the difference between the two predicted distributions becomes at 
all obvious. Although more long intervals were observed than one would predict from
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the simple exponential, there were only 14 intervals longer than 2000 msec altogether, 
and this is only 1.17% of the total number of intervals.

The same series of impulses illustrated by Fig. 1A, B was analysed again. The 
numbers of impulses occurring in corresponding 0.5-sec intervals of successive respi­ 
ratory cycles were compared with the predicted numbers according to the Poisson 
distribution using the chi-squared test9 . The prediction was good when each bin was 
considered separately (%2 = 2.7, df= 6, 0.9 > P > 0.8). If, however, the bins were all 
lumped together there was a significant departure from Poisson (% 2 = 38.1, df = 6, 
P < 0.001). This further supports the hypothesis that the generation of chemo- 
receptor impulses in the breathing animal can be described as a Poisson process 
oscillating at the frequency of respiration.

The question remains: why did Biscoe and Taylor4 not see any evidence of 
oscillations or of departure of the observed from the predicted values in their IHs? 
Oscillations in discharge are not always present and their amplitude depends on many 
factors3 - 7 . The fibres studied by Biscoe and Taylor4 may not have been showing oscilla­ 
tory discharge. Even if they had this would probably not have been apparent in the 
interval distribution histograms for two reasons. Firstly, they used fewer impulses to 
construct their histograms than are used here. Although one of their published histo­ 
grams was constructed using 1142 intervals the mean frequency was very high, 25 imp./ 
sec, and at these high frequencies not only would oscillations be unlikely but the dis­ 
charge of the chemoreceptors shows a departure from randomness at the short interval 
end of the histogram anyway4 - 13 . When the mean frequency was lower, they used far 
fewer intervals. Secondly, and more important, the oscillations in discharge must be 
very large before there is any significant departure from the simple exponential 
prediction.

In conclusion: although the discharge of chemoreceptor fibres of the carotid 
body is not random with respect to the respiratory cycle, the impulses are nevertheless 
random with respect to each other. The probability of an impulse occurring varies 
with a respiratory periodicity but not with the time since the previous impulse occurred. 
There is no paradox in describing their behaviour as both random4 ' 13 and oscilla­ 
tory2 '3 ' 7 - There is thus no need for any modification of the models constructed by Bis­ 
coe and Taylor4 or Stein13 to explain the pattern of discharge of single chemoreceptor
fibres.

It could be argued that, if the low probability period of an oscillation in a Pois­ 
son process was shorter than a significant number of the intervals predicted in that 
period, the method of reconstructing exponentials used above would not predict the 
distribution of intervals correctly as too few long intervals would be seen. This criti­ 
cism does not apply to the second method of prediction used. A corollary to this is 
that, under these circumstances of oscillating probability, a Poisson process need not 
necessarily obey a summed exponential distribution of the intervals between the events.

This work was made possible by grants from the Medical Research Council.
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6.3 Oscillations and ventilation

There is a growing literature on the possible significance of 

oscillations in the discharge of chemoreceptors in the control of 

respiration (see e.g. Black & Torrance, 1971; Cunningham et al., 

1973). In Paper II (i.e. Section 6.3 of this thesis) our approach 

was at the level of the receptor. Here I shall briefly mention 

where our observations are relevant to the discussion of the 

significance of the oscillations to ventilation.

i. The oscillation is not symmetrical about the mean if the 

respiratory period is longer than about 3 seconds. Ths pattern of 

discharge is not a sine wave but rather a saw-tooth with the fall

more rapid than the subsequent rise.
• 

ii. When the Vn is raised in muscular exercise the oscillationsU2 
would probably be more marked, and present at higher respiratory

frequencies, than normal.

iii. Cunningham and co-workers (Cunningham et al., 1973; 

Marsh et al., 1973) suppose that, in man, steady hypoxia amplifies 

the response of the respiratory centre to small changes in the 

wave form of P ^ resulting from imposed changes in .the waveform



of P^ QQ . Vte can say that, in the cat, this does not happen at 

the peripheral chemoreceptors in relative terms, as the relative 

amplitude of the oscillation is far larger in hyperoxia than it is 

in hypoxia. However the absolute amplitude of the oscillation is 

larger in hypoxia and it is probably the absolute size of the signal 

that is important to the respiratory centre.

iv. We cannot say whether an oscillating P ^ is normally a
a,c/Urt

greater stimulus to chemoreceptors than a steady one of the same 

mean level. In Paper II the amplitude of the oscillations is 

explained in terms of transient response curves that cut the steady-

state response curves at the mean P ^ , but these transient
a,uu2

curves take no account of any adaptation that might have occurred 

over the respiratory period. The relation of the frequency of

discharge to the P -^ will not be a straight line but a hysteresis
a,uup

loop, and the loop could also be asymmetrically placed on the steady-

state curve. We can say that in hyperoxia an oscillating Pra .^ isa >uu2

probably a greater stimulus than the mean P& QQ . The excursion of

tbs transient response curve cannot be as great below the steady- 

state curve as above it because it cuts the P& ̂  axis.
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Chapter 7

Observations on the Homogeneity of Response 

of Single Chemoreceptor Fibres

7.1 Int roduc tion

A population of receptors that respond to certain modalities 

of stimulus can be compared one with another in terms of their 

thresholds, sensitivities and peak responses to each of these 

stimuli. Receptors from a totally homogeneous population would all 

give the same response in any circumstances to a given stimulus or 

combination of stimuli. In a totally heterogeneous population the 

frequency of discharge of one receptor could not be predicted from 

the frequency of discharge of any other member of the population of 

receptors. The work reported here makes some observations on the 

homogeneity of the chemoreceptor population. In doing so it 

reveals some limitations of recording from preparations of single 

chemoreceptor fibres from the carotid sinus nerve.



The frequency of discharge recorded from a chemoreceptor fibre 

is a compound function of its response to its individual stimuli. 

The discharge can be modified by other factors such as the sympathetic 

and glossopharyngeal efferent fibres as discussed in earlier chapters 

of this thesis. This complex stimulus makes it difficult to compare 

responses to a given experimental procedure when they are recorded 

serially.

During the study of the oscillations in chemoreceptor discharge 

that occur with respiration (Chapter 6) pairs of single fibres v;ere 

occasionally recorded from simultaneously. Each fibre of a pair 

was laid over a separate electrode and recorded on a separate 

recording channel. This allowed comparisons of the oscillations in 

discharge to the same oscillation of stimulus. The recording 

method allowed further comparisons betvveen fibres, when the arterial 

stimulus must have been the same for each receptor, by going back 

over the experimental records and comparing the frequencies of 

discharge of the pairs of fibres at any time. In some experiments 

specific manoeuvres were performed to obtain further information.



7.2 Methods

General methods were as described in Chapter 2.

Jtecordings were made simultaneously from two single units of 

the carotid sinus nerve each in a separate fine slip of nerve and 

each lifted on to a separate stainless steel electrode. ' Both signal 

electrodes were referred to a single indifferent electrode to 

minimise the problem of earth loops.

The frequencies of discharge from each of a pair of fibres 

were compared in the following ways:

(a) "Stable conditions". The ratio between the frequencies 

of discharge of the two fibres of a pair was calculated over periods 

of 30 or 60 seconds during long periods (5-16 minutes) when the cat's 

respiration was in an apparently steady state as judged by the mean 

frequencies of discharge. For each pair the fibre with the higher 

overall frequency of discharge was used as the numerator of the

fraction.

(b) "Long-term transients". The level of arterial stimulus 

was allowed to alter progressively for about 30-60 seconds usually 

followed by a return to control. All occasions in the experimental



records when the frequencies of discharge changed markedly were 

analysed, whether intentional or not. Intentional manoeuvres 

included disconnecting the ventilatory pump from the cat for a 

number of cycles during artificial ventilation, or switching the 

pump from one gas mixture to another. Gas mixtures were made up in 

Douglas bags. Mixtures used: 10C$ 02 , 35$ 0£ in N2 , 8-12^ 02 in N2 

100$ N2 , 7-10$ C02 + 21$ 02 in Ng .

The records were divided into 5-second. intervals and the number 

of impulses in each interval counted for each fibre of the pair. 

The frequency of discharge of one fibre was plotted against that of 

the other for 10-second intervals, each 5-second count being 

included in two consecutive 10-second points on the graphs. This 

was done because the inherent randomness of chenioreceptor discharge 

caused too much variability between 5-se<x>nd counts, but if simple 

10-second counts were plotted there were not enough points on the

graph.

(c) "Rapid transients". 0.2 ml slugs of saline equilibrated 

with 100$ C02 were injected retrogradely into the lingual artery 

with the external carotid artery clamped. The superior thyroid 

artery and a few other easily accessible branches of the common
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carotid artery were tied off. The background discharge was reduced 

to virtually nil by hyperventilation with 10Q$ Op to make identification 

of the first impulse of each fibre's response unambiguous.

(d) "Oscillatory behaviour". Impulses recorded during stable 

conditions were summed over many respiratory cycles as described in 

Chapter 6.

7*3 Results

Twenty-four fibres from 8 cats were used in 14 pairs. It was 

not possible to apply all four methods of comparison to every pair 

of fibres. Itcan be difficult holding one single fibre for long enough 

to perform the experimental tests one wishes to, holding two single 

fibres is more than twice as difficult.

Ideally one would plot the instantaneous frequency of discharge 

of one fibre of a pair against the instantaneous frequency of the 

other, but this is not possible because of the inherent randomness 

of chemoreceptor discharge (Biscoe & Taylor, 1963). The average 

frequencies over convenient periods were calculated and plotted 

instead, and this "f1 : f?" Plcrt is ^ mos't convenient way of 

presenting and discussing the "^ : 1^" relation, the relation of
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Fig. 13: Cat: nerabutal. Simultaneous recording on separate 
electrodes from two single chemoreceptor fibres of the sinus 
nerve. A and B from one pair of fibres, C from another pair 
from a different cat. The upper section of each block is a 
histogram of the mean frequency of discharge (counted over 30 sec) 
of one fibre of each pair, the lower section is the histogram for 
the other fibre of each pair. The middle section shows the 
"pair-ratio" for each 30-sec period. A: spontaneous ventilation, 
air. The pair-ratio increases by about 5<$ during the course of 
the recording. B: the same pair of fibres, the cat now paralysed 
with gallamine and artificially ventilated with air. The pair- 
ratio is even higher than in A, but, whilst the mean rates of 
discharge of both the fibres increase steadily, the pair-ratio 
shows no trend. C: from a recording in a different cat showing 
steady-state rates of discharge and a steady pair-ratio.
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the discharge of one receptor to the discharge of another. The 
term "pair-ratio" is a useful descriptive term that refers simply 
to the ratio of frequencies of a pair of fibres at any time. 
Although a constant pair-ratio ijnplies a constant R, : IU relation 
the reverse is not necessarily true, as will be discussed later.

Stable conditions (9 pairs from 5 cats)

Five out of nine pairs of fibres showed constant pair-ratios, 
allowing for the randomness of the discharge. These ratios were 
maintained for the whole of the recordings (5-16 minutes), and the 
same ratios seen during any later recordings, i.e. if the mean 
rates of discharge had altered because of a different ventilatory 
regime they had done so in the same direction and to the same 

degree.

The other k/^ pairs did not show constant pair-ratios. They 
showed either different pair-ratios in at least one subsequent 
stable recording, or the pair-ratio altered progressively during a 
recording. Two pairs showed both phenomena. With either of these 
types of change of pair-ratio, one of the fibres commonly had an
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Pig. 14: Cat: nembutal, spontaneous ventilation. Simultaneous 

recording on separate electrodes from two single chemoreceptor fibres 

of the sinus nerve. Graphs of frequency versus frequency constructed 

during periods -when the frequencies were changing. The records were 

divided into 5-sec intervals and each point on the graphs represents 

10 sec of discharge, each 5-sec count being included in two 

consecutive points. The points are joined in sequence in each 

graph. All 4 graphs are from the same pair of fibres. 

A: from 1(X$ 02 to 1($ 02 in Ng. B: from 1C$ 02 in N2 to 100^ Og. 

C: from 10002 02 to 1% C02 + 21# 02 in Ng. D: from "$ C02 * 21^ 02 in 

to air and then to 10C$ 02 » The heavy lines are reference lines at a 

pair ratio of 1 : 1.



unchanged rate of discharge (Fig. 13).

There was no correlation between the behaviour of a particular 

pair of fibres and any other measured parameter, e.g. systemic blood 

pressure, or any experimental factor, e.g. whether the sympathetic 

supply to the carotid body was intact or had been cut.

Long term transients (13 pairs from 7 cats)

The pair-ratio for any one pair of fibres remained constant over 

any particular transient, i.e. the f. : f^ plot could be approximated 

by a straight line that could be extrapolated to the region of the 

origin whether the pair-ration was 1 or 15.

Of the 5 pairs which showed a constant pair-ratio under stable 

conditions, k showed this same ratio during the long-term transients 

(Pig. 14). Those pairs which had not shown a constant pair-ratio 

under stable conditions had pair-ratios during long-term transients 

which might be the same as one or other of the stable values, or 

might vary from one test to another.

This left 4 pairs which were subjected to long-term transients 

but could not be studied under stable conditions. Two pairs (one 

tested 7 times, the other 10 times) showed the same pair-ratios in



all the long-term transients. Another pair was only tested once. 

The pair-ratio of the remaining pair showed a gradual change from 

2 to 1.5 over 6 long-term transients, alternately asphyxic and 

hypoxic, due to a steady fall in the rate of discharge of one of 

the fibres. In the control periods before each long-term transient 

the other fibre's rate of discharge remained constant. The seventh 

and last test of this particular pair of fibres was an intravenous 

injection of DNP (2:l4--Dinitro-phenol, British Drug Houses), and the 

pair-ratio was still 1.5> although the drug caused an increase in 

the frequencies of discharge to 2^ times the maximum frequencies 

reached in the earlier tests. This provides a good example of the 

general principle that, with pairs of fibres having a different 

pair-ratio in different long-term transients, there was no correlation 

between the change of pair-ratio and the stimulus used, whether 

asphyxic, hypoxic or hypercapnic.

While it is true that the f, : f2 plots could be approximated 

by straight lines, this statement requires sonse modification. Two 

pairs of fibres showed a change in pair-ratio at low frequencies 

of discharge (about 10 impulses per minute). Pairs of fibres were 

rarely taken to zero discharge because of the inordinately long
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Fig. 15: Cat: nembutal, artificial ventilation. Simultaneous 

recording on separate electrodes from two single chemoreceptor 

fibres of the sinus nerve. Graphs of frequency versus frequency 

constructed as in Pig. 1A-. All 8 graphs are from the same pair of 

fibres.

Control conditions: pump on air. PI-4: the pump was disconnected 

from the cat for 10 pump cycles. N1-i»-: the pump was switched to 

100^ N2 for 10 pump cycles. The heavy lines are reference lines 

at a pair-ratio of 1.5 : 1.
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recording times needed at very low frequencies "but no evidence was 

seen to suggest that the f, : f^ plots did not go through the origin. 

Haves & Torrance (private comnunication) have occasionally seen 

apparent thresholds when testing strands containing two or three 

fibres to silence.

The peak frequencies seen during the long-term transients were 

usually 12-20 impulses per second (lower in the very low firing 

fibres). Only one pair of fibres showed any change of pair ratio 

at these frequencies. This was only from 1 to 1.2 but it was 

consistent. However, at the very high frequencies (50-70 impulses 

per second) seen during the rapid transients (see below) the pair- 

ratios did change.

Finally, two pairs of fibres showed clear hysteresis during 

asphyxic long-term transients but not during hypoxic ones (Fig. 15). 

The mean pair-ratios remained the same, hysteresis occurring about 

a line of that gradient. The pair illustrated also showsd a tendency 

to an increased pair-ratio (to 2.5 - 3.5) over the first 30 seconds 

or so at the return to control frequencies, irrespective of whether 

the stimulus had been asphyxic or hypoxic.

Some of the other 11 pairs showed hysteresis occasionally but 

not in a consistent way.
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Pig. 16: Cat: nembutal, hyperventilation with 10($ Op. 
Simultaneous recording on separate electrodes from two single 
chemoreceptor fibres of the sinus nerve. The length of experimental 

record shows the response of a pair of fibres to a slug of 
10C$ C02-saline injected retrogradely into the lingual artery. 
The histograms are of 5 such responses summed for each fibre of 
the pair. The summed responses have been scaled to the total 
number of impulses recorded from each fibre during the response 

(fibre 1 = 391 impulses, fibre 2 = \^\ impulses) and are 
presented as equivalent frequency of discharge on the ordinate.
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Rapid transients (4 pairs from 1 cat)

In one cat, one fibre -was held for the whole of the experiment 

and compared serially with 3 other fibres. With 3 of the pairs 

5 injections of CO^-saline were made, only one injection was 

possible with the other pair.

Fibres of a pair responded within 30 milliseconds of one 

another (to the nearest 10 msec), but the largest constant delay 

between 2 fibres was 20 msec. The same fibre of a pair did not 

necessarily always respond first. The peak occurred over the same 

time for each fibre of a pair, in the first or second 250 msec. 

The total length of each summed transient was about the same for 

each fibre of a pair. When the number of impulses for each fibre 

of a pair in a summed transient were totalled, and the summed 

transients then scaled, the shape of the transient responses was 

very similar (Fig. 16). As mentioned above, the pair-ratios 

revealed by this procedure were somewhat different from those 

seen in stable or long-term transient conditions.
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Oscillations in the discharge with the respiratory cycle

The discharge of chemoreceptors of the carotid body oscillates 

in phase with the respiratory cycle, probably responding to the

oscillating level of Pm in the carotid blood (Chapter 6). Theuu2
fibres of 10 of the 11 pairs analysed in this way show3d oscillations 

in discharge.

The corresponding oscillations were remarkably similar, despite 

the wide range of mean frequencies (Pig. Il/k) . The ratio of the 

relative amplitudes of the oscillations seen in the fibres of seven 

out of ten pairs was 1-1.3. The others ranged between 1.1 - 1.5, 

1.2 - 1.5 and 1.2 - 1.6. The same fibre in each pair always had 

the larger relative amplitude. Any procedure that reduced the 

amplitude of oscillation of the discharge from one fibre always 

reduced the amplitude of oscillation of the discharge of the other. 

There was no correlation between relative amplitude and mean 

frequency of discharge within a pair, the fibre firing at either 

the higher or lower mean frequency could show the larger relative 

amplitude of oscillation.

There were no phase differences between the oscillations 

recorded from any pair of fibres not attributable to the irregularity
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of chemoreceptor discharge. The bin width used in the PST's was 

200 msec, so this was the smallest detectable phase shift, but one 

needs to collect a very large number of impulses (about 6000-8000) 

using this bin width before the PST assumes a profile smooth enough 

to enable one to detect small phase differences with confidence. 

This was not always possible. The largest difference was a pair 

that appeared to have a 2 bin (400 msec) phase difference in a 

3600 msec respiratory cycle (i.e. a 20° phase difference) but only 

one recording was possible from this particular pair.

7A Discussion

Consider two receptors R. and Rp that each respond to either 

or both of two stimuli S, and S2 , ignoring for the moment any 

dynamic response the receptors might show. If R. and Rp come from 

a totally homogeneous population, then their rates of discharge 

will always be the same no matter to what combination of S. and Sp 

they be exposed. The R1 : Rp relation can be described by the 

f : f plot and will be a straight line passing through the origin. 

With this starting point we can describe how certain inhomogeneities 

within the population could alter the f^ : fg plot.



Differing characteristic frequencies of discharge for a given 

intensity of stimuli would give a line of fixed gradient, or pair- 

ratio, varying from pair to pair. Differing thresholds would result 

in a straight line cutting one of the axes. If the sensitivity of 

the receptor varied with the intensity of the stimuli then the 

f1 : f^ plot need not be a straight line. With either of these last 

two conditions the pair-ratio would not be constant, although there 

would still be a unique relation between the frequencies of 

discharge of the two receptors: the f. : f2 plot still describes 

the R, : R^ relation. If the receptors are differentially sensitive 

to the two stimuli then the f, : fg plot can no longer be used to 

describe the R, : IL relation because there will no longer be a 

unique relation between their frequencies. Nevertheless the 

receptors could still be homogeneous in their sensitivities to each 

of the individual stimuli. The maximum degree of heterogeneity 

would be a population of receptors having differing thresholds and 

sensitivities to both S. and Sp, with no correlation between the 

threshold of a receptor, its characteristic frequency, and its 

sensitivity.



- 155 -

The chemoreceptors are not a totally homogeneous population. 

It is already well recognized that they have a range of characteristic 

frequencies of discharge (Pidone & Sato, 1969). The present results 

suggest that this is the major inhomogeneity of the population. 

The f, : t^ plots were straight lines (but see below) that could be 

extrapolated to the region of the origin. Any change of pair-ratio 

could not be correlated with the type of manoeuvre (hypercapnic, 

hypoxic or asphyxic) that had caused the change in the level of the 

arterial stimulus. I conclude that the mechanism of impulse 

generation is a process common to the responses to hypoxia and 

hypercapnia. This is at variance with Fitzgerald & Parks (1971) 

who studied the effect of hypoxia on the integrated response of the 

sinus nerve to hypercapnia. However, I studied relatively few 

pairs of fibres and the range of differential sensitivity may be 

small. Neil reported a preparation of two chemoreceptor units, one 

of which responded principally to hypoxia and the other to hyper­ 

capnia (see pp. 187-188 in Heymans & Keil, 1958): perhaps more 

would be revealed by a larger study using stimuli which were more 

purely hypoxic or hypercapnic.
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There are differences "between some receptors in the 

development of a response, as shown "by hysteresis in long-term 

transients and the small differences in the relative amplitudes of 

oscillations, and possibly also at the extremes of frequency.

Hysteresis will occur if one receptor of a pair responds more 

quickly or adapts more slowly to a change of stimulus, whether it 

is an inherent difference between the receptors or a difference in 

the transmission of the change to the receptor. It will also occur 

if there is a differential sensitivity to hypercapnia and hypoxia 

and these stimuli, develop at different rates during an asphyxic 

manoeuvre, but there was no other evidence of differential sensitivity.

Hysteresis was marked only during asphyxic manouevres and not 

in hypoxic or hypercapnic ones, but the pairs that showed hysteresis 

were not subjected to hypercapnic manoeuvres, and those pairs that 

were did not show hysteresis. The maximum constant delay between 

the response of two fibres to a sudden large C02 stimulus is short, 

and the lack of phase differences between the oscillations recorded 

from pairs of fibres suggests that this is also true for small C(>2 

stimuli. This makes it unlikely that the speeds of response to

chances of P _ are different, and hysteresis did not occur in ^
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hypoxic manoeuvres so the same is probably true for the changes in

P n . One must suppose, therefore, that hysteresis is due to> 2 
differences in the degrees of adaptation of receptors to C02 , at

least in the asphyxic situation, and this would fit with the small 

observed differences in the relative amplitudes of oscillations. 

Also, during an asphyxic manoeuvre, the responses developed more 

quiclcly than during simple hypoxic or hypercapnic ones. Further, 

systematic, investigation is required on this point. The systemic 

blood pressure rose to its highest levels during asphyxia, and this 

could have played a role in the hysteresis.

On the question of thresholds, Biscce, Purves & Sampson (1970) 

studied some strands containing two fibres which had different 

thresholds of hypoxia-sensitivity. In the present work two pairs 

showed changes in pair-ratio at low frequencies, although the 

frequencies at which this became apparent were far lower than those 

indicated by Biscoe et al. (1970).

During the rapid transients, when the frequencies reached 

50-70 impulses per second, the pair-ratios differed from the stable 

dr long-term transient values. However, the stimulus was very
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large, the picture may have been complicated by threshold effects 

as the stimulus was delivered against a background of virtually 

zero discharge, and the decay of the response probably indicated 

the wash-out of the CO^-saline from the receptor site rather than 

adaptation to the stimulus.

The practical difficulties of recording from single fibres are 

realised by all who have attempted it, but little criticism has 

been made of the method. Each receptor can be thought of as 

metering the arterial stimulus but it seems that the sensitivity of 

the meter can change with time. This was most striking when, in 

apparently steady-state conditions, the discharge of one fibre 

steadily changed whilst that of the other of the pair remained 

constant.

Thus, in any experiment in which a single chemo receptor fibre 

is held for any length of time, for instance to construct a 

stimulus-response curve, the response of the receptor could change 

whilst the fibre was under study. This could explain the hysteresis 

that Biscoe et al. (1970) saw in their pH& response curves. It 

might also have played a part in the shift of the P -response
«*Wrt
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curve claimed to have been due to the disconnection of the glosso- 

pharyngeal efferent innervation (Sampson & Biscoe, 1970; Neil & 

O 1 Began, 1971). One can only speculate on why the discharge varies 

with time. It is possible that the sensitivity of the receptor 

itself alters, or that the metabolism of the glomus cells changes, 

or that there are changes in the local blood flow.

In conclusion: for the 11 pairs of fibres for which it is 

possible to judge, 4 always showed the same pair-ratio over the 

range likely to be encountered in life, or in most experiments, and, 

taken at any one moment of time, the chemoreceptors are a surprisingly 

homogeneous population. The discharge of one fibre could give as 

much information as can the whole population, but the variability 

of the discharge precludes this and a large number of receptors is 

needed to reduce the error in the signal (Stein, 1967).
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