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PREFACE

SuoRrTLY after the discovery by H E Hering n 1924 of the baroreceptor reflex
funciton of the carotid smus there appeared several monographs on the reflex control of
the circulation  Notable were those of Hering (1927) Heymans (1929) and koch (1931)
By 1931 the concept of the baroreceptor reflex control of the circulation by the sino
aortic areas was reasonably well documented

In 1927 and 1n 1930-31 Heymans and his colleagues discovered the chemoreceptor
function of the ortic and carotid bodies and provided convincing proof of the important
reflex effects of these zones on respiration and circulation  Shortly afterwards the mono
graph of Heymans Bouchaert & Reg niers (1933) summanzed the role of the baroreceptor
and chemoreceptor reflexogenic zones in the control of breathing and circulation  Since
the appearance of their monograph no book has been wntten which provided a full
dtscusston of the problems which they considered

The present monograph 1s not merely an expanded version of that written 1n 1933
but 1» an entirely new book In addition to a full discussion of the work done 1n the fast
twenty five years on the functional role of the baroreweptor and chemoreceptor smo
aortic refleses much more new material 1s presented This includes a review of the
vascular receptors 1n the thoracic aorta mesenteric vessels and peripheral vasculature
and therr function  Recent developments 1n the study of the reflexes from the heart 1tself
and from the lung vessels have resulted 1 in mproved understanding of these important
reflexogenic zones  The last section of the book deals with a study of the cardto pulmonary
reflexes  methods ranging from those of classtcal perfuston to those of electrophysiology
ate described and the results obtained thgrefrom discussed  Evidence from pharmaco
logical studies and from the effects of multiple capillary embolization reveals that the
Jung vessels are important reflexogenic sites ? The behaviour of the atnial and ventrrcular
receptors suggests that they subserve functions such as were adumbrated ninety years
ago for the depressor nerve endings by Cyon & Ludwig who mistakenly beheved that
the depressor nerve arose from the heart itself

Although the mam bulk of the book 1s devoted to an account of the phvsiology of
the cardiovascular reflexes considerable attention bas been paid to pharmacological
effects exerted on these mechanisms and to the role of the reflexes 1n patho physiological
states It 1s therefore hoped that this book will be of interest not only to phystologists
but to pharmacologsts and clinicians

We wish to thank our colleagues for permussion to publish figures abstracted from
their published or unpublished work We are grateful to the following journals for
permission to teproduce figures  Acta dnatomica Acta Physiological Scandinavica
American Journal of Anatonn American Journal of Physiology Anasthesiology Archies

internationales de Pharmacodynamie  Archnvio di Ttahana di Anatoma e di embriologa
Cireulation Research Compte rendu hebdomadarre des seances et menoires de la Societe de
biologie Journal of Anatomy Journal of Physiology  Proceedings of the Society of
Experimental Biology and Medicine Quarterly Journal of Expermmental Phyvsiology and
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Trabayos del Laboratorio de imestigaciones broldgicas de la Unnersidad de Madrid  The
following publishers have kindly allowed us to use figures from monographs published
by them G Doin, of Pans (Le sunus carotidien 1933 by Heymans Bouckaert &
Regniers) and T Steinkopff of Dresden (Die Rarotissmusreflexe 1927 by Hering and
Die Reflektorische Selbsteuerung des Kreislaufes 1931 by Koch)
Our secretaries deserve a heartfelt word of praise for therr efforts in transmuting
difficult manuscripts into respectable typescript
Lastly we wish to thank the pubhishers and particularly Mr J Ruiversand Mr J A
Ruvers for every courtesy and help and to congratulate the printers on the excellence of
therr work
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Section 1 The Arterial Baroreceptors

CHAPTER 1

ANATOMY AND HISTOLOGY OF THE ARTERIAL
BARORECEPTOR AREAS IN THE MAMMAL

The Carotid Sinus of the Mammala
THE CAROTID SINUS 1s a dilation of the internal carotid artery situated at the origin
of the vessel (Fig 1)

Fic 1 The nght carotid sinus and carotid bifurca
tion of the dog  The tip of the aneurysm needle 15
introduced under the right internal carotid artery
and ymmediately to the left i the picture the sinus
1tself 15 clearly seen  The external carotid artery 1s
shown as_the larzer branch of the bifurcation
Between the mternal and external carotid arterles
can be seen a mass of tissue which includes the
carofid body and the stnus nerve  The white nerve
trunk seen on the night of the picture 1s the vago-
sympathetic nerve —(C Heymans )

The presence of a dilatation i this site had been known to the anatomusts for a long
tme but 1t seems that the older workers (¢ g Henle Arnold Luschka & Schwalbe)
had not distinguished 1t 1n any particular way from the enlargement which 1s commonly
found 1n vessels at the point of branching or division

L Meyer (1876) scems to have becn the first to recognise that the dilatation was

assoctated with a marked thmning of the arterial wall but the very title of his paper—
H & CA DIO SYSTEM 1 1



2 ANATOMY OF BARORECEPTOR AREAS

Uber aneurysmatisthe Veranderungen der Carotis interna ber Geisteskranker ~—did not
suggest that the sinus was a normal structure or for that matter that st occurred 1 normal
people  Schafer (1877) however showed that the dilatatton was present 1n normal adult
cadavers and Bmswanger (1879) confirmed this He distingwished three different sites of
the dilatation (a) situated exclusively on the internal carotid (b) at the bifurcation of the
common carotid extendmg mnto both branches and (c) mvolving both the bifurcation and
the internal carottd artery In 182 cases which he examined 81 belonged to the first,
59 to the third and 42 to the second type Bmswanger confirmed the thinnmg of the
artental wail which he described as beginning sharply at the origin of the internal carotrd
artery and stated that the thinnmng was due to the sparsity of muscular tissue in the media
He could not find any evidence of the sinus dilatation  ninfants  De Castro (1926
1928) and Hering {1927) have since shown that the structure 1s present m infants although
De Castro found that it could not be recogrsed 1n the foetus

With the exception of the rummants the carotid sinus 1s present in all other mam
maha In the rumminant the origm of the occipital artery 1s the site of a dense baroreceptor
mnervation which corresponds to that of the sinus in the other mammals (De Castro
1928)

knolt (1885) first described as  Sinusnerv  the branch of the glossopharyngeal
nerve which runs to the region of the carotid bifurcation In general however the
anatomusts of the last century regarded this glossopharyngeal branch as only one of the
many nerve twigs which contributed to the ntercarotid plexus described by Arnold
The vagus and sympathetic contributions to this plexus were so numerous as to over
shadow that of the deeper lymg smus nerve Indeed it was only the proof by Hering
that the stimulation of the central end of the sinus nerve caused reflex bradycardia and
systemic hypotension that focused interest on the details of the 1nnervation of the carotid
sinus ttself Hermg also showed that the vascular reflexes aroused by mechancal
stimulatton of the sinus wall were entirely abolished by section of the simus nerve - Although
Braeucker (1922) and Damelopolu and his co workers (1927) msisted that the vagus
sympathetic and glossopharyngeal nerves contributed to the mnervation of the sinus
this experimental proof of the overwhelnung importance of the glossopharyngeal sensory
mnervation hns been widely confirmed

Shortly before the demonstration that the carotid smus was a reflexogentc area
Gerard and Billmgsley (1923) had described the mnervatton of the carotid bifurcation and
the adjacent carotid body m cats dogs and men They found in the merve a great

repond of smail myel d fibres (2-4p) and only a few fibres in the 9-12u range

De Castro (1926 1928) was the first to demonstrate the evtraordmnary richness of the
sensory tnervation of the carotid sinus Using silver impregnation methods or the
methylene blue techmique he shewed that the wall of the sinus was the site of two types
of sensoty nerve endmng  Type I were diffuse arbonizations and Type 11 were cireum
scribed glomerular hike structures (Fig 2)  Generally speaking the receptors Jay between
the collagen fibres of the adventitia particularly m its deeper Jayers parallel to the

longitudinal axis of the vessel  Sunder Plassmann (19%0) also recognized two scts of
afferent receptors but called the arborizations of coarse structure Type I and referred to
those which showed more diffuse arborizatron with slender branches which ended m fine
terminal nets as Type IT - There seems no very good reason for differentiating the receptors
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m this way particularly as the Tature adopted by Sunder Pl differs from
that already suggested by De Castro  The work of Abraham (1931 1949 1953 and 1955)
on the histology of this area and 1ts homologue the aortic arch suggests that the termnal
fibres of the sinus nerve (or the aortic nerve) are transformed tnto very varable forms of
ending They may be tvy shaped neurofibullary plates corls or dense Jatticeworks
The important pomt would seem to be that the sensory mnenvation 18 nch  De Castro
Sunder Plassmann and Abraham all aver that the sensory endings occur only m the

Fic 2 Type Il receptor from the sinus wall of
anadultman Tangential section magmfica .
ton ~ 1050 A =large myehnated pene i
fil 8, f = termunal nene endings —(F De
Castro 1928 Trob Lab Imest bwl Umv
Afadr 25 331)

adventitta  Others (Estable personal communication Rynders 1933 Qchoterena 1936
Palme 1934 and Meyling 1938) have clumed that some nerve endmgs may be found
in the media

De Castro pomted out that the thinning of the media which so charactenzes the wals
of the carotid sinus was particularly obvious on the ventromedial surface of the smus
21 the pomnt of entsance of the sinus nerve—1 e at the sery ongin of the mternal carotid
artery (F1g 3) Theadvenutia in this region is faurly dense  The media on the other hand
1s almost free from muscle fibres but contains a hsgh proportion of elastic fibres  Sunder
Plassmann (1930) referred to an annular thinmung of the media m the wall of the simus
especially just below 1ts equator (see also Addison 1944 1945) Adams (1955) noted that
the ventromedial part of the sinus wall near the site of the carotid body 1s particularly

1—z



4 ANATOMY OF BARORECEPTOR AREAS

Fic 3 Sagttal secuon (shghtly oblique) through the carotid bifurcation segton of cat embryo (42
mm )} Capal techrique

ce=extermal carotid ¢: o = nternal carotid ¢ p — common carotid A.d = A0MUC nerve

Is = supenor laryngeal nerve aocg = vessel supplying carotid body from the occipital artery

gl cat = caroud body ra el = anastomic branch (third branch) of glossopharyngeal m = siaus

nenve raimp = sympathetic branch from superior cervical ganglion  rg/ 2 = second branch of
el =zl ryngeal nerve - £ = pharyngeal branches of nodose ganglion

r = ramus hypoglosst
Note the rich mnervation of the carc!ldpblfurc!hon dgnged from the sinus nerve —(F De Castro
(1940) Zrab Lab [mest biol Uniy Madr 32 297)

thin 1n the case of the opossum Trichosurus sulpecula and figure 17 of his paper shows
beautsfully the striking loss of musculanity m the media at this pont

‘Wolhynski (1937) claimed that the sinus wall undergoes a compensatory thickening at
the pomnt where it recenves the greatest impact of the altered direction of blood flow and
suggested that opposite to this the sinus wall became thinner - This improbable explanation
of the thmness of the ventromedial wall 1s treated with justifiable scepticism by Adams
(1955) who points out that no part of the sinus wall 1s thicker than that of the mternal
carotid artery distal to the smus  Adams suggests that the circumscribed thinming of the
sinus wall on 1ts \entromed:al aspect may be simply developmental m origin being due
to the great dermal prohf d with the formation of the carotid body
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opposite this site  This may well be so  on the other hand Boss & Green (1956) have
reported thinmung of the meda at the site of innervation of various baroreceptor areas
scattered along the common carotid artery  Here the thinning would stmply be referred
to the entrance of the nerve fibres as was suggested 1n the case of the sinus by De Castro

In view of the findings of all other authors 1t 1s strange that De Boissezon considers
the mnervation of the carotid smus to be hardly superior to that of other vessels (De
Boissezon 1942) ‘This author believes however that the baroreceptor function of the
carotid bifurcation 1s subserved by the vessels of the carotid body  There 1s of course no
doubt that the vessels supplying the caroud body possess a baroreceptor innervation
De Castro lumself (1940 1951) has shown this by histological methods and n addstion
has demonstrated that the electnical siomulation of the nerve endings i the wall of the
oot of the occipital artery causes refiex cardiovascular effects hardly distinguishable from
those evocable by sinus simulation  However Heymans and his co workers Bouckaert
& Panmuer (1942) have shown that the baroreceptor reflexes arise m the mam from the
smnus itself whereas the chemoreceptor reflexes take origin from the carotid body If a
Iigature 15 tred on the external carotid artery between the occipital artery and the bifurca
tron then the baroreceptor reflexes can be produced by perfusing the carotid simus segment
whereas hitle baroreceptor reflex responsiveness exists n the artenal segment rostral to
the higature {Gollwitzer Meter 1934) This disposes of the arguments advanced by De
Boissezon which are similar to those previously expressed by Jacobovier Nitzescu and
Pop (1928) and Druner (1925)

Lastly 1t may be conceded that the sympathetic nerves and the pharyngeal vagal
branches contribute to the mnervation of the carotid sinus and carotid bifurcation  Their
contnibution 1s of little importance however for section of the smus nerve mvanably
abolishes the reflex responses which can normally be evoked by stimulation of the sinus
area Hovelacque Maes Binet & Gayet (1930) and Code Dingle & Moorhouse (1936)
gve details of the mnervation of the sinus area 1n dogs and the first named authers also
refer to the anatomy 1n man (see also Delmas & Laux 1933)

The Common Carotid Baroreceptor Areas

Green (1953 1954) has described a baroreceptor area 1n the common carotid artery
at the level of the supenior thyroid artery  This area 1s supplied by a vagal branch which
Green named the  common carotrd nerve  This nerve usually emerges from the baro
receptor drea close to the onigin of the dorsal muscular branch opposite to that of the
superior thyrotd artery and courses separately from the vagal trunk untd 1t jomns the
nodose ] O Hy the carotid nerve joms the aortic nerve or the
superior laryngeal nerve  The accompanymg figure (Fig 4) shows the course of this nerve
In addition Green (1954 1956) has described several other sttes of baroreceptor endmgs
m the wall of the common carotid artery between the level of the superior thyroud artery
and the subclavian bifurcation (F1g 4)  These areas are supphed by nerve fibres which
Join to form the aortic nerve on the right side  Stmular areas exist on both stdes of the
nech mthe cat  Green found these areas by testing all nerve twigs emerging from the wall
of the common carotid artery for signs of impulse actvity This electroneurographtc
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method should prove of great use 1n future ivestigations of this nature By perfuston of
this segment of the carotild Green was able to show that the baroreceptor areas exerted
reflex effects on the circulation and respiration similar to those evocable from the carotid
sinus and aortic arch
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Boss & Green (1956) reported on the histological features of the artersal wallin these
baroreceptor areas The great advantage of these sites 1s that with the exception of the
so called common carotid area the arterral wall structure 1s not complicated by the
presence of branches  The nerve fibres tended to enter the artenal wall on one side and
then ramified 1n the mner adventiia the inmermost nervous structures being situated
immediately next to the outermost part of the media The mass of nervous structures
was thus applied to the outer aspect of the media on the side corresponding to the entry of
the nervous trunk and such a mass extended around the artery for about one third of 1ts

h wstics d hed the artenal walls m these
areas (1) there was less muscle mn the media (2) the elastic tissue of the media was less
corrugated 1n sectton (3) these were sometimes fewer elastic Jamunz 1n the media




BARCRECEPTORS OF THL COMMON CAROTID AND AORTIC ARCH 7
Baroreceptors of the Aortic Arch

Cyon & Ludwig (1866) belisved the depressor nerve descrsbed in the rabbit by Thetle
(1825) arose from cardiae receptors  Roever (1869) Wooldndge (1883) kazem Beck
(1888} and Smirnow (1895) elatmed that some endings at Jeast occurred 1 the aornic arch
whereas Aoster & Tschermak {1902 1903} localised the receptors i the aortic arch and
its ymmedhate thoracie branches and stated that cardiac endings of this nerve were not
found {von Schumacher agreed 1902) Tello (1924) showed 1n mouse embryos that the
feft aortic (Wooldridge 1883} or depressor nerve endings were confined to the region of
the aortsc arch  The night aortie nerse on the other hand arose from the subclavian
carotid angle and the neighbourng part of the brachiocephabe artery  In embryos of
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4 mm the fourth branchial arch lay close 10 the nodose ganghon bemg almost surrounded
by the supersor laryngeal nerve At the 12 mm stage the migration of the arch system
towards the thorax was accomparued by the appearance of the adult aortic nerve formed
from a branch of the superior laryngeal nerve (Steling 1867 Finkelsten 1880 Sarkar
1922 Perman 1924) The nerve endings were shown 1o be distributed throughout the
crrcumference of the newly formed aortic arch (Fig 5)  For details of the histology of
the endings of the depressor see Abraham 1945 19495 1953 1955

In the adult dog cat or rabbyt the sortic nerve 1 most easily located by definng s
yunction with the supenor laryngeal nerve at the angle between the latter and the vagal
trunk  In the rabbit the aortic nerve 1s separate in the neck  In the cat this 1s commonly
the case afthough the separate nenve s bound together with the underlymg vagus 1 eme

Scheide  (Bernhard 1868)  Green (1954) has recently shown that baro

receptor arcas m the common ¢aroud artery arc supplied by thin branches from the aortic
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nerve The general anatomy of the aortic nerve in the monkey 15 simular to that in the cat
In the dog and 1n man the aortic nerve, identified by 1ts junction with the superior laryngeal
nerve 1s rarely separate in the neck from the remainder of the vagal fibres

In amphibia the nerve 1s never separate from the vagal trunk except presumably at
its ending m the artenal wall (Nikoforowsky 1912-13 Kuno & Brucke 1914 Neil
Strom & Zotterman 1950) Inreptiles the nerve passes as a long thin filament throughout
the length of the vagus from the region of the heart (Gaskell and Gadow 1883 Mills
1885 Mills & Rronecker 1885)

Tigerstedt (1923) and Koch (1931) should be consulted for hterature on the compara
tive anatomy of the aortic nerves  Anufriew (1928) and Schurawlew (1928) give full
accounts of the literature 1n studies on cats and dogs respectively  The left depressor
nerve commonly leaves the vicinity of the vagus trunk above the annulus of Vieussens and
passes behind or just lateral to the left common carotid lymng in the lower thurd of its course
antenor to the trachea It reaches the anterior surface of the aortic arch between the
ongm of the brachiocephalic and left subclavian artertes

For further details of the anatomy of the aortic nerves in mammals see Marmorstein
(1929 1933) Marmorstem ef al (1934) Hirohata & Hashumoto (1936) Velluda has given
ery full descriptions of the ongin and course of the nerves mn the rabbit (1927a) the dog
(19275) and m man (1928-9)

About 450 fibres of which two thirds are myelinated are found in the aortic nerve of
the cat (Agostont ef a! 1957) ‘The myelinated fibres have a bimodal distnibution with
peaks 1n the 2-4p and 8-10p diameter groups Langley (1892) and Sarkar (1922) found
myelinated fibres (4«8;1) 1n the aortic nerve of the rabbit as well as non mvelmated fibres
The 7 of my d aff (A fibres) and non myehnated afferents (C fibres)
was inferred by Douglas Ritchie & Schaumann (1956) from action potential studies ot
the aortic nerve n the rabbit




CHAPTER 2
COMPARATIVE EMBRYOLOGY AND COMPARATIVE ANATOMY

The Morphelogy of the Baroreceptor Areas

Eneruarp Koch (1931) brilhantly nterpreted the significance of the anatomical sites
of the baroreceptor areas in the mammal He suggested that these sttes were those which
survived of the embryonic visceral arch vessels and argued that these arch vessels were all
provided with corresponding visceral nerves in the embryo  Thus the carotid simus being
formed from the 1lIrd arch should be innervated by the nerve supplymng that arch
1e the glossopharyngeal and the aortic arch bemng formed from the IVth visceral arch
vessel should be mnnervated by a branch of the supertor laryngeal nerve  He also drew
attentton to the vagal sensory mnnervation of the ductus artertosus—a VIth arch structure

There 1s now a great deal of positive evidence for Koch s hypothesis dernved from
studies of comparative anatomy embryology and comparative phystology Before this
can be properly apprecrated however it 1s necessary to consider the evolution of the
visceral arches m the vertebrates

The primutive chordate animals from which the vertebrates developed were  filter
feeders Ciha m their buccal cavity and pharynx by their movement created a current of
water which entering the mouth passed via the pharynx laterally through gill shits 1 the
sides of the pharynx and the body wall During this passage of water filtering mechanisms
1n the gill shits strammed off plankton and gaseous exchanges occurred 1 the gill capillarses

With the development of the vertebrates from these simple chordate forms two major
changes took place (1) Important modifications occurred m the mouth region  as a result
the amimal was equipped for macro feeding (2) the increase of size resulting from
macro feeding was associated with further development of the respiratory function of the
gills

In contrast to amphioxus which possesses some 200 visceral clefts the higher verte
brates possess only 4-7 Each cleft develops as a pouch laterally from the pharynx to
become contmuous with the skin of the body wall  Necessarily these clefts divide the meso
derm of the body wall into aseries of  visceral arches of tissue Iying between them  The
generic terms  visceral arch  or  visceral cleft are strictly accurate  Only if the
sidewalls of the visceral clefts form respiratory gill filaments however 1s 1t correct to
speak of them alternatively as  gill arches  or  branchial arches  (branciue = gills)
In the Agnatha where no elaborate jaws are found the visceral clefts and arches are seven
mnumber refattvely unmodfied m structure from that of the more primutive forms How
ever with the evolution of the Gnathostomata the first visceral cleft fuses with the mouth
and the skeletal tissue of the first visceral (mandibular) arch 1s modified to form the jaw
skeleton  The second wisceral arch (hyoid) also becomes modified to give support to the
Jaw and loses 1ts respiratory functions except in the cartilagmous fishes 1n which it
survives as a small circular operung (the spiracle) with an associated gill like structure

9
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the pseudobranch In bony fish the spiracle may be closed In the Amphibia and
Amniota the cleft and skeleton of the hyod arch contribute to the formation of the smddle
ear In fish and in Amphibian Jarve the last five visceral clefts develop gills are resprratory
1 function and are therefore called branchial clefts In the adult Amphibia and the
Amniota the fate of the last five visceral clefts 1s complicated From them arse the
thymus parathyroids and the ultumo branchial bodies

Blood Supply of the Visceral Arches

In primitive forms 1t seems probible that a blood vessel (aortic arch) ran m each
visceral arch (caudal to the corresponding visceral cleft) from a median ventral aorta to
the lateral dorsal aorta  Deoxygenated blood n the ventral aorta could thus be oxygenated
1n the gill capillaries stemming from the  afferent  arch vessel and then passed from these
capillaries via an  efferent arch  artery to the dorsal aorta  In the Agnatha where there
1s no comphcated jaw apparatus and the visceral clefis are relatively unmodified the
arterial arches correspond to the above primitive arrangement But in the dogfish (a
Gnathostome) only six artenial arches develop  Of these the first artersal arch 1s modified
on account of the spectalisatson of the related mandibular arch and the consequent loss
of the spiracular (hyoud) cleft Though the proximal part of the mandibular arterial arch
drsappears in all other Gnathostomata 1 the dogfish the distal portion of the arch persists
as the hyordean artery The remaiming five arterial arches serve as branchial arteries
and each comprises afferent and efferent vessels to and from the gills respectively

In the larval frog ¢tadpole) again the first or mandibular visceral arch 1s incorporated
m the jaw  The second or hyoid cleft develops into the rmddle ear and loses 1ts corres
ponding aortic arch  The other four visceral clefts (3-6 inclustve) which develop gills
possess arterial arches which supply blood to these gills  With the development of the
adult frog the third artersal arch persists 1its distal part runs mto the dorsal aorta and
becomes the nternal carotid artery  The fourth arch perststs as the systemuc arch which
Jomns the corresponding vessel on the opposite stde to form the dorsal aorta  The fifth
arch disappears  The sixth arch loses 1ts connection with the dorsal aorta and supplies
the lung and skm as the pulmo cutaneous arch (see Marshall 1893  Goodrich 1930)

The Mammala

In the early stage of dev of the Iran embryo there are two primitive
aorte which are contmuations of the two endocardial tubes  Each of these vessels consists
of a short ventral aorta an aortic or visceral arch vessel and a descending zorta  Later
the fusion of the cardiac tubes 1s accompanied by the formation of a single truncus
artertosus or  aoriic sa¢  from the two ventral aorte In the mammalian embryo six
pairs of aortic arches appear duning development but are never present simultaneously
(Fig 6) The first two aortic arches are present together stemmung from the aortic sa¢
and jomn the dorsal aorte with the successn e appearance of the third and fourth aortic
arches the first and second aortic arches disappear  The segment of the dorsal aorta
cephalic to the point of junction of the third aortic arch persists as the cranial end of the
internal carotid artery The third arch vessel stself forms the common ¢arotid artery from
1ts ventral part and buds off the external carotid artery Distal to the external carotid
bud the dorsal part of the third aortic arch forms the origin of the internal carotrd artery
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Meanwhle the fifth and sixth aortic arch vessels stem out from the aortic sac to jom the
dorsal aorte The fifth hike a wallung shadow a poor player which struts and frets hus
hour upon the stage and then is heard no more rapidly disappears The suxth arch
vessels each give off a descending branch to the developing lung bud  Development of
the spiral bulbar septum nto the aortic sac causes diversion of blood from the nght
ventricle mto the sixth arch vessels, whereas blood from the left ventricle 1s pumped mto
the third and fourth arches

The dorsal aorta between the yunction of the third and fourth aortic arches degenerates
1 most Amniata (Sphenodon and many Lacerttha provide exceptions to this statement}
This segment of the dorsal aorta 1s known as the ductus caroticus  1ts disappedrance may

Fic 6 _Scheme of the mnervation of the aortic arches in the mammal
X = vagus nerve  1X = glossopharvngeal nerve ) =internal carobid ce = external carotid
g¢ ~ caroudglomus gad = nghtaorticbody gas = feftaorticbody r = recurrent faryngeal
nerve ss = lefisubelavan sd = nghtsuhclavsan ad =dorsalaorfa 1 11 1Y IV V Vi -

embryonic aortic arches 3 = aortic arch = pulmonary arte) n = nodost
e 1G Moraton (9375 e Tl dimar 38 g7y oY S B0 = modose ganglion of

be related to the mcreasing encephabisation of tugher forms and to the candal nugration
of the heart which also accompanes the appearance of the embryonic neck (see Hamulton
etel 1932 Asey 1942)

The night dorsal aorta undergoes important changes m mammabia  The segment
between 1ts junction with the fourth night aoruc atch and its junction with the left dorsal
aorta disappears  The Tight sith aortic arch henceforth supplies only the developing
lung bud and becames the right pulmonary artery The feft dorsal aorta still makes
connection with the sixth left aortic arch  that part of the sixth left arch between the left
pulmonary artery and the feft dorsal aorta persists until birth as the ductus arteriosus of
Botallo tFig 7)

The left horn of the aortic s1¢ and the left fourth aortic arch form the aorte arch
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of the adult  The right horm of the aortic asch elongates, forming the ipnommate artery
which terminates by giving ongm to the night common carotid artery (third arch vessel)
and the origm of the right subclavian artery (fourth arch) The left subclavian arttery
anses from the left dorsal aorta near 1ts junction with the left fourth arch vessel

Inttially in the earfy embryo the nerves of the visceral clefts pass latesal to the dorsal
aorta to their destination mn the visceral arches and then course medally antenior to the
corresponding arch artery The mandibular hyord and carotid arches ( Ist IInd IIIrd)
are thus supphed by the Vth Vilth and Ixth nerves respectrvely which 41 Iie Jatera! to
the surviving part of the dorsal aorta represented by the internal carotid artery of the
adult  The nerve of the fourth arch (superior laryngeal branch of the vagus) lies medsally
to the internal carotid and carotid sinus 1 the adult however because the ductus caroticus

Fic 7 Scheme of mnervation of the receptor areas in the aortic and
sinus regions 1 the adult rabbit
X =1vagus s ==sympathelic g3 = supenor cervical gang
lion gn = nodose ganglon 1s = supenor laryngeal nerve
g = carofid glomus D) = Sius Nerve .t = Internal carotid
attery a=aotd ce = external caroud artery b= pul
monary artery X = glossopharyngeal nene ¢c = common
carotid artery nd = depressor {aoruc} nerve gs = stellate
ganghon s¢ = carotid sius  pp = pulmonary paraganghon
pa =aortic paraganglion 1 = recurtent laryngeal nerve

d b = ductus Botalli —(G Murator1 (1937) Arch [tal Anar 38

387)

has disappeared It could only rematn lateral (1¢ superficial} to the internal carotd
artery if the ductus caroticus were to persist W E Adams {personal communication) has
drawn attention to this powt in eriticising Figure 3 (after Kreidmann 1878) 1n the earlier
monograph of Heymans Bouckaert & Regmers (1933

As Boyd (1952a) has pownted out the VIth arch nerves arc caudal to the corresponding
VIth sorti¢ arch vessels and are prevented from shipping forwards as the neck elongates
However when the right homologue of the ductus artenosus disappears the nerve of this
side (the recurrent Jaryngeal) moves cransally to gain a refation with the origm of the next
arch (the root of the night subclavian artery) as 1t loops round the vessel and passes to 1ts
distribution 1n the larynx  This cephalic migration 1s prevented on the left side by the
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persisting ductus arteriosus (which becomes the hgamentum arteriosum of the adult) and
the left recurrent laryngeal nerve passes round this structure to course headwards to the
larynx

Comparatine Anatomy and Physiology of the Baroreceptor Areas

Fish

(a) Etasmobranch  Lutz (1930) and Lutz & Wyman (19322 b ¢) first showed that
a rise of pressure 1n the branchial arches of the dogfish caused cardiac mhibition and a
fall of the systemic blood pressure The smooth dogfish (Mustelus carus) and the spimy
dogfish (Squalus acanthias) both possess five true branchial nerves The first branchial
nerve 1s a branch of the glossopharyngeal nerve and the remarmmng four are branches of
the vagus Each branchial nerve divides mnto three branches pretrematic pharyngeal
and post trematic  These traverse the floor of the anterior coronary smus Lutz &
‘Wyman (1932) showed that the stimulation of the central ends of the Ist-4th branchial
nerves caused reflex cardiac mhubition Irving Solandt & Solandt (1935) recorded
spontaneous impulse activity from the afferent fibres i the pre and post trematic branches
of the branchial nerves Normally the systolic pressure in the ventral aorta was about
28 mm Hg and the pulse pressure was about 13 mm Hg  On raising the mean pressure
1n the branchual arches from 15 mm Hg to 25mm Hg increased impulse activity occurred
1 the afferent nerves which suggested that these nerve fibres functioned m part at least as
baroreceptors

Boyd (1936) examined nerve endings 1n the branchial arches of Mustelus having
mmpregnated them with silver  Afferent nerve endings were found in relation to the
adventitia of the branchial arteries The afferent branches termunated as free nerve
endings He suggested that these structures imtiated the mmpulse activity recorded by
Irving et al

(b) Teleost McWilliam (1885) noted that mechanical stimulation of the gill itself
or of the branchial nerves caused cardiac mhibition  Mott (1951) who described the
vascular anatomy of the eel in detail (1950) has lately succeeded 1n demonstrating reflex
cardiac mhibition and systemic hypotension by raising the pressure n the 1solated mner
vated first parr of branchial arches With one exception she was unable to record
spontancous action potentials from the branchial nerves mn the resting circulation but
reasonably ascribed this failure to the poor state of the venous return  On raising the
pressure artifictally in the ventral aorta an outburst of impulses occurred

Amphba

(a) Frog Carman (1955) cites the following description by Marshall (1893) 1n
the tadpole of Rana temporaria the branchial circulation 1s typrcally that of a gill
breather 1n each arch an afferent vessel from the truncus lLes mmmediately caudal to
the efferent vessel gomg to the dorsal aorta the two bemg jouned at first only by the gilt
capillartes (Fig 8A) later (12 mm stage) they become connected more directly ventrally
to the capillary loops bya small channel (Fig 8B) which so enlarges at metamorphosis
that blood from the heart can now pass directly to the dorsal aorta through the efferent
vessel the gills recenving less and less blood as the pull y circulation 1s blsshed
{Fig 8C) Each external carotid anlage anises (9 mm stage) in the floor of the mouth as
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ashort blind lumen (Fig 8A) whose posterior end soon turns outwards and dorsally towards
the ventral end of the efferent vessel of the first arch which 1t joins (12 mm stage) the two
then forming one continuous vessel It 1s near this junction that the communication
between the afferent and efferent vessels occurs  This communication at first small and
single later becomes plexiform with three or four openings mto each vessel and from this
plexus the defimtive carotid labyrinth develops

The carotid labyrinth (= carotid gland) was first described by Huschke (1831) Its
function has long been a subject of discussion  Hyrt! (1838) and independently Sabatier
(1873) concluded that the organ functioned as an accessory heart and Boas (1882 1883)
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concurred  Others have suggested that 1t 1s a chemoreceptor organ on the grounds that
the organ contamns celis stmilar to those seen n the mammalian carotid body (De
Boussezon 1939, Choudhary 1951) Its site at the cephalic end of the common carotid
artery formung a swelling on the internal carotid origm leads one to suspect that it might
be the homologue of the carotid sinus  Palme (1934) has shown the organ to contain
sensory nerve endings and Meyer (1927) demonstrated depressor fibres in the glosso
pharyngeal nerve which entered the mam trunk m the vicimty of the great vessels and
also di rated that the sy blood pressure rose when both IXth nerves were cut
He did not however state that the depressor nerves arose from the labyrinth siself
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Stimulation of these fibres caused a reflex fall of blood pressure  Nel Strom &
Zotterman (1950) succeeded 1n dissecting a long thin nerve which seemed to anise from the
carotid gland and from the adjacent part of the common carot:d artery (see Fig 1 of their
paper) and ran headwards to jomn the glossopharyngeal nerve Carman (1955) found a
similar nerve 1n Hyla aurea (a common frog in New Zealand) Neil et al showed that
the nerve endings could be activated by stretch of the blood vessels produced by increasing
the stroke volume of the heart They concluded that this region represented an early
develop of the mect seen in the 1 They did not claim that the nerve
endings were tonically excited as the circulatory conditions n therr preparations were
necessanly poor following the prolonged dissections entarled Neither did they state that
the nerve endimgs concerned arose only from the carotid gland Indeed they mentioned
that the nerve fibres seemed to onginate central to the position of the gland itself in some
cases from the ongm of the intemal carotid artery However their cautious claims have
since been summarily dealt with by Carman (1955) 1n his excellent paper  As he points
out the structural complexity of the carotid gland itself 1s such as to suggest that it serves
more than baro or chemo receptor functions He suggests that the labyrinth develops
at metamorphosis to ensure that the external carotid artery receives an adequate supply
of blood at a reasonable pressure because this vessel develops at an acute angle with its
parent vessel-—the common carotid —and s therefore hydrodynamically at a disadvantage
His paper contams cogent arguments 1n support of this bebef Be this as it may his
comment that the nerve impulses which were recorded from the onigm of the miernal
carotid artery may well have been pamn impulses can be most heartily refuted There 15
no doubt whatever that they were recorded from stretch or distortion receptors

Although Nikiforowsky (1913) claimed that there were depressor afferents in the
Xth cranial nerve of the frog his evidence was unconvincing  kuno & Brucke (1914)
showed clearly that electrical stimulation of the central end of the cut vagus caused a reflex
fall of blood pressure  Neil Strom & Zotterman (1950) searched in vain for vagal nerve
fibres which arose from the maimn dwvistons of the truncus arteriosus The only vagal
branch which bears any close relationship to this structure 1s the Jaryngeal branch of X
This was considered suggesttve remembering that the depressor nerve fibres of the
mammal though having their cell bodies m the nodose ganglion of the vagus enter the
supertor laryngeal division of that nerve Nevertheless no nerve fibres were found
passing from the laryngeal vagal branch to the truncus or to the aorta It 15 possible of
course that the afferent fibres stimulated electrically by kuno and Brucke did not arise
from the aorta 1t 1s quite concetvable that they arose from the heart itself Thus Neil ana
Zotterman have shown that cardiac vagal afferent fibres anise from the atriaanalogous to
those found 1n the mammal In the mammal these fibres when stimulated cause brady
cardia and systenme hypotenston  Kuno and Brucke however showed also that a rise of

aortic pressure caused a fall of P and bradycardia so there must be some
sensory mnervation of the truncus which has not yet been found
(b) Necturus  Lutz & Wyman (1932¢) ded 1t evoking card

ascular reflexes
m the newt by baroreceptor stimulation !

Amniotes

(a) Reptiles  Boyd (1941) studied the mnervation of the carotid region m }pera
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berus  The Ophidia are ghly specialized showing a wide separation of the IlIrd and
1Vth arches and a disappearance of one common carotid artery The blood supply to the
carotid system arises from the right systemic arch artery by a single trunk which after
gving a branch to the thyroid runs behind the thymus to the left continuing anterorly
as the left common carotid artery Near the head this artery divides into the left internal
and external carotid arteries  The right carotid system recetves its blood supply by way
of a transverse anastomosis The origin of the internal carotid artery shows a shght
dilatation and a thickened cufl of adventitial connective tissue  There are ramuifymg
nerve fibres 1n the adventittal wall but these afferent fibres show only shight branchmg
The nerve fibres are derived from the vagus but Boyd pormnts out that this 1s probably due
to the assimilation of I'Xth fibres mn the upper part of the vagus trunk  Boyd regards the
dilatation at the commencement of the internal carotid as the homologue of the mammalian
carotid sinus  Adams (1952) has described the anatomy and histology of the termunation
of the common carotid artery and the commencement of the internal carotid together with
the adjacent carotid body in the hizard Varanus varius  The remarkable feature of the
carotid sinus complex 1s the arrangement at the bifurcation of the common carotid artery
whereby the vessel becomes subdivided for a short part of 1ts course 1nto a main and a
collateral channel these two channels communicate by a series of separate orifices—
Van Bemmelen (1886) has compared the structure mn this vicinity 1n other reptiles (Lacerta)
with the carotid labyrinth of the frog (see also Palme 1934) Adams found a slender
branch of the glossopharyngeal nerve which ran caudally along the ventral aspect of the
mternal carotid artery and gave off terminal twigs which supplied both sides of the
bifurcation At least one of the terminal twigs pterced the adventitia on the medial side
between the mam and collateral channels Both the mam and colateral channels of the
carotd bifurcation showed eccentric thinning of the media  Adams (1955) has examined
the carotid arch m five species of hizards from three families The internal carotid artery
never arose by less than two openings whether the species of lizard was one n which the
ductus carotrcus persisted or not  The adventitia mn the region of the ongin of the internal
carotid showed a rich mnervation from the supertor Jaryngeal branch of the vagus and
contaimed epitheliod cell nests which Adams regards as the homologue of the glomus
caroticum  Both these papers give a valuable survey of the hterature
Gaskell & Gadow (1885) Mills & Kronecker (1885) and kazem Beck (1888)
studied the anatomy and function of the aortic nerve 1 the tortoise
(b)) Burds  Term (1927 1931} Murator: (1931 1932 1933 1937) and Schneider (1950
1951) have examined the vaso sensory mnervation in birds The carotid bifurcation 1s
not the stte of sensory endmgs The homologue of the carotid sinus and carotid glomus
15 1n the thorax at the orign of the common carotid artery immediately rostral to the root
of the subclavian artery i the vicmty of the ulimobranchral body The neighbouring
vagus gives numerous nerve branches to supply these structures aithough Tern: states
that the prevertebral precarotid branch of the glossopharyngeal nerve supplies the carotid
body If not the baroreceptor area The systemic arch of the aorta (IVth arch) which
persists on the right m birds 15 mnervated by vagal branches and histology shows typical
baroreceptor endings  The so called aortic nerve 1s short owing to the nearness of the
nodose ganghion to the aortic arch (von Schumacher 1902) (see figure 12 of Muraton s

paper 1937)
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Van der Linden (1934) showed that occlusion of both common carotid arteries in the
neck caused systemic hypertenston but tound that this response was due to cerebral
anaemia  Sinus reflexes played no part because the site of application of the clips was
rostral to that of the carotid baroreceptor mnervation Stumulation of the carotid
bifurcation caused no cardiovascular effects as mught be expected from the above
anatomical description  On the other hand electrical stimulation of the carotid glomus
or of the carotid sinus 1n the thorax y|e1dcd variable and unconvincing results  Ara (1934)
obtained smus reflex resp by occl the carotid artery caudal to the site
of the baroreceptors




CHAPTER 3

VASOMOTOR EFFECTS ON THE CIRCULATION AND THEIR
REFLEX CONTROL

Vasomotor Effects on Circulation

Pour bien comprendre une Sctence 1l faut en connastre 1 hustorre  wrote Auguste
Comte In the middle of the nineteenth century great advances were made 1n our know
ledge of some of the factors responsible for the nervous control of the circulation
E H Weber (1831) 15 credited with the proposition that the calibre of the peripheral
artenes was affected by nervous influences He based his view on the changes of colour
1 the skin produced by emotional upsets Henle (1840 1841) demonstrated the wealth
of smooth muscle fibres 1n the media of the small artertes and the vasomotor nerves
were chnistened by Sulling (1840) before there was any clear evidence of the function they
were presumed to serve  Claude Bernard (1851) found that excision of the superior
cervical ganglion or the section of the cervical sympathetic trunk caused a raised tempera
ture and flushing of the homolateral ear and face of 2 rabbit At the time he was repeating
an old expentment of Pourfour du Petit (1727) who had shown that sympathetic section
caused pupillary constriction and conjunctwval vasodilatation  Bernard made a second
report to the Academy of Sciences 1 1852 and his attention was durected more to the
change 1n temperature of the affected part than to the vascular changes Indeed he did not
think that the mse 1n temperature was fully accounted for by the mcreased circulation
because 1t was more persistent than the dilatation of the larger vessels Brown Sequard
however was firmly of the opinion that the changes of temperature were merely secondary
10 the hyperemua - Brown Sequard reported that stmulation of the cut penipheral end of
the cervical sympathetic trunk caused vasoconstriction and a fall of skin temperature two
months after hus arrval m Philadelphra (1852) Bernard reported this same experimental
result 1n December 1853 in hus paper on the great sympathetic nerve  The same con
clusion was arrved at independently by Waller (1853)

Budge (1853) induced vasodilatation by the unilateral extirpation of the sptnal cord
between the last cervical segment and the third thoracic segment  Bernard noted that
spinal transection n the cervical region caused a profound fall of blood pressure  Goltz
(1864) showed that there were spinal centres responsible for some degree of vaso
constriction  Thus the vascular tone 1n the frog was not entirely Jost even when the whole
brain was removed but was abolished by the subsequent destruction of the sptnal cord
Ludwig s puptl Dittmar (1870) was the first to localise the vasomotor centre  Excitation
of the central end of the sciatic nerve sull caused a reflex rise of blood pressure even after
transection of the brain stem at the level of the corpora quadrigemina ‘The response
however disappeared when the medulla was destroyed Ousjannihow 1n the same
laboratory (1871) localised the centre more accurately by making progressive transverse
sections of the brawn stem from the collscular level downwards  No fall of systemic blood

18
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pressure occurred until the section anvolved structures lymg some 2-3 mm  below the
colliculi  Subsequent sections caused further falls of blood pressure until 2 maxmmal
effect was evoked by transection at a level 4 mm above the tip of the calamus scriptorius
(Cyon 1871) Dittmar (1873) obtained a rise of systemic blood pressure by sttmulating
the central end of the sciatic nerve even after the grey matter and the posterror columns
of the spmal cord were destroyed  He concluded that the vasomotor centre discharged
over nerve pathways which coursed m the antero lateral columns of the cord

The mmportance of the splanchnic nerves in the of peripheral
was understood following the proof of their vasoconstrictor function by Ludwig & Thiry
(1864) and Cyon & Ludwig (1866) (See McDowall 1935¢ and 1938 for hiterature )

According to Frankln (1937) the first use of the term  vencus tone  was that m
Richard Lowers De Corde’ (1669) Lower used the phrase refaxato venarum tono
m a discussion of the effect of venous dilatation on the heart beat Lower recogmzed
that venous dilatation such as would be produced by the assumption of the erect posture
must reduce the mflow of blood to the heart  As Franklin has said 1t took two hundred
years for anything fundamental to be added to his statement and the addition was made
by Goltz who mtroduced the 1dea of a nervous control of venous tonus ~ Goltz (1863)
showed that mechanical stimulation of the mtestines caused a sixteenfold ncrease 1n the
contents of the intestinal veins the resultmg faslure of venous return led to cerebral
anemia and unconsciousness  Providing the spinal cord were mtact however the vemns
recovered their tone and the circulation was restored From these  Klopfversuch
expertments Goltz showed that the tone of veins was dependent on nervous centres 1n
the spmal cord (1864) and medulla he inferred that the sympathetic was the efferent
supply to the vems Hooker (1918) was the first to demonstrate the dependence of
venous tone on the sympathetic nerves mn the mammal (see also Donegan 1921)

Reflex Control of the Circulation

The first :dea of a reflex regulation of the cardiovascular system exercised via afferent
nerve endings situated in the heart and blood vessels came with the discovery of the
depressor nerve by Cyon & Ludwig (1866) They found that the stimulation of the
central end of the nerve which lies adjacent to but separate from the \agosympathetic
trunks in the neck of the rabbit caused marked bradycardia and systemuc hypotension
It was later shown that the reflex hypotension still occurred when reflex bradycardia was
abolshed by atropmisation  Cyon and Ludwig believed that the depressor (aortic) nerve
arose from endings 1n the heart stself and considered that these sensory endings were
normally responsive to changes it intracardiac pressure  If the heart beat too strongly
they concluded that reflex bradycardta and systemic hypotenston would reduce the work of
the heart  'We know now that the aortic depressor nerve endings are located 1n the aortic
arch and the roots of the great vessels Nevertheless 1t 1s cunious that within two years
of the discovery of the depressor nersve reflexes von Bezold & Hirt (186%) described the
reflex bradycardia and systemic hypotension caused by the iryection of veratrme 90 years
fater Paintal (1955) has recently shown that veratrine exutes cardiac xeceptors wiuch
appear to serve 2 function such as Cyon & Ludwig described

Cyon & Ludwig s results 1n the rabbit were confirmed by Stelling (1867) and extended
m cats by Bernhard (1868) Aubert & Roever (1868) Kowalewsky & Adamiik (1868)

-3
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i dogs by Roever (1869) Langenbacher (1877) Krerdmann (1878) Fmkelstein (1880)
Cyon (1898) and Frangois-Franck (1899) n horses by Bernbard (1868) in pigs by
Langenbacher (1877) and in guinea pigs by Harrington (1898) Similar results were
obtamed using non mammalian forms

It 15 mteresting to note that Cyon & Ludwig (1866) did not believe that the aortic
depressor nerves were tonucally active  They found that bilateral section of these nerves
did not alter the systemic blood pressure level ~ Sewall & Stewner (1885) Iater contested
this although very respectfully! They claimed that the systemuc blood pressure rose
by 1-3 cm Hg after cutting both nerves They also confirmed the earlier ilaim of
Nawalichin (1870) that clamping the common carotid artertes caused a nise of systemic
blood pressure (this had been previously pomted out by Cooper (1836) and Magendie
(1838)) but noted that the rise of blood pressure was much greater :f the depressor nerves
had been previously cut  Nawalichin lumself had cut the vago sympathetic nerves at the
outset of his experrments These results puzzled Sewall and Stemer who of course
ascribed the effects of carotid occlusion on the blood pressure to asphyxial sttmulation of
the vasomotor centre  But if they did not know the mechanism of the sinus reflex they
fully appreciated the mode of action of the depressor nerves  supposing the normal
1rmitant of the depressor nerve to be the mechanical strain of the contracting heart muscle
this irntation would be intensified with every increase of artersal pressure which atself 1s
under the control of the vasomotor centre One of the principal physiological excitants
of the centre 1s a dinunution of blood pressure in the brain~ When therefore the carotids
are clamped the vasomotor centre 1s stimulated, and this of stself would cause general
vascular constriction and elevation of blood pressure, but the heart feels this increased
resistance to 1ts action n 1ts first begmnings and by means of afferent mipulses pro
ceeding along the depressor nerves the action of the vasomotor centre 1s nhibited

Koster & Tschermak (1902) by degeneration expertments proved that the aortic
nerve arose mamly from the aortic arch and the roots of the great vessels and had 1ts cell
bodies m the jugular vagal ganglion They demonstrated that action potentials were
aroused in the nerve by the distension of the 1solated aorta with saling (1903) Emthoven
(1908) showed that electrical activity n the aortic nerve occutred with every heart beat
Eyster & Hooker (1907 1908) caused bradycardia 1n ammals by distending an ssolated
imnervated segment of the aortic arch  Simular reflex responses were reported by Daly &
Verney (1926) and Sutton & Lueth (1930)

Reflexes from the Cardio-Aortic Area

Heymans & Ladon (1924, 1925) used a donor dog (A) to perfuse the head of a recip
1ent dog (B) The cephalic ends of the common carotid artertes of dog (B) were anasto
mosed to the cardiac ends of the common carotid arterses of dog (A)  The jugular vens
of the two dogs were similarly anastomosed using Payr cannule  The head of dog (B)
was completely scparated from its trunk except for the vagt  (Fig 92) When a fise of
pressure was mduced m the trunk of (B) by any suitable means {e g an injection of
adrenaline) there ensued bradycardia (Fig 96) This was reflex for the effect could no
Jonger be obtamned after vagalsection  Conversely if the vagiwere mtact a fall of systemic
pressure in dog (B) caused reflex tachycardra
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Anrep & Starling (1925) used the mnervated heart lung preparation, m which the
head perfused by the  H-L  was connected to the trunk by the vagi The heart was thus
kept under vagal restramt  They could not find any evidence of reflex changes of heart
rate which occurred when the aortic pressure was raised  Later however Anrep & Segall
(19264) were more successful and confirmed the results of Heymans & Ladon

1 de Burgh Daly & Verney (1926) showed that a nise of aortic pressure caused brady
cardia the technique employed did not allow them to state whether the afferent endings
responstble for the mitration of the reflex were restricted to the aorta or whether some lay
m the heart atself The same authors (1927) succeeded mn showing that both the left

Fic 9 Donor dog A perfuses the 1solated head of recipient dog B Head of B attached to 1its trunk

solcly by the yagus nerves (see text) (Heymans)  Records from above downwards respiratory
movements of Jarynx (R) of 1solated head systenuc pressure of trunk of B_time 1n three second
intervals  Atamection of 0 1 mg adrenaline mntravenously mnto trunk of B Systernic hyper
tension and marked reflex bradycardia and apnoe2 —(C' Heymans and A Ladon {1925) Arck

int Pharmacodyn 30 415)
ventricle and the aortic arch were the site of afferent endmgs excited by a nise of pressure
when these endings were surtably stimulated reflex bradycardia occurred

Kahn (1930) used a sound passed down the brachiocephalic artery to dilate the ongm
of the vessel at 1ts junction with the aottic arch  Distenston of this part of the brachio
cephalic artery caused reflex hypotension

Anrep & Starling (1925) showed that a rise of pressure 1n the heart and aorta caused
vasodilatation of the cephalic vessels The head of a dog (B) was separately perfused
by a heart lung preparation made from another dog (A)  The trunk of (B) was supplied
by 1ts natural circulation By clamping the lower thoracic aorta the cardio aortic pressure
was artificially raised mn the trunk of (B) The blood pressure 1 the perfused head fell
Section of the vagus nerves abolished these responses This was the first mdisputable
evidence of the vaso regulatory function of the cardio aortic nenves
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Heymans & Bouckaert (1929) confirmed these results using a shghtly different tech
mque The head of a reciptent dog (B) was separated from 1ts trunk except for the spunal
cord and the vago sympathetic nerves and was perfused by a donor dog (A) 1n a manner
simitlar to that previously described  The vessels in the thorax of dog (B) were exposed
and the brachiocephalic and subclavian artertes were ligatured The pressure in the
cephalic vessels of (B) and the femoral artertal blood pressure of (B) were recorded
simultaneously A nise of aortic pressure (effected by clamping the descendimg thoracic
aorta) caused a vasodilatation of the cephalic vessels It 1s Iikely that this vasodilatation
oceurred n the extra cerebrat blood vessels rather than in those supplymng the brain itself

Reflexes from the Right Subclasian Area

The reflexogenic properties of the right subclavian area have been recently studied
m the cat by Neit (1956) It will be remembered that Tello {1924) shoved that the right
aortic nerve m the mouse ends 1n the angle between the root of the right subclavian and
r1ght common carotid artertes  Simular findmgs have been reported for the other mammalia
(Nonidez 1935y The experimental study of the reflexogenic properties of this area was
undertaken m order 1o assess the quantitatn e importance of the cardio vascular responses
aroused
The night subclavian artery was tied distally beyond the origin of the thyrocervical
aus The thyrocervical costocervical mternal mammary and vertebral branches of the
right subclavian were tted  The right common carotd artery was carefully 1solated distal
to the superior thyroid branch  The superior thyroid artery and the dorsal muscular
branch which anises oppostte were both ligated  The left subclavian was anastomosed
to the cephalic end of the Jeft common carotid artery  Artificial ventilation was nstituted
and the chest was opened by a small mctsion m the second right tercostal space  The
brachiocephalic artery was hgated proumal to the ortgin of the carotid and right sub
clavian artenies  Thereafter the cerebral blood supply was provided entirely by the left
subclavian artery which supplied blood wa sts vertebral branch and via 1ts anastomosis
to the left common carotid artery The chest was closed and the pneumo thorax was
reduced whercupon the amumal breathed normally  The right subclavian~carotid segment
was etther perfused by means of a conventional pump device or was subjected to nises o
static pressure  Only three successful preparattans were made tn seventeen attempts
Farlures were usually due to cerebral anema caused by clotuny, of blood m the anasto
motic segment which occurred despuite heavy heparmization of the antmals
The results of a r1se of pressure m the subclavian carotid segment were as might be
expected reflex systenuc hypotensien and hypopnoea Bradycardia was not seen  The
absence of bradycardia was attributed without evidence to the bruising of the vagal
efferent fibres mn the vicity of the subclavian-carotid angle In further experiments
impulse activity was recorded from the right aortic nerve at its emergence from the angle
The electroneurograms showed phasic bursts of action potentials an trme with the pulse
It 15 interesting that Nakayama (19532 & 1954) m Japan had already shown the
same responses by an almost 1dentical techmique quite unknown to the present author
Nahkayama s work which has only recently come to hand therefore takes precedence
His expeniments were performed on dogs he effected the left subclavicocarotid anasto
mosts by means of a Payr cannula A rse of statsc pressure m the right subctavian angle
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induced reflex bradycardia and a very moderate hypotension (7-18 mm Hg) ~ Reflex
effects on respiration were very doubtful Impulse activity was recorded m multt and
single fibre preparation of the right  superior depressor nerve The author quotes
Ueda and co workers (1950) as showing that distension of the subclavian carotid segment
may cause reflex apnea  Ueda and co workers (1948) are also credited with observations
simlar to those made by Nakayama himself

Reflexes from the Carotid Sinus

‘The role of the carotid sinus was not appreciated until 1923 Astley Cooper (1836)
had noted that occlusion of the common carotid artertes provoked a rise of systemic blood
pressure but he asenibed 1t to the effects of cerebral anemia Magendie (1838) confirmed
his findings and agreed with his interpretation Kussmaul & Tenner (1855) Landois
(1865 Nawalichin (1870) Sewall & Stemner (1885) all repeated the expertmental
observation and gave the same explanation  Frangoss Franck (1877) and Hedon (1910)
mduced bradycardia by rasing the blood pressure 1n the perfused carotido cephalic cir
culation and agan ascribed the response to a direct eff ct of the blood pressure on the
medullary centres  Porter & Pratt (1908) concurred

Tschermak (1866) announced his  Vagusdruckversuch  which consisted of pressing
firmly on the skin of the upper part of the neck (as we now know-—over the carotid sinus
see Fig 41) and thus mdueing cardiac slowing Tschermak (1868) thought that he was
directly stimulating the motor fibres 1n the vagus trunk Concato (1870) stated that
pressure on the carotid bifurcation seemed to be more effective than pressure over the
vagus trunk but his views seemed to pass unheeded  Even as late as 1925 Anrep &
Starling wrote  a mechanical nise i the blood pressure in the bram inhibrts the vaso
motor centre and stimulates the cardioinhibitory centre

Notable however among the mass of evidence collected were the contributions made
by Bayliss (1893) Pagano (1900) and Stcihano (1900)  Bayliss stated that occlusion of the
common carotid artertes did not markedly decrease the medullary blood flow because this
was largely provided by the vertebral artertes  Pagano noted that the carotid bifurcation
reglon was particularly sensitive to trritant chemucal agents such as silver nitrate nrcotine
and sodim carbonate which caused reflex bradycardia on toprcal mjection  On the
other hand he seemed to regard some degree of chemosensitivity as a property of all
artertes La surface vasculawre dont lexcitation peut produire par vote indirecte le
ralentissement ou l arret du coeur est comprise entre 1 origine de la carotide commune
primutive et sa bifurcation  Je pourrais meme ajouter que suivant toute vraisemblance
la region la plus sensible est celle la plus proche de la bifurcation carotidienne  Sicihano
showed that occlusion of the vertebral arterses did not cause hypertension and also
showed that occluston of the internal and external carotid arteries caused no response
He wrote  la pression normale exercee sur les parois des carotides communes est un
des facteurs contribuant 2 mawmtenur dans leur etat tonique les nerfs inhibiteurs cardiaques

Je ne dira1 que quelques mots pour eclatrer laction protectrice des carotides par
rapport au cerveau 1l est evident que Ia sensibilite specifique de ces vaisseaux explique
mieux que toute autre hypothese lauto regulanisation de la crrculation cerebrale en ce
sens que le mecamsme auquel elle est confiee stegeant a 1 entree du cerveau 1l n interesse
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pas les elements du systeme nerveux central bien qu il les preserve contre les dangers de
lanemie ou de | hyperemie

These fundamental statements of Pagano and Sicihano were unfortunately contra
dicted 1 1912 by Kaufmann who distending the common carotid artery obtained only
negative results the classical view of Frangois Franck agamn prevaded Sollman &
Brown (1912) came very near the discovery of the sinus reflex when they found that
tugging the cephalic end of the common carotid artery even if this had been previously
higated caused bradycardia (see Fig 10) Even m 1923 however 1in Hering s laboratory
Kaisch and Sakai refuted the claims of Siciliano and Pagano stating  Unsere Versuche
ergeben aber weiter emne Reihe von Anhaltspunkte dafur dass die geschildert Beeinflussung
der extrahardialen Herznerven bei Carotidenverschluss micht reflektorisch durch die

140 mm Hg

iy

Fig 10 Systemic arterial pressure of dog  The normally
innenated carotid sinus 1s empty {ligated carotd and
efferent vessels) 1-2  Longitudinal mechanical trac
tion on cephalic end of common carotid artery—reflex
bradycarda and fall of systemic blood pressure —(C
Heymans De Schaepdripver and King (1956) Commun
YY Intern Physiwol Congr p 4°3)

Drucksenkung in den Carotiden sondern dst hauptsachlich Ibar durch die

Hypamie des Gehirns und zwar vor allem des von den Carotiden versorgten Himgebietes
bedmgt wird
Mit emnem Schlage aber wurde das Dunkel aufgehellt durch den wegen semer
Emfachheit und Beweiskraft klassischen Versuch von H E Hering wrote Koch (1931)
Hering came to make his discovery because of his longstanding nterest 1n the Vagus
druchversuch of Tschermak (1866 1868) In 1905 performing this test on an old lady
he was struck by the fact that 1t was sufficient merely to press hightly with the finger on one
of her carotid arteries to evoke marked cardiac slowmg It seemed surprising to hum that
the vagus trunk could possibly be excited by such a deltcate stimulus  In 1919 he showed
that direct mechamical sttimulation of the vagal trunk did not provoke bradycardia in the
dog or the rabbit  on the contrary he showed that digital compression of the larynx
provoked bradycardia n the rabbit (1920) he concluded that the Vagusdruchversuch
might be a reflex phenomenon  In 1923 he localised the onigin of the reflex to nerve
endings 1n the region of the carotid bifurcation particularly that of the carotid sinus In
1924 he proved that the excitation of the carotid stnus wall in the dog caused not only
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reflex bradycardia but also reflex systemic hypotension  These effects were abohshed by
cutting the glossopharyngeal branch which knoll had named Sinusnerv  Hermng did the
following experiments
1 He placed a small chip on the medial margin of the carotid smus which caused
mechanical sttmulation but which did not occlude the vessel completely The heart
slowed and the blood pressure fell By injecting atropine he showed that the reflex
systemtc hypotension still occurred although the heart rate changes no longer took
place He thus demonstrated that there were two separate cardiovascular reflex
TEsponses

Fic 11 Heart rate and systemsc blood
pressure of dog  Electric sumulation
of nght carotd sinus nerve—Reflex
‘bradycardia and hypotension —(H E
Henng _ (1927) he  Karotigsinus
reflee ‘Th Stenkopf Dresden)

2 He stimulated the central end of the simnus nerve and obtamed reflex bradycardia
and hypotension (Fig 11)

3 Hemduced the same reflex responses by tugging on the cephalic end of the common
carotid artery

4 He introduced a sound into the cephalic end of the common carotid artery and
stimulated the intimal wall of the sinus region upon which the same reflex responses
occurred  All these reflex responses were abolished by cutting the sinus nerve

5 Henng was the first to note that section of both sinus nerves caused systemic
hypertension  He realized that the nerve endings were tontcally active in the
circulation and named the nerves  Blutdruckzugler



CHAPTER 4

METHODS OF STUDY OF BARORECEPTORS AND
BARORECLPTOR REFLEXES

Electroneurographic Recordings of the Baroreceptor Nerves

BEFORE detatling methods of study of the sino aortic reflexes we may consider the
behaviour of the baroreceptor endimgs themselves Many of the features of smno aortic
reflex activity can be apprectated more easily from such knowledge

As stated previously Koster & Tschermak (1902) Einthoven (1908) and Adrian
(1926) all reported electrical activity 1n the aortic nerves caused by a rise of pressure within
the aortic arch and Emnthoven & Adnan noted that the electrical changes occurred with
each pulse However the most important study of the sinus receptors was that of Bronk
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Fig 12 Figure shows impulse activity in 2 slu;gle fibre of the {cdﬂaz;&r't;c nerve and blood pressure
recorded from the left common carot
A Mean blood pressure 125 mm Hg g Mecan blood pressure 3 mm Hg
B 0

< 62
(E Neil (1954) Arch Middisev Hosp 4 16)

(1931) Bronk & Stella (1932) These workers usingrabbits examined the impulse activity

1 the sinus nerve cut centrally recording the electroneurogram simuitaneously with an

optical record of the blood pressure  They noted that a burst of impulses occurred with

cach systolic rise of the blood pressure  The nerve was then thimned by dissection and 1n

twenty five expeniments a single active unit was obtamed  The single units fired with

cach systolic r1s¢ of pressure and 1t was noticeable that the impulse frequency was greatest
6
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during the systolic upstroke of the pressure wave  The smpulse frequency tended to fall
off as the blood pressure dropped from its systolic peak and 1n some cases the fiting ceased
ata posnt on the pressure wase at which the level of pressure was higher than that at which
the impulses were bemg discharged durmng the systolic upstroke (see Fig 12) Bronk &
Stelfa noted that when the impulses ceased during diastole at a certam pressure on
lowermg the mean pressure by bleeding so that the peak of systolse pressure was less than
the previous diastolic pressure a systohic discharge was st usually obtaned  Thus made
1t clear that the mean level of blood pressure was not the sole cause of the stmulation of
the bar T In 1 with the bet of the muscle spimdle as described
by Adrian & Zotterman {1926) and Matth {1931} the freg of impulses from the
mechanoreceptor of the sinus 1s largely determuned by the rate of rise of tension or stretch
which affects it These pomts can be clearly seen m the accompanying figure (Fig 12)
which 1s obtamed from an aortic baroreceptor at different levels of systemic blood pressure
recorded viz a cannula 1n the left subclavian antery  The rapid rate of fining durmg the
upstroke of the pulse wave and the cessation of firing dunng diastole before the pressure
has dropped 1o the Jevels which were attended by mpulse activity 15 shown  Fig 12 (E)
shows that even at a mean pressure of 42 mm Hg the rise of systolic pressure may evoke
a single outburst whereas 1a Fsg 12 (A) durng drastole (mean pressure = 125 mm Hg)
there 15 complete silence

The silence which supervenes 1 early diastole s not due to rapid adaptation of the
receptors—on the contrary Bronk & Stella found them to be slowly adapting ~ Again the
authors compared this finding with those of Adnan & Zotterman (1926 and Bronk (1929)
on the muscle spindle  If the tension on a2 muscle be quickly reduced to a lower value the
spindie frequency falls to zero or to a very low value and then slowly mcreases  Bronk &
Stelfa {1935 later found this to be a feature of the sinus nexve ending

Dufferent baroreceptors were found to have different thresholds not only to steady
pressures but also to the rate of rise of pressure  Higher pressuse 1n the systemic circula
tron caused not only increased frequency of discharge of a given umt but also caused
a recrutment of addwional units  Thus more of the end organs became functionally
active  The number of impulses gomng to the centres m each unst of time 15 therefore
mcreased as a sesult of hugher pressure not only because of the increased frequency and
duration of the discharge from the individual end organ but also 1 consequence of the
greater number of units m actton  Thus greater number of afferent uniis 1s presumably
the basis for the reflex lowenng of the blood pressure

Bronk & Stella also exanuned the behaviour of single units at different static pressures
mamtamed m the wolated carond smus  Agam different baroreceptors began to fire
Qe had therr threshoid ) at d bt Any one unit however showed an
smcreased frequency of steady firing at each increase an the static pressure until a pressure
level was reached at which the wmpulse frequency rose no more with further increments
of sinus pressure . This  saturation level  vaned with different receptors but was rarely
tugher than 200 mm Hg  These ponts are stlustrated by Fig 13 m which the behaviour
of single unuts of the common carotid nerve 35 shown

De Castro (1951} found the smus nerve of the cat to contam 650700 meduliated
fibres  Of these 3 59/ were large (6-8p diameter) 17 59 were less than 3 m diameter
and 799 were 3-5u i diameter  Although these fibres belonged to group A of Erlanger
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METHODS OF STUDY OF BARORECEPTORS AND BARORECEPTOR REFLEXES

RIGHT COMMON CAROTID BARQCEPTOR NERVE
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Fie 13 Upg;r Record shows the electroneurogram of a mult, fibre preparation of the night common
carotid baroreceptor nene recorded simultaneously wath the carotid blood pressuse _Note that
1mpulse activity occurs with each pulse  Lower Record shows the response of a single fibre of the
common carofid baroreceptor nerve

O the left steady pressures rising from 40 to 180 mm Hg in the carotid segment produce an
ncrease in the frequency of discharge of the baroreceptor umit

On the right the same baroreceptor umt 1s exposed to mean pressures of 40 10 180 mm of
mercury_but an cach case a pulse pressure of S0 mm - of mercury 1s superimposed by the use of a
pump  Note that the impulse discharge occurs phastcally i time with the upstroke of the pulsa
tde pressure —(J H Green)

& Gasser s (1937) classificatron some are § fibres as was suggested earlicr by Zotterman
(1935) an electrophystological studies of the sinus nerve Al the Jarge fibres and some of
those of medim diameter are baroreceptor—the remamnder are chemoreceptor fibres
acecording to de Castro Euler Lilfestrand & 2otterman (1941) drew altention 1o the
great nuntber of action potentials of small size 1n the electroneurogram of the smus nerve
These were 1dentified as baroreceptor potentials because of therr persistence when the
ammal was hyperventilated with pure oxygen and because of their phasic activity in time
with the pulse The Swedish workers pomnted out that there were relatrvely few large
*spihes  and argued that the small baroreceptor spikes ’ were probably of much
greater 1mportance 1n the reflex regulation of blood pressure m view of their preponder
ance  This view was further supported by the findings of Landgren Neil & Zotterman
(1952) who found that the topical apphcation of vaso-constrictor drugs to the smus wall
evohed a marked increase 1o baroreceptor impulse traffic the increase beng more
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particularly evident mn the case of the small spikes Heymans & van den Heuvel Heymans
(1950) had shown that toprcal apphcation of vasoconstrictor drugs to the smus wall
caused a profound reflex fall of blood pressure

Before considermg further evidence we may pont out that the dentification of the
fibre s1ze of a sensory neurone from the height of the action potential which can be recorded
from 1t by laymg 2 multiple nerve twig on saline wick electrodes 15 by no means a certain
procedure  The height of the action potential 1n these circumstances depends on the
distance of the recording electrode from the active fibre  If the multiple nerve twig contamns
fibres which lic between the active unit selected for study and the recording electrode
then the spike height may appear quite small  On  cleamung  the nerve twig by stripping
ofl the d fibres 1t 1s k. ledge that the spike height of the unit mcreases

Apart from measuring the fibre size 1tself which 1s impracticable one may nfer 1t
by making use of the relationshrp between conduction veloaity and fibre diameter In
medullated nerve fibre there 15 a linear relationship between diameter and conduction
veloctty (Gasser & Grundfest 1939 Hursh 1939  Grundfest 1940} Unfortunately
the short length of the sius nerve does not lend itself to measurements of conduction
velocity We have comparable data however on the conduction velocity of baroreceptor
fibres 1n the aortic nerve {Pamntal 1953) Paintal found a range of 12-53 m fsec with a
mean velocity of 33 m /sec The highest velocity 1s that of the largest fibres As an
approxtmation one may say that the conduction velocity 1n m fsec 15 5-6 times that of
the fibre diameter n p Hence 33 m /sec gives a value of about 5-6y for the diameter
and the higher velocities would correspond with the small proportion of fibres in the
6-8p Tange

Landgren (19524) made a detailed companson of the behaviour of Jarge and small
baroreceptor fibres identified in terms of their spike height  The reservations stated above
should be considered but as Landgren was using very thin nerve preparattons contaimng
only one or two active fibres 1t 1s likely that he was genumnely recording from large and
small units as he assumed

The results of his companson revealed that there was no striking difference in the
behaviour of the two types of baroreceptor in their response either to constant mtrasimusal
pressure or to pressure changes  The adaptation curves were very smular and the impuise
discharge caused by linear mcreases n pressure at various dp/dt values ~ All baroreceptors
showed post excitatory depression as noted by Bronk & Stella (1932) Landgren suggested
that the deformation of the baroreceptor produced by stretch of the artertal wall caused a
local negative membrane potential and that this depolarization fired off the impulse 1n the
afferent fibre—similar to the changes demonstrated by Katz in the muscle spmdle (1950)
He considered that the post excitatory depression should be due to a dynamic off effect
in which a posttive membrane potential appeared which temporanily counteracted the
static effect of the lower constant pressure A purely mechantcal effect of the post
excitatory depression cannot however be excluded e g a difference between the viscous
properties of the receptor and the surrounding elastic tissue  (Landgren)

Landgren showed that each receptor p a defimite g range of
pressure within which a nise of pressure induced an increased frequency of discharge  For
the large baroreceptor umts this extended from 30-200 mm Hg with the threshold
pressure required to evoke a steady discharge varymg between 80-120 mm Hg The
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small baroreceptor fibres required a shightly lgher threshold pressure n order to develop
a steady discharge—120-150 mm Hg  The large baroreceptor units exposed to the same
strength of stimulus always discharged at a higher frequency than did the small baro
receptors

Additional information about the behavious of baroreceptors mn the intact circulation
can be found n the papers of Karasek (1933) Fischer & Lowenbach (1933) Fischer,
Gantt & Lowenbach (1933) Bergamu & Sach: (1935) and Rylant (1936)

Methods of Study of the Carotid Sinus Reflexes

The discovery of the carotid sinus reflexes led naturally to an ntensive study of their
importance 1n the control of the circulation  Moissejeff (1926) introduced the 1solated
mnervated smus preparation  which greatly facihitated the experimental mvestigation of
the reflex responses  This preparation deserves 1 fairly detarled description  The carotid
bifurcation 1s exposed and the external carotid and internal carotrd artenies are higated
the Jatter being tied on the cephalic side of the carotid sinus  Both these ligatures can be
placed without fear of damaging the sinus nerve  The smus nerve anses as a branch of
the glossopharyngeal nerve as 1t lies on the tympanic bulla At 1ts ongm 1t 1s therefore
on a much deeper plane than 15 the carotid bifurcation However the nerve then runs
ventrally and laterally towards the root of the occipttal artery which 1tself arises from the
external carotid artery almost at its onigin in the cat but a few mm distal to the onigin of
the external carotid artery mt the dog  Fig 1 shows the ocerpital artery and the ascending
pharyngeal arteries 1n the tissuc between the external and internal carotid artesies  The
sinus nerve runs up mto this mass of tissue and ensheathing the carotid body which lies
superficially near the root of the occipital artery courses on to the angle of the bifurcation
where 1t usually runs into the medial wall of the carotid sinus It 1s amperative to identify
the sinus nerve at its origin so that the nerve trunk can be followed up to the bifurcation
Two good reasons et for this advice  (a) 1f hgatures are tied round the occipital artery
and 1ts branches without prior knowledge of the position of the sinus nerve 1t 1s Iikely
that the nerve will be madvertently included in one of these higatures (b) many other nerve
branches course 1n this region {see Code Dingle & Moorhouse 1936) and may be avoided
n the belief that they may be the sinus nerve 1f the sinus nerve 1s identified at its ongm
this mistake cannot be made Theoretically n order to complete the isolation of the
carotid sinus only the oceipital and ascending pharyngeal arteres need now be tied I
1t were always possible to ligate these arteries at their ongm without mcluding any of the
sinus nerve branches to the bifurcation this would be easy but this 1s rarely so Con
sequently the higatures are placed a few mm away from the ongin of these vessels and one
15 mever certamn that all arteral branches have been tied until the matter 1s put to the pract
caltest Apart from such problems there are often vessel branches 1n this region which
recerving no official name from the anatomists and only unprintable ones from the exper
mental physiologist will be further sources of leakage until they are secured Having
tied all the higatures which appear to be necessary the tightness of the preparation can
be tested as follows  the external carotid artery 1s held with finger and thumb of one
handto splint the sinus region and the finger and thumb of the other hand are used to
expel the blood from the smus region and the upper part of the common carotid artery
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by moving the hand in the direction of the heart and finally mpping the common carotid
artery n the region of the superior thyroid artery (which together with the carotid branch
to the muscles has been previously tred) If the smus1s  tight  the segment of common
carotid artery thus emptied remams slack Leakage through a patent channel causes
gradual filling of the segment

After making the tight smus the common carotid artery 15 ligated low i the neck
and the artery 15 opened rostral to this  There should be no bleedmg after the mutial loss
of some of the blood contained n the segment A cannula filled with oxygenated Ringer
Locke connected with a reservorr 1s secured 1n the cephalic end of the common carotid

FIG 14 Method for pressure vanations mn isolated carotid sinus (baroreceptors)
Cardiovascular centres 2 Carotid sinus nerves 3 Carotid sinus
Balloons 1n carotid sius 5 Cannula 6 Manorneter 7 Tube connected
with pressure device —(C Heymans A L Delaunoisand G van den Heuvel
Heymans (1953) Crrewd Res 1 3)

T

artery By adjusting the height of the reservorr the static pressure within the smus can
be vanied  a recording manometer can be attached to a side fube of the cannula system
Moussejeffl s technique 1s simple and remarkably effective  Several disadvantages which
mught seem to attend 1ts use are of little import  The sinus 1s not perfused—but the nerve
endings seem to require very hittle oxygen and it 1s not uncommon to obtam reflex responses
with this preparation for several hours  The temperature of the fluid withtn the segment
15 below 38°C—thus reduces the activity of the nerve endings (Diamond 1955) Koch
{1931) h used this p on th h s researches with results which are
Justly well known Possibly the greatest disadvantage of the Moissegeff techmque 1s that
the stimulus provided by the pressure system 1s non pulsatile except at the very moment
of the rise of pressure  As wall be seen later pulsatile pressures provide a much more
effective stimulus to the receptors than does static pressure and mn this respect the sinus
endings behave like other mechanoreceptors
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Before describing the perfusion techniques proper we might mention the  blind sac
preparation which 1s very simple but quite effective for demonstration purposes The
external and internal carotid and the occipital artertes are tied and the common carotid
artery 1s tied low mn the neck A cannula carrymg a balloon (made of rubber or from a
prece of yugular vem) filled with saline 1s slid mto the common carotid artery so that the
balloon tip 1s 1n the viciity of the sinus itself (Fig 14) The saline pressure can be
adjusted by varymg the height of the reservoir attached to the cannula and the distension
of the balloon causes deformation of the simus (Heymans Bouckaert & Bert 1933
Cuypers 1935 Lim & Chang 1936 Donatelll & Shen 1938) This technique has the
advantage that the attention to hemostasis in the bifurcation need not be so elaborate

Perfusion of the carotid sinus hifurcation was ntroduced by Heymans (19294 d)
with the intention of exposing the sinus endings to their natural stimulus and of providing

AN
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Fig 15  Perfusion of both carotid sinuses of recipt

ent dog B by means of donor dog A Anasto-
moses made between common carotid arteries
leading arteral blood to the sinuses Anastomoses
between external carotd artencs of dog B and
Jugular ve ns of dog A returning blood to the donor
dog —(C Heymans (1928) Le Swnus carotidien)

Fic 16 Records obtamed by the use of the technt
que shown 1n the previous figure  Records from
above downwards heart rate of recipent B
systemic blood pressure of donor A systermc
blood pressure of recipent B and tme i1 one
second intervals At arrow 2 01 mg adrenaline
gen intravenously to donor dog A Systemic
hypertension occurs and hence a fise in the sinus
pressure of dog B Thts cvokes reflex_systemuc
hypotenston_and bradycardia m dog B The
heart rate slows from 150/minute to S0/minute
—(C Heymans (1929) Le Snus caronidien)
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them with proper nutnition at body temperature At first a donor dog was used (A) whose
common carotid artery was anastomosed by means of a Payr cannula with the cephalic
end of the common carotid artery of the reciptent dog (B) The efferent vessels of the
carotid artery of (B) had been previously ied A Payr cannula inserted 1n the external
carotid artery of (B) was anastomosed with the central end of the jugular vem of dog (A)
(Fig 15) Peripheral resistance was provtded by an adjustable cltp on the efferent lead
from the stnus Changes of systemic pressure induced in dog (A) thus provided the
stimulus for the baroreceptor reflexes in (B) (Fig 16)  Heymans & Bouckaert (1929) also
used a Dale Schuster pump to perfuse the sinus and thts technique has become standard
The effiuent fluid from the smus 15 led back via a Hooker oxygenator to the reservoir of
the pump Agam peripheral resistance ts adjusted by a screw chip  The one disadvantage
of the perfusion techmque le mn the progresstve hzmolysis which the perfused blood
suffers Dogs blood 1s particularly prone to hemolyse and some have preferred to use
ox blood for the perfusate  This naturally presupposes scrupulous ligation of all branches
of thesinus  We find oxygenated Ringer Locke perfectly satisfactory for perfusion The
other source of trouble in perfusion arises with the necessity for a cannula in the external
carotid artery It 1s dafficult to arrange this cannula with its attached lead so that it does
not drag on the bifurcation and thereby cause continuous deformation of the smus baro
receptors

M De Burgh Daly (1955) has recently used a preparation which 15 basically that of
Moussejeff on which he has superimposed pulsations delivered by a Dale Schuster pump
Other methods of mvestigation of the function of the sinus merves have included
{a) electrical stmulation of the central end of the nerve trunk (b) electroneurographic
recording  Electrical stimulation 1s not a very good method for the chemoreceptor
afferent fibres are excited simultaneously with the true sinus afferents  Only 1f the smus
afferents are sttmulated between the carotid body and their termation 1s a pure  baro
receptor fibre  effect obtamed (e g Schmudt 1941)
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CHAPTER §

BARORECEPTOR REFLEXES, A STUDY OF THEIR
GENERAL EFFECTS ON THE CIRCULATION AND THEIR
EFFERENT PATHWAYS

A General Study of the Features of the Baroreccptor Reflex Responses

Carotid occlusion causes a nise of systemic blood pressure  Even the clamping of
one commion carotid usually causes some rise of pressure but if both are clamped the rise
1s greater  This as Hering showed 1s reflex—if the smus nerves are cut carotid occlusion
no Jonger evokes a rise of blood pressure (Fig 17) At the same time one can observe an
mmportant change The section of both sinus nerves causes a nise of systemic pressure
As we have seen that the electrical stimulation of the central end of the sinus nerve causes
a fall of blood pressure 1t follows that the rise of blood pressure which ensues upon sinus
nerve section 1s due to the withdrawal of tonic inhibitton exercised from these reflexogenic
areas The results of Bronk & Stella (1932) furmsh evidence of the tonic activity of the
smus baroreceptors Carotid occlusion however 15 not the 1deal method of study of the
reflexes as will be seen later

If one carotid sinus 3s 150lated and perfused a rise of smus perfuston pressure causes
a fall of systemic pressure bradycardia and a dimmution of breathing The systernic
hypotension occurs whether or not the vagt are intact It cannot therefore be due to
slowing of the heart which 1s largely prevented 1n these circumstances after vagal section
It 15 due to inhibition of vasomotor centre discharge to the sympathetic cells governing
arteriolar and venomotor tone  Bronk and his colleagues (1933-34) showed that a nise
of sinus pressure reduced the impulse activity 1 cervieal and cardsac sympathetic nerves
(see also Gernandt & Zotterman 1946) A charactenstic feature of the reflex response
of the blood pressure 1s that after an inttial steep fall to ats nadir (at the onset of the rise of
sinus pressure) 1t tends to climb despite the maintenance of the high perfusion pressure
mn the sinus  This 15 more often seen when some or all of the other baroreceptor
nerves are intact  If the opposite sinus nerve and the vagus nerves have been cut this

secondary restoration  of the blood pressure does not always occur  The explanation
of this hies 1 the tonic activity of the baroreceptors n the systemic circulation At
ordmary levels of systemic pressure they discharge impulses with every pulse  When the
systemic blood pressure 1s reflexly reduced by a rise of pressure m the perfused smus ther
impulse discharge 1s | d or abolished and ¢ quently the degree of tonic nhibition
which they induce on the vasomotor centre 1s correspondingly dimmished  As a result
venomotor and arteriolar tone undergoes a secondary mmprovement and the blood
pressure tends to be somewhat restored The recovery 1s natusally very incomplete as
the receptors arc agam stimulated as the pressure rises and therefore inut this rise

34
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Fic 17 Reflex effects of ocelusion of common carotid artertes on blood pressure heart rate and
respiration (carotid sinus reflexes) Records from above downwards Time m three seconds
R = respiration {inspiration = upstroke) figures below record denote rate of breathing per
mmate BP = artenial blood pressure

A Between a and b occlude common carotd artenies  fall of pressure 1n carotid sinuses produces
1ncrease in r.\le and depth of respiration nise of artersal blood pressure and in“rease in heart
rate At b relase arteries sudden distension of carotid smuses refiexly causes temporary
inhibition of breattung slowg of heart and rall of blood pressure

Both carotid sinus nerves cut between A and B Blood pressure nises from 190 to 290 mm
Hg and heart accelerates  breathung increases i rate and depth

B Between c and d repeat occlusion of common carotid arteries 1o change 1n respiration or heart
rate shght mechamical increase of blood pressure At d release arteries  shght mechanical fall
of blood pressure —(C Heymans and J J Bouckaert (1930} J Physiol 69 _54)

Koch (1929 1931) noted that there was a threshold for the sinus reflexes  This can
be most easily app dif the other bar ptor nerves  are cut  Thus if only one
stus 1s 1solated and subjected to pressure change the contralateral sinus nerve and both
vagi are sectioned  Alternately both sinuses can be perfused 1n vagotomized anmmals m
each case there are no opposing circulatory reflexes  Raising the pressure 1n one sinus
the other buffer nerves being cut Koch demonstrated that no reflex effects were
evoked 1n the circulation until the sinus pressure was about 60 mm Hg (Fig 18) By
Tasing the smus pressure mn steps (1929) and noting the change i systemic pressure he
was able to plot the change 1n systemic pressure n response to a change 1n stnus pressure

3-3
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Fic 18 Dog Left sinus tsolated by Moissejeff technique
Right sinus nerve cut  Step-like rise of static pressure in
left caroud sinus Note that there 15 Iittle response of the
systemic_blood pressure until the sinus pressure exceeds
§0mm Hg—E Nel)

over a range of 0-240 mm Hg He obtaned S shaped curves which he named  Blut-
druckcharakterisuk  curves (Fig 19) He made the mmportant powmt that the sinus
reflexes seemed to be maximally active at or about the normal blood pressure of the
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Fic 19 Blood pressure-charactenstics curves of several dogs Abscissa_pressure i caratid sinus
Ordinate falls of systemec blood pressures —(E. hoch (1931) Die Reflekiorische Selbsteurung
des Kreislaufes Stemkopft Dresden)
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animal Koch published curves of this relationship 1n dogs cats rabbits and monkeys
In the dog (Fig 19) the maximal sensitivity of the reflex was mn the region of 120 mm
mercury and below 55-60 mm and above 210 mm Hg there was no response to a fall or
nise of pressure respectively In the rabbit the threshold of response was 25 mm  the
maximum sensitivity at 95 mm Hg and there was no further response once the pressure
had exceeded 160 mm Hg  In the cat the comparable figures were 65 145 and 230 mm
(only one experiment)

The only objection one mught put forward 1o these findings 15 that they were obtained
with the use of static pressures  The normal stimulus to the baroreceptors is pulsatile
The receptor 1s not as active at a steady pressure as at a pulsatile pressure with the same
mean value Fig I8 shows that the rise of sius pressure in the Moissejefl system does
cause a transient response of systemic pressure as the rise occurs but when the sinus
pressure becomes steady agam the systemic pressure 1s partly restored Heymans
Bouckaert & Dautrebande (1931¢) repeated the koch experiments using a Dale Schuster
pump perfusion of the smus  They found that the ma<imal sensitnaty of the reflex
mechanisms was between 85-110 mm Hg  The sensitivity of the vasomotor responses
diminished progressively as the perfusion pressure rose to 200-220 mm Hg ~ Above such
values further rise of sinus pressure caused no further response Heymans Bouckaert
& Dautrebande (1931) also found an abnormality of the systemic blood pressure
response when the sinus pressure fell below 40-50 mm Hg  Lowering of the smus pressure
from 40 mm to zero caused systemuc hypotension They attnbuted this abnormal
response to the artificial conditions of the perfusion the collapse of the sinus wall and
perhaps the dragging exerted by the eflerent cannula caused artificial distortion of the
arterral wall which caused  deformation discharge Landgren (1952) also noted that
very low pressures n the sinus were sometimes the cause of impulse activity 1 baro
receptors whose  normal threshold lay at much higher values These findings are fully
recognized to be due to mechanical artefacts  There are no afferent endings m the stnus
which are normally activated by a fall of blood pressure 1n the intact circulation

The threshold concept of Koch allows an explanation of the fack of refex response
to carotid occlusion when the systemic pressure 1s low  If the systemic pressure 1s only
60 mm a fall of pressure i the sinus causes no change because at such a pressure the
threshold of reflex response 1s barely reached  Generally speaking the higher the level of
systemic pressure the greater the response to carotid occlusion

Henmng clearly recognized that the sino aortic afferent nerves acted in umison  He
designated them (1927 1932) Blutdruckzugler (blood pressure rems) because section
of them caused systemic hypertension kahn (1930) however preferred the term

Blutdruck regler  (blood pressure regulators) potnting out that the nerves senved to
adyust the systemic pressure to its normal value whichever way 1t had moved from the
normal If hemorrhage occurred the blood pressure fell and the reduction of tomic
mhibition of the vasomotor centre by the baroreceptor activity resulted m increased
artersolar and venomotor constriction  As a result the capacity of the system was reduced
the peripheral resistance mcreased and the blood pressure was thus restored towards
normal  Samson Wright (1931 1932) translated  Blutdruck regler nto the now
umversally used  buffer nerves struck perhaps by the similanity of the Blutdruck
charaktenstik  curves to those depicting the titration curve of a buffer system  koch (1931)
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preferred the term  pressorezeptorische Nerven which Franklin (1937) translated
Ppresso ceptive nerves

Qccasionally one sees an experimental ammal 1n which the actvity of the ¢ buffer
nerves 1s very marked Fig 20 shows how such buffer activity may express itself The
left carotid sinus was 1solated and perfused and a nse of smus pressure caused only a very
small response of the systemtc pressure  The other buffer nerves were intact and successive
section of them showed that the simus reflex response had been masked by their activity
One further pont 1s to be noted  Even after section of the left vagus and with the left
simus nerve subjected to mimimal stimulus the systemic pressure showed httle difference
from that of a normal dog (Fig 20B) This can be seen to be due to the tonic activity of
the right carottd sinus nerve and night vagus for when these were sectioned the blood

Fi6 20 Dog 91 kg Chloralose anasthes:a  Records from above downwards ~ Respiration
recorded by changes of intratracheal pressure systemuic B P recorded from left femoral artery
pressure 1n left carotid sinus isolated and perfused separately by a pump circuit

A Shows the response to rise of pressure 1n the left carotid sinus from 80 to 240 mm the other
buffer nerves (1€ both vagi and right carotid siis nerve) being intact  The fall of blood
pressure 15 relatvely slight and some recovery of pressure occurs before the sinus pressure Is
reduced Respiratory rate ts unaffected

B After section of left vagus the systemic B P nises slightly and the respiratory rate 1s stower  Rise
of sinus pressure produces a greater fallof BP than m A

C  After section of right vagus the systemic BP rises increase of sinus pressureé now causes a
more marked fall of systemic pressure with less recovery {rom the mmmum level during main
tenance of the raised stnus pressure

D After cutting the right sinus nerve the systemic B P again nises reaching a mean value of 2 0 mm
Hg  Ruse of snws pressure produces a profound fall of systemuc pressure with hittle evidence of
compensation shown Respiratory rate v markedly slowed —(E Neil (195.) Arch Middlesex
Hosp 4 16)

pressure Tose to 220 mm Hg (Fig 20D)  This provides the explanation of a topic under
discusston 1n the last century—as to whether the aortic nerves were tonically actve in the
ntact circulation

Cyon & Ludwig (1866) Roever (1869) Pavlov (1879) and Baylss (1893) all reported
that the blood pressure was unchanged by cutting the aortic nerves  Leonard Hill (1900)
stated dogmatically that the nerves were not tonically active  Latschenberger & Deahna
(1876) however claimed that a transient nise of blood pressure occurred on cutting the
nerves and Sewall & Stemner (1885) Hirsch & Stadler (1904) & Osborne (1921) agreed
Osborne also Teported cardac acceleration after aortic nerve section  The reason for the
negative Tesults of the eatlier authors 1s that the sinus nerves  buffer  the change
blood pressure which would otherwise occur when the aortic nersves are cut

1t 15 not clear however why the temporary and plete loss of bar p
activity caused by carotid occlusion causes such an obvious hypertension that 1t ts used
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all over the world to demonstrate the sinus reflexes to students whereas the section of both
aortic nerves causes such Iittle change n the blood pressure It 1s possible that part of
the reflex hypertension caused by carotid occl 15 due 1o ch tor excitation
due to the reduction 1n blood flow through the carotid body ~ (Euler & Liljestrand 1943
Landgren & Neil 1951)

Many regard the circulatory changes of hypertension and tachycardia produced by
occlusion of the common carotid arteries as being solely due to a complete disappearance
of the baroreceptor impulse activity  This 1s not true and indeed the local conditions 1
the sinus region during carotid occl are ly 1 d to warrant some
further descniption  Schoudt (1932) measured the carotid sinus pressure by placing 2
cannula 1n the hingual artery and found that occlusion of the common carotid artery
caused a fall of 36% of the imitial pressure which gradually recovered to withm 199 of
its normal value This indicated that a considerable backflow of blood took place via
anastomotic channels Euler & Liljestrand (1936) showed that the wntrasmusal pressure
resulting from occlusion of the ipselateral common carotid artery was further reduced by
occluston of the contralateral common carotid the fall being greater in cats than dogs
They were the first to potnt out that the lowered pressure 1n the sinus durng carotid
occlusion would reduce the carotid body blood flow thereby causmng chemoreceptor
excitatron which 1n turn would contribute to the reflex hypertension caused by clipping the
common carotid artery

Chungcharoen Daly Neil & Schweitzer (1952) and Wang Mazzella & Heymans
(1952) investigated the effects of occluding the ipselateral and contralateral common
carotid or the vertebral arteries upon the pressure m the carotid sinus i the dog cat and
rabbit They found that umlateral occlusion of the commeon carotid artery caused a fall
of some 50% of the blood pressure in the carotid sinus ~ Within 30 seconds however there
ensued a rapid recovery until the pressure was within 10-35% of its mitial value If the
contralateral common carotrd artery was occluded at the same time the fall of sinus pressure
was greater By an elaborate series of expertments it was shown that the partial recovery
of sinus pressure during occluston could be attributed to blood flowing back into the sinus
via the circle of Willis from the contralateral common carotid artery and from the vertebral
and spmal arteries  In the dog both mternal carotid and internal maxillary arteries
communicate with the circle of Willis  The anastomotic vessel jomng the orbrtal branch
of the internal maxillary artery was found to be sometimes as large as the iternal carotid
artery itself (Bouckaert & Heymans 1935 Chungcharoenetal 1952 Wangetal 1952
Jewell 1952) An analogous vessel was found in the cat but not in the rabbit  In the cat
the internal carotid artery 1s not patent 1n 1ts cranial segment (Davis & Storey 1943)

Action potentials recorded 1n the cat from a fine twig of the sinus nerve which con
tamed chemoreceptor fibres and one baroreceptor umt showed that 1psilateral common
carotid occlusion caused heavy chemoreceptor discharge only 1if the external carotid
artery were also occluded in these circumstances there was no evidence of baroreceptor
discharge whatever due to the very low pressure n the sinus regton If the external
carotid artery clip were then removed the intrasinus pressure rose the chemoreceptor
discharge was reduced and the baroreceptor tmpulse activity reappeared although 1t was
sparse i character (Fig 21)




40 BARORECEPTOR REFLEX RESPONSES

Too much attention should not be paid to the level of mean pressure mn the sinus
following occlusion  Even though the mean smus pressure may regam a level within
10-35%, of 1ts nitzal value 1n 30 seconds during occlusion the pressure 1s only feebly
pulsatile and for this reason 1s much less effective 1n arousing baroreceptor discharge
Ead Green & Neil (1953) showed that the reflexogenic effects of a pulsatile pressure 15
much greater than that of a steady sinus pressure at the same mean i so far as the systemic
blood pressure response 1s concerned  Bronk & Stella (1932) showed that the baro
receptors responded to the rate of change of pressure by (1) mcreased frequency of dis
charge and (2) by the recrustment of more baroreceptor units It 1s for this reason that
the reflex effects of common carotid occlusion are very obvious even though the mean
sinus pressure may within 30 seconds regain values not far short of those instially recorded
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Fic 21 Cat 31 kg Chloralose ansthesta  Artificial respiration Rught carotid nerve cut cen

trally Chemoreceptor fibres intact  all but one uni d by di

and crushing  Remaming buffer nerves intact Records A B C and D each show ecg

(upper record) and action potentials from the right carotid stnus nerve (lower record) Record E

shows time n from a smg Istretch receptor

A mean BP 130 rnght common carond artery patent nght external carottd actery occluded

B mean BP (35 15 seconds after placing clip on right common carotid artery (external carotd

remauns occluded) € mean B P 130 10 seconds after removal of external carotid artery chp

fecommon carotid antery remuming oscluded) D mean BY 125 10 seconds after removal of

the clip from the right common carotid artery —(D Chungcbatoen M de B Daly E Nestand

A Schweitzer (1953) J Phisiol 117 56)
Comersely the profourd bradycardra and systermic hypotension which occur on removal
of the chps from the common carotid arteries (see Fig 17) are essentially due to the rapid
rate of rise of pressure within the sinus which powertully excites the nerve endings

Clearly then the effects of common carot:id occlusion should not be simply inter

preted as being due to complete withdrawal of smus baroreceptor impulses  This 1tself’
15 rarely so except in the few seconds following application of the clips and m any case
there 1s an accompanying sttmulation of the chemoreceptors due to the fall of mean pressure
withm the bifurcation  Since the concept of the sino aortic buffer nerves as a functional
entity has ansen there has been perhaps undue enthustasm m attempting to identify all
changes 1n the circulation sn terms of the effects produced on these afferent nerve endings
Recently however we have gained much new snformation about cardio pulmonary afferent
mechanisms which must be taken mto account too when considering the control of the
circulation Little progress can be made until we know whether these cardio pulmonary
reflexes are tonically active or not  Meanwhile 1t 15 somewhat exasperating to find that
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positive evidence of the buffer role of the sino aortic nerves 1s still ignored i some quarters
Two examples may be given (1) Tt 1s a common mustake to clamm that the baroreceptors
are less active m exercise as the blood pressure rises constderably Considering that the
cardiac output increases some four to six times whereas the mean pressure rises only some
50% the remarhable feature should surely be that the blood pressure rises so httle
Admuttedly there 15 evidence of a great increase in the vascular bed of the muscles due to
local chemucal effects on the muscle blood vessels but there 15 no reason to suppose that
the baroreceptors are any less effective durmg exercise (2) Box1ll & Brown (1953) and
Brown&Hilton(1954a & 1955) have argued 1n a series of publications that the rise of blood
pressure caused by the intravenous injection of adrenaline or noradrenaline 1s not buffered
by the baroreceptor reflexes They fail to understand even the basic mechanisms of the
reflex  An mcrease 1n blood pressure however caused must necessarily arouse greater
activity in the nerve endings Unless the dose of adrenaline given 1s so huge that 1t
modifies synaptic transmission  then the result of the increased baroreceptor activity must
be decreased vasoconstrictor discharge and hence a reflex fall m artertolar penipheral
resistance and venomotor tone which tend to offset the rise of blood pressure caused by
the direct cardiovascular effects of the drug  Heymans (1929¢ d) and Samson Wnght
(1930a) separately analysed the effects of large doses (e g 100pg ) of adrenaline It s
now well known that such doses cause bradycardia and apneea  these cardiac and res
piratory responses were abolished by smo aortic nerve section  Nerther the smnus reflex
response of heart rate nor that of respiration to a nise of intrasinus pressure 1s as eastly
evocable or as long lasting as that of the vasomotor centre (Winder 1937) Clearly then
the bar P reflex op even when large doses of adrenaline are given
In any case Brown & Hilton seem to ignore the results of Cuypers in 1935 which entrrely
refute their claims  Lately 1 H Page and co workers (1955) have confirmed the results
of Heymans Wright & Cuypers  They arranged one innervated sinus after the manner
of Ead et al {1952) so that 1t could be alternatively supplied by the natural circulation or
perfused by a pump  The remaining three buffer nerves were cut  state the authors
{meaning both vagi and the contralateral sinus nerve)  The mtravenous inyection of 5-10y
of noradrenaline caused an evanescent rise of blood pressure  The nise was greater when
the sius was separately perfused by the pump than when 1t was supplied by the natural
circulation
Brown & Hilton concluded from their analysis that 1f the baroreceptors have any
biological importance 1t 15 probably more 1n the direction of protection against hypotension
rather than hypertension Thts seems remimscent of the argument referred to above
that the baroreceptors are inactive 1n the circulation during exercise and 1s a complete
travesty of the facts  Study of therr protocols reveals that 1n the main common carotid
occlusion caused Iittle 1f any rise i the systemic pressure of their anumals  This 1s very
likely referable to their use of barbitone as an anzsthetic Bouckaert & Heymans (1930)
showed twenty five years ago that this considerably depressed the baroreceptor reflexes
Obviously if the baroreceptor reflexes are mactivated mtially they are indeed unlihely
to play any part n buffermg changes of blood pressure however these may be caused
Heymans de Schaepdryver & King (1956) have very recently performed further expert
ments to remvestigate the role of the buffer nerves m hiniting the hypertensne response
toadrenaline They have gathered a considerable bulk of evidence which 1s not 1n harmony
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with the views of Brown & Hilton  The following experimental result may be selected
as an example

The njection of | pg /kg adrenaline caused a rise in the systemic pressure of a dog
from 160 mm Hg to shghtly above 200 mm Hg (Fig 22 (1))  Both carotid sinus nerves
and both vagt were intact  The vagal and aortic nerves were cut and the blood pressure
showed little change presumably due to the buffer activity of the sinus nerves The same
dose of adrenaline was given agam and the response differed little from the previous one
(Fig 22 (1)) Both carotid stnuses which had been previously exposed were now 1solated

Fic 22 Dog 15kg morphme-chloralmc anzsthesta A P = arterial blood pressure SP = stnus

pressure  Time in 3 second nterv:

1 1 Ingection of 1 pg adrcnalme/kg body weight  Between I and Il both vago-aortic
nerves cut

1 2 Imectionof 1 pg Adrenaline/kg body weight !Jc(wcen 11 and I11 both carotid sinuses
were 1solated and exposed to a steady pressure of 160 m)

4 3 Imjection of 1, g adrenaline/kg body weight ——(C Heym:ms A F De Schaepdryver
and T O Kung (1956) Arch tnt Pharmacodyn 10T 479)

and arranged so that the sinus pressure could be adjusted independently of the sy
arculation  The pressure 1n the 1solated sinuses was set at 160 mm Hg — the same
pressure as that of the systemic circulation Tnjection of the same dose of adrenaline
caused a much greater response than before (F1g 22 (1)) indrcating that the sinus nersves
had been previously limiting the nise of pressure caused by the drug

Efferent Paths of Baroreceptor Vasomotor Reflexes

These have been mainly studied by cutting the nerves themselves or by regsterng
their smpulse activity  The unportant role of the splanchnic nerves in the regulation of
the blood pressure was early shown by Ludwig & Thiry (1864) and Cyon & Ludwig
(1866) and was confirmed by many others e g Jansen Tams & Achelis (1924) Izquierdo
& Koch (1930) Kremer & Wright (1932)

Bacq Brouha & Heymans (1934) and Schneider (1934) showed that baroreceptof
vasomotor reflexes were completely abolished 1n dogs by complete excision of both
paravertebral sympathetic chains (Figs 23 and 24) Complete sympathectomy n cats was
not always successful tm eliminating the baroreceptor vasomotor reflexes due probably to
the speed of regeneration of the sympathetic pathways in this species (Bacq Bremer
Brouha & Heymans 1939)
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Parasympathetic vasodiator fibres do not parucipate actively in baroreceptor
vasomotor reflexes (Bernthal Motley Schwind & Weeks 1945 Celander & Folkow

¥ic 23 1 Systesmic arterial presswre of normal dog M Syscemic artenat pressure of chronic total
sympathectomszed dog.
1-7 Clamping and unclamping of common carotid artenes  Normai reflex rise and fatl of
artenial pressure
3-4 Clamping and unclamping of common cisond artenes  Tachycavdn and brady.
cardia without reflex hypertension 1 sympathectomized dog —(Z M Bzeq L Brouha and
© Heymans {1939) Arch st Pharmacodia 43 419)

Fig 23 | Systermc artenal pressure of sosmal dog 11
Systemsc astersal pressare of throme total sympathee
tomized dog

1 Section of both aort and carotid stwus neTves—
hypertension

2 Secnon of same nenes 1n total sympathectos
zed dog—nn hypertension —~Z M Bacq L Brouha
igg € Heymans (193] A ch o Pha macohn 48

3

1951 Lindgren & Uvnas 1954)  Itisalso known that the sympathetic vasodilator nerves
are nog ved an bar plor v reflexes (Folkow & Uvnds 1948 Lindgren
& Uvnas 1954 Frumm Ngai & Wang 1953)
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It follows that the efferent nervous pathway of the baroreceptor vasomotor reflex 15
restricted to the sympathetic vasoconstrictor nerves  Central mhibition of the vasomotor
centre by the baroreceptor afferents represents the only mechamsm of the reflex  Vaso
constriction can occur in such reflexes only by a withdrawal or a reduction of the afferent
baroreceptor impulses  This 1s much more eastly understood by recording the impulse
activity in the sympathetic nerves themselves  Gernandt Liljestrand & Zotterman (1945)
showed that efferent tmpulses 1 the splanchnic nerve were greatly increased by a fall of
systemuc pressure produced by hemorrhage and were conversely almost abolished by the
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Fio 25 Cat28 kg natural respration  Sympathetic ramus of night supcrior vervical ganglion
the caroud cut and laid on el des Records from above
d ECG and el from ] h
A Control
B After removal of 65 ml blood from femoral artery
C  Immediately afier retransfusion
(W F Floyd and E Neul (1952) Arch nt Pharmacodyn 91 230)

intravenous injection of adrenalmne 1n a dose sufficient to cause marked systemic hyper
tension  Afier section of the stno aortic nerves the tajection of adrenaline no loager
abolished mpulse activity 1n the splanchnic nerves proving that the effect recorded in the
intact ammal was reflex m ongin  Stmilarly the splanchmc efferent impulse activity was
greatly mcreased above 1ts resting level upon section of the smo gortic nerves  Dontas
{1955) has recently made some similar observations

Figure 25 shows the effect of hzmorrhage sufficient to lower the systemic blood
pressure from 130 mm Hg, to 50 mm Hg on the mmpulse activity 1n sympathetic post
ganghonic fibres destined to supply the afferent vessels of the carotid body (Floyd & Neil
1952) The impulse activity shows a considerable mcrease which 1s partly due to the loss
of reflex mhibition from the baroreceptors and partly due to reflex excitation from the
chemoreceptors  The replacement of the blood lost restores both the blood pressure and
the sympathetic impulse actvity to normal values
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BARORECEPTOR REFLEAES AND THE HEART

Introduction
CraQue fors gl constate unt vananon dans fa hauteur du manometre apphgue
sur une artere 1exper doat se d der que} est cehur des deux facteurs de la

tenston arterselle qus 3 varne ou bien st les deux facteurs Ja puissance et a reststance ont
cte modifics a Ja fors  En labsence d un criterium qui permette de trancher en toute
surete cetie question hitigieuse bien souvent les physiofogistes ont chost | hypothese qu
s accordat e mieux avec leurs sdees preconcues —{Marey 1881y

A furiher statement transiated {rom Jarisch (1928) may be gnen— 1t 1s a source of
regret that the measutement of flow 15 50 much more difficult than the measurement of
pressure  This has led to an uadue interest m the blood pressure manometer  Most
organs however require flow rather than pressure

“These two statements are quoted here because we feel that too much attention has
been paid 1nt the past to the effects of the baroreceptor reflexes on the level of the blood
pressure uself  The baroreceptors do act as  Blutdruckzugler  but their action is not
confined to effects on the artertofar resistance  Many textbooks of physiology include
the followmg equation

Blood pressure -= {or =) Cardiac output < Penpheral Resistance

This amphies that provided the cardiac output remains constant an mncrease of

penipheral resistance will mcrease the blood pressure  The mamn site of penpheral
1§ rep d by the les governed by the vasoconstrictor influence of
the sympathenic nenves It has become widely accepted that changes of blood pressure
produced by vananons of sympathenic activity are 1t ns of changes of
artenofar perspheral resistance It 15 our contention that this equation s not only of
fmsted value but may also be actively musleading directing attentson as 1t does elsewhere
from the capacity of the circulatory system  The capauty of the vascular bed n man s
roughly 5 htres and of this perhaps 60-70% 15 accommodated 1n the post arteniolar
vessels noiably 1 the venules and the vemns  The arterzes themselves have 2 marked
resistance 10 stretch as can be undetstood by derng the nse of p {10 mm Hg)
produced by 2 systoelic output of 40 m! blood The volume elasticity coefficient is
therefore § mm Hg/f mi blood or
136 x 981 dynes/om?®
1 eny?
which s app: 1y 1400 dynesjem® The latory system however of a normal
adult can accommodate a blood volume change of 1000 m! with a pressure ehange of
7 em water and therefore has 2 volume elasticity coefficient of
7 x 981 dynes
= Tapent 7 dmesont

a3
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(Gauer Henry & Sieker (1956))  Hence the arteries can accommodate only 1/200th of
any volume added to the system the r der being ac dated in the low pressure
vessels represented by the systemic vewns and the mtra thoracic vessels Conversely
changes of capacity 1n the system are most likely affected by alterations of venomotor tone
whether induced neurogenicaliy or by a myogenic property of the venous walls themselves
The venous system might be described as the Cinderella of crreulatory phystology with
good reason It has not been sufficiently understood that quite small changes produced
by venoconstriction resuling i only 1 or 2% reduction of their capacity will have
profound effects on the venous return to the heart  Celander (1954) and Folkow (1955)
have recently pointed out that as the veins contain some 609, (or more) of the total blood
volume 1n a system 1n which the stroke volume of the pump 15 only 1-2% 1t can be
calcuiated that a 1-2%, reduction of venous capacity will double the diastolic imflow to
the heart from one heart beat to the next A similar constriction of the arterioles would
have only a negligible effect on the peripheral resistance
Much of the pre occupation of physiologists with peripheral resistance has stemmed
from the difficulty of measuning changes of capacity and total flow of the vascular system
The ease of measurement of the artenal blood pressure and the dramatic effects thereon
which can be produced n the experimental anumal by stmulation of the baroreceptor
afferents have resulted m our 1dentifying cireulatory changes n terms of blood pressure
and hence n terms of alterations in peripheral reststance  The advent of methods of
measuring cardiac output far from simphfying our understanding has i some ways
fostered the cult of peripheral resistance  worsthup 1t 15 unfortunate that when cardiac
output and blood pressure are known the peripheral resistance can be calculated by sumple
anthmetic  As a result we suffer announcements such as  adrenaline 15 an overall
vasodilator But adrenaline constricts vemns (Olwver 1897-—see Franklin 1937 for
fiterature} and thereby exerts a considerable effect on the capacity of the circulation It
1s likely that adrenalime contributes as much to the increase of cardiac output which its
administratton mduces by this action on venous tone as by any chronotropic and o
tropic effects which 1t has on the heart The result of the anthmetic however when the
blood pressure 15 rased but the cardiac output 1s raised more 1s to show that the total
penpheral resistance 1s reduced—which 1s the basis of the statement given above
Paradoxically the one instrument in frequent use n the European Jaboratories of the
19th century which did enable the assessment of volume changes of parts of the circulatory
system gave mformation which was often misinterpreted  The plethysmograph allows
the studv of changes of volume of an organ during alterations of circulatory actvity
From such studies 1t was recogruzed that the splanchmic organs served as blood depots—a
most important concept Sympathetic simulation was shown for example to induce
splenic contraction  If the innervated spleen was perfused separately however stumulation
of the splenic nerves reduced the splenie volume and it was mferred that artenofar con
stction took place therebv increasing the splemc vascular resistance  Unfortunately
the second finding has gradually assumed greater and greater umportance 1n the eyes of
the majonty and two pomnts have been forgotten
{1) The reduction 1n volume of the spleen 13 essentially due to venoconstnction
(2) A reduction in the volume of an organ supphed by the mtact circufation 1s no
guarantee that the flow per minute through the organ has diminished  Following
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+ dont

hazmorrhage which causes sy yp there 1s dly a decrease
1n splenic blood flow for here there 1s increased arteriolar resistance and a lower
pesfusion  pressure  However 1 splanchnic nerve stimulation which causes
marhed systemic hypertension although the size of the spleen 15 dummshed the
1ise of systemic pressure may well force more blood past the constricted arterroles
because the capacity of the circulation as 2 whole 15 reduced the venous return 1s
mitially increased (by splanchnic veno constriction) and the stroke volume and
cardiac output may well be increased  Without measuring splenic flow 1n these
circumstances no statement can be made from indirect evidence such as volume
change
The last few years have seen a great development in methods of measurng flow and
evidence collected from such studies mdicates that we have been too prone to describe
changes mn the circulation 1n terms of blood pressure and artertolar resistance  Nowhere
1s this better exemplified than 1n the study of the baroreceptor reflexes where the lack of
evidence of changes 1n cardiac output or regional blood flow has led us to 1dentify changes
of artertal pressure and organ volume solely m terms of arteriolar resistance  McDowall
(19352 1938) has long argued that the role of the sino aortic reflexes 1s predomiantly one
of adjusting the circulatory capacity
Occlusion of the common carotid arteries causes systemic hypertension Volume
plethysmographic studies of the spleen hindlimb kidney and other parts of the circulation
reveal that each of these parts of the body dimumishes in volume during the pertod of
carottd occlusion  Studies of the blood flow through these organs perfused separately
showed that there was an Increase 1n the peripheral ressstance during carotid occlusion
The systemic hypertension was therefore freely ascribed to arteriolar vasoconstriction
But 1f all volume plethysmographic results are taken as indicating qualitative blood flow
changes then we would have to conclude that the cardiac output must fall durning carotid
ocelusion  The liver spleen kidney bram and skin together receive about four fifths of
the total cardiac output  The flow through the bram can hardly be greater than normal
at the onset of carotd occlusion and the vascular beds of all the other organs have been
shown to constrict Recent direct measurements of total pulmonary flow have revealed
however that carotid 1 1 the cardiac output Simularly
measurements of muscle blood flow and renal blood flow 1ndicated that the flow through
these organs may mcrease during carotid occluston  Correspondingly then as the under
standing grows that there 1s often an increased cardiac output during carotid occlusion
so the importance attributed to changes of peripheral resist 1n these cir
dechines par: passu_There 1s always some 1ncrease of peripheral resistance during carotid
occlusion but 1t 1s of less quantitative significance than has been considered hitherto  The
most important change during reflex systemic hypertension of simo aortic origim 1s probably
that of venoconstriction  Nevertheless 1t 1s true that changes of peripheral reststance
caused by artertolar constriction contribute to the high level of blood pressure during
carotid occlusion In this respect peripheral arteriolar vasoconstriction 1s probably
responstble for an mcrease 1n coronary flow which permuts the heart to increase its work
output  In systemuc hypotension caused by hemorrhage the reflex increase 1n peripheral
reststance m the skin and splanchnic area aids 1n the distribution of blood to the bram and
heart circulations which are th Ives relatively independent of the reflex vasoconstriction
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However if vasoconstriction of the arterioles were the sole result of caroud occlusion 1t 15
arguable whether any essenttal benefit would be conferred on the circulation as a whole
for reduction of the vis a tergo would nevitably accompany and would partially offset
the effects of a nise of arterral pressure

The Baroreceptor Reflexes and Cardiac Output

There has been ltttle agreement as to the influence of the carotid sinus reflexes on the
output of the heart, this s perhaps astonishing 1n view of the central positton that changes
of cardiac output assume in any discusston of the refiex regulation of the circulation

Much of the trouble has stemmed from the use of unsuitable methods Tigerstedt
(1908} used the aortic Stromuhr and noted that sttmulation of the aortic nerve caused an
mcreased cardiac output  Janisch & Ludwig (1926) Gollwitzer Meter & Schulte (1931)
Moe Rennick Capo & Marshall (1949) used cardtometers Varable results were
obtammed and 1t 1s doubtful whether any of them can be considered to be of much sigmifi
cance Cardiac output 1n all these experiments was far below that determuned in dogs
with intact chest by the direct Fick method The cardiometer usually embarrasses venous
return (Kenney Neil & Schweitzer 1951)

The use of the direct Fick method has itself given vanable results 1n the hands of
different workers  Riml (1929) found that carotid occlusion caused either an increase or
a decrease 1n the cardiac ontput in the rabbit  No doubt sf his series had been larger he
would have found some antmals 1n which the output was unchanged by this procedure
Heymans e al (1931¢) using the direct Fick method measured CO production and veno
arterral CO  difference 1n dogs and noted that carotid occlusion increased the cardiac
output Charlter & Philippot (1947) found a nise of cardrac output 1n each of etght dogs
subjected to carotid occlusion when using O uptake and A-V O difference for Fick
measurements  kenney e al (1951} calculated from the protocols of Charlier & Phtlippot
that five of the eight amimals showed a fall of peripheral resistance durmg carotid
occluston (315 176 233 117 and 2 0% respectively) and none showed a nse of a
greater degree thand 19 In view of the marked vasoconstriction which carotid occlusion
reflexly produces m the skin and splanchmic areas and i view of the mechanical
obstruction of the cranial blood flow by the occlusion ttself they were puzzled that there
should be a decrease m the peripheral resistance

Kenney Neil & Schwertzer (1951) repeated the experiments of Charlier & Philippot
and m addition studied the effects of carotid sinus perfusion pressure and carotid smus
nerve stimulation  Cardiac output was determined by the direct Fick method using O
uptake and A-V O difference In only one of their expertments was cardiac output
reflexly decreased by a nise of sinus perfusion pressure In sixteen experiments no obvious
change of cardiac output occurred De Vleeschhouwer Pannier & Delaunois (1949)
obtamed smular results although the cardiac mdex 1n their expertments was often very
low compared with those reported by other workers (see kenney ez al , 1951) At about
the same time Holt Rashkind Bernstein & Greisen (1946) published some results of
stimulation of the sinus nenve on the cardiac output using the Stewart technique for
measuring output  They reported that stimulation of the simus nerve produced an average

fall of 7% 1n the cardiac output although the range of their resuits 1n six experiments was
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quite remarkable (—23% to -+ 34%,) Despite thewr own findings they calculated that
67% of the fall of blood pressure was due to a reduction of cardiac output  Thes calcula
tion was based on changes of cardiac output determined during the opening of an artenio
venous shunt  they regarded the opening of such a shunt as exemphfying a pure reduction
of total peripheral resistance By substituting cardiac output and pressure changes
cortesponding to the alterations of TP R calculated from the results of the shunt
evpeniments for alterations of TP R calculated from the results of sinus nerve stimula
tion they arrived at the conclusion stated above There 1s however no reason to
suppose that an arterio venous shunt merely represents an alteration in TPR It 1s

y ble to analyse h d changes occurring n one type of experiment by
using results obtaned 1n another (kenney ef a/ 1951) Leusen Demeester & de Witte
(1954) using the Stewart Hamilton dye method reported that a fall of sinus pressure
1ncreased the cardiac output and that the increase of cardtac output contributed more to
the rise of systemuc blood pressure than did the mcrease in pertpheral resistance calculated
from therr results They proceeded to exanune the effect of moderate hemorrhage on the
reflex responses of cardiac output and blood pressure to changes of pressure 1n the 1solated
mnervated carotid simuses

Control measurements were first made of the effects of alterations of pressure in the
perfused 1solated carottd sinuses (Leusen et al , 1954a &) on the cardiac output and blood
pressure of vagotormized dogs A decrease 1n sinus pressure caused a rise of cardiac output
and blood pressure and some rise of T P R The cardiac output was mcreased by some339,
The TP R however increased only 20% as the blood pressure rose by some 53% The
merease n carcdiac output contributed to the rise of blood pressure to a greater extent than
did the increase in TP R The dogs were then bled about # of the blood volume being
removed after which the measurements were repeated A fall of sinus pressure now
mcreased the blood pressure by about 709/ the cardiac output by about 27% and the
TPR by 43 4 Hence as the blood reservoirs are depleted by hemorrhage the con
tribution which their constriction can make durimg sinus hypotension becomes of less
mmportance and the relative contribution of arteriolar vasoconstriction becomes greater
(Leusen Demeester & Bouckaert 1956)

Kenney et al (1951) suggested that 1n experiments 1n which marked bradycardia
accompamed a nse of sinus perfusion pressure there would probably be a fall m cardiac
output merely due to the failure of the heart as 2 pump Thus 1f asystole supervenes as
15 sometimes the case when the sinus pressure 1s raised the heart output will obviously
fall to zero  In none of their experimental ammals was any marked change of heart rate
found possibly because they did not use morphine  They conceded that sudden changes
of stnus pressure might well cause transient effects on the cardiac output and discussed
the madequacy of the Fick method m detectmg such changes concluding that only a
beat to beat determnation would suffice That of Hamilton & Remungton (1947) has
however been shown to be even qualitatively maccurate by Duomarco Dillon & Wiggers
(1948) The only further development of beat to beat measurements comes from some
remarkable techncal achievements of M de Burgh Daly & Luck (unpublished) who have
succeeded 1n measurimg total pulmonary blood flow by a rotameter during changes of
ssolated sinus pressure  Inevitably these resuits were obtained in dogs with open chests
under positive pressure ventilation It 1s unlikely that the circulatory conditions
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particularly 1n the low pressure part of the system are the same as those extant i ammals
breathing normally Nevertheless 1t 15 equally unlikely that the crrculatory responses
obtamed are totally dissimlar to those seen 1n the closed chest preparation

Fi 26 Dog 156kg Morphinechloralose an®sthesia  QpenThorax  Positive pressure artificial
resprration  Pulsatile perfusion of both carotrd sinuses solated from the general circulation
Measurement of total pulmonary blood flow by means of a rotameter Records from above
downwards left atrial pressure right atral pressure pulmonary blood flow pulmonary artersal
pressure carotid sinus perfuston pressure systemc blood pressure and heart rate

A Band C show the effect of raisung the pressure in both carotid siuses by different amounts
and for varymg periods of time  In D the Ieft carotid sinus only was perfused the right one now
being in communication with the natural airculation  Note an after nise in pulmonary artesal
pressure and in pulmonary blood flow now appears —By kind permtussion of M de Burgh Daly

Figure 26 shows a typical result of rassing the perfusion pressure 1n both carotid
siuses 1solated from the general circulatton A rise of smus pressure from a mean
pressure of 90 mm Hg to 130 mm Hyg, causes bradycardia a fall of systermic pressure
from 110 mm Hg to 45 mm Hg a fall of pulmonary artenal pressure from about
27 ¢cm H Oto 20 cm armse in night atrial pressure from Scm H_ O to 7¢m H,0 anda
reduction in total pulmonary flow (cardiac output) from 1 25 1 /mun to about 0 8 I /min
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1In 26 tests in Seven experimental ammals a mise of carotid smus pressure caused an
average reduction of cardiac output of 14%; (range 8-46%) The response of left and
night atrial pressures was not constant—depending largely on the response of the heart
they rose or fell  The fall 1n cardiac output produced by a rise in sinus perfuston pressure
was scen even 1n preparations m which no change of heart rate occurred i these crrcum
stances On the other hand m anmmals 1n which marked bradycardia occurred mn response
to raised sinus pressure vagotomy which of course almost abolshed changes of heart
rate mn these conditions greatly reduced the fall in cardrac output

Conversely Daly & Luck showed that carotid occlusion usually produced a mise 1n
total pul ry flow and mn pul y arteral pressure

1t appears from these results that the changes in pulmonary artenal pressure follow
those m pulmonary flow Caleulation (from the pressure drop across the pulmonary
vascular bed divided by the flow) of the pulmonary vascular resistance showed that 1t
mught rise or fall durmg the reflex effects of raised sinus pressure  The fact that the
pulmonary blood flow falls mn these preparations even with denervated heart and Tungs
points to the importance of capacity effects in the systemuc circulation 1n promoting these
changes This 13 probably due to reflex veno dilatation (Fleisch 1930  Gollwitzer Meter
& Schulte 1931 Heymans et al 1931¢) If this were the sole cause of the decreased
venous return 1t would only be expected to be transient However the mcreased capacity
of the venous reservoir decreases the effective blood volume and lowers the right atrial
filling pressure thereby tending to maintain the dimimshed output of the right side of
the heart A fall in night atrial pressure was observed n this type of preparation  (Daly
personal communication}

Be that as it may the figure included here reveals a marked rise of right atrial pressure
so 1t 15 dufficult to argue that the reduction of total pulmonary flow 1s due to other than
mability of the heart itself to  clear  blood presented to 1t by the venous return There
1s admittedly a fairly well marked bradycardia n the preparation shown  Perhaps this

failure  of the heart as a pump 1 these circumstances 1s the most surprising finding of
all  All the arguments presented . thus chapter have dealt with the mechanism of venous
return during the alterations of arteriolar and venomotor tone reflexly produced by
vaniations of sympathetic vasoconstrictor activity It would seem however that the
teduction of cardiac output during sinus hypertension 1s at least often due to a decreased
efficiency of the heartitself  Daly provides some important further evidence obtained from
measurements of coronary sinus flow During carotid sinus hypertension there 1s a
profound reduction of coronary smus flow which accompames (and 1s probably due to)
the reflex systemtc hypotension It 15 likely that this fall in coronary flow 1s responsible
for the greatly d hed 2 1 effi y of the ventricle Conversely durmg
carotid occlusion or hypotension mn the perfused 1solated innervated carotid simuses a
marked increase m coronary flow accompanies the reflex systemuc hypertenston and again
probably enables the heart to mantain a greatly mereased work performance represented
by an increased cardiac output against a higher mean systemic blood pressure

1t 15 fair to poimnt out that the experymental induction of reflex hypotension 1n the
systemic cireuit by raising the perfusion pressure 1n the rsolated tnnervated sinuses
brings about a chain of events which 1s somewhat abnormal In the ordinary course of
events the 1 stimul of the bar ptors of the smo aortic region would be
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caused by a nise of systemic pressure Hence the coronary flow n these circumstances
would be greater than normal and 1t 1s quite possible that the marked reductions
coronary flow which Daly has recorded mn lus experimental conditions do not occur and
consequently there 1s less chance of a fallin ventricular efficiency

The effects of carotid sinus reflexes on the cardiac output may well be determmed by
the state of the reservours tn the circulation as was argued by Heymans Bouckaert &
Regniers (1933)

The effect of cutting the vagi on the cardiac output has been noted by Charher &
Phulippot (1947) Charlier (1948) Kenney eral (1951) and recently by Levy e al (1954)
Levy er al found no change mn output and the earlier authors found no constant change
As the vagt contains many fibres of baroreceptor type which anse from the cardio
pulmonary area as well as from that of the aortic arch and as Aviado & Schmdt (1955)
regard all baroreceptors as exerting depressant actions on the cardio vascular system this
absence of change mn the cardiac output following vagotomy 1s surpnising It suggests
that we are still rather 1gnorant as to the mechamsms of control Others however are
much more confident Hamlton (1955) tn the recent sympostum on the regulation of the
performance of the heart held i Atlantic City states  The reflex regulation of the heart
1n mamtaming a constant blood pressure 15 of course mainly a function of the reflexes
ongmating i the stretch receptors which lie 1n the walls of the aortic arch and carotid
sinus  These reflexes slow and restramn the heart when the arterial pressure 1s high and
cause 1t to speed up and increase the force of contraction when the pressure 1s low

Heart Rate

Marey (1859) was the first to describe the relationship between bloed pressure and
heart rate Whereas he originally thought this was a direct effect of the level of the blood
pressure on the heart itself he later found (Marey 1881) that after bilateral vagal sectron
the heart rate was scarcely altered by big mises of blood pressure  Bernstem (1867) and
Nawrocks (1874) had already shown thus  Bernstetn clearly stated that the blood pressure
level excited the vagus centre and that the higher the blood pressure the greater was the
vagal excitattion  The question arose as to whether the vagus centre was excited reflexly
or directly  Bernstein favoured the former but could not suggest the afferent pathway

Frangois Franck (1877 1878) claimed that the level of blood pressure directly excited
the vagus centre using the perfused head preparation 1solated from its body save for a
connection by both vagi A rise of pressure in the head circulation caused bradycardia
This has been repeatedly confirmed (Eyster & Hooker 1907 1908 Lecrener 1908
Hedon 1910 Tournade Chabrol & Marchand 1921 Foa 1921 Anrep & Starhing
1925) We know now that this apparent proof 1s fallactous—the positive results obtained
depend on whether the innervation of carotid stnuses has been preserved  Sicthano (1900)
and later Hering (1927) koch & Mies (1927) and Heymans (1929) proved thus (see Fig 27)
Hering koch & Heymans deseloped the theme that resting cardtae vagal tone 1s reflex
and 1s engendered by tonic activity of the simo aortic receptors

Henng emphasized that the heart reflex induced by sinus baroreceptor stimulation
was of more sudden onset than the vasomotor reflex and that rts maximal effect was
usually attained within a few seconds He also observed that the magnitude of the effect
was much more vanable than that of the vasomotor response and that it was much more
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Fig 7 Abme Method oT nso\ated hend of dog B perfused by means of dog A Vag aorhic nerves
alone connecting hea d bod:
Left A Atterst prcssurc or donor ug A and head B
B Heart rate body B
3 Intravenous mection of 0 I mg noradrenaline to dog A Rise of antenal pressure dog A
head B bradycardit in body B
Righ Same preparation but carouid sinus nerves of head B are cut
1 lmm cnous injection of B 1 g noradrenatine 10 dog A Ruse of artenal pressure dog A
but no change m heatt rate of body
< H:ymzns and G R De Vieeschhouwer (1950 Arch it Phormacodyn 83 403)

poorly mamtamned  Thouyh this 15 generally true Fig 28 shows an exception to the rule

Schnever {1935) also noted the poor mamntenance of the heart reflex 1 ammals with
mtact vago aortic nerves and concluded that this could be attnbuted to the influence of
the aortic ‘Thus a5 the sy p fellthe of aortic discharge
caused cardiac acceleranon Spychala (1933) had reached simlar conclusions and
Winder (1937) also concurred  Winder considered that the aortic baroreceptors were
mote mportant than were the sius afferents i the reflex controt of the heart rate  he
also beheved that the sinus afferents were on the other hand more 1mportant than the
aotue m affecting the vasomotor centre (¢f hoch 1931 Izquierdo 1930 Schneyer
1935)

Dantelopolu Marcu Proca & Aslan (1932) believed that stnus impulses exctted both

path and parasympathetic fibres together the effect of the one partially antagonizing
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the other This unlikely concept dignified by the sonorous term  amphotropism

has disappeared from the literature of today Danielopolu and s co workers were con
fused by the presence of the chemoreceptor fibres m the stnus nerve which when excited
cause vasomotor effects which are the opposite of those evoked by baroreceptor afferent
stimulation Bronk Ferguson Margana & Solandt (1936) made a very beautiful analysis
of the effects of sinus reflexes on the impulse activity 1n the cardiac sympathetic nerves
Cats were lightly anzsthetized and the chest wail was removed from the first to the sixth
nibs resprration bemng maintuned by a pump The long cardiac sympathetic nerves

FiG 28 Dog. Rt carotid sinus ssolated by Moissejeff techmique A = pressure i
8 carotid sinus B = systemic pressure (femoral artey

1 TIncrease of simus pressure induced reflex hypotension and bradycardia
A 2 Decrease of smus pressure
{C Heymans (1950} Introduction to the Regulation of Blood Pressure and Heart
Rate ~Thomas Springfield)

runrung from the stellate gangha to the mferior cardiac plexus were dissected free and cut
near their entrance to the plexus Placed on electrodes leadimg to resistance capacity
coupled amplifiers and a Matthews oscillograph the nerves showed tonic impulse activity
This was taken as posittve evidence for the view expressed by Rerd Hunt (1899) that the
heart 1s under a continuous barrage of sympathetic smpulbses  However the circumstances
were such as would exaggerate sympathetic actiity The impulses were abolished by
paintng the ganghon swith nicotme and were therefore postgangliome  The preganghonic
pathways lay m the first five thoracic ram: but maimly in the third and fourth  Often the
thythm of the 1mpulses was cardiac as had been previously shown in the hypogastric
nerves supplying the blood vessels (Adrran Bronk & Phullips 1932)  The cardiac rhythm
was usually abolished by sino aortic nerve section Alternatively 1t disappeared on
lowering the blood pressure  Bronk (1933—4) i s Harvey Lecture includes a figure
which shows the abolition of sympathetic activity which occurs when the static pressure
15 ratsed 1n an tsofated carotid sinus

1t s curious that there 1s o comparable evidence on the effects of carotid sinus reflexes
on the impulse activaty mn the cardiac vagal efferent fibres
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The view that the sino aortic reflexogenic zones are solely responsible for resting
vagal tone 1s not above suspicton  Certamly the heart rate usually accelerates after sinus
nerve section and further quickens when the aortic nerves themselves are cut  The oft
repeated statement that subsequent vagal section causes no further acceleration 1s not
imvanably true Tt would be remarkable i1f 1t were so when one constders that numerous
cavo atrial and ventricular vagal receptors have been found to be tonically active Their
afferent fibres show bursts of impulses with a cardiac thythm  The stimulation of these
cardiac afferents may cause profound bradycardea and has never been known to evoke
cardiac acceleratton (Jausch & Zotterman 1948) Awviado & Schmudt (1955) consider
that all baroreceptors from the cardio pulmonary area cause reflex bradycardia  If this
15 0 then 1t 1s extremely puzzling how the heart rate so commonly escapes early 1n the
response induced by a rise of sinus pressure  As the heart slows mutially we have seen
that there 1s often a marked nise of right atrial pressure  One might expect this to cause
stimulation of the atrio caval receptors and as a result to induce a further slowing of the
heart  The reverse 1s the case—the heart rate quickens towards 1ts normal value Indeed
1t occasionally speeds beyond its ordinary rate (Schneyer 1935 Winder 1937) Ths
may represent a direct effect of increased tension on the muscle fibres (due to the greater
filing) causing acceleration of the beat (as noted by Ludwig & Luchsinger (1881) and
Hobbs Hyder & McDowall (1926) 1n the frog heart and Tutso & Tootson (1935) and
Blinks (1956) m the mammalian heart) Alternatively 1t may be a break through of a
cardio acceleratory reflex which contrary to the beliefs of Aviado & Schmudt (1955)
anses from baroreceptors 1n the cardiopulmonary area

There 1s still disagreement as to whether the smo aortic nerves exert only a unilateral
mnfluence on the cardiac vagal centre  Roever (1869) found that sumulation of the aortic
nerve i the rabbit induced bradycardia only 1f the homolateral vagus was intact Heymans
{1929) agreed as did Scott & Reed (1955) and Kazem Beck (1888) Izquierdo (1930) and
Wang & Borison (1947a b) on the other hand claim that there are himuted contralateral
vagal motor effects

The most careful study of the extra vagal component of the sinus baroreceptor heart
rate reflex 1s that of Winder (1938) 1n which he studied the response of the heart rate to
a rise of pressure in the perfused carotid sinuses mamtaimng constant arterial pressure
and ventilation  The dogs were vagotomized and the cervical sympathetic trunks were
cut  The maximal cardiac slowing obtained by raismg the sinus pressure was 8§ / The
relattonship between heart rate response and sinus pressure was sigmoid The brady
cardia which was thus induced must have been due to reflex mhuibition of the cardiac
sympathetic nerves as noted previously by Hening (1927) Tournade (1930) Bronk et al
(1936) Govaerts (1936) and Ryjlant (1936)



CHAPTER 7
BARORECEPTOR VASOMOTOR REFLEXES

Abdominal and Thoracic Circulation
Kudney
THERE 15 a huge amount of evidence largely dertved from volume plethysmography
which supports a belief 1n baroreceptor reflex vasomotor effects on the renal circulation
Thus Cyon & Ludwig (1866) Roever (1869) Bradford (1889) Bayliss (1893) Haliton &
Frangois Franck (1896) showed that stimulatton of the aortic nerve caused an ncrease
1 the kidney volume due to vasodilatation
Sollman & Pilcher (1912) and Sollman & Brown (1912) observed renal vasodilat itton
1n the perfused nnervated kidney on stimufation of the aortic nerve and on traction of the
common carotid respectively Heymans (19294) showed that common carotid occlusion
evohed reflex vasoconstriction of the innervated kidney separately perfused by a donor dog
None of these experiments mdicates however what changes of blood flow occur
through the renal circulation m the circumstances of systemic hypertension produced by
carotid occlusion The results obtamed by Heymans (19294) and Sollmann and his
! prove that changes of calibre of the renal vessels occur as a result of sinus and
aortic reflexes  They do not however indicate what the overall effect 1s when the raised
systemic pressure opposes the local vasoconstriction  Obviously volume plethysmography
indicates only a change 1n volume of the organ and can give no information of the blood
flow through 1t As 1t 1s usually accepted that about two thirds of the circulating blood
volume 15 in the venous side of the circulation at any one time it 1s reasonable to believe
that this 15 true of the renal circulation itself  Hence venoconstriction which 1s now an
established fact in reflex circulatory responses to carotid occlusion may itself be largely
responsible for the dimmution 1 renal volume without there necessanly being a marked
renal arteriolar constrictton  Even 1f artertolar vasoconstriction be admutted to be
considerable we must take into account the marked rise 1n systemic pressure which will
itself tend to increase renal flow  The final result of these two conflicting factors can be
studted only by the measurements of renal blood flow itself  kenney & Neil (unpublished)
obtaned some evidence on this 1n expertments 1n which glomerular filtration rate and
renal blood flow were measured 1n dogs 1 which saline diurests was mnduced as a back
ground and both carotid sinuses were isolated and perfused G FR and RPF were
measured respectively by mulin (or sodum thiosulphate) and PA H clearance  This
technique possesses the obvious advantage that the local renal trnervation 1s undisturbed
Homer Smuth (1951) has brilliantly summarized the criscisms which may be made of any
technique of study of the renal circulation which involves ilzparotomy and the forcible
mampulation of the kidney required for the sertion of a thermostromuhr or for the
application of an oncometer Even the classical observation of Claude Bernard (1859)
that section of the splanchnic nerve caused an increased flow of urine on the operated side
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(from which he somewhat rashly concluded that imcreased renal blood flow had occurred)
cannot be substantiated 1if the same procedure 1n so far as 1t affects the kidney circulation
be carried out on the unanzsthetized untraumatized ammal Thus Rhoads and co
workers (1934) found that local anwesthesia of the explanted kidney did not modify renat
blood flow It would seem probable therefore from this and other evidence cited by
Smmth (1951) that renal vasoconstrictor tone 1s excesstve m Japarotomized amimals and that
the reflex responses of sino aortic stimulation studied 1n this manner may be musleading

Kenney & Neil indeed found that the renal blood flow was normally increased by
carotid occl and was occastonally T Obviously then the increased systemic
pressure may overcome the Jocal increase in arteriolar peripheral resistance but s
occastonally offset by it Conversely a nise of perfusion pressure 1 the 1solated carotid
bifurcations usually evoked some reduction in renal blood flow and never caused increased
blood flow through the kidney  As far as their results go they indicate that the local renal
Innervation may be protective m preventing excessive changes of renal blood flow despite
marked changes of systemuc pressure  This 1s not out of keeping with the views of Smith
although he concludes that the renal circulatton can adjust itself to changing artertal
pressure to marmtain constancy of flow even when the kidney 1s denervated

Since the time of Claude Bernard (1859) the mustake of 1dentifying changes of urine
flow consequent to alterations of sympathetic activity as bemg due to changes of blood
flow has been made repeatedly Thus Malmejac (1934) clarmed that carotid occlusion
caused reflex oliguria whereas a nise of sinus perfusion pressure produced dirests and
simply assumed that these alterations of urinary volume were due to reflex changes of
blood flow Apart from the 1illogicality of such an argument the experimental findings
are themselves questionable Carotid occlusion commonly causes diuresis mn the
anesthetized dog (Kenney & Netl) and mvariably increases the urmary volume in the
unanzsthetized dog (O Connor 1955) After denervation of the kidney the same occurs
and 1s therefore referable to the increase in systemic pressure kenney & Neil usually
found a diminution i unne flow d the reflex sy hy produced
by raising the carotid smus perfusion pressure

Spleen

Heymans (1929¢) and Heymans et af (1931c) showed that alterations of carotid sinus
perfusion pressure caused reflex changes of calibre of the splenic vessels A donor dog (A)
was used to perfuse the carotid sinus of a dog (B) whose mnervated spleen was 1n turn
perfused by a second donor dog (C} (Fig 29) Driver & Vogt (1950) found that carotid
occlusion evoked reflex splenic contractton in cats the effects being mediated via the
splenic sympathetic nerves  Holtz & Schumann (1949) obtamed smular results  Agam
however there 15 no evidence as to the changes of splentc blood flow which occur when
the spleen 15 supplied by its own natural circulation

Mesenteric Blood Vessels

Bayhss (1893) Bunch (1899) and Jarisch & Ludwig (1926) showed that an tmtestinal
loo, losed i an d 1 volume during stimulation of the aortic nerve
Tournade (1930) found stimulation of the sinus nerve to be equally effective and conversely
Koch & Nordmann (1928) d d that Ic riction ensued upon
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carotid occluston  Heymans Bouckaert & Dautrebande (1931c) demonstrated
mesenteric vasoionstriction as a reflex response of raised perfusion pressure m the
1solated carotid sinus and drew attention to the rmportant role which mesenteric blood
vessels may be considered to play as blood depots w the reflex regulation of the capacity
of the circulatory system

Liver
Heymans ez al (1930 1931c) and Gollwitzer Meter & Schulte (1931) showed that the
volume of the hver can be modified by reflexes originating from the carotid sinus A rise

B
7\

Fi 29 Diagram to illustrate carotid sinus reflexes on spleen vofume V
A = donor dog A perfuses the 1solated but innervated carotid smus [
ofdog B B =dogB C = dog C perfuses the solated innervated
spleen of dog B /
2 Carotid artery of dog C apastomosed with splentc artery of A\
dog B
3 Jugular vem of dog C connected with splenic vein of dog B & 2
4 Spleen of dog B 1s enclosed n an oncometer connected with a
tambour (6) £
7-8 Heart rate and blood pressure of dog B are recorded
9 Heart rate and blood pressure of dog C
(C Heymans (1950} Introduction to the Regulation of Blood Pres
sure and Heart Rate  C Thomas Ilinots ) /\

N

2

)

of sinus perfuston pressure induced an increase 1 hepatic volume and conversely carotid
occlusion provoked a decrease in liver volume They considered that the hver was an
important blood depot whose size could be modified by stmo aortic reflexes thereby making
avalable blood for the supply of the heart and bran m the circumstances following
hzmorrhage

Lungs

Relatively few studies have been made on the effects of smo aortic reflexes on
pulmonary hemodynamics  Many of the carly workers Lichtheim (1876) Bradford &
Dean (1889 1894) Wood (1902) Weber (1911) stimulated the central end of the vagus
and evoked a rise i pulmonary arterial pressure but 1t would be unreasonable fo suppose
that such a response was induced by afferent impulses n the aortic nerves only Schafer
(1920) however stumulated the aortic nerve utself i the vagotomized rabbit and found a
fall 1n artenial pressure A stmular result was obtained by stnus nerse stmulation 1m the
vagotomuzed dog by Tournade & Malmejac (1932) and Burstein (1946) Others however
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have claimed that carotid sinus stimulation caused no effect on the pulmonary arterial
pressure (Miguel Mora & Vina 1946 Euler & Liljestrand 1946 Condorelli 1952)

Conversely carotid occlusion or a fall m carotid sinus perfusion pressure has been
claimed by some to cause a rise in pulmonary artenal pressure (Burstein 1946 Leusen
Demeester & Bouckaert 1954) and by others to cause no change of pulmonary artenial
pressure (Aviado er al  1952)

Schafer (1920) made no measurements of left or right atrial pressure yet argued that
the fall in pulmonary arterial pressure on aortic nerve stimulation was the result of two
opposing factors—increased venous return to the night heart which was outweighed by
pulmonary vasodilatation

De Burgh Daly & Schweitzer (1956) have recently added greatly to our understanding
of the problems mvolved m a large series of carefully controlled experiments 1 dogs
with open chests  Bilateral occlusion of the common carotid arteries or section of one
carotid sinus nerve caused reflex systemic and pulmonary hypertension In both cases
the pulmonary hypertension gradually subsided A rise m perfusion pressure m the

1solated carotid sinus caused sy and pul ry hyp and bradycardia

The percentage changes of pulmonary arterial pressure caused by these procedures was
smaller than those occurring 1n the systemtc pressure due probably to the greater dis
tensibility of the pulmonary vascular bed In experiments i which the heart and lungs
were denervated carotid sinus reflexes still induced changes of pulmonary artertal pressure
quahtatively stmilar to those evoked in animals whose cardio pulmonary mnervation
was mtact In these denervated preparations pulmonary artertal pressure changes
were accompanied by similar directional changes i pulmonary blood flow (Daly & Luck)
which were 1n turn related to capacity effects 1n the systemuc circulation due to alterations
of venomotor tone Daly & Luck (unpublished) have shown that sinus baroreceptor
stimulatton causes an almost mvariable decrease 1n total pulmonary flow  Hence there 1s
no reason to asswne that the fall m pulmonary artenal pressure necessarily represents
any alteration of pulmonary vascular resistance at all

The Coronary Vessels

As the coronary arteries are abundantly mnervated 1t might be expected that sino
aortic reflexes would play an important part 1n modifying the coronary flow  Unfortun
ately the stimulation of the heart nerves affects also the activity of the myocardium and
the net effect of this mixed stimulation 15 a vasodilatation (Gregg 1950) As Folkow
(1955) has said  to draw a parallel 1t would not be easy to evaluate the effect of the
constrictor fibres to the skeletal muscles 1f their motor nerves were always stimulated
concomitantly

The innervation of the coronaries has been studied particularly by Woollard (1926)
Nettleship (1936) and Nonidez (1939) Woollard found that the nnervation was by both
vagal and sympathetic branches Large myelinated fibre endings 1n the adventitia were
vagal sensory ~Sympathetic fibres tended to end in the media and such endings were
found as far as the arterioles  Bilateral stellate ganglionectomy caused disappearance of
the majority of the endings n the media of the large branches but less change i the
media of the smaller coronary vessels He concluded that the surviving nerve fibres
supplying the small vessels were parasympathettc  Nettleship confirmed and extended
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s results  Nettleshup also found that most of the afferent nerves from the coronaries
ran to the lower thoracic dorsal roots Thus these fibres survived stellatectomy and
vagotomy but degenerated after ablation of the lower thoracic spinal gangha

Acetylcholinedilates the coronaries nall concentrations (Folkow 1955) It1sprobable
that all sympathetic vasodilators are cholinergic (Uvnas 1954) so if the coronaries
recetve m addition to a vagal supply such an innervation as it 1s claimed (Gregg & Shipley
1944) this might offset the effect of a sympathetic constrictor mnervation  In any case the
effects of the wmnervation may be overshadowed by the local action of metabohtes-—
notably those produced durmg oxygen lack (Hilton & Fichholtz 1925) Stella (1931)
examined the effect of sinus reflexes on the coronary outflow measured by collecting
blood from the coronary sius by means of a Morawitz cannula  He used a heart lung
head preparation 1n which the left sinus was denervated and the night carotid sinus was
1solated and perfused An ncrease mn sinus pressure caused the usual bradycardia which
was accompanied by a fall in cardiac output and a great reductton 1n coronary flow (vide
Daly & Luck m cardiac output section) By driving the heart electrically he was able to
prevent the fall in rate and output whereupon sinus hypertenston evoked a fall in coronary
outflow which was much less consprcuous than before  Strmular results had been obtarned
by Anrep & Segall (1926) It 1s difficult to explam Stella s results without postulating
that the coronary vessels are tonically subjected to the effects of a sympathetic vasodilator
discharge Noradrenaline dilates and adrenaline constricts the coronares accordmng 10
D J Smuth (in a personal communication cited by von Euler (1956)) The subject 1 2
confused one Although as we have scen smus stmulation causes a profound fall
of coronary flow which may contribute to the loss of ventricular efficiency which Daly &
Luck recorded 1n the intact circulation one would never see smus stimulation occurring
together with a marked fall of mean systeruc pressure The coronary flow depends
mainly on mean pressure and on local chermieal factors and we consider that the sino
aortic reflexes exert a relafively unimportant effect on this circulation

‘The Cephalic and Cerebral Circulation

It1s gencraily admutted that the cerebral circulation 1s not greatly nfluenced by changes
tn vasomotor activity (see Bouckaert & Jourdan 1949 Schmidt 1950} Those who favour
this type of argument stress the advantage thereby enjoyed by the cerebral cirenlation
Alterations of vasomotor actvity which induce changes of arteriolar resistance and venous
capacity elsewhere m the vascular system thereby secure for the brain a satisfactory level
of mean systemic pressure which determines its blood flow 1f the cerebral vessels were
themselves affected to any great degree by vasomotor changes then the resultant altera
tions of cerebral vacular resistance would offset the effects of the changes of systemic
pressure produced by sympathetic activity elsewhere mn the general errculation

It 1s true that a sparse mnervation by the sympathetic fibres exists  moreoer
functional studies have revealed that the vessels of the hypothalamus (Schmidt) and the
parietal cortex (Schmidt & Hendrix 1938) may be subjected to sympatheuc vaso
constriction  However the medullary vessels and those of the pons and oceipital cortey
are msensitive to sympathetic stimulation  Dumke & Schmudt (1943) were unable to
record any reduction of total cerebral blood flow measured m monkeys with the bubble
flow meter during strong sympathetic sumulation Heymans & Bouckaert (1929 1932)
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have shown correspondingly that the cerebral blood vessels do not participate actively in
the baroreceptor reflexes

The tone of the extra cranial vessels on the other hand 1s considerably modified i
the appropriate way by changes of stnus pressure (Heymans & Bouckaert 1928 1930
Schmudt & Hendrnx 1938) Rein (1929 1931) showed that reflex vasoconstriction of the
extracramal circulation particularly affecting the external carotid artery and its branches
shifts the blood from the extracramal to the mtracrantal vessels Concato (1870)
Holtmeter (1927) Gaisbock (1928) and Koch & Simon (1928) noted reflex vasodiation
of vessels of the face occurred during mechanical stmulation of the carotid sinus area i
man The extracranial vessels essenttally act as shunts or reservoirs for the cerebral
circulation and serve to protect the bram agamst vanations m blood pressure thereby
helping to regulate and steady the cerebral blood flow

Remn (1931) has clumed that the thyroud also acts as a shunt for the cerebral
circulation for reflex vasodilatation of the thyroid vessels occurs dunng stus hypertenston
and conversely a fall of sinus pressure evokes reflex constriction of the thyroid vasculature
However as the thyroid weighs only 30 g even with its high rate of flow 500 ml /100
g /mmn 1t can only contribute in 2 munor extent to this end

The bramn conducts 1tself as an organ 1 a state of gh metabolic need  its blood
supply depends essentially upon the mean blood pressure and on local chemical factors
The constancy of cerebral blood flow depends primanly on the constancy of the blood
pressure  The sino aortic receptors are largely responsible for the regulation of blood
pressure and cardhac output but effect this regulation by mechamsms which operate in the
remamnder of the vascular system and which have little if any effect on the cerebral blood
vessels themselves

Penipheral Crrculation

Limbs
Porter & Pratt (1908) found that the vessels of an 1solated but innervated perfused
Bimb ¢ d when the sy blood p fell and conversely that they dilated

durmg a period of systemuc hypotenston  Their results were confirmed by Tournade
Chabrol & Maxchand (1921) Each group of workers believed these vasomotor effects
to be due to an action of the systemic blood pressure on the centres themselves  Sollmann
& Brown (1912) claimed that traction on the cephalic end of the common carotid arterv
nduced a decrease 1n mb volume  Rem (1931) found a decrease m femoral blood flow
as measured by the thermostromuhr when the common carotid artenies were occluded

despite the fact that marked systemic hypertension occutred simultaneously He con

cluded that the reduction i baroreceptor activity induced a profound reflex vaso

comstriction Bouckaert & D bande (1931¢) perfused the innervated
1solated imb and proved that a rise of sinus pressure nduced reflex vasodilatation and
conversely that a fall of sinus pressure caused vasoconstriction  Grimson & Shen (1939)
repeated these studies on the skinned limb and obtaned sumilar results which indicated
that the muscle blood vessels themselves were subjected to reflex variations in sympathetic
vasoconstrictor tone induced by alterations of systemc pressure which affected the
baroreceptors (se¢ Jansch 1925) McDowall (1950) however clatmed that the sympathetic
constrictor tone of the muscle blood vessels was relatively insensitive to sinus reflexes i
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the cat Many of his experiments were done with volume plethysmography which affords
no direct evidence but he states on p 7 of hus paper that the vascular reststance of a perfused
skinned hind limb was indeed mcreased by carotid occlusion Lindgren & Uvnas (1953
1954) have more recently provided convincing evidence that the sympathettc vaso
constrictor tone of the muscle blood vessels 1s undonbtedly modified by baroreceptor
reflexes  Thus n a perfused skinned hind imb efectrical stimulation of the sius nerve
caused marked vasodilatation Although the sinus nerve contams both chemo and
baro receptor fibres, these results were reasonably ascribed to a preponderant reflex
effect exerted by the baroreceptor fibre sumulation ~ Although the muscle vessels recenve a
choimergic sympathetic vasodilator innervation (Barcroft er a/  1944) 1t has been shown
that these fibres are entirely unresponsive to baroreceptor reflexes (Folkow & Uvnas
1948) being activated only by corticohypothalamic excitation (Eliasson ef al 195}
Lindgren & Uvnas 1953 Uvnas 1954) Thus baroreceptor reflexes may be abolished
by cautenization of the medullary depressor area which nevertheless fails to affect the
sympathetic vasodilatation induced by hypothalamic stimulation  Hence 1t follows that
the vasodilator effects 1n muscle vessels induced by baroreceptor reflexes are effected only
by reflex inhibition of sympathetic vasoconstrictor tone (Frumin Ngar & Wang 1953)
In keeping with this conclusion atroptmzation which entirely abolishes the effect of
sympathetic vasodilator fibres does not modify the vasodilatation induced 1n the muscle
by sinus nerve simulation  ergotamune in sympatholytic doses does however abolish this
reflex response

In Lindgren & Uvnas s expertments (1953 1954) simulation of the sinus nerve caused
a duiminution m blood flow through the mtact jeg due to the profound fall n systemic
artenial pressure which masked the vasodilatation demonstrable when the Imb was
perfused separately at constant pressure This result reveals how musleading flow
measurements can be unless attention 1s paid to mamntammng 2 constant blood pressure
Nevertheless they do reveal the actual state of affaurs 1n the ntact cireulation i which
the overall mcrease of systemic venous capacity caused by the baroreceptor refiex offsets
the vasodilatation 1n the muscle vessels and causes a reduced venous return from the
muscles Daly & Neal (i blished) usmngar d the blood flow through
the skinned hind limb of a dog during changes of pressure 1n the ssolated mnervated carotid
smus  Despite marked falls of systemic blood pressure produced by a raised sinus pressure
the muscle blood flow increased It 15 clear therefore that the baroreceptor reflexes
cause muscle vasodilatation which may be sufficiently great to offset the fall of systemic
blood pressure and which may therefore allow a greater muscle blood flow (see Folkow
1952 and Celander & Folkow 1953)

Sccretion of the Adrenal Medulla

Tournade & Chabrol (1926) showed that artenal hypotenston stmulated adrenaline
secretion and conversely that a rise of systemic pressure mhibited this secretion They
had at first attributed these changes to a direct actton of the blood pressure on the centres
regulating adrenal medullary secretion  They based this optnton on their demonstration
that sudden 1schemia of the bram produced by hgation of the vertebral arterses and
temporary occluston of the common carotid arteries duced marked adrenaline secretion
They strongly supported the view that there was a restin, secretton of adrenalme i
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normal phystologeeal cir H (1929a b) made use of the ingenious
suprarenal jugular venous anastomosis of Tournade & Chabrol (1926) The sinus of a
recipient dog (B) was perfused by a donor dog (A) The nght suprarenal vetn of (B) was
anastomosed by means of Payr cannule via a length of jugular vein with the jugular vein
of a third dog (C) (Fig 30) The volume of the spleen of (C) measured oncometrically
reflected alterations of adrenaline secretion 1 dog (B) produced by changes of smus
pressure  The left suprarenal gland was extirpated A fall of sinus pressure in dog (B)

FIG 0 Left Diagram to tllustrate carotid sinus perfusion and suprarenal yugular anastomosts
— dog A perfusing by carotid (a) and jugular {b) anastomosis the crrcdtatorily 1solated but
nnervated ¢arotid sinus of dog B~ Adr = anastomosis between the suprarenal vein of dog B
and the jugular vein (J V') of adrenalectomuized dog C  Spl = yolume changes of the spleen
due to the catechol secretions of dog B are recorded by means of an oncometer connected to a
tambour T Right Shows records obtaned by this technique _ Records from abo e down
wards C = volume of spleen A = blood pressure of dog A B = blood pressure of dog B

At a sinus hypotension 1n dog B was induced by occluding the carotid artery used for perfusion

A nise of systemuc pressure in dog B was accompanied by 2 fall an the splenic volume of dog €

caused by the reflex secretion of adrenaline by dog B Onreleasing the sinus perfusion the splen.
volume returned to yts previous value —(from C Heymans (1929) C R Soc Biol 100 199)

caused adrenal medullary secretion which produced splemic contraction m dog (C) A
1ise of sinus pressure caused a reflex dilatation of the splenic vessels It seems almost
certain therefore that the results attributed by Tournade & Chabrol to the direct effects
of blood pressure on the medullary centres are essentially reflex in nature  These classical
expeniments cannot of course be cited 1n proof of a resting secretton of adrenaline 1n the
normal mtact antmal  the extensive nature of the operative procedure must have favoured
excessive sympathetic discharge

Smo aortic effects on adrenaline secretion by the adrenal medulla have been generally
confirmed von Euler & Liljestrand (1934) found that the adrenaline level was raised
during carotid occlusion although they detected no rise 1n the blood sugar level Aomura
(1930) obtamed an increased adrenaline secretion on clamping the carotid artertes and



64 BARORECEPTOR VASOMOTOR REFLEXEs

conversely obtained a drop n this secretion when stimulating the carotid sinus  Hartwich
& Hessel (1931) reported simlar results  Holtz & Schumann (1949) found that clamping
the carotids caused a rise in blood pressure and splenic contraction but caused no change
n the blood sugar level and did not induce intestinal mhibition  On admimstering
adrenalme 1 doses just sufficient to produce the same splenic contraction as was evoked
by carotid occlusion they obtatned mhibrtion of intestinal movements The adminstra
tion of noradrenaline in stmilar doses did not cause intestinal inhibition Clamping the
carotids 1n adrenalectomized amimals did not induce splenic contraction and they con
cluded that the contraction of the spleen was due to a reflex liberation of noradrenaline
by the suprarenal glands Dnver & Vogt (1950) obtained splenic contraction during
carotid occlusion 1 cats under sodium pentobarbitone ansthesta but found that this
contraction was abolished by section of the splenic nerves and that 1t was unaflected by
adrenalectomy  Carotid occlusion did not produce a shuft in the ratio of adrenaline/nor
adrenaline 1n the adrenal venous plasma and Drniver & Vogt were unable to detect any
increase in the output of adrenaline like substances by the adrenal medulla  These results
may be refated to the depressant effect of sodium pentobarbitone on the sino aortic
reflexes  the blood pressure response to carotid occlusion which they hist 1 one anumal
was very feeble They note meidentally that occastonally the vagt were cut tn the neck
This however did not greatly enhance the size of the blood pressure response to carotid
occluston  Thesis unusual  On the other hand therr very finding of splenic contraction
indrcates that sinus reflexes were present Brauner Brucke & kamdl (1950) reported that
on repeated carotid occlusions there was increased outpouring of catechols of which the
larger proportion appeared to be adrenaline  Brauner Brucke kaimndl & Neumayr (1950)
also found an mncreased secretion of catechols but could detect no preponderance of nor
adrenaline secretion  kaind! & von Euler (1951) showed that carotid occlusion imereased
the rate of secretion of adrenal catechols up to four times but could detect no alteratton
1n the proportions of the two catechols compared with that secreted under resting condt
tions  Kamdl & Euler stated that no increase in the secretton rate occurred unless both
vagt were cut  As von Euler (1956) notes 1t 1s imteresting that the composition of the
secretion (60-89% noradrenaline) differs so constderably from that of the content of the
gland which on an average is 45% noradrenaline  Eranko (1956) has recently shown that
treatment of the adrenal with formalim causes fluorescence 1n cestam cells of fresh frozen
adrenal sections  The non fluorescing cells contan a large amount of adrenaline but
httle noradrenaline while the fluorescmg cells contain noradrenahine  von Euler who
has domne much to show that noradrenaline 1s the chief adrenergic nerve medator in
mammals (1946 1948 1950 1941) has suggested that the main function of noradrenaline
seems to be the normal control of the cireulation  Adrenaline on the other hand produces
marked effects on oxygen consumption and the blood sugar level (besides its well hnown
cardiovascular actions) which are of value 1n conditions of stress In keeping with this
suggestion the stimulation of afferent nerves (sciatic or brachial plexus) causes a marked
outpouring of adrenaline by the suprarenal medulla but induces no secretion of nor
adrenaline  Folkow & Euler (1954) confirmed previous findings of Brucke Kamdl &
Mayer (1952) that electrical lation of the hypothal nduced a derabk
ncrease m the suprarenal secretion of adrenaline Thys effect was obtamed by stimula
tions of the upper part of the postertor paraventricufar area  Adjacent parts of the




ADRENAL MEDULLA 65

hypothalamus caused the opposite response when stumulated-—a Jarger amount of
noradrenaline was secreted by the suprarenals

In view of these suggestions 1t 1s not surpnsing that the withdrawal of sinus baro
receptor nhibition from the vasomotor centre should cause an mcreased suprarenal
secretion which may contain up to 909 noradrenaline  However 1t 1s now clear that the
secretory activity of the adrenals plays only an accessory role 1n the sino aortic reflexes
Nowak (1938) has shown that the baroreieptor vasomotor reflexes occur normally in
adrenalectomized ammals d by cortical extracts (sec also Heymans & Bouckaert
1934) Celander (1954) has found that the blood vessels are completely dormnated by
therr vasoconstrictor fibres and claims that the effects of catechols naturally secreted by the
suprarenal medulla were neghgible In this respect the results of Van Loo Surtshin &
Katz (1948) are worth mentiomng  These workers showed that acute hypoxzmia pro
duced by the breathing of pure mtrogen caused a marked pressor rise followed by a falt of
blood pressure  On substituting arr for nitrogen a second pressor rise occurred which was
frequently greater in magnmitude than the pnimary pressor effect  The collection of adrenal
venous blood showed that there was increased secretion of pressor substances during the
hypoxemic phase However the re injection of this blood during the depressor phase of
acute hypoxamia or the injection of adrenaline itself did not cause a rise of blood pressure
Only 1f this blood was re injected nto the ammals during air breathing at control mean
pressures was any pressor effect demonstrable They concluded that the adrenal secretion
played hittle part 1n the hypox®muic pressor response but played a major role mn the post
hypoxzmuc secondary nise  Mathison (1911) earlier ascribed the post hypoxamic pressor
response 1o revitalization of the centre by the improvement of the oxygen supply Van
Loo and co workers have thus obtamed results which suggest that the catechol secretion
of the adrenal gland may be of considerable tmportance mn these circumstances

Sino aortic Reflexes and the Marmntenance of Blood Pressure After Splanchnic Nerve Section

Ludwig (1866) showed that the blood pressure of the rabbit fell 30-50 mm when the
splanchnic nerve was cut  On sectioning the other splanchnic nerve however the blood
pressure felt only a further I0mm Hg By stimulation of the peripheral end of the splanch
nic nerve the blood pressure could be restored to normal  Ludwig appreciated fully the
contribution made by the splanchnic nerves to the total peripheral resistance  When he
discovered the action of the depressor nerve on the cardiovascular system (Cyon & Ludwig
1866) he suggested that the dilation so produced was almost wholly splanchnic
Grutzner & Heidenbain (1878) disproved this opimion by obtamnng a fall of systemnic
pressure on stimulating the depressor nerve in anmimals 1n which the aorta was clamped
above the level of the coeliac axis  Sollman & Pilcher (1912) confirmed this  Porter &
Beyer (1900) cut the nerve roots supplying the splanchnic fibres and were still able to evoke
reflex hypotension by depressor nerve stimulation  Stelling (1867) found that after upper
thoracic section of the spinal cord (T,) hypotenston no longer occurred when the de
pressor nerve was stimulated but wrongly concluded that the vessels of the head and neck
did not normally participate in the reflex vasodilatation

Izquierdo & Koch (1930) found that mn the rabbit with the abdomen closed bilateral
splanchmuc section lowered the systemic blood pressure by only 30 4 If however the

sino aortw. nerves had been previously cut the fall of blood pressure amounted to some
WEN cADIO STM
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70% Kremer & Wright (1932) investigated this phenomenon 1n cats  The splanchnic
nerves on each side were exposed and loose hgatures placed round them The ends of
the thread were brought out through the wounds which were then stitched up  The
subsequent division of these nerves was effected by pulling vigorously on the threads In
half the animals studied division of both splanchnic nerves caused no fall of blood
pressure whatever and in the remaming half the fall was usuaily much less than 20%
The failure of bilateral splanchnic section to cause hypotension could be explamed by
(1) absence of mial vasomotor tone 1n the vessels (2) rapid recovery of tone in the
denervated vessels or (3) compensatory vasoconstriction elsewhere The first was
mmprobable because of the height of the mutial blood pressure and because volume
plethysmography of the spleen revealed that a marked mcrease of splemic volume occurred
on section of the nerves  Kremer & Wright studied the effect of sino vagal mactivation on
the response to see whether they could influence the supposed phenomen of compensatory
vasoconstriction  The vagt were cut and both common carotid artenes were occluded
They regarded this as an adequate degree of ynactivation of the buffer nerves  They cite
systemic blood pressures of 215~-270 mm 1n six antmals and 1t seems reasonable to suppose
that the buffer nerves were doing very little In these ammals splanchnic section caused a
progressive and extensive fall of blood pressure In six expermments the mutial levels of
blood pressure were 250 245 250 270 215 and 240 mm Hg the final levels (reached
about twenty minutes after splanchnic nerve section were 140 105 120 120 105 and
110 mm Hg  The average extent of the fall was 130 mm or just over 503 The great
difference between their results and those of Jzquierdo & Koch 15 m the rate of fall of
blood pressure  Tzquerdo & koch in Fig 2 of thetr paper show that the fall 1s very rapid
bemng complete 1n about 2 minute  We feel that the reason for the difference nught he 1n
the method of section used by kremer & Wright—this sudden drag on the hgatures
must have caused considerably mechanical stimulation of the peripheral splanchnic
fibres supplymg the adrenal glands Kremer & Wright state however that the same
results were obtamed n one amimal 1n which the adrenals were removed pror to the
splanchnic section
Kremer & Wrght suggested that compensatory vasoconstriction took place after
splanchnic nerve section m ammals with ntact buffer nerves which accounted for the
absence of marked fall 1n the blood pressure They anticipated that the skin would be
the main site of thus reactton and that after denervation of the skin splanchnic nerve section
would lower the pressure markedly even in the buffered ammal This expectation
was only partially reahized In one experniment for mnstance nerves were cut the femoral
arteres were tied and the skin was completely removed from the trunk forehmbs and
part of the neck  Both splanchnic nerves were prepared and the cat had an mitial blood
pressurelevel of 175 mm Hg  After splanchuc section the pressure fell only to 145 mm Hg
They were forced to conclude that the muscles were the maimn regtons responsible for
COmpeﬂSﬂlOl’y vasoconstriction

Venomotor Tone
The veins ate supplied by vasomotor fibres It 1s probable that the effects of sym
pathetic vasoconstrictor discharge on the venomotor tone are of the greatest significance
It 15 very Ikely that the importance of these effects lies 1n the modifications of venous
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capacity which they induce rather than 1n the changes of reststance to flow to which they
may gne mse (Landis & Hortenstemn 1950) The measurement of venous pressure
central or peripheral gives no mdication whatever of the nature of the changes 1n veno
motor tone in response to aortic nerve sttmulation and though the older hterature abounds
with reports of such studies 1t 15 not worth considering here
Heymans Bouckaert & Dautrebande (1930 1931) showed that perfused mmnervated

segments of the mesenteric vems constricted when the common carotid artenies were
occluded and conversely dilated when the carotid stnus pressure was raised  Smmfar
observations were made using perfused innervated segments of the colic vein by Fleisch
(1930) and other confirmatory results were published by Gollwitzer Meier & Schulte (1931)
Recently Alexander (1954) has reported simular findings He has pointed out that the
splanchnic venous system may be constricted by sympathetic activity 1n response to sino
aortic reflexes and as a result blood 1s displaced n the direction of the heart When the
venous pressure 1s high however the distensibility of the system increases so as to serve
asan effective reservorr taking up or discharging signtficant quantities of blood 1n response
to variations of sympathetic activity  In a further paper Alexander (1956) claims that a rise
1n central venous pressure itself evokes a reflex veno dilatation The afferent pathway of this
reflex 15 vagal for the effect 1s Jost after vagotomy The efferent pathway 1s however via
sympathetic vasoconstrictors for the reflex response 1s not abolished by atropmisation
The reflex venodilatatton was produced by obstruction of the mferior vena cava i his
experiments and the receptors responsible must therefore be m the vemns themselves
Alexander has argued that 1f 1t were not for this reflex effect an increased venous return
1o the right heart which produced an increased central venous pressure would increase
dastolic fillmg and hence mcrease the cardiac output  Other things bemg equal an
increased cardiac output would 1n tumn mncrease systemic pressures and tend to augment
venous return thereby further augmenting cardtac output  (Alexander) This (somewhat
questionable) sequel of events 15 nevertheless prevented by () sino aortic buffer reflexes
which slow the heart and dilate the peripheral vasculature (5) the veno venous reflex
described above  Rashkind and co workers (1953) in open chest dogs collected the venous
return from both venz cavz and diverted 1t into a reservoir from which 1t was pumped
at a constant rate into the right atrum  The technique allowed continuous recording of
venous return and permutted the measurement of volumes of blood displaced from the
dog s vascular system into the Teservorr or pooled m the vascular system Stimulation
of the sinus nerve caused a reduction in TPR and a reduction m the venous return
associated with pooling of the blood 1n the ammal  This pooling they reasonably ascribe
after a full discussion to mncrease 1 the capacity of the post artersolar vessels (notably
the verns) due to a reflex reduction of venomotor tone They potnt out themselves that
the preparation required for these experirents severely compromises the state of the
ammal nevertheless therr results are of great interest and fit mn well with the evidence
presented above obtamed on ammals m more normal conditions

Cerebral Asphyxia

The discovery of the function of the smus nerves provided an explanation of Frangots
Franck s observation that a nise of pressure n the cephalic circulation induced brady
cardia  He had attnibuted thus to a direct effect on the medullary centre Hermg (1927)

5—
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Koch (1931) Heymans (1929) and Florey Marvin & Drury (1928) all showed that a rise
of pressure 1n the 1solated head or cephalic circulation caused bradycardia and systemic
hypotension (Fig 31) only i1f the sinus nerves were mtact Figure 32a shows that a nise
mn the blood pressure of a donor dog (A) (induced by adrenaline) which perfuses the
1solated head of a recipient dog causes no effects on the systemic blood pressure of dog (B)
The head of dog (B) was connected with 1ts trunk only by the spinal cord The sinus and
vagus nerves were cut

On the other hand extreme sy vy may late the centre
directly by causing asphyxia of the medulla (Traube 1863 Thiry 1864, Fredericq 1882
Gley & Quinquaud 1923 Stewart Pike & Guthrie, 1908, Mathison 1911 Gasser &

Fic 31 Isolated head of dog B perfused by means of dog A
Spinal cord connecting only head B and body B
A == blood pressure of dog
B = blood pressure of body dog B
a = intravenous injection of 01 mg adrenaline to dog A
Hypertension dog A and head B induces drop of artenal
pressure 1t body dog B There 1s little evidence of brady
cardta as the vagi are cut 1n this preparation —(C Heymans
(1929) Arch nt Pharmacodyn 35 307)

Loevenhart 1914 Anrep & Starling 1925 Eyster & Hooker 1907 Binet & Gayet
19292 Heymans & Bouckaert 1928 Nowak & Samaan 1935) Fig 32b shows a record
obtamned by Nowak & Samaan The head of a recipient dog (B) 1s connected with 1ts
trunk only by the spmal cord The sinus and vagus nerves have been cut  The head 15
supplied by the circulation of a donor dog (A)—the cephalic circulntion 1s deltberately
lirmted by cl. one carotid and partly occluding the other  As a result
the medullary centres of the head of (B) are partly asphyxiated and the systerc blood
pressure of the trunk 1s high  On injecting adrenaline 1nto the circulation of the donor
dog the rise of systemic pressure mn dog (A) causes a rise 1n the cephalic blood pressure
of (B) which relieves the medullary asphywa and the systemic blood pressure of (B) falls
as a result of this (¢f Fig 32a)

Leyden (1886) Naunyn & Schreiber (1881) and Eyster (1906) found that a rise of
intracramal pressure caused 1mtial bradycardia followed by a short phase of cardiac
acceleration which 1n turn gave place to extreme bradycardia At the same time the




CEREBRAL ASPHYXIA 69

systemic blood pressure Tose considerably and remamed raised for some 40-60 seconds
before a termunal dechine ensued  The onigm of the changes of cardiac rate has been
vartously attributed to (1) mechanical direct excitation of the medullary centres
(2) bulbar anemia (3) the nise of systemic pressure
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Fic 3.2 Effict of adrenaline on the vasomotor centre after section of the vago-depressor and
carotid sinus nerves (dog B} Method of the tsolated perfused head with spmal cord mtact
R = stethogram of the trunk of dog B
A = systemic blood pressure (femoral artery) of the donor A which perfuses the head of dog B
HB — perfusion pressure tn the isolated head of dog B recarded by a manometer connected to the
thyroid branch of the perfusing carotid artery
TB = blood pressure of the trunk of dog B (femoral artery the only connection between the head
and the trunk bemng the spmal cord
§ = iniravenous mecuion ©0f 005 mg_adrenaline nto the donor dog A which perfuses the head of

T = ume record 1n 3 seconds _ Note the slight fall 1n the blood pressurc of trunk B—($ J G
Nowak and A Samaan (1935) Arch inf Pharmacodyn §1 463)

Fic 32b Effect of adrenaline on the section of the D! and carotid
sinus nerves (dog B) Method of the isolated head with spmal cord mtact The circulation
}n the head of dog B 15 reduced by clamping one artery and partially occluding the other per
usion artes
R = stethogram of the trunk of dog B
blood pressure of dog A which perfuses the head of dog B
2 B

perfusion pressure of the 1solated head of doy
blood pressure in the trunk of dog B
S = intrayenous myection of 005 mg adrenaline mto the donor A which perfuses the head of
B—marked fall of blood pressure in body B
T = me t;::)md m 3 seconds —(S J G Nowak and A Samaan (1935) Arch wr Pharmacodyn
6

HB
TB

); (1928) d this last possibility The mtracramal pressure of a dog
was raised via an Eyster cannula (inserted under the dura) connected with a reservorr of
Ringer Locke solution kept at 38°C A nise of intracranial pressure caused the usual
sequence of changes w the cardiac rate mtial bradycardia quickly followed by a short
pertod of tachycardia which mn tum gave place to marked bradycardia  On lowering the
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intracranial pressure the bradycardia persisted for some seconds before @ normal tempo
was resumed Both carotrd sinuses were then denervated and the expeniment was
repeated The same sequence of changes in the cardiac rate was observed  Heymans
concluded that raised sntracramal pressure caused asphyxia of the centres which were thus
affected directly
Harvey Cushmg (1902) devoted his attention more particularly to the vasomotor and
respiratory effects of raised intracramal pressure I the mtracramal pressure was rased
abruptly he noted that the respiration ceased but the systemic blood pressure climbed to
a level above that of the cerebrospmal fliid whereupon respiration was resumed  If the
ntracranial pressure was raised slowly the systemic pressure showed a simifar rise with
the result that respiration contmued throughout m spite of the very high ntracramal
pressures which were finally attained Observing the cranal contents through a trans
parent window 1 the skull he noted the appearance of the superior longitudinal sinus
throughout the course of these events As the intracramal pressure neared that of the
systemic pressure the superior longitudinal sinus drameter wavered thmned and then
collapsed The brain sut blanched when the sy pressure was exceeded
although the vems of the gyn remamed blue and full Cushing attributed the nse of
systemic pressure caused by the above procedure to the direct effect of the raised pressure
on the medullary centre unlike Naunyn & Schretber (1881) who had ascribed 1t to reflex
effects aroused by stretching of the dura mater  Eyster (1906) obtamed simular changes
of systemic blood pressure by the same procedure and drew further attention to the
dyspnoeic and periodic changes m the respiration  Guernsey Weisman & Scott (1933)
re examined the experimental results of raised intracramal pressure with a view to seemg
whether the newly discovered stnus reflexogenic zones played any role  They believed
that the sinus zones could give r1se to pressor impulses and thus act asan  amphotropic
mechanism as had been claimed by Damielopolu et al (1927) However they found that
the results of raised mtracramal pressure were 1dentical whether the sinus nerves were
mtact or not and also proved that stimulation of the sinus nerve durmg the period of
systemic hypertension caused depressor effects which were sometimes even more powerful
than those seen 1n the normal animal
The effects of rarsed mtracranial pressure have agan been studied recently by Rodbard

& Satki (1952) Rodbard et al (1954) and Rodbard & Stone (1955) Rodbard & Satki
found that a sudden nise of intracranal pressure in the chick caused systemic hypertenston
They attnibuted this to the release of a humoral substance which they clarmed resembled
noradrenalie in 1ts pharmacological properties  They found that the sudden production
of a negative pressure n the crantum on the other hand caused systemuc hypotenston
They advanced the hypothesis that these changes 1 systemic blood pressure were reflexly
evoked by the excitation or wmhibition of pressoreceptors situated inside the cramum
These pressoreceptors are believed by them to be responsive to differences in the relatine
pressure between that i the vessel and that in the cerebrospmal flid A nise 1n intra
cramal pressure they regard as artificially stmulating a fall 1n cephalic blood pressure
They suggest that these hypothetical receptors guard the cerebral blood supply if the
cerebral blood pressure falls reflex systemc hypertension thus maintains an adequite
blood supply to the bramn  Rodbard & Stone (1955) have extended their studies to the
dog A mnise of mtracrantal pressure to 200 mm Hg caused 2 rise of diastolic pressure
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within one second and a nise of mean pressure from 115 mm Hg to 155 mm Hg in eight
seconds The usual result which followed (1f the raised intracramal pressure was con
tinued) was a maimntenance of this rased systemic pressure for another exght seconds
followed by a secondary rise which occurred quite sharply to a systemic pressure of about
215mm Hg  This final level of pressure exceeded that of the ¢ s f and was well maintained
until the ¢ s f pressure was released after about forty seconds  They attribute the mitial
rise of systemuc pressure to vasomotor discharge and the secondary rise to a release of
adrenal hormones Section of the spinal cord m the cervical region abolished the
hypertensive responses  They argue that the rapid onset of the response of the diastolic
pressure 15 1n favour of 1ts bemng due to causes other than asphyxxa. of the vasomotor
centre and agan refer to the int pre: We are not
mchned to favour their hypothesis The mmal eﬂ'ect of a shight nise of systemic pressure
caused by ratsed tracramal pressure may be mechanical Thus when the common
carotid arteries are occluded after the carotid smuses are denervated there 1s often a nise
of a few mm Hg of the mean systemic pressure which 15 attributed to the reduction of the
capacity of the cardiovascular system  If this inittal early effect 1s thus explained there
other findings are 1n harmony with the usual theory of asphyxial excitation If these

itracramal pressoreceptors  play any role i guarding the cerebrat blood supply by
causing systemic hypertension 1t must be a very modest one Thus occlusion of both
common carotid arteries (if the carotid sinuses are denervated) together with one vertebral
artery does not commonly cause a rise of systemuc pressure of more than 5-10 mm Hg
Rodbard & Saiks claim that the results of Taylor & Page (1951) support thetr views
Taylor & Page found that when the intracranial pressure was raised in a dog 5 head already
subjected to complete cerebral anzma the systemic hypertension which occurred was
greater than that seen when the cerebral anzmia occurred alone

We rerterate that the powerful systemic responses seen in these circumstances are

referable mainly to asphywa of the medullary centres  Other mmor effects may well be
due to abnormal stimulation of nerve endings 1n the dura caused by stretching or
deformation when positive or negative pressures of 200 mm Hg are exerted thereon




CHAPTER 8

THE MECHANISM OF ACTION OF THE BLOOD PRESSURE
ON THE BARORECEPTORS

KocH referred to the smno aortic nerves as  Pressorezeptorische Nerven  Never
theless the true stimulus to the nerve ending 1s the displacement of the wall in which it
lies  Sollman & Brown (1912) unwittmgly observed this when they found that traction
of the cephalic end of the common carotid artery caused bradycardia  Budde (1926) too
found during operations in man that traction on structures tn the vicinity of the bifurcation
caused systemic hypotension and bradycardia  Hauss Asteroth & Kreuziger (1949) were
the first to show beyond doubt that the prevention of expansion of the sinus wall abolished

Fic 33 Dog 27 kg Anaesthetized
with morphinechloralosane  Botl
vagi aortic nerves cut  Registration
of blood pressure at femoral artery

t 1 Clamping of carotd arteries
2 Declamping of carotid art

Between [ and 11 Infiltrauon of
carotid sinus areas with 025 ¢¢
noradrenahine 1
Clamping of carottd arteries
+ 4 Unclamping of carotid art

eries
5 Section of caroud sinusy
nenes —(C Heymans)

the sinus reflexes induced by a nise of endo sinus pressure A cannula carrying a balloon
of condom rubber was mtroduced mto the sinus and connected to a mercury manometer
The pressure 1 the balloon was rarsed and the usual systemic hypotension was seen  The
stnus was then surrounded by either a plaster of Pans cast or by lead rings which prevented
ats expanston A tise of endo sinus pressure was now ineflective i causing reflex responses
These reappeared however when the cast was removed (see also Wakerlin et a/ 1954)
Palme (1936 1943 and 1951)showed that the local apphication of adrenaline (I 111 1 000)
to the wall of the sinus of the rabbit hare or dog caused reflex hypotension but attributed
the reflex to the stimulation of the nerve endings or nerve fibres by the drug itself  Meurer
(1949) observed the same phenomenon 1n man and elumed 1t to be due to chemoreceptor

stimulation by adrenaline
7
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Heymans & van den Heuvel Heymans (1950 1951 Heymans ez al 1953a b) showed
that this local action of adrenaline could be simulated by a farge vaniety of drugs possessing
only one common property—the ability to cause contraction of smooth muscle  Systemic
hypotenston produced by the local application of such vasoconstrictor drugs was abolished
by section of the smnus nerve and was therefore reflex (Fig 33) (See Heymans 1952
1953 1955)

Landgren Neil & Zotterman (1952) confirmed the findings of Heymans showing
that adrenaline noradrenaline or vasopressin applied to the sinus wall caused an mcrease
of impulse traffic 1n the baroreceptor fibres (Fig 34) It was noticeable that the great
majority of this impulse increase occurred 1n the fibres which discharged with low spike
height  Sodiwm nitrite which relaxes smooth muscle reduced the impulse traffic in the
sinus nerve when locally apphed to the sinus
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Fic 34 Action patentials from the carotid sinus nierve of the dog  Blood pressure registercd from
the lingual artery  Spontaneous respiration (ar)  Time 25 cyclesjsecond
A Control  Mean blood pressure 145 mm Hg
B Four mnutes after local appliation of 0 25 m! 1 adrenahine HCl (rgys) Mean blood pressure
145 mm Hg (S Landgren E Neland Y Zotterman (1952) Acta Physiol Stand 25 24)

De Vieeschhouwer Martini & Calliauw (1953) obtaned simular effects by the topical
application of these drugs to the aortic arch

Heymans & Delaunois (1953) and Heymans Delaunors & van den Heuvel
Heymans (1953) showed that adrenaline or noradrenaline caused contraction decreased
distenstbility and mcrease of the acttve smooth muscle tension of the arterial wall m the
tsolated carotid sinus preparation  Priscoline had the opposite effects They stated that
any drug which caused contraction and increased active tension of the smooth muscle of
the wall and lowered 1ts distensibility would thereby modify the excitabihity of the baro
receptors to any given stimulus provided by the blood pressure  Landgren (1952) claimed
that the local application of adrenaline to the 1solated stnus preparation of the cat caused
contraction of the sinus wall and produced effects on the distensibtlity which varied with
the sinus pressure At low end pressures the d bility was decreased by
adrenaline  at hugh pressures 1t was mereased by the drug  Landgren pointed out that
adrenaline must cause a decrease and not an mcrease 1n the total tenston of the sius wall
provided that the endosinus pressure was unaltered 1f one assumes that the law of Laplace
apples here  Thus Burton (1951) stressed that Laplace s law defined the equiltbrium
conditions 1n 2 blood vessel —

T=P»R
where T 1s the total tension P the pressure and R the radis  As adrenaline contracts



74 MODE OF STIMULATION OF THE BARORECEPTORS

the wall R 1s smaller for the same endosmus pressure and T must therefore decrease
Landgren analysed the changes which took place tn the wall and concluded that the wall
consisted of passively elastic elentents and contractile or muscle elements  The increase

{‘l| 5, Fi6 352 Schema of method for recordsmg pulsatile
m distensibility of arterjal wall of carotid sius and
) commion ¢arotid artery
6 1 Dewce (pressure transducer) for measuring
o pressure and pulsatile distensibility
Galvanometer
Photokymograph
sght

Device for pulsations 1n artery
Regulation screw
Isolated carotid sinus—artery
Tyrode solution of bath

10 Thermostat
1112 Tube for inflow and outflow

9 |10 (€ Heymans A L Delaunois and Rovats (1957)
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Fi 35b  Distensibility of ssolated caroud segment shown m Fiy, 352 At I
noradrenaline added to the Tyrode The pulsattle pressure vanation in the arlery
s:g“n:nl wcreasis showtng a reduction tn the pulsatile distensibility of the artersal
wa

m small baroreceptor spikes which was evoked by the toprcal apphicatton of adrenalne
he attributed to the small baroreceptor endings being placed 1 senies with the crreular
muscle fibres 1n the media  The lack of response of the Jarge baroreceptors he i turn

plained by postut their ar in parallel to the muscle fibres lymg m the
adventitia  He expressed the optnron that the marked reflexogenic effect of the topieal
application of adrenaline was a further llustration of the importance of the small baro
receptors i controlling the blood pressure  This has long been the view of Zotterman—
the large baroreceptors have even been claimed by um to do nothing
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In considering this point we must concede that the small baroreceptors which are so
much more numerous are indeed Iikely to be of the greater importance We do not
however feel that the evidence advanced encourages a belief 1n a separate arrangement
of two types of receptors It 1s remarkable that there should be so few histological reports
of endings 1n the media 1f the prepond of small barorecep 1s found there

Heymans Delaunots & Rovati (1956) have used the arrangement shown 1 Fig 352
to mvestigate further the changes m d bility caused by drenal The pump
deltsers a pulsatie sttmulus and the pressure recorded in the system 1s recorded photo
graphically Fig 35b shows the effect of adding noradrenaline to the Tyrode solution
which bathes the preparation  The drug mcreases the pressure expanston caused by the

Fic 36 Dog The normally mnervated barore
ceptive carotid sinuses are empty thus without
pressure  Vagtaortic merves cut  Systemu
artenal pressure at .40 mm Hg

Loca] apphcatton to both carond sinuses
walls of 02 mg noradrenaline  The systemic
blood pressure drops reflexly from 240 to 70

mm

2 Seg,llon of both carotid sinus nerves rise of

systemic artenial pressure from 70 to <
eymans and A L Delaunois Proc

Soc exp Biol Med (1955) 89 597)

pump stroke and therefore reduces the pulsatile expanston or distensibility  The authors
therefore discard the 1dea that the baroreceptors are stimulated by the drug due to 1ts
caustng an Increase 10 the pulsatile expansion of the vessel wall Heymans & Delaunots
(1955) hgated all branches of both carotid smuses and opened the common carotid
arteries proumal to the biturcations The smuses were therefore empty and pulseless
The systolic blood pressure as a result was high  Topical application of noradrenaltne
induced reflex hypotension (Fig 36) which was abolished by sectron of the sinus nerves
These results show that an increase of ntra mural tension stimulate the baroreceptors
Heymans and his colleagues stated that the effectiveness of the baroreceptor mechamsm
would be dependent on the state of tension 1n the wall itself

There are perhaps simpler ways of considering the mechanisms mvolved If 1t be
supposed that the baroreceptor s a stretch receptor thts does not necessarily commut us
to believing that 1t must be stretched only by increasing the circumference of the sinus
wall as must be usually the case with the attenial expansion produced by the pulse The
nerve endings are after all three dtmensional and 1t 15 equally Iikely that they can be
distorted by longitudinal stretchung or mdeed by any mode of deformation or distortion

Such an interpretation would allow the several methods of stimulating baroreceptors
to be grouped under one heading—ie methods of causing deformation or distortion
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Thus tugging on the sinus or stretching of the sinus by the weight of cannule etc have
long been known to cause stimulation of the nerve endings  Mechanical pressure on the
smus causes deformation of the endings Pulsatile expansion stimulates the endings—
only if expansion 1s prevented 1s the pressure tise with each pulse meffecttve  Longitudinal
tension m the vessel wall which has not been considered so far as Green pomts out
(1954b) 15 also present If a piece of artery 1s cut from 1ts surroundings and removed
from the body 1t shrinks in length  As the artery contans no longitudinal muscle fibres
{(Maximow & Bloom '937) it must be 1n a state of longitudinal elastic tension maintamned
by non muscular elements unless we are to suppose that the so called crreular muscle 1
teally helical  Green has shown that longrtudinal stretching of the common carotid artery
mcreases the baroreceptor discharge of a fibre 1n the common carotid nerve  (19545)
The action of drugs which stimulate smooth muscle may be supposed to cause local
deformation or distortion of the adventitia i the vicimity of the nerve endmgs  The
media must 1n any case be attached to the adventitta and if the muscular elements of the
media contract there must be deformation at these adjoimng surfaces
Whatever be the final explanation the important point resulting from these expert
mental results of Heymans 1s that changes mn the wall itself may affect the sensitivity of the
baroreceptors  The drugs are merely employed as tools n this respect It 1s not our
beltef that noradrenaline or adrenaline circulating 1n the blood stream m natural
circumstances causes any modification whatever 1n the properties of the sinus wall It
can easily be shown (Neil 1952) that 10 ¢ adrenaline does not influence the baroreceptor
sensitivty 1n the perfused smus  In this respect Heymans and his colleagues have been
musunderstood by several authors
Heymans has urged that a change in the biological properties of the wall might be
an important initiating factor m the development of hypertension McCubbin et al (1956)
have recently studied the baroreceptor discharge in dogs suffering from renal hypertension
Such ammals have a mean pressure of about 250 mm Hg but the baroreceptors fire
phasically with each pulse In normal animals with a mean pressure of this order the
baroreceptor discharge is continuous  Hence the baroreceptor discharge 1s less than might
beexpected  This 1s further borne out by results obtamed by perfusing the sinus at various
pressures  In the renal hypertensive dog the baroreceptors may show only sparse
discharge even at mean pressures of 120 mm  despite there bemng a pulsatile pressure of
50 mm occurring about this mean In normal dogs obvious phasic discharge occurs 1n
these perfusion conditions (Fig 37) The baroreceptor mechanism seems to be set at a
higher level 1 established hypertension Whether this 1s due to an alteration m the
mechanical properties of the wall remains or whether 1t represents a state of adaptation
of the nerve endings 1s still unanswered Further work 1s needed to examrme the
charactenistics hustological and functional of the smus wall m these conditions  In this
respect 1t 1s wise to pomnt out that the functional charactenstics of the stnus wall are almost
certain to be different from those of any other part of the arterral trec owing to the sparse
and eccentric distribution of muscle 1n the medta of thts particular region  This must be
borne 1 mind 1n interpreting results of distensibility measurements made n the 1solated
sinus preparation solely 1n terms of the properties of the sinus tself
The normal sumulus to the baroreceptor is stretch (or deformation or dstortton)
phasically produced by pulsatile variations of the blood pressure  In this respect the
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baroreceptor behaves like any other mechanoreceptor and 1s sensttive not only to the
magmtude of the mechanical sumulus but also to the veloaity of its application
Presumably deformation of the membrane causes the development of a receptor potential
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FIG 38 A = the arrangement of cannula and syringe system in the common carotid artery E =
elasticaty chamber by the syrng amr The plunger of the syninge is heavily
greased to make the system leak proof CC = common caroud artery CS = caratid
sinus E'C = externalcarotid artery The mset figure shows the shape of the cannula employed
B = the type of expertment descnbed 1n text €S N = carotid sinus nerve I C = internal
carotid artery  Recording ¢lectrodes connected with cathode ray oscilloscope (CR O)  Swus
pressure registered from external carotd artery  Each film strip shows time (50 eycles/second)
sinus ¢lectroneurogram and sinus pressure from above downwards C = effect of transiion
pulsanle 10 non pulsatrle sinus bload flow at a mean pressure of 140 mm Hg (ammali) D=
transition from non pulsatile to pulsatile state at mean sinus pressure of 130 mm Hg  (animal 2)
E and F = both obtained from another ammal (animal 3} and show fransitions at mean sinJs
pressure of 150 and 95 mm Hg. respectinely G and H = both obtained from animal 4 and
show trans:itions at mean sinus pressures of 62 and 45 mm Hg respectvely  The sinus blood1
pressure calibrations 10 mm Hg for each record are shown on the Jeft —(HL W Ead J ¥
Greenand E Netl (1992) J Physiol 118 509)

which m turn generates the nerve impulse  There 1s no evidence that acetylcholine plays
any normal role as a transmuter (Diamond 1955) although it stimulates the baro
receptors  Bronk & Stella (1932) showed how the single baroreceptor responded not only
to a steady endosinus pressure but to a rate of nise of pressure  They also showed that
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recruitment of extra baroreceptor umts could occur with phasic rises of pressure about a
gven mean  There 1s thus every reason to believe that a pulsatile endosinus pressure
should be more effective 1n exciting baroreceptor discharge than should a steady pressure

B

Fic 39 A — scheme of the expersments descnibed 1 text Both common carotid arteries were can
nulated and the cannule attached to syringes contamung arr When the synnges were excluded
by chips at the points X and X the blood flow through the carotid sinuses was pulsatile - Removal
of the clips converied the sius blood flow to anon pulsatile flow  Both smus nerves were infact
and exerted afferent infubition of vasomotor discharge  Changes of penpheral resistance thereby
induced caused changes of systemuc blood pressure €S = carotid snus CSN = carotid
smus perve VM C — vasomotor centre BP ~ blood pressure B = cat 3 6 hg. sodium
pentobarbitone anesthesia Both aortic nerves cut vage istact Common carotd arteries
cannulated as shown m A Records from above downwards respiration systemic blood pres
sure signal marker and time 10 10 second mtervals  Note that the systemic blood pressure 1s
maintamned at @ higher level when sinus flow 15 non pulsatile (as shown by signal marker) than
when 1t 1s pubatile (P) Respiration 1s_unaffected cat 33 k. chloralose urethane
anxsthesia  Aortic nerves and vagi cut  Arrangements asim A Note that the systemsc bleod
pressure 1s higher during non pulsatile sinus flow (shown by signal marker) than that during
pulsatile flow (P) D = obtained from the same preparation 30 minutes later  Durmg this
period the carotid sinuses were exposed to non pulsatile flow  The high level of systenuc pressure
was mamtained (cf C) but conversion to pulsatle sinus flow (P) lowered the systemic pressure
—(H W Ead J H Green and E Neil (195.) J Physiol 118 509)

with the same mean value Curtously however the earlier literature contains two papers
m which 1t 15 claimed that the reflex effects of each type of stimulus were essentally stmilar
(Barany 1943 Strauss 1940)

Ead Green & Neil (1952) therefa Te the Insertmng a
T cannula into the common carotid artery they connected the stem of the T to an
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elasticity reservoir - By clipping this connection the correspondimg carotid sinus could be
exposed to the normal pulsatile pressure of the systemic circulation which was recorded
by a condenser manometer connected with a cannula 1 the external carotid artery The

= Pump = A
3 r
i £C
[ — Te
" (sinus pressure)
3
ic CSN
8P
ymc

C D E F

FiG 40 A = scheme of the experiments described 1n text One carotid sinus was isolated and per
fused by apump An elasticity chamber (E) was placed on the inlct side of the perfusion crrcurt
Sinus pressure was recorded by a mercury manometer Changes of sinus pressure caused reflex
changes of vasomotor dis harge and hence systermc blood pressure C and IC =
¢ommon caroud external carond and internal carotid arteries CS N = carotid sinus nerve
VMC = vasomotor centre. PR = resistance on pump perfusion eircut BP = syslcmlg
blood pressure B-F = cat 3 4kg chloralose urethane anasthesia Right earotid sinus isolate
and perfused  Left carotid sinus and both aorsic nerves cut  Records from above: downw;\rd]x
systemic blood pressure stnus perfusion pressure signal marker time 1 10 second intenvals

ecords show comparison of refiex effects of pulsatile and non pulsatile stnus perfuston at mean
pressures of 15 80 135and 235 mm Hg BP = systemuc blood pressure S P = sinus pressure
—(H W Ead J H Greenand E Neil (1952) J Physiof 118 509)

sinus nerve cut centrally was Jud on electrodes and by dissection single or few fibre
preparations were made for recording  As expected such baroreceptors showed ph:lls':g
activity with the pulse By removing the clip the elasticity rescrvoir was included 1n e
system and the pulsatile pressure ws thereby modified to 2 stcady pressure ot the f?:!lhmr
mean value  The impulse activity itself became sensibly steady The frequency of cf
steady finng never approached that attained 1n the phasic bursts  Morcover it was n
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uncommon to find that umits which discharged phasically during pulsatile conditions
ceased to fire when the endosinus pressure became steady at the same mean value (Fig 38)
In further experiments both common carotid arteries were cannulated n the above
maneer but the innervatton of the stnuses was preserved  Thevagiwere cut  The systemic
blood pressure rose each time that the sinuses were exposed to steady pressure by
connecting the elasticity reservotrs (Fig 39)  This proves that a pulsatile sumulus of the
baroreceptors 15 more effective than that provided by a steady stimulus represented by a
hlgher mean pressure  Finally the reflex effects exerted by sinus perfusion at steady or
were pared There was no doubt that pulsatile pressures were far
more effective (Fig 40) The threshold mean pressure for the steady pressure perfusion
wasabout 70mm that for the pulsatile pressure was less than 15mm 1n the crrcumstances
It follows from such findings that changes mn extent or 1 rate of nise of the pulse pressure
may modify the bel of the bar p even though the mean systemuc pressure
has meanwhile shown no change Moreover changes in heart rate may modify the stroke
volume and hence the pulse pressure and again alter the baroreceptor discharge even
though the mean systemic pressure has remamed unchanged Neil (1952) discussed the
reflex adjustments to slow h@morrhage in this hght It has long been known that a slow
bleeding may be attended by reflex cardiac acceleratton and systemuc vasoconstriction
even though no fall of systemic blood pressure has occurred  In such circumstances the
cardiac output falls progressively so clearly the blood pressure s maintained by increased
pertpheral resistance of vasomotor ongin  This cannot be attributed to the smo aortic
reflexes 1f one believes the t to be solely resp to alterations 1 mean
blood pressure for this has not changed On the other hand the reduction of cardiac
output must first express 1tself as a reduction of stroke volume and this m turn must
reduce the pulse pressure  The baroreceptor stimulation 1s correspondingly reduced and
tachycardia ensues which further reduces the stroke volume and pulse pressure  In this
manner st 1s quite possible to explam progressive vasoconstriction It 1s of course likely

that these sino aortic reflex adjustments are not solely resp ble for the vasc riction
but the role of the cardio pul y in these cir 1s as yet obscure
(see p 229)

Palme (1943) showed that the stimulation of the sympathetic branches wiich supply
the carotid bifurcation caused a fall i systemic blood pressure simular to that following the
local application of adrenaline to the sinus wall which he was also the first to describe
Kezd1 (1954) has recently confirmed these results By continual stmulation of the
sympathetic supply to the carotid sinus he was able to reduce the systemic blood pressure
to levels of 80-100 mm Hg at which occluston of the common carotid arterzes did not
cause any reflex rise n the systemuc pressure He argued that the effect of sympathetic
stimulation was duc to the mduced comxamon of the muscular tissue m the simus wall
which stimulated the bar d (1952b) who believes that the small
baroreceptor units are situated 1n the arten:\l media of the simus arranged 1n series with
the muscle fibres pomnts out that the sympathetic fibres to the sinus wall may play a part
smular to that of the y efferents to the muscle spindles (Leksell 1945)  If we accept this
pomt of view then the mechamsm of the sinus baroreceptor control of cardiovascular
activity 1s more complicated than has been previously assumed Thus a fall of blood
Pressure causes less baroreceptor activity than normally which then causes a greater

H AN carp 0 sysem
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sympathetic discharge to the sinus wall and this i turn increases the baroreceptor
sumulation  Conversely a rise of blood pressure induces reflexly less sympathetic dis
charge and consequently less baroreceptor activity It 1s difficult to see how such a
mechanism could operate with advantage to the intact organism

Floyd & Netl (1952) tested the claims of Palme very carefully They were unable to
confirm that the stimulation of the local sympathetic supply to the carotid sinus caused a
fall of systemic blood pressure In further experiments they rased the pressure 1 a
Moissejeff 1solated smus and exammined the reflex response  Stumulation of the sympathetic
supply of the 1solated smus did not modify the reflex response of the systemic blood
pressure to a given rise of static pressure in the 1solated sinus  Fmally, they exammed
the effect of stmulating the local sympathetic nerve supply on the impulse activity of
single baroreceptor umts responding to the pulsatile pressures produced by the heart 1n
the wntact circulation  In one imnstance only did they find that the impulse activity of a
baroreceptor umit was mcreased by the sympathetic simulation  There were many
negatnne results  Floyd & Neil concluded that the local innenvation of the sinus region
by the sympathetic nerves was of little practical importance 1n modifymng the sius baro
receptor sensittvity 1t should be r bered that the tarity of the media m the
sinus region 1s both sparse and eccentric  If the sympathetic fibres do cause any effect on
the tone of the arterial musculature m this region 1t 1s Iikely to be exerted 1n adjacent parts
of the vessel wall rather than in the siaus wtself  As a result there may be shight distortion
of the sinus which could in turn increase the actiaty of the receptors themselves




CHAPTER 9

CLINICAL CONDITIONS INVOLVING THE SINO AORTIC
BARORECEPTOR REFLEXES

Carotid Sinus Syndrome
IN 1799 Parry reported that strong pressure on one of the carotid arteries would
retard the motion  of hearts beating with undue quickness and force Smmular
results were reported by Waller (1862) Both authors attributed their results to the effect
of mechanical 1mtation of the netghbouring vagus nerves Tschermak (1866 1868)
mdependently observed the same phenomenon and noting the swelling of the common
carotid artery at the upper border of sternomastord attributed the bradycardia caused by
digital pressure m this vicimity to the transmtssion of the pressure via this swelling  His
Vagusdruckversuch  based on this observation was used by clintcians throughout the
latter part of the last century and although Concato (1870 1872) noted that the most
stuking results were obtamed by pressure over the carotid bifurcation neither he nor his
colleagues ascribed any particular sigmificance to this observation  The reflex nature of
the phenomenon was proved by Herng (1924) whereupon clinical workers paid fresh
attention to this region

Koch (1924) was the first to examine the effects of mechanical stimularton of the
carotid smus itself m man  In 50 patients he obtamed a 25 4 fall m systemuc blood
pressure 1n 28 of them He attributed the systemuc hypotension to a vasomotor reflex as
1t occurred independently of cardiac slowmg Hess (1925) confirmed these findings
Mehrmann (1925) was the earliest to note the dramatie cardiovascular effects which could
be imnduced by pressure over the carotid sinus of arteriosclerotic patients Wenckebach
& Winterberg (1927) reported similar cases—see also Mandelstamm er al (1929)
Jacobovict Nitzescu & Pop (1929) Damelopolu Marcu & Proca (1928) Regnters (1930)
Ross1 (1930) Egberts (1932) and Marmesco & kremdler (1930 1931)

Roskam (1930) related a particularly vivid history of a man 53 years old ~ Armand
C In 1929 en mai la femme de notre patient 1 aidant a mettre un col trop etroit
ghissa un dogt entre le col ngide et le cou  aussitot son man s affaissa evanout On
exarmmnation the patient had a high pulse pressure  On strong pressure on the left carottd
artery nothing happened but Roskam states that he had hardly touched the region of the
carotid sinus itself before the patient became pulseless and apneeic ;m a famt  Switably
tevived the patrent was placed on hypotensive medication  De Brun reported a similar
case history (1932) (see Merklen 1934)

Wetss & Baker (1933) made a detaied climcal study of carotid sinus <ompression in
healthy subjects and 1n patients with cardiovascular disease  In 50 subjects mechanical
stimulation produced a fall of 10 mm Hg or less 1n the systermic pressure In patients
with hypertension and particularly 1 those with primary arteriosclerosts without hyper
tionsion (36 patents) the fall in pressure caused by sinus compression was more obyious
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and was more frequently seen In 15 patients the carotid smus reflex was hyperactive
and 13 of these complained of spontaneous attacks of dizziness and fainting  Three main
types of cardiovascular response occurred on mechamical stimulation of the sinus

1 marked bradycardia usually but not mvarsably attended by hypotension

2 profound hypotension without bradycardia

3 changes in the cerebral circulation unaccompanied by obvious systemic hypotension

ot bradycardia
Weiss & Baker found that partial or complete heart block could be induced by sinus

compression 1n these  hyperactive reflex  patients They used the term * carotid sinus
syndrome 1o descnibe this type of case In a further paper Werss and hus colleagues
(Fernis Capps & Weiss 1935) studied 32 cases with a history of spontaneous fainting
which mechanical stimulatton of the carotid stnus promptly induced manifestations of a
stmular nature The attacks were not abolished by atropine pilocarpme ephedrine
ergotamume amyl nutrite or strychnine  Digitalisatron ncreased both the frequency of
the spontaneous attacks and exacerbated the seventy of those delberately mduced by
compression of the smus  The sensttive carotid sinus was denervated surgically m seven
of the cases and complete freedom from spontaneous attacks was obtamed ~As mught
be expected there was no permanent change 1n either the blood pressure or the heart rate
following the umlateral sinus denervation

Takayashu’s Discase

In 1908 Takayashu described an unusual syndrome in which the main features were
those of a chronic obliterative brachiocephalie artentis in which the upper half of the body
1s gradually deprived of 1ts blood supply  Until recently this clinucal entity was regarded as
peculiat to Japan  Caccarmse & Whitmann (1952) collected reports of 58 cases ;n Japan
and mentioned that the condition had not been observed elsewhere Enk Ask Upmark
(1954) 1n a recent scholarly paper has refuted thuis point of view and besides presenting
three clinical cases of his own has assembled data concerning 25 other cases m Europe and
America  Ask Upmark notes the extraordinanly high proportion of women in the
clinical cases so far observed 27 of the 28 cases to which he refers being women The
average age of onset 1n these cases was 30 years Ash Upmark summarizes the symptoms
under five headings (1) those due to rschzmua of the upper half of the body (2) those

d with the develop of a collateral circulation (3) those due to a carotid
smus syndrome  (4) cardiac symptoms and (5) general symptoms In the present
context we may briefly review the symptoms of caroud sinus syncope Shimuzu (1948)
was the first to stress the increased senstbshity of the carotid sinus i this disease Syncopal
attacks are particularly likely to occur on changing the posture of the head or on fingering
the carotid smus region  Kouretas & Djacos are credited with the remarkable observation
that the sensitivity of the carotid sinus varied with the female period bemng most matked
immediately before during and smmedsately after the period Ash Upmark suKSCSl;
that the cicatricial issue around the carotid stnus rendening the structure less mobtle an
thus more hable to cause traction on the sinus nerve on moving the head s responstble
for the inerease 1n reflex sensibility
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In a further paper Ask Upmark & Fajers (1956) hase assembled additional
evidence from other cases of Takayashus disease brninging the total number of cases
observed outside Japan to forty five

Miscellaneous

Certain authors have claimed that hyperactive carotid sinus reflexes may conmbu(e
to the pathogenesis of epilepsy Danwclopolu and his coll have pared the
occastonal convulsant effects produced in the dog by faradlzauon of the sinus nerve with
the cor seen 1n the epl has proposed that the sinus
regions might be denervated 1 epileptic pauems Jacabovict N\tzescu & Pop (1928)
temoved the carotid body 1n six epilepttc patients 1 the mistaken belief that it was the
seat of ongin of hyperactive baroreceptor reflexes but they obtained only temporary
improvement in their patients health  Merklen (1934) who cites these results also
mentions that Lauwers (1930) ot d a certain 1mp! t i ten epifeplic patients
after removing the caroud bodv  We do not think that there 15 any potnt mn such
operations in epileptic patients  Lennox (1933) stated that in 150 cases of epilepsy carotid
s1nns stimauk did not pr ac \| (see Weiss & Baker 1933)

Pressure on the catond smus 15 one of the best ways of terminaung an atiack of
paroxysmal tachycardia (Bensen 1880 Preisendorff 1880 Regers 19506} Accordmng
to Regniers sinus pressure 1s rarely eff n attacks of extrasystole which he attnbutes
1o the vagal onigin of many of these attacks

Although angina pectorss has been successfully terminated by mechameal pressure
on the sinus region we feel it important to stress that the danger of untoward arrhythmias
induced by the manceuvre outweighs any therapeutic effect which 1t mught be expected
1o exert

Budde (1926) has suggested that section of the smus nerves mught be constdered as a
th when the blood p falls to low levels duning cervical
operations  koch (1931) strongly opposed this suggestion pointing out that the section
of the sinus nerves could have little effect if the low level of the blood pressure were due
1o general causes  As he Tumself has shown and as Heymans and co workers have con
firmed the smus nerves exert httle reflex effect on the blood pressure unless the level of
systerme pressure 15 above 70 mm Hg  Hence 1f the systemic pressure 15 reduced by
surgical shock hemorrhage or other general causes the sinus nerse endings will be
mimimally stimulated 1 any case so that their destruction can hardly be expected to confer
any benefit koch agreed that the blood pressure might be reflexly lowered duning
operations 11 the simus region by traction on the neighbounng structures but suggested
that the sinus region mught be infiitrated with some focal an®sthetic It 15 to be remem
bered that the volatile t the bar ptors (Robertson Swan &
Whittenidge 1956) and as a result there may be unduly vivid sinus reflex responses to
mampulation of structures in the neck adjacent to the sinus

Burstein et al (1949 1950) claimed that the admlmslrauon of 30-100 units of tubo
curarine p! d the reflex resp of and bradycardia induced
by dlgnal pressure on the carotid sinus  Claude Bemard (1857) had shown that curare
prevented the cardiac effects evoked by the stimulation of the vagus  Clark (1936) re
examined the effect of curare on the responses evoked by carotid sinus pressure  In two
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patients the adminsstration of 100 units of curare caused etther no difference 1n the cardio
vascular response to carotid sinus stimulation or (in one) a very slhight reduction
Infiltration of the sinus regron with 5 ml of 1% hexyleame completely abolished the reflex
fresponse to sinus pressure on that side (see Fig 41)

Sinus Refiexes 1n Essential Hypertension
Regniers (1930) described five cases of hypertenston 1n which compresston of the
carotid sinus caused as usual bradycardia and a fall of blood pressure while obliteration
of the carotid arteries below the level of the sinus caused no cardiovascular effects He

A
BEFORE NERVE BLOCK
WGHT CARQTIO SINUS PRESSURE >
AFYER R 8

IGHT
CARQOTID SINUS BLOCK

RIGHT CAROTID SINUS PRESSURE

Fic 41 FElectrocardiograms obtained from 3 patient  Carotid sinus external pressure before (A)
and after (B) block of carotid sinus innervation —(R E Clark (1955) Anesthesiol 16 716)

also observed that the bradycardia occurring in normal subjects on release of carotid
occlusion did not occur with his patients with high blood pressure and suggested that the
carotid simus did not respond to changes 1n intra sinus pressure  Mues (1932) mvestigated
97 patients with high blood pressure and found 17 without renal insufficiency these
17 ‘patients carotid sinus pressure caused the usual response but obliteration of the
common carotid arteries caused no mise of blood pressure  He also concluded that the
rassed blood pressure of these patients was due to a disturbance of the carotd staus and
depressor mechanisms so that they ceased to respond to the stumulus afforded by the
artenial blood pressure

Pickering  hussin & Rothschild (1936) re ivestigated the matter 1 view of the
tmportance of the pomt and obtained totally disstmular results They could find no
obvious difference In the response to carotid occluston m hypertensive and normal men
There was no foundation for the claims of Mies and Regniers  Kezdt (1953) has smce
shown that the blood pressure rises in patients with essential hypertension when one or
both sinus nerves are anzsthetized by the local myectron of procaine in the sinus region
Moreover expermental studres on chropic Tenal hyperiension have revealed that the
sino aortic mechanisms maimtam their buffer activity (Matton 1954 McCubbin ef al
1956) (See Fug 44)
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Blood Pressure Regulation and Circulatory Failure (Shock)

As defined by Wiggers shock 15 a syndrome resulting from the depression of many
functions  Reduction of the effective circulatory volume and a prolonged fall of blooa
pressure are the most fundamental contnibutory causes of the shock syndrome resulting
as they do in steadily progressive circulatory fatlure with eventual collapse A clear
understanding of the factors which are responsible for the normal regulation of the
artenal blood pressure and the capacity of the circulation 1s necessary before we can
explan the shock syndrome

In normal cir the bar ptor reflexes are probably of prime importance
1n the compensatory changes which occur in the circulation as a result of a fall of artenal

HOMEQSTASLS.
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Heymans (1950) Introduction to the Study of Blood Pressure

Fic 4 Viious Cycle m Shock  (C
Thomas & Co Springfield )

blood pressure due to hemorrhage or other insults Heymans (19505) has referred to the
blood pressure reserve which exists in the mormal ammal Thus if bleeding
occurs the blood pressure tends to fall and the smo aortic intubition of the vasomotor
centre lessens  Hence compensatory vasoconstriction which occurs both m arterioles and
veins raises the peripheral resistance and dimiunishes the capacity of the circulation  The
blood pressure 15 restored to normal and the venous return 1s more adequately sustained
than mught be expected considering the blood loss Such an ammal has however
encroached upon 1ts  blood pressure reserve  and will be less able to withstand further
bleeding  Eventually the potnt 1s reached at which blood pressure 1s preserved at normal
or near normal levels only by virtue of maximal activity on the part of the sympathetic
arteriolar and venomotor mechanisms  further blood loss mduces a complete failure of
blood pressure homeostasss and leads to a state of irreversible circulatory farlure or shock
Whereas the preceding paragraph relates to the effects of hemorrhage m mducing
shock 1t 1s well recognized that a number of other factors are capable of causing the onset
of this syndrome ~ When 1t 1s recalled that the blood pressure 1s governed by both cardiac
output and penipheral resistance 1t 15 clear that exther heart failure or peripheral circulatory
failure may be the 1nitraung factors Once any component of the system 1s seriously



88 SINO AQRTIC REFLEXES IN CLINICAL CONDITIONS

disturbed a vicious cycle tends to be set up which leads to further disorganization of the
regulatory mechanisms of arterral blood pressure and circulatory capacity The mam
pathways which lead to the same end result of circulatory failure are illustrated
Figure 42

The avoidance of conditions which favour the disturbance of the baroreceptor
regulatory mechanisms of circulatory capacity and blood pressure s the most rational
procedure 1n preventing the development of shock  Of the narcotic drugs barbrturates
should be used sparingly the use of high spmal anzsthesia n patients subjected to
traumatic operation would seem to be unwise  Similarly the admunistration of gangho
plegic drugs should be restricted  The prevention of shock 1s also aided by prompt
restoration of the blood volume In shock due to vasemotor or cardiac failure therapy
with sympathico mumetic drugs such as noradrenalne and ephedrine may be useful
Vasomotor and respiratory failure due to barbiturate poisontng may be specifically treated
by gnang picrotoxin - Oxygen admumstration may counteract ncipient cerebral anoxia
due to failure of circulatory and respiratory central mechamisms However once the
progresstve stage of shock has supervened the vanious therapeutic measures available at
the moment are meffective because rreversible changes in phystological functions have
occurred A better knowledge of the nature of these functional alterations would
accelerate progress in the treatment of circulatory fatlure and shock



CHAPTER 10
NEUROGENIC HYPERTENSION

THE discovery by Hering that the arternial blood pressure rose steeply after acute
denervation of the sino aortic areas led naturally to the hypothesis that Essential Hyper
tenston seen in man might be due to some dysfunction of the baroreceptor reflexes  Such
an 1dea could only be tested by preparning chromc ammals for survxval after complete
mterruption of their sino aortic The dy and y
of such beasts could then be compared with those charactenizing Hyperplesm Un
fortunately the radical denervation of the aortic area necessitates bilateral vagotomy and
vagotormized animals do not survive (Haighton 1795 Cruickshank 1795 Legallois
1812 Philippeau 1885 Tournade 1913 Sharpey Schafer 1919) The animals vomt
frequently and usually succumb on the second or third day after the operation On
autopsy the larynx 1s generally obstructed by secretions and the trachea and lungs contamn
vomitus  Only by making a preliminary gastrostomy and cesophagostomy were Pavlov
(1895 1896) and s pupils Cashcovsky (1899) and Cheshcov (1902) able to obtam
survival of vagotomized dogs for months (see Pavlov 1910) Samaan (1934) who made
amost careful study of the effects of cutting some or all of the vagal components concluded
that the failure of ammals to survive total vagotomy could usnally be ascribed to their
developing aspiration pneumonia

The rabbit which possesses separate aortic nerves offers anatomical advantages over
the other laboratory ammals which are however parually offset by the extreme lability
of the arteral blood pressure m this spectes

The dog though sutable as a chronic survival ammal offers the most formidable
difficulties of any of the common laboratory animals to selective denervation of the aortic
afferent fibres as these course usually m the cervical vago sympathetic trunks themselves
Hence 1t 15 necessary to compromuse by cutting as many of the vagal afferents as possible
without destroying too many of the efferent fibres One may therefore fail in two ways—
an inadequate  deafferentation  1n which case the dog does not develop enduring
hypertension or excessive destruction of the efferents which leads to mtractable vomuting
mamnition and the eventual death of the amumal

Thomas (1944) divided both sinus nerves stripped the nerve fibres from the common
carotid and its branches mn the region of the bifurcation and painted the smus region with
5/ phenol  The left cervicovagal trunk was sectioned and a two centimetre length was
excised  The medial third of the right cervical trunk was cut and excised for two cent1
metres leaving the remamder of the night vagus carrying a sufficient number of efferent
fibres  She recommended that the operations required were done i stages

There 15 an extensive literature on neurogenic hypertension produced by denervation
of the carotid and aortic vaso sensory areas

5
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hsturbed a vicious cycle tends to be set up which leads to further disorgamization of the
egulatory mechamisms of artertal blood pressure and circulatory capacity The mamn
vathways which lead to the same end result of circulatory failure are illustrated 1
“1gure 42

The avordance of conditions which favour the disturbance of the baroreceptor
egulatory mechamsms of circulatory capacity and blood pressure 1s the most rational
srocedure 1n preventing the development of shock Of the narcotic drugs barbrturates
hould be used sparingly the use of high spinal anzsthesia m patients subjected to
raumatic operation would seem to be unwise  Sumilarly the admistration of gangho
slegic drugs should be restricted The prevention of shock 1s also aided by prompt
estoration of the blood volume In shock due to vasomotor or cardac failure therapy
vith sympathico mimetic drugs such as noradrenalme and ephedrine may be useful
Vasomotor and respiratory failure due to barbiturate poisoning may be specifically treated
Jy giving picrotoxin - Oxygen administration may counteract incipient cerebral anova
fue to failure of circulatory and respiratory central mechamusms  However once the
srogressive stage of shock has supervened the vartous therapeutic measures available at
he moment are meflective because 1rreversible changes m physiological functions have
sccurred A better knowledge of the nature of these functional alterations would
accelerate progress in the treatment of circulatory failure and shock
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In some cases however even then the high pressure tended to subside indicating that
there were still some depressor fibres active in the remaining vagus nerve

Nowak & Walker (1939) Nowak (1940) and Thomas (1944) using dogs confirmed
Boyd & McCullagh s findtngs  Thus the main elevation of blood pressure occurred within
2-3 weeks after the operation  Thomas (1944) believed tachycardia to be a primary factor
m neurogenic hypertension thus produced and suggested that the lability of blood
pressure depended on the vartable heart rate  This would distinguish neurogenic and renal
hypertenston  In two dogs with perststent neurogenic hypertenston constriction of the
renal artery using the Goldblatt techmque did not further raise the blood pressure
although m both ammals the hypertension changed into the malgnant type (Thomas
1944)
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Fic 43 Chronic hypertenston 1n the rabbit following division of the sino-aortic nerves
A = Normal range of blood pressure in rabbit (mean 90 mm )
B = Range of B P after division of sino-aortic nerves on one side (mean 110 mm )
= Range of BP after dnvision of smo-aortic nerves on both sides (mean 155 mm ) —(Kremer
Scarff and Wright (1933) Brut J exp Path 14 281)

The cold pressor test gave variable results in dogs with neurogenic hypertension
(Thomas & Warthin 1940) The tolerance of hypertensive dogs to sustain graded
hazmorrhages was the same as that of normal dogs  Thus latter observation 1s somewhat
surprising 1nt view of the marked nstability of the cardio vascular system 1n animals with
their vaso sensory areas denervated

The morbid anatomical changes following the production of neurogenic hypertension
have attracted a good deal of attention  Nordmann (1929) examiung the amimals of the
oniginal series of koch & Mies (1929) showed cardiac hyperplasia fibrotic changes 1n the
heart muscle aortic and pulmonary muscular sclerosis and atrophy of renal glomerult
with or without interstitsal fibrosis  kremer Wnght & Scarfl (1933) found moderate
left ventricular hypertrophy but were unable to reach definite conclusions Boyd &
McCullagh (1938) also observed left ventriculat hypertrophy with vanable degrees of
myocardial fibrosis  Gross changes were found 1n the aortic media especially in the aorta

d with hyal and The degree of myocardial fibrosis and
degencration of the aorta could be correlated with the duration and extent of the hyper
tension  Goormaghtigh (1931) reported renal lesions 1n rabbits suffering from neurogenic
hypertenston progressive hyalinization of the glomerular tufts with atrophy degenerative
Tenal arteriolitis and atrophic lesions 1n the urimuferous tubules were promunent No
one has since confirmed these observations (hremer Wnght & Scarff 1933 Boyd &
McCullagh 1938 Hoerner Fontame & Mandel 1938)
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Elaut (1935 1936) reported that neurogenic hypertension was neither prevented nor
abolished by denervation of the kidneys  Hoerner Fontatne & Mandel (1938) found no
evidence of renal failure 1n dogs with neurogentc hypertension observed for 13-3 years,
their blood urea values were normal and there was no disturbance i phenolsulphone
phthalemn excretion even after unilateral nephrectomy  Alpert & Thomas (1943)
determmed renal clearance of diodone mulin and urea during periods of low and high
protem ntake and found no significant difference between normal and neurogenic hyper
tensive dogs  No significant morbid histological changes were found 1n the kidneys
Bing Thomas & Waples (1945) found however 1n two out of six neurogentc hypertensive
dogs a fall in renal blood flow and glomerular filtration tate  As creatinme and p amino
hippurnic acid clearances decreased proportionately while the filtration fraction remaimed
constant they concluded that the afferent renal arterioles were constricted

Bacq Brouha & Heymans (1934) reported that the sino aortic constrictor and dilator
reflexes were absent m completely sympathectormized dogs, and that section of both
carotid sinus and both aortic nerves m acute experiments was neffective after total
sympathectomy Nowak (1940) however produced moderate hypertension by denerva
tion of the vasosensory areas n dogs previously totally sympathectomized In ar'umalf
with fully established hypertension, subsequent partial sympatk dingt
diision of the splanchnic nerves or such operations as unilateral adrenalcctomy
(cp Kremer Wright & Scarfl 1933) buateral lumbar ganglionectomy or removal of
two thirds to three fourths of the thoracico lumbar chain failed to reduce the hyper
tension  However Schafer (1944) reported that paravertebral sympathectomy lowered
the arterial pressure 1n hypertensive dogs for prolonged periods these animals showed 2
tendency to develop a second hypertensive phase somewhat less pronounced than before
the sympathectomy which was explamed by the possible re establishment of some
sympathetic functional mnervation

Grimson (1940 1941) reported that neurogenic hypertension mn dogs persisted after
the following operations = bilateral renal denervation (cp Elaut 1935), dwision of the
splanchnic nerves and abdominal sympathectomy division of the splanchmc nerves
abdominal sympathectomy ceeliac ganghonectomy lower thoracic sympathectomy :m(}
dvision of the splanchnic nerves upper thoracic sympathectomy Hypertension of rena
origin was produced tn dogs after carotid sinus and aortic deafferentation and complct]e

sympathectomy (but for the adrenal and kidney nerve supply) 1 these ammals
subsequent denervation of the kidneys considerably reduced the hypertension

Bing Thomas & Waples (1945) nvestigated the circulatory effects of n:uroge““s?
hypertenston in unanzsthetized dogs  The cardiac output (Fick) in dogs lying quictly wa
mcreased by 30-50% while the night 1ntra auricular pressure was normal Th:}lartengs
venous oxygen difference and oxygen utilization were dimimished  Limb blood flow w
accelerated and the eirculation rate was increased  The total peripheral resmtancc;losz Hcl
only two of six hypertensive dogs The increase 1n petspheral blood flow was possi! }',I'hu
to active artertolar dilatation or alternatively to opening the arterio venous shunts ; Ci’
concluded that hypertension was due to the rise 1n cardiac output  as the stroke \osL;rrll"
was unchanged the nise 1n output was ascribed to the increase 1n heart rate This l:l ,
heart rate amounted 1n some anmmals to 85 beats per minute i excess of the preIs y\rw)xclh
tensive figures Unfortunately no further studies of cardiac output 1n anima
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neurogenic hypertension have been made  Therefore confirmation of the observattons of
Bing Thomas & Waples (1945) would be valuable Several points of mterest emerge from
the work reviewed Denervation of the carotid sinus and aortic vasosensory areas
produces hypertension and tachycardta These changes are subject to considerable
variations 1n response to extrancous stimult and arterial pressures and heart rate may be
normal at sleep or complete rest  Failure to produce chronic neurogenic hypertenston m
antmals 1s due to incomplete denervation particularly to the presence of baroreceptor
fibres i the vagt o to fi Ly of v ory fibres It must further be
remembered that baroreceptor areas are located 1n the pulmonary and mesenteric vascular
beds (Schwertzer 1936 Awviado er o/ 1952 Gammon & Bronk 1936 Heymans

16 44 Systemic blood pressure of a dog
with ctironic renaf hypertension (30740

mm He)

1-2 Clampmng and unclamping of both

common carotid arternies  Reflex nse of

systemic blood pressure

Buween [ and 11 Local carotid sipus
of 01 mg Yinc Fal

of sy}s{lcmlc blood pressure from 240 to 80

mm
34 Clamping and unclamping of carotid
arterics  No reflex nise of systemic blood

pressure.

N1 After 1 hour 15 mun the arteral
pressure returned to 170 mm Hg and the
caround sinus pressure reflexes (5-6) re
covered —(Matton )

Bouckaert Farber & Hsu 1936 Gruhzit Freyburger & Moe 1954) Although the
precise function of these pulmonary and mesenteric baroreceptor mechanisms under
physiologcal condittons 1s still somewhat obscure 1t 15 concervable that they may modify
the effects of caroud sinus and aortic deaffer In this 1t 1s of interest
that immedaately after the denervation of the carotid sinuses and the aorta very high values
of artenial pressure and heart rate are recorded these high pressures and tachycardia
usually decline after a few minutes and the final result of the operatton will not be
established before 2-3 weeks (Thomas 1944)  The cause of this temporary recovery 1s
unknown and 1t would be mteresting to know whether pulmonary and mesenteric baro
ceptor mechamsms step mte the breach to be finally overwhelmed by the full effects of
the absence of carotid sius and aortic arch restraint of the medullary centres

Neurogenic hypertension presents a very different picture from that of renal hyper
tension which 1s much more stable when fully estabished However the wide fluctuations
of the pressures of animals with neurogenic hypertension resemble the pre hypertensive
phase mn essenttal hypertension during which the blood pressure 1s labile over a wide
range of normal and hypertensive levels In experimental renal hypertension and m
essential hypertension the cardiac output 1s held to be normal and hence the total per
pheral resistance 1s increased  Others deny this ncrease 1n total peripheral resistance  In
essential hypertenston there 1s constriction of the renal afferent and efferent arterioles while
in neurogenic hypertension only the afferent arterioles 1f any are nvolved The rise 1




94 NEUROGENIC HYPERTENSION

artertolar pressure i experimental renal hypertenston and In essential hypertenston 1s
manly due to the decrease 1n the artertolar cross sectional area according to Bing ef al
while they consider that the systemic hypertension after chromic sino aortic denervation
may be due to a rise mn cardiac output

McCubbin et al (1956) showed that the baroreceptors were much less active than
mught be expected from the level of the mean blood pressure i dogs suffering from chrontc
renal hypertension As mentioned before 1t 1s not clear whether this was due to some form
of adaptatton on the part of the nerve endings or whether 1t could be ascribed to structural
changes 1n the arterial wall of the sinus region owing to the effect of the sustamed high
blood pressure  Certamnly the ammals still showed marked pressor responses to carotid
occluston which mdicates that the mechanisms were still functional In this respect 1t 1§
interesting to note that Matton (1954 1955 1957) has shown that the local application of
vasoconstrictor drugs to the wall of the carotid smuses caused 2 fall of systernic pressure n
renal hypertensive dogs from levels of circa 250 mm Hg to a level of less than 80 mm Hg
(Fig 44) which suggests that the baroreceptor activity when artificially induced to 2
maximal extent 1s as effective as m a normal dog It 1s possible therefore that changes of
distensibility m the sinus wall occur with long standing hypertension which limit the
natural cause of excitation of the nerve endings Matton found as did Page and his
colleagues that the reflex response to carottd occlusion was well developed 1 dogs with
systemie pressures over 250 mm Hg (Fig 44)



CuaPTER 11
BARORECEPTOR REFLEXES OTHER THAN CIRCULATORY

Simo-aortic Baroreceptor Reflexes Affecting Respiratton

Respiratory responses to stimulation of the central end of the aortic depressor nerve
were described by many during the 19th century It s of course difficult to be certain
whether the depressor nerve was itsell stmulated  Present knowledge reveals that the
baroreceptors exert only an mhibitory effect on resprration  However the certain
recognition of the aorti. nerve m the dog depends on making a satisfactory electro
neurographic recording of the nerve selected  on laying the nerve on electrodes thythmic
bursts of action potentials should accompany each pulse It 1s Iikely that 1n the absence
of such controls nerves other than the aortic were stumulated particularly in the dog thus
accounting for the confused reports 1 the older Iiterature  Another difficulty arses from
the secondary effects of profound bradycardia and hypotension produced by aortic nerve
stimulation ~ Such falls of pressure may cause teflex chemoreceptor stimulation of the
breathing  Lastly the effects of stimulation of the central end of the vagus nerve should
be entirely disregarded Whitteridge has wittily observed that such a procedure should
be a punishable offence (1952) and we entirely agree  The multiplicity of fibres mn the vagt
carrying sensory impulses from widely different sites should be constdered and then any
result might be reasonably expected to ensue from vagal stimulation as 1s indeed the case

Frangois Franck (1892) observed reflex dyspneea on stimulating the aortic netve
Knoll (1883) Hunt & Hartngton (1897) Tschermak (1866) Scharf (1925) and Jonnesco
& Jonescu (1926) however reported apneea as the result of this experiment

Compresston of the carotid area nduced vanable respiratory reactions (Tschermak
1866 Quincke 1875 Wenckebach & Winterberg 1927 Recht 1924 Danelopolu
Aslan Marcu Proca & Manescu 1927)

Both Cooper (1836) and Magendte (1838) observed hyperpneea as a result of occlusion
of the common carotid artertes  Kussmaul & Tenner (1855) Rosenthal (1862) Hll (1896)
Lumsden (1923) Heymans (1928) Gesell (1928) and Schrudt (1928) showed that a rise of
pressure 1n the carotid-cephalic circulation induced respiratory inhubition which they
attributed to a direct central mechanism  Pagano (1900) and Sicthano (1900) however
had both noted that the hyperpneea of common carotid occlusion was not seen 1f the
efferent branches of the carotid bifurcation were clamped although the reduction 1n
cerebral blood flow was the same  Hening (1927) then showed that the respiratory effects
of carotid occlusion were entirely reflex being abolished by section of the sinus nerves
Conversely stimulation of the sinus nerve often caused apncea

Shortly afterwards Heymans & Heymans (19272 b) proved likewise that a rise of
pressure 1n the aortic arch caused reflex mhibition of the respiratory centre by a vagal
pathway (Fig 45)
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The electrical stimulation of the sius merve {or aortic nerve) may not always cause

simus was the first to show that apnea or hypopnea was the Tespiratory response to
pure  baroreceptor stimulaton His claims were supported by Heymans (19294)
Koch & Mark (1931) Heymans & Bouckaert (1930) Winder (1938) Heymans & Panmer
(1946) Marn & Hauss (1939) and Grimson & Shen (1939) (Fig 46)
Euler & Liljestrand (1936 1937 1940) Rudberg (1938) Bjurstedt & Euler (1942)
Rudberg (1940) Bjurstedt & Hesser (1942) Gernandt Liljestrand & Zotterman (1945)

FiG 45 Isolated head of dog B only connected with body of dog
B by means of vagt aortic nerves and perfused by dog A (sec
Fig 9a)
R = respiratory movements of isolated head B
B, rterial pressure of donor dog A
B = artenal pressure of body B
1 = intravenous ijection of 0 1 mg adrenaline to body of dog
Hypertension in body of dog B and reflex apnaa of
head B —(C Heymans )

and Gernandt (1946) have all claimed that respiratory reflexes during carotid oc‘cluswn
may be due to the reduction of blood flow through the chi P This
certanly contributes to the hyperpneea of carotid occluston and may even contribute to
the reflex mhubition caused by a rise of pressure 1n the so-called 1solated carotid sinus
preparation Few tie the occipital artery and ascending pharyngeal artery proximal to
the ongin of the vessels supplying the carotird body Nevertheless 1f the Goliwitzer Meter
hgature 6 (1934) 1s tied between the carotid sinus and the ongin of the occipito ascending
pharyngeal trunk from the external carotid artery the internal carotid carotid sf;nuls
common carotid artery segment can be subjected to nises of static pressure which re! cx]};
mduce hypopncea although the chemoreceptors are not aflected 1 this preparation I
seems most sensible to concede that in ordinary circulatory conditions the baro an
chemoreceptors contribute together to the reflex effects of changing systemic pressure on
the breathin;

Oliver agnd Schafer (1895) found that the intravenous imyection of adrmagnc casu;rced
apneza which they wrongly attributed to a direct mhibitory action on the blood pres:
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Adrenaline apneea 1s however induced by sino aortic reflexes aroused by the nise of pressure
which the drug causes If the sino aortic nerves be cut (Heymans & Heymans 1927
Heymans & Bouckaert 1930) or if the rise of pressure be prevented by a compensator
{Samson Wright 1930) the drug does not cause apneea  The effect 1s m any case of only

pharmacologtcal interest as the doses required to induce the response are relatively
huge Small doses of adrenaline appear to have a direct smulating effect on the respira
tory centre (McDowall 1928 Barcroft eral 1956)

Fic 46 Dog Carotid sinuses isolated and perfused by a pump Records from above downwards
show respiration systemuc blood pressure stnus perfusion pressure and tme m 3 second intervals
A mise of sinus perfusion pressure from 60 mm to 300 mm uces reflex systemic hypo-
tension and apneea —(C Heymans and J J Bouckaert (1930) J Physiol 69 254)

Schmudt has several times stated (1940 1941) that the reflex effects of the sino aortic
baroreceptors on breathing are probably manifestations of a now useless survival m an
air breathing animal of an orgaruzation that may have had considerable importance m a
water breathing ancestral form  On the other hand 1¢ 15 quute clear that a fall of systemic
pressure reduces baroreceptor sttmulation and thereby mncreases respiratory activity
which 15 presumably advantageous even to air breathing organisms whech suffer blood loss

Baroreceptor Reflex Effects on Bronchomotor Tone

Daly & Schweitzer (1951 &) mvestigated the effects of baroreceptor sumulation on
bronchomotor tone  Since the bronchal musculature 1s mnervated by the vagus nerves
1t might be expected that reflex changes 1n bronchial calibre would result from sino aortic
teflexes  Bronchomotor effects were measured by recording the tidal air of the animal
under negative pressure ventilation with the chest opened n the mid sternal lime  Eserine
Wwas sometimes grven to merease the resting bronchoconstrictor tone  The carotid sinus
was 1solated and perfused A mise of sinus pressure caused bronchoconstriction  The
authors suggested that the reflex might euist nman  thus a nise of systemic blood pressure

HENCA O SsysTm 7
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produced by general sympathetic activity on receipt of an emotional stimulus might stimu
late the sino aortic mechanoreceptors and cause reflex broncho spasm—in spite of the
primary effect of adrenaline release (which would cause dilatation of the bronchr) This
does not seem very ikely Nevertheless Daly & Schweitzer drew attention to the sensatton
of tightness m the chest expertenced by subjects receving 5-20 ug /mmn of adrenaline
mtravenously noted by Henry Barcroft (personal cc won)  These p
appear to be related to the rise of blood pressure caused by the drug and are seen 1n the
mitral stages of the nfusion Their disappearance can be ascribed to the direct broncho
dilator effect of adrenaline which becomes predomunant as the drug concentration
mcreases

In a later paper Daly & Schwestzer (1952) showed that bronchodtlatation resulted
when an animal was subjected to acute hemorrhage They ascribed ths to the reductton
of sino aortic impulse activity m the conditions of hypotension  They were able to exclude
sympathetic effects on the broncht section of the sympathetic nerves innervating the
lungs did not matenally affect the bronchomotor response to hemorrhage They con
cluded that the smo 2ortic baroreceptor areas took part in the reflex mamtenance of
bronchoconstrictor vagal tone in normal conditions

Baroreceptor Reflexes other than Circulatory or Respiratory

The uradiation of autonomic reflexes mcluding those of baroreceptor ortgin was ably
reviewed by Schweitzer (1937)  Responses of various systems to baroreceptor stimulation
were fully described  These ncluded the following —

1 Reflex changes of tone and movement in the gastromtestinal tract  Bayhss (1893)
observed ncreased movements and tone of the stomach and small itestine on
stimulating the aortic nerve in the rabbit  Kisch (1926) confirmed these changes
and found m addition that a fall of pressure 1 the carotid smus cavsed conversely
gastric atoma and decreased intestinal movement  Recht (1924) provoked reflex
penstalsts by mechanical stimulation of the carotid sius m man

2 Bladder Koch (1931) showed that an mcrease of pressure 1n the 1solated nnervated
carotid sinus caused reflex contraction of detrusor vesice

3 Papil  Braunstein (1894) claimed that mydriists occurred n the curarized dog 1n
which both cervical sympathetic trunks were cut on lowering the carotid sinus
pressure but mechanical symulation of the smus 1n man caused dilatation of the
puptl accordmg to Recht (1924) Hermg (1932) and Koch ( 19322 b) both observed
that sino aortic denervation caused mydnasis

4 Somatic Reflexes Tourlnade & Malmejac (1929) and Koch (1931) found that smus
nerve sttmuiatton or an increase of carotid smus pressure reflexly Jessened mustle
tone n anwxsthetized animals  Stmilar results were claimed by Schwertzer & Wnight

(19374) 1n response to sumulation of the central vagus these authors sh]owfg
that the knee jerk was mhibited SlryChmI;’ 7c0)nvulslons or metrazol convulsio
were mhibited by vagus nerve stimulation (1937¢
The most dmmau)c': c!ﬁect of all was produced by Koch (1932) whoina sur;nul da;';_
showed that a Tise of pressure in the solated mnervated s;mus induced a con hmlo9r;7‘;
muscular relaxation simlar to sleep (see Figs 35 and 36 n Schwcttzer s monograp
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Schwertzer saw this in koch s laboratory and on coming to England reported 1t to Samson
Wright Wright was meredulous and challenged Schweitzer to reproduce the phenomenon
Schweitzer did not succeed but did show that there was an mhbitton of muscle tone which
they later mvestigated They mjected adrenaline to cause considerable hypertenston
thus 1ncreasing the activity of the baroreceptors and duly caused inhibition of the knee
jerk  To their surprise however this effect was still seen after smo aortic denervation
This 1n turn led to therr studies on the effects of autonomo mumetic drugs on central
nervous transmussion (1938a b)
Pinottt & Granata (1954) sumlatly showed that a mse of carotid sinus pressure
p d the lmguo dibular reflex The same authors (1955) proved that the
inhubition of the knee jerk caused by smus nerve stumulation also occurred mn the
decerebrate dog without there being any depression 1n the response of the muscle to direct
stimulation They concluded that the reflex pathway of mhibition did not necessarily
extend above the metencephalon

Bonvallet Dell & Hiebel (1954) have recently proved that distenston of the carotid
simuses withm phystological himits causes a progressive reduction in cortical electnical
actvity as recorded by the electroencephalogram  Slow waves appear n the records from
the various leads during the maintenance of sinus hypertension on lowenng the sinus
pressure to zero these faicly quickly give place to the normal fast thythm  The effects are
not due to the accompanying changes of blood pressure as might be expected Bonvallet
and his co workers proved this by cutting both vag and transecting the spimal cord 1n the
cervical region  as a result sinus distension by raising the pressure from 0-160 mm Hg
caused no alteration of the blood pressure but still produced the same changes 1n the
EEG as described above  Thus finding appears to be the first example of an afferent iflow
which damps rather than activates the cortex Kremdler (1946) described simular
effects earlier—on ncreasing the pressure 1n the 1solated stnus there was a reduction
cortical activity (recorded by the fronto occipital lead only)—but he did not control
whether the alteration in the EEG was sumply due to the reflex hypotenston Bailey &
Bremer (1938) and Zanchetti Wang & Moruzzt (1952) observed no mhibitory effects on
the EEG activity during stimulation of the central end of the vagus but made no analysts
As Bonvallet and co workers pomt out the snhibitory effects which right be expected to
Tesult from the stimulation of the aottic baroreceptor fibres were probably masked by the
g;companymg faciitatton of the reticular substance by the majorty of the afferent vagal

res

Bonvallet ez al relate therr findings to those of Schweitzer & Wright (1937) Zanchettr
‘Wang & Moruzz (1952) and Dell (1952) and particularly to those of Koch (19324) who
as we have seen showed that baroreceptor discharge reflexly dimmished somatic motrcity
They draw attention to the close proximity—even superpositton—of the activating ascend
ing reticular system of Moruzz1 & Magoun and the descending reticular formations which
cause facilitation or mhibition of the spinal motoneurones Everything pomts to the

their mt y effects on the cortex and the somatic
musculature via this region of the brain stem

Dell Bonvallet & Hugelin (1954) have also shown that an increase m the blood
concentration of adrenalme causes activation of the ascending reticular system m the
ponto mesencephalic region  This  humoral actvation  of the ascending reticular
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tracts causes m turn cortrcal actination  If the brain stem 15 transected n the pre bulba:
regton then adrenaline induces partrcularly vivid cortical actvation  They ascribe this
marked effect to the mterruption of the mhibitory ascending rettcular pathway from the
bulbar region which relays the baroreceptor impulse mnflux aroused by the systemi
hypertension which the drug engenders The stimulating action of adrenahine on the
reticulo cortical and reticulo spinal systems considerably enhances the level of actvity of
the whole somatic nervous system A counter regulation 1s exerted by the baroreceptors
of the carotid stnus (and presumably of the aortic arch) acting by way of the inhuibitory
portion of the bulbar rettculum which moderates the state of neuromuscular actnvity
(See also Dell & Bonvallet 19562 » Bonvallet ef al 1953 Bonvallet Dell & Hugelin
1954)

Gellhorn Yestnick Kessler & Hailman (1942) cl. d that changes of the sy
blood pressure ( and consequently of smo aortic pressure ) altered the reactivity of the
somatic nervous system  Convulstons could be abolished by mechanical stimulation of
the caroud smus  Gellhorn Redgate & Sigg (1953) demonstrated that lowerng of the
sino aortic pressure induced an increase In cortical excitability Lately Nakao Balimi
& Gellhorn (1956) have further tnvestigated these effects  The carotid stnuses were exposed
and ligatures placed under the sinus nerves Cortical potentils were recorded from
various areas  Adrenaline and noradrenaline (4 pg/Kg ) were injected before and after
smo aortic denervation  Adrenal d the amphtude of potentials of low
frequency (2-7/sec ) before sino aortic denervation but had no effect after the baroreceptor
nerves were cut  Gellhorn and his colleagues believe that adrenaline causes excitation of
the cortex only 1n relatively large doses With smailer doses adrenaline causes effects
which are referable to the systemic hypertension these are (1) an increase in the slow
potentials and (2) often a d m the fast p Is As sino aortic denervation
reverses or abolishes these responses to adrenaline mjection they believe that smo aortic
mhibitory discharge aroused by systemtc hypertension (following the mjection of
adrenalme) causes the appearance of the slow frequency potentials  Their views differ from
those of the French workers in that they do not constder that adrenalme exerts any tonic
excitatory mfluence on the ascending reticular system




CHAPTER 12

THE EFTECTS OF ANASTHETICS AND OTHER DRUGS ON THE
BARORECEPTOR REFLEXES

Induction of Anzsthesia

It has long been known that the mhalation of ether on chloroform vapour causes
bradycardia and hypotenston (MacWilliam 1890 Embley 1902 Schafer & Scharlieb
1904 Cattell 1923 Meek 1941) The slowing of the heart however does not occur 1f
the vagt have been cut (Embley 1902) Hering (1927) suggested that the sensitivity of the
baroreceptors of the carotid sinus regton might be wncreased from observations made on
the effects of mechanical stimulation of the sinus during chloroform anzsthesta
Robertson Swan & Whittenidge (1956) have recently confirmed this  Cats under chlora
lose anasthesta were allowed to mhale 10-15% ether sporadically The impulse actvity
m single aortic baroreceptor uruts in these circumstances was compared with that seen
during the mnhalation of air by the animal The frequency of discharge of the unit was
1ncreased during ether halation  Simular findings were obtamed during the mhalation
of chloroform or trichlorethylene vapour in the mspired air in concentrations of 2-4
In other experiments the right carotid sinus was perfused while activity n a single unit of
the sinus nerve was recorded The animal s own blood was used for the perfusion bemg
Jed from the femoral artery via a reducing valve to the mlet of a pump which perfused the
carotid sius  The outflow from the smus returned via a penpheral resistance to the
external jugular vein  With this technique the swmus nerve ending was exposed to a
constant pulse pressure mean pressure and puise rate  The antmal was ventilated by a
pump with room air or with air muxtures containing 209, ether  During ether inhalation
there was an increase m the activity of the nerve endings within one minute from the
begmning of exposure

Robertson e al (1956) consider that sensitization of the baroreceptors 1s the principal |
afferent mechanism responsible for the reflex slowing of the heart observed with chloro
form and ether  They pomt out that such a mechanism will also contribute to systemic
hypotension but argue that this may be offset by stimulation of the sympathetrc centres
by the volatile an®sthetics themselves They consider that the effects of sensitization of
baroreceptors are most important during the early stages of mduction of anesthesia

Surgical Anzsthesia
If anzsthetization 1s too deep then there 1s direct depression of the vasomotor centre
As a result the blood pressure falls partly due to a reductton of artertolar resistance and
partly due to reduced venous return consequent upon the loss of sympathetic venomotor
tone In such the t ptor 1mpulse actwvity 15 itself feeble and the
sparse impulse discharge impinges on a depressed centre  Naturally the reflex response
101
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to carotid ipping 1s considerably depressed, for 1t depends upon a withdrawal of an
mhibitory effect on the vasomotor centre  Stularly a nise of pressure 1 the 1solated sinus
can only exert a minor additional depression of a centre already ffected primarnly by
anzsthetic over dosage
If more normal planes of anasthesia be employed however then certam general
statements cin be made as to the anasthetics of choice for demonstrating brisk sino aortic
cardiovascular reflexes  (Abe (1936) has shown that these reflexes occur i unan-esthetized
rabbits') Chloralose, cyclopropane Evipan and Pentothal when admunistered in ordinary
anesthetic doses to dogs do not reduce the cardiovascular responses to smo aortic pressure
changes unduly Thus 1s easily confirmed by comparing the cardiovascular response to
changes of 1solated stnus pressure in a decercbrate dog before and after the intravenous
mjection of the requisite anwesthetic agent The longer acting barbitnrates notably
barbitone and phenobarbitone profoundly reduce the blood pressure response to sino
aortic reflexes and should not be employed 1n such studies Pentobarbitone 1s perhaps
mntermediate 1n such depressant activity between that of chloralose and barbitone  Its use
15 not mcompatible with the demonstration of smno aortic reflexes
Chloralose causes a cunious 1rresponsneness of the vasomotor centre to baroreceptor
stumulation m the cat (Neil Redwood & Schweitzer 1949a) This 15 undoubtedly a
species difference and does not occur in dogs and rabbits (Net ezal 19495 ¢)  Chloralose
acts particularly n the cat by reducing the response of the centre to the baroreceptor
impulses but also reduces the response of the baroreceptors themselves to therr natural
stmulus  On stimulating the central end of the sinus nerve electricaliy in the cat under
chloralose anasthesia the blood pressure ises  This reflex responst 15 due to preponderint
effects of the stimulation of the chemoreceptor fibre component (Neil ef al 1948 1949a)
Douglas Innes & Kosterlitz (1950) have shown that large doses of pentobarbitone
produce simuiar effects 1n the cat the vasomotor centre agam becoming unresponstve to
the mhibitory effects of baroreceptor fibre stimulation though 1t continues to be excrted
by the chemoreceptor fibres
In describing the effect of drugs on the baroreceptor refleces 1t 1s surtable to consider
the structures involved between the exatation of the smno aortic receptors and the final
response on the effector side as measured by a change of blood pressure, (a) Intraluminal
pressure in the smus region (5) the conditron  {distensibihity tension and deformation)
of the strus wall () the responsneness of the nerve endings (d) the re ponsweness of the
vasomotor centre to the mmcommg mmpulses which may depend on the  drve  which1s
exerted on 1t from other sources (¢ g higher centres such as hypothalamic and chermical
environment as typtfied by local CO tension) (e) the responsneness of the intermecio
lateral horn cells in the thoraco lumbar segments of the cord (f) the transmussion 11 the
sympathetic ganglion () the ability of the post ganglonic nerve ending to release tre
sympathomimetic transmutter and (/i) the ability of the blood vessels to respond to the
sympathetic transmitter heart
The level of blood pressure 1s also dependent upon the functional activty of the hear!
as a pump and on the venous return  With this reservation alterations 1n sino 'xom‘i
reflexes may be due 1o eflects exerted at any point on this reflexarc  some alterations Wi
probably be due to efficts produced simultaneously at different parts of the arc
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Effects on the Sinus Wall

Drugs which modify the distensibility of the wall or the active tenston of the wall will
1n turn mdirectly modify the baroreceptor activity It 1s unlikely that any drug given
systemically exerts any important action of thus kind  However drugs topically applied
to the adventitia of the sinus cause marked effects of this nature as described 1n another
chapter  Adrenaline and any other drug which causes vasoconstriction when applied
topically produces mereased 1mpulse activity of the baroreceptors (Heymans & van den
Heuvel Heymans 1950) 1t has been argued elsewhere that such effects may be due to
distortion or deformation of the tissue 1n which the nerve endings e  Topical application
of sodium nitrite reduces the baroreceptor impulse activity (Landgren Neil & Zotterman
1952) see Heymans (1953 1955) H etal (1951) Del & Martimi (1953)
Effects on the Baroreceptor Endings

Lacal anasthetics applied topically to the sinus obviously abolish baroreceptor activity
—e g procaine papaverime atropine in high concentration (Hering 1927 Hazard et al
1953) Similarly local 1njections of large concentrations of anasthetics such as ether or
chloroform (Landgren er al  1953) temporanly abolsh receptor discharge as might be
expected

Acetylcholine or nicotine njected into the blood or perfusion flud supplying the
carotid sunus causes an mncreased baroreceptor discharge (Diamond 1955) The mechamsm
whereby the discharge 1s evoked 1s not known but 1t may concern depolarization of the
menibrane of the receptor The quantity of acetylcholine required to excite the baro
receptors 1s ngher than that necessary to fire the chemo sensory endings but this 1s most
Tikely dueto the relative htyof the baroreceptors situated as they are inthe adven
titia provided by a relatively sparse supply of vasa vasorum Acetylcholine or nicotine exct
tation of the baroreceptors can be blocked by hexamethonium  this does not prevent their
response to nises of endo sinus pressure Eserine potentiates the response of the baro
receptors to acetylcholine (but not to micotine) but again does not influence the physio
logical response of the nerve ending to changes of sinus pressure  These results of Dramond
(1955) show clearly that acetylcholine plays no role in the imtiation of the response of the
baroreceptors to their natural simulation Moreover 1t must be remembered that other
systemic effects of acetylcholine seen when the drug 1s given intravenously far outweigh m
1mportance those described tn the present context  Similarly tetrzthylammomum and to a
Iesser extent hexamethonium which Dontas (1954) clamms to excite the baroreceptors exert
much more profound pharmacologcal effects elsewhere i the reflex arc Dontas (1954)
who claimms that KCl1 gnen 1ly causes b p excitation seems unaware
that KCI can stimulate the intact nerve trunk

Veratrum alkaloids cause excitation of the sinus nerve endings when mnjected mtra
venously (Jansch & Richter 19392 b ¢ Aviado et al 1949  Alexander et of 1953
Richardson ez a/ 1952 Gruhzt er of 1953 Rothlin & Cerlettr 1954 Jansch et af
1952) Jansch et al found however that veratrine mjected intravenously might cause the
usual reflex effects of bradycardia hypotension and apneea m doses which were 1n
sufficient to excite the stnus receptors  they ascribed these systemic effects to stimulation
of cardiac receptors {see Stutzman e a/ (1951) Swiss & Matson (1952) Maison et al
(1951)) Veratrine however 1s a muxture of different alkaloids and 1t seems more suitable
to consider the effects of its when ad i 1
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Protoveratrine, myected ntravenously or mto the common carotid artery causes
bradycardia and hypotension due essentrally to sinus baroreceptor excrtation (Martim &
Calliauw 1955 Abreu ef al 1954 Wang ef al 1954 Fernandez & Cerlettr 1955)
The hypotensive effect of this drug can thus be produced in the vagotomized dog but 1s
abolished theremn on section of the sinus nerves  Similar results have been obtained with
neogermitrine germitrine and germernine (Wang et a/  1954)  Veratridine however after
an mitial transtent excitatory effect blocks the baroreceptors Andromedotoxn (one of
the active principles of Rhododendron maximum) stimulates the baroreceptors (Moran
etal 1954a b)

According to Ginzel & Kottegoda 5 hydroxytryptamme (serotomin) when mjected
locally mto the carotid sinus circulation stimulates the sinus baroreceptors (1954)
Kottegoda & Mott (1955) however found the mamn reflex effects in the cat to be brady
cardia and hypotension produced by the stimulatton of afferent cardio pulmonary vagal
endings Heymans & van den Heuvel Heymans (1953) clarmed that serotonin caused
1n the dog a respiratory sttmulation of maunly central origin

Drugs Effects which Block Tr: of Stus Imp to V: Centre

Ergotarune  Samson Wright (19304) made a beautiful study of the effects of small
doses of ergotamme on the smo aortic reflexes Rothlin (1923) had previously shown
that stimulation of the central end of the aortic nerve did not cause systemic hypotenston
following the ntravenous njection of ergotarmne in small doses Wright usmg doses
of 01 ug /Kg body weight in the cat found that the carotid sinus vasomotor reflexes were
abolished though the dose of ergotamme was msufficient to block the pertpheral
sympathetic vasomotor nerves Thus the nduction of cerebral asphyxia was still
accompanted by a marked nise of blood pressure He concluded that ergotamine
mhibited the central transmussion of the afferent impuises from the baroreceptors
Heymans & Regniers (1929) noted that ergotamine might slightly sensttize the smno vagal
reflex at the onset of its action but showed also that the drug usually caused eventual
suppression of the vasomotor reflexes normally elittable from the smus A similar
phenomenon occurs 1n man as noted by Jonnesco & Jonescu (1926) and Nordenfeldt
(1931) Heymans Regnters & Bouckaert (1930) concluded that tlus paralysis of the
vasomotor reflexes was due to centrifugal (1€ motor) paralysis Thusma perfused head
experiment injection of ergotamine mto the cephalic circulation had hittle effect on the
smus vasomotor reflexes (relayed via the vasomotor centre and the spnal cord to the
trunk) Conversely the same mnjection made nto the circulation of the trunk abolished
the reflexes  There seems some conflict of evidence between the results of Wright and
those of Heymans ez al  von Euler & Schouterlow (1944) showed that ergotaminé drd not
drmimish the impulse activity of the sinus baroreceptors or of the chemoreceptors of the
glomus The chemo reflexes could be ehcited by sustable means and were of normat
magmtude whereas the baroreceptor reflexes were abohshed Thesc results favour
Wright s view that erg blocks the tr of the baroreceptor impulses at the
centre  Gernandt & Zotterman (1946) however found that a dose of 005 mg/kg ergo
tamine given to a cat caused a reversal of the blood pressure response to asphyxa  There
was no change 1 the splanchnic outflow of efferent tmpulses so their results suggest that
some blockage of the peripheral constrictor impulses had occurred
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Spinal Anzsthesta

Intermedio lateral Celt Horn

The fall of blood pressure induced by spinal anzsthesta depends on whether a high
or a low spinal anasthetic 1s administered  Sancetta er al (1952) who have recently made
a detatled study of the hemodynamic changes mduced by spinal an®sthesia refer to the
earlier work of Aub (1920) Smith & Porter (1915) and Evans (1928) who made thts potnt
clear Herman Morin & Vial (1936) showed that section of the spmal cord from below
upwards did not notably lower the blood pressure until the fourth thoracic segment was
destroyed  Sancetta et af (1952) showed that there was an average fall of mean blood
pressure of 21 % and a fall of cardiac output of 16 n men given a low spinal In a high
spimal the blood pressure fell 44 4 and the cardiac output dropped by 31% 1In such
circumstances the fall in peripheral resistance and the increase 1 the capacity of the
circulation are proportional to the extent of the mactivation of the spmal sympathetic
centres by the anasthetic  As the sole pathway of the efferent side of the baroreceptor
reflex 1nvolving the blood vessels 1s the sympathetic vasoconstrictor outflow 1t follows
that the baroreceptor vasomotor reflex 15 suppressed m proportion to the degree of
mvolvement of the spinai centres Heymans Bouckaert & Bert (1932) showed that root
anzsthesia by the intradural injection of novocame or percamne diminished or suppressed
the baroreceptor reflexes

Ganglhome Blocking and Stmulating Drugs

The mode of action of the ganglioplegic drugs has been reviewed by Moe &
Freyburger (1950) Paton (1954) and Zammus (1955) All preganghonic fibres release
acetylcholine which acts as a synaptic transmutter by depolarizing the ganglion cell and
thereby activating 1t As the mean level of systemuc blood pressure 15 determined by
arteriolar tone and cardiac output and as cardiac output 1n turn depends on the capacity
of the venous side of the circulation 1t follows that the loss of venomotor and arteriolar
tone due to mterruption of the sympathetic vasoconstrictor mmpulses by ganghonic
blockade will cause a fali of blood pressure  The ganghoplegic drugs act as competitive
blocking agents at the autonomc ganghia—they do not prevent the release of acetylcholine

The only certain way to test the effect of a given ganglioplegic drug on the baro
receptor vasomotor reflex response 1s to record the change m impulse activity n a post
gangliomc sympathetic fibre preparanion produced by alterations of pressure m the
perfused 1sofated carotid sinus before and after its admmustration  This has not been
done A less satisfactory method of assessing the effects of these drugs has been generally
employed Thus the response of the systemic blood pressure to carotid occlusion has been
used as an indication of the drug effects This method 15 not free from teproach The
baroreceptor component of the carotid occlusion reflex Tesponse depends on the with
drawal of the mhibitory effects of tonic impulse activity from the vasomotor centre If
the systemic blood pressure 13 Jower than normal then the tonic activity of the sinus nerve
endings1s correspondmgly reduced  Any hypotensive drug must reduce the reflex Tesponse
to carotid occluston  Thus 1f the threshold mean pressure required to cause demonstrable
reflex effects from the sinus on the systemic pressure 1s 70 mm Hg carotid occlusion at a
mean systemic pressure of 70 mm Hg can hardly be expected to produce any reflex Tesponse
as measured by the blood pressure tracing
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The ganghoplegic drugs have unfortunately side actions wiich mfluence the effects
which they exert on the circulation  Moreover any one ganglioplegic 1s unlikely to be
equally effective 1n blocking all autonomic ganglia  Some may be relatively feeble in thenr
power to prevent vagal ganglionic transnussion although causing satisfactory blockade of
the sympathetic synaptic relay

Moe Rennick Capo & Marshall (1949) showed that TEA infused mto dogs at
15 mg /kg /hr abolished the response to carotid occlusion A sinmlar dose also prevented
the bradycardra and hypotension caused by stimulation of the simnus nenve  The fusion
of TEA potentiated the pressor effects of small doses of adrenaline  Gruhzit & Moe (1949)
showed that Dibutoline in addition to 1ts atropme lItke action produced effects compar
able with those of TEA abolishing the pressor response to carotid occlusion  This actton
was due to ganghonte blockade

Mornison Heymans Richardson & Walker (1951) examined the effects of TEA
Parpanit Diparcol and bis (1 trimethylammonmum  propyl ether) dihydrochlonde
(MC-2444) on various circulatory responses  Among those tested were reflec brady
cardia caused by adrenalime the reflex restoration of the blood pressure following tilting
the nise of systemuc blood pressure caused by carotid occlusion  In addition the effect of
the drugs 1n preventing bradycardi during peripheral vagal stimulation was examined
TEA had only one fifth of the power of the other three drugs to prevent adrenalme
bradycardia  However Parpamt and Diparcol were shown to exert a powerful adrenolytic
action which naturally imited the rise of pressure caused by injected adrenaime and 1t
was for ths reason that they scemed to be more effectnve than TEA rather than for any
ganghoplegic potency TEA and MC-2444 caused striking postural hypotenston whereas
Diparcol and Parpamit were quite meffective  MC-2444 was nearly four ttmes as powerful
as TEA m producing a 50% reduction of the carotid occlusion response whereas Parpantt
and Diparcol were respectively one seventh and one third as effectine as TEA Conv ersely
TEA and MC-2444 were much less effective than the other drugs in preventmg cardiac
standstill during perspheral vagal stimulation  This was shown to be due to an atropine
like action mn the case of Parpamit  These resulis re emphastze the need for a complete
study of the pharmacological actions of drugs which are ordinarily described as ganglto
plegics  Halpern du Bouchet & Neveu (1954) showed that the intravenous mjection of
hexamethonium (0 5-3 mg /kg body weight) markedly depressed the vasopressor reflexes
of carotid smus origin while the hypertensive responses to adrenaline and to the electrical
stimulation of the central end of the vagus were constderably enhanced

Adrenergie Blocking Drugs

The pharmacological properties of the adrenergic bloching drugs have been recently
reviewed by Bovet & Bovet Natt (1948) and Nickerson (1949)  Injections of adrenolytic
doses of these drugs generally block the pressor action of adrenatine or noradrenaline with
out greatly affecting the response of the blood pressure to carottd occluston Higher doses
of the drugs usually block the vasopressor adrenergic reflexes caused by caroud occlusion
without presenting the cardio acceleration which occurs as a reflex response to clamping
the carotd arterses (De Vieeschhouwer (1935) Walker Heymans Wilson & Richardson
1950z 5)



CHAPTER 13
VASCULAR RECEPTORS OTHER THAN SINO-AORTIC

Mesenteric Baroreceptor Actmity

THE actvity of mesenteric baroreceptors was first studied by Gammon & Bronk
(1935) Paciman corpuscles 1n the cat s mesentery have a close anatomical relattonship
to the artertes  They are found m crotches of arterial branches 1n the mesenteric root and
along the arcade arterses which supply the intestine  Recordmg from the centrally cut
splanchnic nerve Gammon & Bronk (1935) noted that the activity 1n the nerve was
related to cardiovascular activity Pulsatile discharges were recorded m a small nerve
twig comung from a few carpusclcs when \he nerve supply to one Pacimian corpuscle after
the other was cut the imp d prog! ly and were finally abolished It
was noted that some groups of fibres were active only durimg systole whereas others fired
throughout the cardiac cycle

Perfusion at constant pressure of a portion of the superior mesenteric artery system
with Ringer s solutton or defibrinated blood caused a continued discharge from Pacitan
corpuscles when the perfusion pressure was above a threshold value which varied from
experiment 1o experiment When pulsatile pressure mcreases were used there was 2
vigorous burst of impulses Changes 1n temperature or 1n the degree of oxygenation of the
perfusion flurd did not affect the discharge from the corpuscles

¥n the mtact ammal intravenous ijection of Ringers solution (200 ml) greatly
mcreased the afferent discharge the effect persisting for some minutes  when 50 ml of
blood was withdrawn the discharge decreased or ceased However when a rise 1in
systermic blood pressure was produced by \asoconsmclor drugs eg adrenaline the
discharge from the corpuscles d d whereas icholine or amy! nitnite increased
the discharge

The authors concluded that the total sensory discharge from the Pacinian corpuscles
was not directly related to the level of the systemuc blood pressure but to the degree of
distension of the mesenteric vessels as determuned by the blood volume  This distinguishes
the mesenteric baroreceptors from the carottd smus and aortic baroreceptors which
respond to blood pressure changes independent of their mode of production The
Pacimian corpuscles have a rich intrinsic blood supply a central vessel pierces their core
and a rich network of capillanes 15 found 1n the viemity It 15 possible that pressure
changes within the central vessel may be i part responsible for the excitation of the
baroreceptors  Adrenaline would then tend to comstrict the central artertole thus
decreasing the excitation of the receptor whereas vasodilator substances would increase
the afferent discharge

Gammon & Bronk (1935) did not observe changes 1n the artertal
pressure when the mesenteric perfusion pressure was altered

107




108 VASCULAR RECEPTORS OTHER THAN SINO AORTIC

Heymans Bouckaert Farber & Hsu (1936) recorded the spleme volume changes n
a reciptent dog (B) whose spleen was perfused from a donor amimal (A) In dog (B) the
carotid smus and aortic nerves were cut A sudden hemorrhage produced m dog (B)
resulted m a constriction of 1ts 1solated and perfused spleen, admimstration of adrenaline
pituitrin or ephedrin causing a rise m systemic blood pressure produced a dilatatton of
the spleen  The effects persisted after bilateral vagotomy and high cervical transection
of the spmal cord but were abolished by total sympathectomy or by destruction of the
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FiG 47 Lefi lsolated body of dog B The isolated but snnervated himb of body B s perfused by
meansofdog A Right VP =volumeofimbdogB PA B = artersal pressure of body
PA A = artenal pressure of dog A 1 = intravenous Injection of adrenalne to body B Rise
of artenal pressure n body B induces vasodilatation in perfused limb of body B —(C Heymans
J ) Bouckaert and M Wrerzuchawskt (1937) Arch int Pharmacodyn 55 233)

spmal cord  When a hindleg of a spinal dog (B) was perfused by a donor dog (A) using
the Delezenne technique a rise of systeme pressure in dog (B) mduced by the myection of
adrenaline caused definite vasodilatation of the perfused himb (Heymans Bouchaert &
Wierzuchowskr 1937) as shown in Fig 47

Heymans Bouckacrt & Wierzuchowski (1937) showed 1n a series of experiments that
these baroreceptor reflexes did not origmate from the spleen or from the kidney Thus
perfuston of these organs at high pressures did not evoke reflex responses in the spmal
ammal  These experimental findings may incidentally be compared with those repotted
by Dr Agnes Fekete tn a discussion held by the Biological Sectton of the Hungarian
Academy of Sciences (1953) following a paper read by Professor Ambrus Abraham
Abraham showed 1n 1943 that there were baroreceptor endings i the wall of the renl
artery and referred agam to these histological structures n his paper of 1953 Fehete
claimed that she had evidence of reflex control of the renal circulation by receptors situated
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1n arteries below the level of the diaphragm Heymans and s colleagues were able to
show that the mesenteric vessels were the site of the nerve endmgs responsible for the
reflexes which they were able to evoke in the spinal dog  Thus 1f an innervated regron of
the gut with 1ts attached mesentery was perfused by a donor dog (A) a nise of pressure 1n
the mesentenic vessels of dog (B} caused by the mjection of adrenaline mnto the donor
ammal reflexly induced vasodilatation of the spleen (F1g 48)

The prectse function of these mesenteric receptors in the mtact organism 1s as yet
unknown It does not appear that they play an important part i the reflex regulation of
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Fic 48 Left BodyofdogB Isolated but mnervated mesenteric intestinal area of body B perfused
by means of dog A Registration of volume of spleen of body B Right Vol rate B — volume
spleenbody B PA A — arterial pressure dog A and mesenteric intestmalarea body B P A B
= artenal pressure body B 1 = Intravenous imection of adrenaline to dog A " Increase of
arterial pressure dog A and intestinal area of body B induces dilatation of spleen body B—(C
Heymans J J Bouckaert and M Wierzuchowske (1937} 4 ¢k it Pharmacodvn 55 233 )

systemuic pressure  Occlusion of the coebac or mesenteric arteries does not cause a
sigruficant change 1n the blood pressure even of the animal with sino aortic nerves cut
(Heymans ef al 1936) It 1s likely that these mesenteric receptors are concerned with the
local distribution of blood in the abdomunal viscera  The reflexes which they engender
however probably contribute 1n 2 minor way to the regulation of cardio vascular actwity
which 1s primanly the concern of the sino aortic reflexes

Receptors m the Thoracic Aorta

Gruhzit & Moe (1953) and Gruhzit Freyburger & Moe (1953) have recently shown
that baroreceptor reflexes may be mitiated from the thoracicaorta  Tournade & Malmejac
{1933) and Gayet Gayet & Quuvy (1933) showed almost 1 ly that an ntr
mjection of adrenaline caused dilatation 1 an mnervated hmb separately perfused
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Ths reflex response was not abolished by sino vagal section  Gruhait ¢ al confirmed
these findings and even claimed that section of the buffer nerves caused very hittle difference
1n the reflex dilatation of the limb evoked by adrenaline They proved that the reflex
ongnated from thoracic receptors  Thus in a vagotomized dog whose sinus nerves were
cut the myection of adrenaline mnto either atrium 1into the pulmonary artery or mnto either
ventricle caused reflex vasodilatatton of a degree comparable with that mduced by the
mtravenous mjection of the drug  Injections made beyond the thoracic arterial vessels
were meffective  The response was not that seen 1n the Bezold Jansch effect  thus the
njection of adrenaline into the antertor descending branch of the left coronary artery was
no more effective than an mtravenous mjection moreover cold blocking the vagt when
they were intact did not modify the response By denervating the thoracic sympathetic
afferents they did not abolish the reflex response and 1t was necessary to cut all the thoracic
dorsal roots before the reflex vasodilatation disappeared By widespread laminectomy
they exposed the thoracte dorsal roots from T1 to T12 and by cutting them m groups of
three they progressively abolished the reflex response  Gruhzit ef al pomted out that the
thoracic aorta 15 hikely to be mnervated by sensory nerves of the thoracic segments of the
cord The thoracic aorta was cannulated immediately distal to the origin of the left sub
clavian artery  The 2orta was tied above the diaphragm and the artenal segment was
perfused by a pump which provided etther a mean or a pulsatile pressure  Only when the
pulsattle pressure was used were reflex responses obtamed 1n an innervated perfused hind
hmb and these were very feecble compared with those evoked by the imjection of
adrenaline into the mtact antmal ~ Gruhzitef g/ concluded that the reflex vasodilatation
of the limb induced by adrenaline was imtiated by the stimulation of mechanoreceptors
m the wall of the thoracic 2orta  These receptors which are the nerve endings of somatic
afferent fibres respond to an increased pulse pressure and not to an increased mean
pressure  Adrenaline which characterstically causes an increase 1n the pulse pressure 15
thus peculiarly well suited to cause discharge of these nerve endings

The importance of these afferent mechanisms in the control of the circulation 15 not
yet clear  There have been no electrophystologieal studies of these aflerent fibres

Peripheral Vascular Receptors

We have argued in previous chapters that the sino aortic baroreceptors play the
major role in adjustment of the circulation by nervous mechanisms  The recent work on
baroreceptor mechanisms m the cardio pulmonary area which s detailed in a Jater section
suggests that these mechanisms play a contributory part It s difficult to determme their
quantitative sigmificance owing to the uncertainty which ewsts at present as fo their
nervous pathways—as a result 1t 1s mmpossible to denenvate these arcas selectrvely
Nevertheless we can obtan some evidence of the existence of baroreceptor mechanisms
other than smo aortic and cardio pulmonary by studymg the vascular response to postural
changes 1n the animal after section of the sinus and vagal nerves

As has been stated the nervous control of venous tone first appreciated by Goltz
(1863 1864) 1n the frog and by Hooher (1918) and Donegan (1921) in the mammal was
shown to be under reflex control by Fletsch (1931) Heymans e/ al (1930) and Gollwitzer
Meier & Schulte (1931)  Jansch (1928) and Gollwitzer Meier (1932) both concluded that
the medullary vasomotor centre under the reflex control of the smo aortic nerves acted
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as an integrative centre for both atteriolar and venomotor effects  Hess (1930) had already
expressed the opunion that the venous system regulated the heart output by changes in the
calibre of 1ts constituent vessels and had argued that reflex changes of baroreceptor origin
must be important 1n modifying venous capacity
The assumption of the erect posture tends to reduce the venous return owing to the
effect of gravity on the distensible vems Leonard Hill (1895 1896) Hill & Barnard
(1897) Hhil (1900) clearly appreciated thus and was among the first to make any analysis
of the compensatory reactions which occurred to offset the effects of gravity on the
circulation  Hill showed that the compensation for postural changes was best effected 1n
man and the monkey and 1dentified the splanchnic region as the most important source
of compensatory vasoconstriction  An earlier analysis m man had been made by Schapiro
(1881) who measured the heart rate and blood pressure i soldiers who assumed a
standing position after lying and found a constant response of tachycardia with a vanable
response of blood pressure which either remained sensibly constant or rose shghtly
Mark & Neumann (1931) pomnted out that the reflex effects of manual pressure
of the carotid swous 1 man were much more marked when the subject lay horizontal
than when he stood erect McWilliam (1933) also noted that the heart rate and blood
pressure changes evoked by altered posture were not necessanly sumilar to those which
were to be expected as a result of the change of pressure 1n the carotid sinus and sug
gested that other reflex mechamsms must be concerned  He favoured the existence of
sensory receptors 1n the region of the knee which he supposed were excsted 1n the erect
posture  Edholm & McDowall (1936) found that the systemic blood pressure might show
compensatory changes m anxsthetized cats placed in the erect posttion even though the
sinus nerves and vagt had been  put out of action The mesenteric vascular receptors
probably contribute to such compensatory reactions Heymans e al (1937) showed that
a mise i the perfusion pressure of the mesenteric vessels induced a reflex splenic vaso
constriction i dogs whose bramn had been destroyed and whose sinus nerves and vagi had
been cut  Destruction of the spmal cord abohshed this response  There has been with
this exception httle evadence of reflex mechamisms other than those of the smno aortic
zones which might assist 1n the mawmtenance of venous return in animals placed mn the
upnight postute  As 1t 1s generally recogmzed that the venous return 1s redeced 1n the
upnight position (due to the effects of gravity upon the distensible veins) and as the
cardiac output 15 consequently reduced (Nyhin 1934 McMichael 1937) maintenance of
the blood pressure or prompt readjustment of the blood pressure to its normal value
suggests active vasoconstriction which must mclude venoconstriction  Though the smo
aortic regions would appear to be the first and most important defence the results of
Edholm & McDowallindicate that other powerful mechamsms can contribute to postural
adjustments
Recently mterest has been aroused m sensory mechamsms which may lie 1n the
penpheral vasculature  Gashell & Burton (1953) studymg the apparent biood flow
through the toe using a venous occlusion plethysmograph found that the flow decreased
when the leg was lowered below heart level compared with that of a control on the other
leg maintained at heart level Comversely when the subject was warm the flow was less
m the level position than when the limb was raised at an angle of 15 degrees These
findings are the converse of those which might be expected from hazmodynamuc principles
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and can only be explamed i terms of a reflex  Moreover as the changes in flow are not
parallel to those 1n the control horizontal limb the reflex effects must be local in character
However the same phenomena could be seen in a sympathectormized hmb  The authors
believe that the reflex 1s evoked by the distension of the walis of the local vems  The reflex
response of arteriolar constriction 1s suggested to be mediated via local nerve plexuses i
the walls of the vessels As these must be other than sympathetic fibres one would be
forced to assume some axon reflex 1n somatic nerve fibres which seems o operate in
a manner opposite to those previously described
Yamada & Burton (1954) have found that the exertion of negative pressure on the
finger also reflexly decreases the flow therein, they pomt out that this finding supports
the belief that the sensory receptors are stretch or  volume receptors rather than
pressoreceptors  Haddy & Gulbert (1956) using an®sthetized dogs measured the effect
of changes 1n transmural pressure on the small and large vessel resistance in the foreleg
A varable flow pump was iterposed i the brachsal artery and a needle was mserted m
the cephalic vein  Retrograde catheterization of a subcutaneous small vemn of the paw
and a small artery of the foot pad was carried out Pressures at these four sites were
measured Marntainmg a constant brachial artery flow a tournmquet was progressively
tightened on the leg above all the sites of cannulation  Cephaltc vein pressure was elevated
in five steps of 5 mm Hg and after each such nise the various pressures 1n the remainder of
the system were measured  After release of the tourniquet the nerves to the lower leg were
blocked and the expermment was repeated  Pressure gradients were caleulated It was
found that a rise of cephaltc vein pressure of 25 mm was associated with an equal rise of
brachial artenial pressure but with a greater nise of the small artery pressure and a smaller
rise of small vemn pressure  While the total pressure gradient therefore did not change
there was a decrease 1n artenal gradient (—11 7 4 3 8 mm Hg) a decrease 1n venous
gradient (—5 5 + 1 5) and an elevation of the small vessel gradient (415 5 2 4 0mm Hg)
in the innervated limb  Hence though the arteries and veins difated this dilatation was
completely compensated 1n the mnervated rmb by constriction m the small vessel segment
As a result the vascular system did not respond to transmural pressure changes 1s would
be predicted for a sumple passive elastic system  However after procaine nerve block
the vessels did respond Itke a passive elastic system  Therefore the small vessel constriction
of the imnervated imb must have been of reflex ongin 1nvolving nervous pathways which
extended beyond the leg  In further experiments the effect of raising the artersal pressure
only (by mcreasing the flow rate with the perfusion pump) failed to cause reflex constriction
of the small vessels The authors concluded that the receptors responsible for small vessel
constriction lay 1n the vemns and were excited by an increase m venous pressure {or an
wcreased stretch of the venous walls) The site of the constri~tton was suggested to be the
arterioles  Teleological arguments were presented as to the value of such a reflex Thus
in the absence of this reflex the flow through a Iimb would mevitably increase as it was
lowered below heart level  Reflex peripheral vasoconstriction would thus tend to prevent
pooling of blood Haddy & Gulbert (1956) discuss the findings of Gaskell & Burton (1953)
and are puzzled by their clum that veno vasomotor effects are still obtained mn the
sympathectonuzed Iimb  More evidence scems to be required here
It 15 nteresting to note that congestne heart fatlure ts associated with penpheral
vasoconstriction which may be of severe degree  thus McMichael (1952) refers to gangrenc
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of the fingers and nose occurring m such patients  Aviado & Schmudt (1955) suggest that
the veno vasomotor reflex of Gaskell and Burton provides the explanation of this
However they point out that the intense constriction 1s reduced or relieved by ganghonic
blocking agents (Kelley Freis & Higgins 1953, Schuman Lerner & Doane 1954 Burch
1954) or by sympatholytic drugs (Fefjar 1950 Halmagy: Felkat Ivanyi & Hetenyr 1952)
Itss difficult to harmonuze this fact with the statement of Gaskell and Burton that the veno
vasomotor reflex persists after sympathectomy The reflex mechanism postulated by
Haddy & Gulbert would provide a more probable explanation both of the condition stself
and of the effect of sympathicolytic or gangloplegic agents in alleviating 1t Venesection
(Howard & Leathart 1951) 1s ikewtse effective i dispelling the peripheral vasoconstriction
and the lowerng of central venous pressure which follows digitalization of the failing
heart also alleviates the condition (Brigden & Sharpey Schafer 1950 Howarth
McMichael & Sharpey Schafer 1946) Brigden & Sharpey Schafer have suggested that
the peripheral constriction 1s caused reflexly by the excitation of cardiac receptors by the
raised pressure see also Burch (1956)

Alexander (1956) has found that an acute rise of pressure mn the abdomnal caval system
causes reflex vasodilatation of the mtestinal vemns which 1s compatible with the plethora
associated with chrontc congestive heart fatlure

WEN G D SwST M



Section 2 The Chemoreceptors

CHAPTER 14

HISTOLOGY, EMBRYOLOGY, ANATOMY AND BLOOD SUPPLY
OF THE CAROTID AND AORTIC CHEMORECEPTOR AREAS

Historseal

THEe cAroTID body has heen known for a very long time  Haller (1743) and (1762)
first mentioned the presence of a ganglion m the mtercarotid region and Neubauer (1772)
also described 1t according to Sigmund Mayer (1865) Andersch (1777) first gave 1t the
name gangholum mtercaroticum  although Sigmund Mayer states that his work was
published many years after he had ongmally named 1t thus  An anatomsst called Mayer
1s also quoted by Stgmund Mayer as describing the structure independently n 1833 and
claming prionty for its discovery although he later (1834) admuted Anderschs
precedence see also Valentin (1833)

Lushka (1862) avethe first clear description of the structure notmgits nichsympathetic
nerve supply m the human subgect He described 1t as  glandula mtercarotica  because
s hisiological examinatton showed 1t to be a gland made up ot cell columns and vesicles
containing only few nerve cells  In man the carotrd gland was 5-7mm long 4-2} mm
broad and 14 mm thick  He afso stated that the IXth Xth and XHth cramal nerves
contrsbuted 1o its nerve supply He dered that the glandula intercarotica  was
derived from pharyngeal entoderm  Svitzer (1863) concurred wath Lushka as to the nere
supply  Sigmund Mayer (1865) 1n his dissertation presented at Tubmgen before the
acadennic staff (with Lushka in the chawr) confirmed Lushka s findings and agreed with
him as to the probable embryological dernation of the glandula intercarotica  Arnold
(1865) was the first to recogmize the extraordmary vascularity of the carotid bodes and
proposed the name glomerult arteriost intercarotict He regarded the glandular
tubes and vesicles described by Lushka as ramufying branches of the artery which supplies
the body and stated that the epithelial cells found m the structure were those of the hning
wall of the blood vessels

Three main theonies have been entertamed as to the orign and development of the
carotid body

1 Anongmn from the epithelum of the third or fourth branchial cleft (Stieda 1881
Fischelis 1835 De Meuron 1896 Prenant 1894) Szepsenwol (1935) has more
recently contributed a study of the first dilerentation of the caroud body 1n
embryos of the chick and the duck  He stated that the carltest signs of the develop
ment of the carotid body occurred from a placode of the fourth branchial cleft
ectodermal cells budding off to give rise 10 numerous polyhedral cells staming well

e
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with sther  These cells were already visible 1n a five day embryo in the muddle of a
mesh of the pericarotid nerve plexus which together with mesenchymal tissue in the
nesghbourhood constituted a pertvascular swelling in the site occupted by the carotid
glomus The main elements of the gland seemed therefore to develop durectly from
ectoderm from which they emigrated early to concentrate around the fourth
branchial arch  Although sympathetic cells migrated from the supertor cervical
ganglion this was at a later stage and such cells did not contribute to the formation
of the gland proper

Argaud (1941) stated that en raison de sa structure mdeniablement
epitheliorde et de ses rapports mtumes avec les ganglions voisins que son berceau
ectodermique se trouve dans une placode tres voisine de la crete ganglionnaire
correspondante
An ongin from the wall of the carotid vessels in the region of the bifurcation (Ammold
1865) This view was upheld by Kastschenko (1887) mn studies of pig embryos
Marchand (1891) Fusar. (1891) Paltauf (1892) Jacoby (1896) Verdun (1898) and
more recently by Rabl (1922) Rabl descnibed the first outgrowth of the glomus
appearing 1n the 12 mm embryo as a mass of cells on the ventromedial and ventro
lateral sides of the mternal carotid artery  The cells thus formed were mdistinguish
able from those of the neighbouring mesoderm which surrounded them

An origin from nervous tissue

Schaper (1892) differed fundamentally from earlier authors ~ Die Glandula
carotica schemt kein rudimentares Organ zu sein vielmehr durfte ihr m Gemein
schaft mit der Glandula coccygea und anderen grosseren oder kleineren Complexen
ahnlicher Zellen (Penthelien und Plasma zellen) etne bestimmte physiologische
Funktion zukommen deren Specificitat zu ergrunden weiteren Forschungen
vorbehalten bleibt He considered the organ to be part of a system widely
scattered through the body 1n relation to the vascular and nervous systems

Stilling (1899) stressed the presence of chromaffine cells n the glomus  He did
not however regard them as the maw cells—only as 1solated cells which did not
enter into the composifion of the lobules His view was that the glomus was a
vascular gland simular to the adrenal—a view remimuscent of that of Luschka

Kobn (1900) m a classtcal paper described the glomus as  Paraganghion
ntercaroticum He summarized hus findings  (a) There 1s no epithelial formation
—this 1s not a gland (&) There are no signs of an organization of perithelial cell or
plasma cells—hence this 15 not a vascular formation (c) The structure presents
spectal features and should be placed m the category of organs which he adjacent 1o
the sympathetic nervous system—the paragangha (d) Its constituent parts—the
typtcal cells the nerve fibres which pass to 1t and the ganglion cells—resemble the
arrangement seen n sympathetic gangha Das speaifische Gewebselement des
Organes 1st die chromaffine Zelle

According to kohn the chromaffine cells n the glomus were derived from the
supertor cervical sympathetic primordta  Smuth (1924) also supported this view
from the results of studies of embryomnuc tissue She noted however that mn the rat
embryo there were no chromaffine cells in the glomus

P
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ANATOMY AND DEVELOPMENT OF THE CHEMORECEPTORS
Histology of the Carotid Body

The madern view of the carotid body stems entirely from the fundamental wark of

De Castro His account excels not only mn giving munute detauls of the structure but
especially m the forecast from his histological findings of the real function of this
mysterious tissue  De Castro (1926 1928) made three important ponts

Fia 49 Secuion of carotid body of adult cat
showing the sinusordal network @ = artery
av = arterravenous anastomosis v = et
injection  preparation  (indigo  carmune)
Magnmfication 140X reduction do § size —
g;‘ ﬁi Castro (1951} Acta phisial seand

The nerve supply of the organ 1s largely afferent and 15 supphed mainly by the inter
carotid or sinus branch of the glossopharyngeal nerve  These sensory fibres ramufy
m most intimate relationstup with the epithehoid cells of the body and tndeed
penctrate these cells to end i therr cytoplasm

The cells are m close contact with the numerous smuseids which form a network
within the glomus (Fig 49) una complepsma ted de vasos siusoidales con
mfindad de anastomosts  (De Castro 1940)  The cells present one aspect directed
towards the sinusards (pole sanguin) and another which is supplted by the sensory
nerves—{pole nerveux) (Fig 50)

‘The so-called chromafline cells are not true chromafiine cells 1 that although they
reduce potassium bichromate (Henle 1865) this 15 due to the reducing action of
lipord mnclustons m therr cytoplasm and 15 not due ta thetr contamung adrenahne ke
substances  Thus he showed that denervation of the gland had no effect on the
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mtensity of the chromaffine reaction and that wsulin shock did not decrease the
imtensity of the reaction in the innervated gland The cytoplasm contamed no
adrenaline and he could not obtam anv reaction with FeCls (Vulpian 1856)

De Castro concluded that the carotid body might sample qualitative changes in the
blood De Castro demed that the cervical sympathetic contributed to the mnervation of
the glomus  This might seem surpnsing i view of the very intimate relattonship which
sympathetic branches from the superior cervical ganglion bear to the structure but his
evidence seems very conclustve  The so-called  micro ganglions sympathuques  which
are found 1n profusion 1n the walls of the afferent arterioles of the glomus do not degenerate

FiG 50 Diagram showing the structure of
the synapse 1n the chemoreceptors  The
epithelioid cells e present a considerable
surface atea mn close relationship with
the blood vessels (c) /= sensory nerve
fibre which possesses 2 myelin sheath
a = Schwaan cell which encloses the
unmyehnated nerve fibres whi h form
the ~ menisques termmnaux b = con
nective tissue network —(F_De Castro
(1951) Acta phvsiol scand 22 14)

when the corresponding supenior cervical ganglon and cervical sympathetic trunk are
removed  Only when the glossopharyngeal nerve 1s cut do these nervous structures
disappear  They are part therefore of a motor pathway from the IXth nerve (and may
be important)

Others have remamed convinced that the sympathetic contributes to the mnenation
of the glomus  Opmtons based on gross dissections (Gerard & Bulimngsley 1923 Driiner
1925 Hovelacque Maes Binet & Gayet 1930 Cordier & Coulouma 1932 Botar
1932 Delmas & Laux 1933 Ochoterena 1936) are not worth much but those based on
embryological evidence (Smuth 1924 Benoit 1928 Celestino da Costa 1935 1939 Ito
1950) can hardly be 1gnored ~ Adams (1955) who cites the above authors makes a good
point when he writes  'When the carotid body was generally considered to be a chrom
affine paraganghon (Kohn 1900) the orthosympathetic contribution was almost certamly
over esimated  whereas now m accordance with the prevaling belief m its chemo-
receptor function st 1s otherwise—the epithelioid cells have come to be associated
predomunantly or entirely with the glossopharyngeal and to a much lesser extent with the
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vagus rrrespective of their genetic affinities 1e whether they are to be regarded as  non
chromaffine paraganghionic cells (Watzha 1934 1937 1943) mesodermal cells {Rab!
1922 Boyd 1937) ectodermal cells (Szepsenwol 1935) or modified sensory (ganglonic)
cells (Murators 1933 1934)—there are even some (Goormaghtigh & Pannier 1939) who
regard them both as  paraganglionsc 1n the conventional sense (1¢ secretory) and at
the same time a5 nervous (te sensory)

Even the physiologists rematned unconvinced that the sympathetic does not influence
or contribute to the function of the glomus Floyd & Ne1l (1952) found that stimulation
of the sympathetic fibres passing to the region of the glomus caused some sensory
discharge from the chemoreceptors although this nught have been due to constriction of
the artertes of supply derved from the occipital artery wiich is atself very generously
mnervated by the sympathetic

Boyd {1937) 1 a major contribution to the embryology of the carotid body studied
the development stages 1 human embryos from 6 mm to 100 mm length A branch of
the mnth cranial nerve passes towards the antertor aspect of the third branchial arch
artery termimatng i the mesodermal cells related to its anteromedial wall (8 mm onwards)
A condensation of mesodermal cells supplied by this glossopharyngeal branch appears
m embryos of 12 mm situated above the ongin of the external carotid on the wall of the
mternal carotid segment of I1lrd branchral arch artery 'The lumen of the internal carotid
adjacent to this dermal cond 101 flattened and extenstons of this
deformed lumen are traceable into the mesodermal condensation (20 mm) The meso
dermal condensation compnses cells with fusiform nuclet near the endothelum of the
mternal carotid artery which form the arterial media and adventitia and cells with oval
nucler which later form the carotid body proper The ventral periphery of the condensa
tion contams small cells with rich chromatin nucler derived from the IXth nerve and not

from the sympathetic trunk as this 1s not yet 1n any close relationship with the third arch
artery At 30 mm a separation occurs in the mesodermal condensation loose connectie
tissue bemg laid down between the carotid body and the cells which form the adventitia
The carly blood supply of the body from the internal carotid artery later retrogresses and
branches grow from the ascending pharyngeal artery and external carotid artery No
sympathetic cells pass to the caroud body until the 30-36 mm stage and hence they form
1 contribution of secondary importance to a structure derived from mesoderm of the
third arch  OF the pre neuroblast cells which reach the carotid body from the cramal
nenves and sympathetic trunk some form true ganghon cells near the penphery of the
organ others retrogress whereas the majonty differentiate into  1solated cells  of the
adult carotid body possessing dark nucler ~ As the mam cells occur m whorls these
1solated cells can be easily distinguished

Boyd (1937) quotes a rare anomaly 1n a human cadaver in which the nght common
carotid artery was absent the tnternal and external carotid vessels ansmg from the
mnomimate subclavian arch  The carotid body and sinus nerve were absent on the right
which can only be explamed by an absence of the right third branchial arch and artery

Schumachcr (1938) regarded some of the cells of the carotid body as cqunal:m to
the epithel. (Quell ) of arterio venous a: vse:
was contested by Hollinshead (1942) Meylhng (1938) made a dctaulcd study of the
Iistological features of the carotd body of the horse  He belteved that the main cells of
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the glomus were of neural origin partof 2 h system of nterstitia
cells of Cayal interstitial plexus and receptor cells  The glossopharyngeal fibres reachin
the glomus were described as running mto a termmal net which surrounded the glomu
cells  Section of the glossopharyngeal nerve fibres dtd not cause subsequent degeneratior
of this terminal plexus which suggests that the relationship of these fibres to the plexu
was synaptic  The terminal network was described as surrounding on the receptor cells
Goormaghtigh & Pannser (1939) also described a termunal plexus unaffected by severanc
of the glossopharyngeal nerve

x,_a;[::a !
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Fic 51A Close association of glomus cell type IL with vascular supply  The direct contact with
slomus cells type 1 1s found occasionally {sheep) Holmes s method  Fic S1B A glomus cell vpe
(I afongside a blood vessel The nervous conmections with glomus cells of type I are well seen
(rat) Holmes s method —(L L De kock (1954) Acta Anar 21 101y

Haollinshead (1943) denied the neural orig of the glomus cells  He described th
typical glomus cells as relatively large with a nucleus containing up to three nucleoh  Th
cell 15 rounded m shape with well defined boundaries with granular cytoplasm when 1ro!
hzmatoxylin Mallory or 20 fuchsin are used according to De hock De kock (195
1954) has made some further important contributions to our knowledge of the histolog
of the carotid glomus Using a siver method of stamung (Holmes 1950) she was able t
define five types of cell (a) glomus cells type I (b) glomus cells type 1T (c) wmterstitsz
iegﬂs (Cajal 1911) (d) pressoreceptor cells (De Castro 1951) (¢) ganghon cells (Boyc

37)

In the cat the carotid body 1s formed by several glomeruli separated by connectiv
tissue  Each glomerulus contains about 20-30 mam cells (type 1) and 3-6 type 11 cells
Type II cells are smaller than the main cells and are more ovoid  The cytoplasm of type
stains blue grey whereas that of type I11s pink  The nucler of type I 15 unstained wheres
that of type I 1s dark red wath the Holmes technique  Type I cells are charactensticall
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mterposed between the sinusoids and the type cells  They may be so closely apphied to
the sinusord wall as to seem part of 1t (Fig 51)

Glossopharyngeal fibres having lost thesr Schwann cell sheath enter the glomerulus
and merge impesceptibly into an intraglomerular plexus 1n which are enmeshed interststial
cells  From the mterstitsal cells fibrls pass to the glomus cells  These fibnls pass from
one type of glomus cells to the other No evidence was obtamned that glossopharyngeal
fibres innervate the glorus cells directly  On the contrary one or more interstitral cell
seemed always to be intercalated between the pownt of entry of the fibre into the glomerutus
and the glomus cells themsebves (see also Abraham 1942) Ths findmg of De Kock
contradicts the statement of De Castro (1944) that the glossopharyngeal fibres pass
drrectly to the chemoreceptor cells where they endma que d aspect lamelliforme
Accordmg to de Castro (1951) after section of the IXth nerve the fibres and mensct
degenerate  De hock states that the  mensscus  of De Castro 1s probably produced by
overstamung of the delicately granulated nerve fibnils which reticulate withn the cytoplasm
of type I cells as she was able to show and which was fitst demonstrated by Meyhing
with methylene blue preparattons  Her resulis are in substantial agreement wth those of
Mejling with regard to the relationship of mierstinal and glomus cells but she ss pustsfiably
much more cautious than Meyling who ascribed a neural ongm to the glomus cells type
As she says the close assoctation of the glomus and interstitial ceils proves nothing about
the neural origin of the former for a simalarly close association exists in the frog mtestme
(Leeune 1937) between mterstitial cells and smooth muscle cells of the ctreular layer
In addition although she does not make the point Boyd s results would seem to exclude
once and for all any neural ongin of the glomus cells

The Aortic Bodies

Wiesel {1906} described i a morphological examination of the heart m children 2
cyhindrical mass of greyish pink tissue embedded 1n the epicardsal fat around the left
coronary artery as it ran medally to and behind the left atrtum  On fustelogy 1t
was found to consist of chromaffinc cells  Trine1 (3909 1912) observed similar chromatfine
tissue which he labelled cardiac paraganglia at the base of the heart i septiles and
mammals  Busacht (1912) n two fully developed embryos distmguished two iselated
groups of paragangha an upper group immediately under the concavity of the aertic arch
and a lower group near the left coronary artery as deseribed by Wiesel (1906)  According
to this author the lower group could not be found sn the adult  The upper group of cells
was not chromaffine  Watzka (1930) and Penstschka (1931} further contributed to the
study of the cardwe  paragangha  m man and mammals  Pewtschia confirmed
Busacht s contention that the upper par hia were ¥ t fine  Hc noted the
sumitarity of the histologscal structure 1o that of the carotd body and stressed the rich
nervation by vagaland sympatheticnerves  He gave st the name  paragang/lion aorticum
supracardiale  defimng is position as being between the 2ortic and pulmonary artenes
extending from bencath the concavity of the arch up to the ligamentum Botalk Palme
(1934) confirmed Busach: s observation that there were two groups of paragangha and
labelled them paragangha supracardiale superius et infersus The upper group was non
chromaffine and the lower proup was mamnly chromafline  The upper group m new born
cats or human embryos was occasionally supphied by a branch of the pulmenary anery
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Seto (1935) who Itke Palme gave full histological detarls of an examination of the aortic
varagangha 1n adult human bemngs described the situation of these as between the
jorta and pulmonary artery (see Fig 52) The innervation was found to be para
sympathetic and he concluded that the afferent Ises from these par: lta were
-onducted m the aortic nerves  The arterioles of the paragangha were shown te contain
a wealth of bar ptor endings pr bly derived from the aortic nerve

Muratort (1935) was the first to describe 1n mammals two paraganglia situated 1n
the angle of the left subclavian and the brachiocephalic on the left and m the subclavian

Iz

Fic 52 Diagram showing the innervation of the carotid
and aortic zones # g f = glossopharyngeal nerve
Rint¢ =snusnerve sc = carobdsinus ge =

arotd body o = occypntal artery

dose ganghon g cs ~ supenior cervical ganghon
d = aoriic nerves my =

pathetic trunk g 2 = nferior cervical ganglion
rr = recusrent laryngeal nerves a=ansa of
Vieussen dr dr = vagal branches to aortic arch
@ = brachiocephalc artery ¢ — common carotid
artery pa = paraganghon of Penitschka g =
aortic body —(F De Castro (1951) 4cia physiol
scand 22 14)

carotid angle on the right respectively He found these to be non chromaffine and showed
that they were generously mnervated by sensory nerves Nondez (1935) confirmed both
the sttuation, and the mnervation of these Structures tn cats and rabbits and described
the blood supply as being usually from the subclavian or the brachiocephalic artery
Norudez also later confirmed Palme s description of a pulmonary supply of the para
ganglion aorficum supracardiale 1n the hitten and claimed that the structure was supphed
by mixed venous blood He suggested the name glomus pulmonalis However
Goormaghtigh & Pannier (1939) showed that this pulmonary supply 1hough present m
the feetus was obliterated 1n the adult cat bemng replaced by an arterral supply derived
from the coronary artery Nonidez (1935) referred to spectes differences of the localization
of the paraganglta m dogs rabbits and cats  He described paraganglionic ftssue between
the aortic arch and the pulmonary trunk as the aorti body  1ts site corresponding
to the structure described as paraganglion aorticum supracardiale m man by Pemtschka
Its blood supply arose from the dorsal surface or concavity of the aortic arch Tissue
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corresponding to the paraganglion supracardiale inferius of Palme was found lying between
the ascending aorta and the pulmonary trunk Tecemving sts blood supply from the left
coronary artery Boyd (1937) found four structures roughly corresponding 1n position
to the glom: aortic1 of Nonudez and the supenior and infertor paragangha in the human
feetus  From the 13 mm stage onwards the vagi and sympathetic contributed to these
formations and 1n his view the term  paraganglion  seemed more vaiid applied to these
structures than to the carotid body In later stages however the histological appearance
became progressively more strular to that of the carotid body ~ He constdered it probable
that the aortic body was derived from the fourth left branchial arch artery and vagus nerve
but pornted out that the relationships were not as clear as m the third arch (See Ham
mond 1941 Tschernjachiwsky 1929 1938)

Goormaghtigh & Pannier (1939) extended their previous studtes on the cardto ortic
paragangha and described the situation and blood supply tn the cat 1n considerable detail
These authors first drew attention to the numerous arterio venous anastomoses m the
supracardiac ganglion (==aortic body) The innervation was stated to be by fibres of the
aortic nerve

Comroe (1939) by retrograde 1ntra gortic mjections of lobehine or cyanide demons
trated that chemoreceptor zones lay adjacent to the concavity of the aortic arch n dogs
supplied by a small vessel which left the aorta opposite the onigin of the brachtocephalic
(Addison & Comroe 1937 1938) He was unable to evoke chemoreceptor reflexes by
mnjection of such excitants in the region of the pulmonary bifurcation  Gernandt (1946)
repeated Comroe s experiments 1n cats and demonstrated that activation of the aortic
body by mtra ventricular cyamide or lobelme evoked action potentials i the aortic nerves
which were similarly aroused by anoxia or hypercarbia  In the rabbit no chemoreceptor
fibres were found n the aortic nerves Nell Redwood & Schweitzer (1949¢) usmg
Comroe s technique 1n cats claimed that the chemoreceptor pathways were via the aortic
nerves and the vag: on each side but mamly on the nght  Similar studies were carnied out
n the monkey and the dog by Verdonk (1941)

Anatomy and Blood Supply of the Aortic Bodres
Howe (1956) has recently made a carefu! study of the position and blood supply of
the aortic bodres 1n thecat  The vasculature was demonstrated by the imjection of coloured
masses of Hycar latex or gelatin Indian ink and rice starch  The location of the groups
of glomus tissuc was very stmilar to that shown m the accompanying figure (Fig 52)
Four main groups were shown
Group 1 On the ventral surface of the root of the right subclavian artery
Group 2 On the ventral surface of the root of the left subclavian artery
Group 3 On the ventral surface of the aortic arch supenor to the ductus arteriosus
and mferior to group 2
Group 4 In the connective tissue deep between the aortic arch and the pulmonary
artenial trunk
Group 1 was located n three of nine ansmals examned  Its arterral supply was 4
small vessel which arose from the root of the nght subclavian artery in the angle formed
by this vessel with the sight commeon carotsd artery  The venous drainage which was
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derved from a plexus of fine vessels emerging from the glomus ran rostrally as a small
vein along the ventral surface of the right subclavian artery to enter the dorsomedial aspect
of the superior vena cava at the level of the left costo cervical vein

Fi1c 53 A composite figure from illustrations of Diamond and Howe s paper
(1956) (J Physial 134 319)

A Shows recording electrodes on branch of aortic nerve ansing from
chemorzceptor structure on ventral surface of aortic arch Aortic
arch and 1ts daughter vessels are shown plam  Pulmonary trunk
suppled and supertor vena cava and its tnbutanes black

B Paraffin secon of an asortic body (Group 11D together with ats
small artery of supply (on lefty Hzmatotyln and QOrange E—ery
throsin hick
Activity 1 aortic chemoreceptor nerve durng (a) breathing ar
(BP 120 mm Hg) (b) breathing S percent O n N3 (BP = 1. Omm
Heg) (z)dnlr breattung # min later (BP = 112 mm Hg) Time n

o

Group 2 present m four of nine animals was supplied by a small artersal branch
ansmg from the dorsal surface of the root of the left subclavian actery its venaus drawage
was by two or thrée small vemns which jomed a tributary of the superior vena ¢ava or a
branch of the left costo cervical vem
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Group 3 were present mn seven of nie cats and wsually comprised one to four
separate small groups scattered along the terminal part of the left depressor nerve  The
artenal supply was from the dorsal surface of the brachiocephalic artery the artemal
branch ran behind the aorta and emerged on the ventral surface of the aortic arch having
looped round the ductus arteriosus  The venous dramage joined « tributary of the
superior vena cava or a branch of the left costo cervical vem

Group 4 was the most difficult to locate lying deeply in the connective tissue between
the ascending aorta and the pulmonary trunk  The artenal supply was denived from the
night coronary artery Diamond & Howe (1956) are the first to record impulse activity
from a nerve which was anatomically proved to ongnate from an  aortic body ~ The
accompanying figure shows the site of the chemoreceptor tissue and the position of the
electrodes on the left aortic nerve which supplied it (Fig 53a) Fig 53b shows the typical
tustology of the chemoreceptor tissue and Fig 53¢ displays the electroneurographic
evidence of chemorteceptor activity durmng anoxia  In confirmation of earlier work of
Bogue & Stella (1935) and Landgren & Neil (1951) they found that hemorrhage caused
an increased discharge of impulses from the chemoreceptors

Anatomy and Blood Supply of the Carotid Body

The carotid body 1n the common laboratory ammals 1§ situated on the root of the
ocaipital artery or on the common trenk of the occipual and ascending pharyngeal
artertes a few millimetres rostral to the carotid bifurcation  The carotid body (or glomus)
1s a reddish structure which can be seen with the naked eye although the actual bulk
of chemoreceptor tssue 1s much smaller than it appears  This 15 due to the sinus nerve
tibres which cowse over and round the structure Chungcharoen ez al (1952a) descnibe
the structure in the rabbit cat and dog as having the following dimenstons respectively
Tabbit 1 3v075mm cat14x08mm dog222x16mm Adams (1955) reasonably
cnticizes these measurements as being perhaps too generous as no histology was done
and as the vessels were mjected under pressure  Adams sndeed draws atieption to the
danger of mistaking parathyroid 111 for the carotid body 1n many species  Thus Choud
hary (1950) mustook parathyroid 11T for the carotid body in the hzard Varanus monttor
and Ask Upmark (1935) who claimed that the carotid body of the marsupial Dudelplus
virguana was very large made this same mistake  Adams (1952) proved that the structure
m the hzard b aranus varus which lies at the bifurcation was parathyrod 111 and showed
that the carotid body in the aduft marsupial Trechosurus yulpecula was only about 1 mm
fong as might be expected

In the cat dog and rabbit however there 15 no doubt as to the identity of the glomus
tissue which 18 mnervated by the sinus nerve which runs on to 1t and even ensheathes 1t
on s way to the carotid sinus

Schaper (1892) and Goormaghugh & Pannter (1939) both described the blood
supply 1n the cat as being from several arteries which onigmated from nerghbouring
vessels in the vicmity of the carotid bifurcation  Davis & Story (1943) whose paper on
the cerebral circulation of the cat deserves 1o be widely known deseribed the carotid body
blood supply as being dertved from the common trunk which gave ongin to the ocepital
and ascending pharyngeal arteries  Winder (1933) referred to the glomus blood supply
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1n the dog as  distressingly varrable myvolving many fine vessels ~ Comroe & Schmudt
(1938) stated that the blood supply was from one small artery which arose from the occt
pial or the extended carotrd  This small artery often continued to supply other tissues
in the neck anastomosing freely with branches of the pharyngeal and vertebral arteries
They believed that the artery served both as afferent and efferent vessels to the carotid
body because Addison & Comroe (1937) had seen that the artery supplymg the
carotid body Jost most of its muscular coat and assumed 2 vem like appearance near
the carotid body attachment No venous channels were found This description 15
peculiar to these authors and was later repeated by Schmudt & Comroe (1940)

Chungcharoen (1952) and C! } Daly & Schwenzer (1952) have lately m
vestigated the problem seriously by mjecting the structures in the regton of the bifurcatron
with hycar latex or Indian mk Their results may be regarded as the most complete
contribution to this subject and may be converuently summarized

Cat  The carotid body lies usually on the occipito ascending pharyngeal trunk or
occasionally on the occipital artery itself Two arteral branches which 1nse from the
vessel to which 1t 1s attached supply the body A fine venous plexus oniginating from the
body drained mto veins which jomn the internal jugular vein

The authors mention that the vems may join the external jugular vein  This 15 true
but the direction of venous dramage of the carotid body 1s mvariably medially towards
the wtemal jugular vein It 1s very common for venous tributaries of the neck to make
conriections with both the external jugular and with the venous dratnage of the carotid
body but direct examunatton with the atd of the microscope always shows blood from
these anastomosing vems flowing towards the body and then onwards medially to the
mternal jugular vein

Dog  Most commonly the carotid body lies on the proximal part of the occipital
artery sometimes 1t 1s found on the ascending pharyngeal artery The body 1s supplied
by three or four arteries which onigiate from the artery to which the glomus 1s attached
There 15 however constderable vartability even 1n the same ammal on comparing both
sides The venous dramage 1s agam to the mternal yugular

Rabbit  The carotid body may be esther on the dorso medial aspect of the mnternal
carotid artery or on small un named branches of the external carotid which anise close
to the bifurcation The artertal supply 15 derived from one or two small arteries which
have thetr origin from the external or internal carotid or from the carotid bifurcation region
itself The venous dramage 1s into the internal jugular vein  (See also Addison 1945)

Local Control of the Glomus Circulation

Although the extraordmary vascularty of the carotid body was referred to by Lushka
Magyer Arnold Schaper & De Castro 1t was only 1n 1939 that Goormaghtigh & Panmer
noted the arteriovenous which ch: 1zes glomus tissue  Actually
Schumacher had described the glomus coccygeum m the human subject as being
essentially 2 mass of arterio venous anastomoses and had pointed out that the epitheliord
cells seemed to be transformations of the smooth muscle fibres of the muddle coat of the
arteries  Schumacher 1n 1938 later potnted out that the Quelizellen of arteriovenous
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anastomoses were very stmular to the epitheltoid cells of glomus tissue and although
Hollinshead (1942) did not agree Schumacher would seem to have been quute right
De Borssezon (1943 1944) De Castro (1940) and Celestino da Costa (1944) confirmed
the presence of numerous a v anastomoses 1n the carotid glomus tissue

The arteries of supply of the carotid body divide mto numerous artertoles from which
at the surface of the organ these a v anastomoses take onigin  De Castro (1926 1928

Fic 54 Baroreceptor innervation 1n the artenal segment with two arte
anastomoses a = nerve fibres with endings sn the adventitia € = mtima b = media  Carotid
body of adutt cat  Cajal method  Magnification 1100x  redoction to § —(F De Castro (1926)
Trav lab Imest bol Un AMadnd 24 365)

1940 1951) drew attention to the dense baroreceptor mnerivation of the glomeric arterioles
(Fig 54) These endings are simular 1n function to those of the sinus proper and sndeed
stimufation of the root of the vessels supplying the glomus imtates reflex hypotension
(de Castro 1940) Other cells found in the adventitial wall of the arterioles of the glomus
though labelled  microganghons sympathiques  do not degenerate followmg section of
the cervical sympathetic trunk and disappear only when the sinus nerve 1s cut  Thes
elferent system of the sinus nerve might serve a vasomotor function but this 1s unknown

1t 15 possible that activity in these efferent fibres might be engendered of reflexly modified
by baroreceptor 1mpulses which arrive at the glossopharyngeal motor nucleus from the
afferent vessels of the glomus but the recent expertments of De Castro (1951) do not
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support this Thus De Castro examimed the local circulation of the glomus under a
magnification of a hundred times In cats breathing normally the venous blood flow was
moderately slow and the carotid body size could be measured Changes of chemical
composition of the artenal blood such as hypercapnia or hypoxia altered the local circula
trion the glomus dinuntshed in size the capiflary circulation was reduced and the venous
outflow became brisk  He inferred that arterio venous anastomoses had opened up
through which blood flowed more readily at the expense of the glomus capillary circula
tion Comversely during hyperventilation with pure oxygen the carotid body became
Jarger and the venous outflow became sluggish It seemed as 1f chemoreceptor activity
was associated with mcreased patency of the 2 v anastomoses  Changes of systemic blood
pressure produced mechanically did not alter the appearance of the local circulation from
that during eupneea  This does not support any belief 1 there being any reflex alterations
of the glomus circulatton caused by changes of actwity m the baroreceptors of the afferent
artertoles of the carotid body

He described however without further comment the effect of adrenahne gwven
1ntrayenously (0 20 mg ) 1n producing not only systemic hypertension but also an increase
1n size of the glomus with slowny, of the ctreulation It 1s possible that the large blood
concentration of adrenaline caused contraction of the muscle elements of the wall of the
avsegment This mnvites the speculation whether the a v shunts are themselves con
trolled by sympathettc fibres which freely supply the afferent vessels of the glomus If
this be so then chemoreceptor activity may modify the local circulation by reflexly
exciting sympathetic centres  This however 1s mere hypothesis for nothing 1s known of
the mnervation of the a v shunts 1 this region  Nevertheless the problem 1s one of great
mmportance for the electroneurograph hmque of h ptor activity
entails section of the sinus nerve near its junctron with the glossopharyngeal from this
length of nerve attached to the carotid body suitably fine strips are dissected and tested
for chemoreceptor activity  Hence 1f there 1s any reflex nervous regulation of the arterio
venous shunfs by chemoreceptor activity thts mechanism has already been destroyed
The only exceptton to this statement would be a nervous regulation of the patency of the
a v shunts engendered by chemoreceptor activity and effected by means of an 2xon reflex
such a mechamsm would be undisturbed by the above procedure One further possibility
exsts that the anzrobic metabolites produced m the chemoreceptor cells may diffuse
to the region of the a v shunts producing 1l by drrect ch 1 infl
As the site of the shunts 1s well upstream ( lom de 1 endroit ou I artere se ramufie pour
modeler ke glomerule eapilaire sinusordale ) this does not seem very hkely 1t 1s im
portant to control this pont by endeavouring to dissect off a fine chemoreceptor branch
from the smus nerve without destroying the continuity of the nerve as a whole The
impulse activity 1 this branch aroused by suitable chemucal stumulation can then be
registered before and affer section of the stnus nerve trunk

Measurement of the Blood Flow through the Carotid Body
M de Burgh Daly Lambertsen & Schwertzer (1954) measured the blood flow and
oxygen usage of the carotid body m the cat In view of the mimportant mmplcations of
therr results the technique employed must be described 1n detarl
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The caroud bifurcation area was exposed and dissected free from neighbouring
structures except for 1ts venous connections and for those with the nodose ganglton and
superior ¢ervical ganglion  The cervical vagosympathetic netve was cut between hgatures
about 2 mm caudal to the nodose ganglion  to exclude blood from the supertor thyrotd
artery  The internal jugular vein was idennified for subsequent cannulation  Ail artenat
branches of the common and external carotids were tted Al vems entering the region
were tied except that which was used for cannulation A loose ligature was put round the
nternal yugular vem and the ninth tenth and eleventh cramal nerves collectively as they
emerged from the skull  In some experiments the glossopharyngeal and sinus nerves were
preserved so that reflex responses from the perfused carotid body could be tested The
ammal was given heparin to render the blood mcoaguable A cannula was tied in the
mternal jugular vein and the mass bgature was then tightened A glass tube of 0 5 mm
bore graduated in 1 cm lengths was connected directly to the cannula and held hort
zontally by clamps at a level about 1 cm below that of the carotid sinus  The flow was
measured by timing the advancing column of blood over a distance of 10-20 cm

Table T
(De Burgh Daly, Lambertsen & Schwettzer 1954)
Before ganglhonectomy After ganghonectomy
P Blood flow BP Blood flow
{mm Hg) mm /mtn {mm Hg) mm_jmn
125 70 140 50
145 78 150 55
150 79 130 25
145 120 135 47
120 80 120 29
105 62 105 22
Mean 132 82 130 38

Sedimentation of blood was largely avorded by mamtaimng external carotid blood
flow  Blood oxygen content of artenial and venous samples was measured by the micro
gasimetric technique of Roughton & Scholander  Elaborate precautions were taken
agamst contamination with blood from sources other than the carotid body

In thirteen experiments m which the combmed blood flow through the caroud body
supertor cervical and nodose gangha was measured the average value obtamed was
63 mm */min (range 11-120mm 3) In stx of these expertments the change in blood flow
was determined following the extirpation of the supertor cervical and nodose gangha
The results (given 1n Table ) presumably express the magnitude of blood flow from the
carotrd body 1tself

De Burgh Daly and co workers showed that a reduction of the mean systemic blood
pressure fowered the blood flow  The flow fell to zero when the blood pressure fell to
40-50 mm Hg  Stace the cervical vago sympathetie trunk was cut the participation of
nervous cffects was ruled out  Comversely 25 pg of adrenaline given intravenously
caused the ususl nise of blood pressure and nereased the carotid body blood flow

Stumulation of the cervical sympathetic trunk caused a reduction in blood flow
through the carottd body  Since all nenves leaving the superior cersical ganghon other
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than that supplying the regton of the carotid bifurcation and the glomus were cut this
effect must have been due to vasoconstriction
Measurement of the oxygen content of artertal and  Carotid body venous  blood
revealed that there was no significant arteriovenous oxygen difference across the carotid
body providmg that the carotid body blood flow wasnormal{ie ¢ 40mm?/mm) The
blood pressure was therefore lowered until a steady flow of about 10 mm */nunute was
reached Measurements of oxygen content then revealed that there was a significant
arterio venous difference of about 2 0 ml /100 ml
As the authors point out the significance of a value for the carotid body blood flow
cannot be fully appreciated until 1t 1s expressed in the conventional manner of ml blood/
100 g tissue/min It was found on the basis of eleven observations that the average
weight of the carotid body 1s 1 8 mg (range 1 3-2 25mg) Thus a flow of 40 mm 3/min
fora2mg carotid body 1s equivalent to 2 000 m! /100 g of carotid body tissue/min  This
clearly shows the glomus to be much the most vascular tissue tn the body De Burgh
Daly et al compare these figures with those of brain (60 ml /100 g /min  Dumhe & Schmudt
1943) and heart (64-151 ml1 /100 g left ventricle/mmn  Gregg 1950) To these figures we
may add that usually given for the thyroid gland—S560 ml /100 g /fmuin
Constdering the possibility of arteriovenous shunts (Goormaghtigh & Pannier 1939
De Castro 1940 1951) they argue that De Castro presented evidence which suggested that
only a small proportion of the carotid body blood flows through the a v anastomoses
when the chemoreceptors are quiescent  Therr contenttons here are not entirely sound—
de Castro made his observations on  mnnervated carotid bodres  whereas De Burgh Daly
et al studied the denervated carotid body  As 1t seems likely that the a v shunt mechanysm
15 under nervous influences 1t 1s perhaps dangerous to 1gnore this  If the a v shunts of the
denervated body were patent these high rates of blood flow would mean little  How
ever the authors score a further pomt when discussing the metabolism of the carotid body
With the observed average reduced blood flow of 9 mm 3/mun and an arteriovenous
difference of 2 0mt /100 ml the oxygen usage1s 0 00018 ml 0,/mun  As the average weight
of a carotid body was 2 mg_the carotid body oxygen consumption 1s 9 ml /mm /100 g
tissue or nearly three times that found by Kety & Schrdt (1945) for the rate of cerebral
oxygen uptake Now if the blood flow measured 15 occurning partly through shunts
then the greater the shunt flow the higher must be the oxygen usage of the carotid body
tissue  Moreover bearmg i mnd that the glomus tissue 1s virtually interlaced by vascular
smusowds composed of tissue with a very low O, consumption then 1t 15 hikely that the
epithelioid cells have a very active metabolism indeed
These fundamental studies have entirely changed our outlook enthe  oxygen needs
of the carotid body Comroe & Schmdt (1938) showed that when blood equilibrated
with carbon monoxide was perfused through the carotid body a reflex hyperpneea resulted
This ceased as soon as oxygen was bubbled through the blood although 1ts oxygen content
was mcreased by only 042 ml /100 ml  most of which presumably went mto phystcal
solution  They concluded that these receptors are satisfied with a small amount of
oxygen provided that the tension remamns normal and that the amounts of oxygen
carnied in stmple solution n the blood evidently are more than adequate to meet the needs
of the small mass of tissue but the tension of the gas must be mamtained nearly at
a normal level for this to occur  De Burgh Daly and co workers however have shown

&N CARDIO vETEM s
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The carotid bifurcation area was exposed and dissected free from neighbouring
structures except for its venous connections and for those with the nodose ganglion and
superior cenvical ganglion  The cervical vagosympathetic nerve was cut between ligatures
about 2 mm caudal to the nodose ganglion to exclude blood from the superior thyroid
artery  The nternal jugular vein was identified for subsequent cannulation  All arterial
branches of the common and external carotids were tied  All vemns entering the region
were tied except that which was used for cannulation A loose ligature was put round the
mternal jugular vein and the ninth tenth and eleventh cramal nerves collectively as they
emerged from the skull In some experiments the glossopharyngeal and sinus neryes were
preserved so that reflex responses from the perfused carotid body could be tested The
animal was given heparin to render the blood mncoaguable A cannula was tied m the
mternal jugular vemn and the mass ligature was then tightened A glass tube of 0 5 mm
bore graduated 1 1 cm lengths was connected directly to the cannula and held hort
zontally by clamps at a level about 1 cm below that of the carotid sinus  The flow was
measured by timing the advancing column of blood over a distance of 10-20 cm

Table T
(De Burgh Daly Lambertsen & Schweitzer 1954)
Before ganglionectomy After ganglionectorny
Blood flow BP Blood flow
(mm Hg) mm_jmun (mm Hg) mm /min
125 70
145 78 150 55
150 79 130 25
145 120 135 47
120 80 120 29
105 62 105 22
Mean 132 82 130 8

Sedimentation of blood was largely avoided by maintamning external carotid blood
flow Blood oxygen content of artertal and venous samples was measured by the micro
gasunetric techmque of Roughton & Scholander Elaborate precautions were taken
agatnst contamination with blood from sources other than the carotid body

In thirteen experiments m which the combmed blood flow through the carotid body
superior cervical and nodose gangha was measured the average value obtamed Was
63 mm 3min (range 11-120mm3) In s1x of these expeniments the change 1n blood flow
was determined following the extirpation of the superior cervical and nodose gangha
The results (given m Table T) presumably express the magmtude of blood fiow from the
carotid body 1tself

De Burgh Daly and co workers showed that a reduction of the mean systemic blood
pressure lowered the blood flow The flow fell to zero when the blood pressure fell t0
40-50 mm Hg  Swnce the cervical vago sympathetic trunk was cut the participation of
nervous effects was ruled out  Conversely 25 pg of adrenalne given 1ntravenousty
caused the usual nise of blood pressure and increased the carotid body blood flow

Sumulation of the cervical sympathetic trunk caused a reduction 1 blood fio®
through the carotid body  Since all nerves leaving the superior cervical ganghion other



CHAPTER 15

THE CHEMORECEPTOR REFLEXES AND THE RESULTS OF
ELECTROPHYSIOLOGICAL STUDIES OF THE CHEMORECEPTORS

Aortic Chemoreflexes

T F & C Hevmans discovered the first of the peripheral chemoreceptor reflexogenic
zones n 1927 A donor dog (A) was used to pertuse the head of a recipient (B)  The head
of (B) was connected to 1ts trunk solely by the vagt The trunk was artifically ventilated
Movements of the alae nast or the larynx were recorded graphically in order to  sample

Fi6 55 R = respiratory movements of isolated
head of dog B perfused by meansof adog A Vag:
aortic nerves alone connecting head B to body B
The langs of body B aredenervated A — artenal
pressure of dog A B = artenial pressure of body
dog B ab = asphyna of body B induces reflex
stmulation of respuratory centre of head B —(J F
;nd)C Heymans (1927) Arch it Fharmacodyn 33
72)

1%

;ctlvgy of the respiratory centre of the head of (B) The arrangement was as shown n
1g

Asphyxia anowa or hypercarbia of the trunk caused increased activity of the res
piratory centre of dog B as shown by increased movements of the alae nast (Fig 55)
Conversely hyperventilation of the trunk abolished activity of the respiratory centre
These effects were abolished by vagotomy  In further experiments Heymans & Heymans
proved that the cardio aortic area was the site of the chernoreceptors  Three dogs A B
and C were used and the 1solated head  of (B) was supplied by the donor (A) In the
trunk of (B) (connected to 1ts respective head by the vagi) the azygos vemn the internal

11 92
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mammary left subclavian and right vertebral artenies were tied and the aortic arch was
ligated distal to the origin of the left subclavian artery The nferior vena cava was also

Fi6 56 Upper Theisolated head of dog Bis perfused by dog A Only the vag: aortic nerves con-
nect the head of Bwithits trunk  Dog Cis used to perfuse the cardio-aortic area of dog B The
carotud artery of dog C supphes blood to the ascending aorta of dog B and the blood circulating
through the coronary system of dog B 1s returned from the night ventricle via a cannula to the
Jognlar vein of dog &

Lower Respiratory movements of head B a = asphyxia of dog C and heart aortic arch

area of dog B —Stumulation of respiratory centre of head B—(J F and C Heymans 1927)

tied A common carotid artery of (B) was anastomosed by a Payr cannula with the
cardiac end of a jugular vemn of dog (C) and the cardiac end of the common carotid artery
of (C) was anastomosed with an external jugular vein of (B) The heart and lungs of (B)
were thus supplied with carotid blood from dog (C)  Artificial ventilation of the trunk
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of (B) was therefore superfluous When dog (C) was asphyxiated the cardio pulmono
aortic area was supplied by blood of low pH low p0 and high pCO  The movements
of the alac nasi of the 1solated head became greater In a modification of this arrange
ment dog (C) was used to supply artenial blood to the lungs only by anastomosing the
pulmonary artery of (B) with the carotid artery of (C) and the pulmonary vem of (B)
with the external jugular vemn of (C) No change in the respiratory activity of the

1solated  head occurred when asphyxial blood from (C) traversed the pulmonary circuit
of (B) Hence the pulmonary vessels were not the site of the chemoreflexes  Lastly

Fic 57 Cat Chloralose anzsthesia At signal 08 mg i otine was fected 1ntraventricularly
vagi and aortic nerves meact B vagicut C left aortic nerve cut feaving night aortic nerve
imtact —(E Nel C R M Redwood and A Schweitrer (1949) J Phvsiol 109 392)

m a third vanation of the three dog expertment the blood from dog (C) was permutted to
traverse only the heart and aortic arch of dog (B) This was effected by anastomosing the
carotid artery of (B) with the carotid artery of (C) and the right ventnicle of (B) via a
catheter with the external jugular vem of (C} Blood thus passed from the carotid artery
via the aortic arch mto the coronary arteries and thence to the right ventricle from which
1t returned to the donor dog At the moment of beginning the retrograde perfuston of
the aortic arch and heart the two lung roots were ligated  Asphywa of dog (C) led to
refex changes of respiratory activity 1n the head of (B) which must have been due to the
stimulation of chemoreceptors situated 1n the heart or 1n the 2ortic arch or 1n some tissue
supplied by vessels which arose from these structures (Fig 56)

In 1939 Comroe developed the techmque of retrograde catheterization of the carotid
and subclavian arteries A catheter was pushed via one of these arteries into the aortic
arch The tp of the catheter could 1f necessary be inserted through the aortic valves
mto the left ventnicle  Small doses of sodiam cyanide (which stimulates the chemorecep
tors) were injected via the catheter and the respiratory and blood pressure changes which
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occurred were recorded  The doses given were so small that chemoreflex responses only
occurred 1if the tip of the catheter were adjacent to the onigin of the arteral vessels which
supplied the aortic chemoreceptors Comroe found that to activate the chemoreflex
responses of hyperventilation and hypertenston 1n the dog by the injection of sodum
cyamde the tip of the catheter had to be m the ascending arch of the aorta Injectrons
made when the catheter tip was 1n the transverse part of the aortic arch were neffective
Hence he concluded that the arterial supply of the aortic body arose from the first part of

Fio 58 Perfusion of the 1solated but innervated carotid sinus areas (chemoreceptors) of a dog R =
respiratory movements and amplitude P'S = perfusion pressure of carotid sinusareas PA =
blood pressure of dog  F C = heart rate of dog  a = perfusion of carotid sinus areas with
Runger solution pH 7 3 but containing 61 64 vol per cent CO;4 instead of Renger solution pH 7 4
containing 19 8 vol per cent CO;—Marked reflux hyperpnea and nise of artertal pressure b =
perfusion of carotid sinus areas with Ringer pH 7 3 contatning 19 8 vol per cent COpFirst
apnea and further return to normal breathing —(C Heymans J J Bouckaert and L Dautre
bande (1930) Arch it Pharmacodyn 39 400)

the transverse arch  Gernandt (1946) repeated Comroe s experiments in the cat and found
that the 2ortic chemoreflexes could only be excited by mnjecting lobeline or cyanide 1nto
the left ventricle (1 ¢ with the catheter tip within the cavity) This confirmed Comroe s
findings 1n the cat  both authors concluded that the arterial supply of the chemoreceptors
arose from the coronary arteries Neil and co workers (1949¢) confirmed these results
(Fig 57) and showed that the chemoreceptor fibres passed up both left and night vagi
and aortic nerves  the preponderance of chemoreceptor fibres lay on the right however
This was the conclusion from expenments similar to those of Comroe 1n which the
response to intraventricular injections of lobeline was checked before and after successive
section of both vagr and aortic nerves

In none of these experiments was any response obtained by mjecting fobeline or
cyamide 1n the vicinity of the right subclavian artery  The right aortic glomus separately
described by Muratori Nonidez & Howe has not yet been proved to be chemoreceptor
in function although this 1s most hikely due 1o its difficulty of access
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Carotid Chemoreceptor Reflexes

At about the same time that ] F & C Heymans had succeeded 1n demonstrating
the cardio aortic reflexogenic zones de Castro had suggested that the carotid body might
sample the chemical composttion of the blood Unaware of this paper at the time
C Heymans & J J Bouckaert began an mtenstve mvestigation of this very possibility

The carotid bifurcation was solated and was perfused either by a donor dog or a
Dale Schuster pump  Perfuston of blood equilibrated with a low pCO  tension caused
reflex depression of breathing  conversely the perfuston of blood with high pCO  excited

1000 A B

800
600
400
200

o

2 46 82 468 2 4 6 8
FiG 59 Cat decercbrated  Abcissa = time i munutes  Ordinate = respiratory volume per
minute airreplaced8, O in N, dunngtestperiods Left = normal respiratory responses A =
respiratory responses after section of vagi aortic nerves B = resprratory response after section
of vagi aortic and carotid sinus perves —( J J Bouckaert K S Grimson C Heymansand A
Samaan (1941) Arch Intern Pharmacodyn 65 63,

the tespiration (Fig 58)  Section of the cotresponding sinus nerve abolished these res
ponses Heymuans & Bouckaert also found that the perfuston of anoxic blood caused
reflex hyperpneea  Thus when a donor dog (which was used to supply blood for the
carotid bifurcation area of a reciptent) was rendered anoxic by the mhalation of mtrogen
tmtense respiratory stimulation of the recipient (B) took place  The response was abolished
by sinus nerve section  In further experiments Heymans ef al (1931 1933) showed that
section of the smus and vagus nerves converted the hyperpneea provoked by oxygen
lack m the intact anmmal to respiratory depresston (Fig 59) Oxygen lack was thus
proved to excite the breathing solely by chemoreceptor stimulation This concluston
has been widely confirmed None of these experiments proved the actual site of the
chemoreceptor tissue 1n the bifurcation region At first attention was directed towards
proving that the ct were tl\ P from the b s
Bouckaert Dautrebande & Heymans (1931) thus hgated the nerve fibres leaving the
smus region between the carotid body (lymg on the base of the occipital artery) and the
carotid stus itself  This abohished the responses of the carotid bifurcation to pressure
changes but did not affect those to chemical stimulation Camus Benard & Merklen
(1934) confirmed these findings by actually cutting the sinus nerve between the carotid
body and the sinus  Selective mactivation of chemoreceptor tissue by the mtra carotid

of 1 (which embolsed the glomus capillaries) was first reported by
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Heymans & Bouckaert (1933), pressoreceptor sensitivity was not affected  Schmudt (1932)
found that ligation of the ocaipttal artery at its origmn abolished or reduced the reflex
effects evoked by altering the chemical composition of the blood n the carotid bifurcation
area  Gollwitzer Meter (1934) obtamed similar results as did de Bettencourt & Cardoso
(1937)  Gollwitzer Meier showed that a higature tied between the sinus and the onigm of
the occipital artery (ligature 6) abolished the response to mtra-carotid myection of chemo
receptor tissue stimulants but neither of these workers could decide whether the chemore
ceptors were located m the carottd body or 1n the first part of the occtprtal artery Comroe
& Schmudt (1938) were the first to claim that the effects of intra carotid injections of small
doses of lobeline or cyamide were abolished after clamping the small artery to the carotid
body and restored on opening this vessel  This must have been a very fortunate prepara
uon for 1n our considerable expenience and m that of Chungcharoen Daly & Schweitzer
(1952a) the carotid body 15 usually supphed by three or four arteries which do not
necessanily onigmnate from the occipital artery  Bouckaert & Pannter (1942a) confirmed
the locahization of the chemoreceptors in the glomus and that of the baroreceptors 1n
the smus

Electroneurographic Evidence of Chemoreceptor Activity

Shortly after the observation of Heymans Bouckaert & Dautrebande (1930) that
reflex hyperpnea occurted when anoxic or hypercapnic blood perfused the carotid
bifurcation area Bronk (1931) Bronk & Stella (1932) and Heymans & Rylant (1933)
exammed the impulse activity of the sinus netve  Heymans & Ryjlant described increased
activity in the nerve durmg asphyxia of a rabbit which they were unable to attribute to
any difference 1n the blood pressure Bronk & Stella however obtained only baro
receptor fibres which were uninfluenced by the chemcal environment  Bronk 1n a per
sonal communication to Stella (see Bogue & Stella 1935) noted an occasional discharge
from the wntact nerve of the rabbit which appeared during anoxia and which persisted
afterdeath  Bogue & Stella (1935) pointed out that Bronk s findings and those of Heymans
& Ruylant might be merely due to irregular discharges from the baroreceptors themsehves
abnormally excited by the conditions of the blood They cited the results of Matthews
(1933) who reported that the muscle spindles discharged spontaneously often at high
frequency as the result of occlusion of the circulation  They therefore re mvestigated
the problem  The sinus nerve was cut centrally They stripped the carotid at the b1
fi and ob! d prep of the sinus nerve which contained only one or two
sinus {baro) receptors  On asphyxiating the amimal or on producing anoxia they claimed
that an wncrease occurred n the 1mpulse activity of the nerve which was not referable to
the baroreceptors but the records obtamed are difficult to mterpret  They noted that the
impulse activity ensuing upon complete sterruption of the crrculation of blood through
the stnus bifurcation (which they ascribed to chemoreceptor discharge) might persist
for as long as thirty minutes  In a later paper Samaan & Stella (1935) found that mult:
fibre preparations of the sinus nerve which did not contam baroreceptor fibres showed an
mcreased impulse activity on rassing the CO tension of the artenal blood from 35 mm Hg
to 50 mm Hg  Further nise of CO, tension to 72 mm Hg caused an even greater outburst
of impulses  Samaan & Stella concluded that at or below 32-35 mm pCOjy the chemo-
teceptors were at rest discharging progressively more frequently as the CO, tension rose
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They confirmed the finding of Bogue & Stella (1935) that arrest of the circulation caused
chemoreceptor discharge and mterpreted 1n this hght Schimdts result (1932) of reflex
hyperpneea on stopping the perfusion pump 1 an 1solated  sinus preparation
None of the records produced hitherto had been very impresstve  In 1935 Zotterman
published greatly supertor records of impulse activity 1n the IXth nerve which left no
doubt 1 most people s munds as to the existence of chemoreceptors Euler Liljestrand
& Zotterman (1939) considerably extended these early studies and obtamed pure chemo
receptor preparations 1 which they showed (g) some chemoreceptors active at CO
tenstons even below 30 mm Hg (b) some tonic discharge of chemoreceptors m cats
t hing room air sp usly (arterial oxygen saturation 89-92%) Even at 96%
saturation of the artersal blood with oxygen there was some shght discharge of the chemo
receptors which could not be referred to CO, effects because such animals were deliberately
over ventilated to exclude such a cause
Schmidt & Comroe (1940) argued that there was no actual evidence 1 the published
Teports to prove that the impulse activity recorded was m fact occurrmg in chemoreceptor
fibres  Inthe animal used (the cat) the carotid body lies in the bifurcation of the carotid
1mbedded 1 the fibres from the carotid sinus not anatomically separated as 1n the dog
The latter amimal has been tried by several groups of workers to the personal knowledge
of the reviewers and none have been able to duplicate the above observations although
the anatomical situation 1s much more favourable for such an experiment than in the
cat The possibility that electrical disturbances picked up in the smus nerve may
have oniginated 1n some part of the sympathetic nervous system appears ot to have been
considered though 1t seems only reasonable that if such studies are to be vsed to elucidate
chemoreceptor activity it 15 incumbent on those who so use them to start by proving
beyond reasonable doubt that the activity studied arose from the chemoreceptors and
could not have oniginated anywhere else
In 1955 Aviado & Schmudt wrote 1n this amimal (the cat) the carotid body 1s not
as widely separated from the carotid sinus as 1t 1s 1n the dog but skilled hands apparently
can completely divide the fibres from the pressoreceptors while sparing some of those
from the chemoreceptors—a goal which could not be attained n the dog (Schrudt &
Larrabee unpublished) although the anatomtcal situation ts more favourable
Thus persistence in referring to the more favourable anatonmcal situation m the dog
15 musplaced  Perhaps 1t 15 best to describe how the chemoreceptor preparation 1s made
for electroneurographic recording—in the cat (or the dog) The prelimmary exposure
of the bifurcation 15 done with the aid of a 5~ 10 x provided by a di
ope The venous di of the carotid body which 15 very obvious 1s carefully
preserved  The smus nerve 1s identified and dissected clear of the surrounding fascta
from 1ts yunction with the glossopharyngeal nerve up to the position of the carotid body
Usually 1t les lateral to or dorsal to one of the branches of the ascending pharyngeal
artery (Fig 60) No attempt 1s made to mnterfere with the tissue between the carotid body
and carotid stnus  The nerve 1s cut as far centrally as possible and the cut end 1s held up
carefully 1n delicate forceps The sheath of the nerve 1s now stripped backwards for
lem or so {towards the carotid body) with a firm movement This gives far better results
than mbbling at the sheath 1n an attempt to do less damage

-
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The swmus nerve some 700 myel i fibres of these the great majority are
less than 5u 1n drameter  Some of these are chemoreceptors and some baroreceptors
The nerve 1s again held up by forceps with the one hand and twigs are peeled off backwards
from the marn trunk by a second pair of forceps These twigs should be preferably at
least a centumetre long so as to allow a suitable length of nerve to be placed on the
recording electrodes  Each twig 1s successively tested for activity by placing on the record
g electrodes  The choice 1s of course random It 1s likely that each twig will contam
some chemoreceptors and some baroreceptors but the questron 1s whether the majority
of the fibres are viable or not If the trauma mflicted has been too great then perhaps
only a few fibres survive m a mass of dead tissue The electrical resistance of such 1

Fic 60 Right énmnd sinus of cat (diagrammatic)

Kev CC = common carotid artery S = carotid sinus EC = external carond artery L =
lingual artery A P = ascending pharyngeal attery 1 C = internal carotid artery ~ XII =
nene IX = yngeal nerve CSN = sinus perve SCG == supenior

cervical ganglion

preparation 1s so high that the signal to noise ratio 1s very poor and the few action
potentials from the viable fibres peep shyly above a heavy background of electricil
mush  Any electrophysiologist has seen this ali too often  If however a good prepara
tion has been obtamed then the actnity 1s recorded photographically simultancously
with the arterral blood pressure or the ec g Baroreceptor fibres show 1mpulse activity
which occurs phasically with the pulse Temporary occlusion of the common carotid
artery abohishes or reduces such discharge A rise of blood pressure caused by adrenaline
Injection increases the impulse activity - Chemoreceptor fibres on the other hand generally
show sporadic activity which bears no relation ta the pulse By allowing the animal to
breathe 109, O 1n N, or by temporanly occluding the tracheal cannula the mpulse
activaty increases (Fig 61)  Occluston of the common carotid artery causes an increasc
in the chemoreceptor discharge (Fig 21) The intracarotd njection of small doses of
sodtum cyanide or Jobeline causes a massne discharge  Having obtained a promising
preparation 1t 1s most Itkely that the branch must be further subdivided in order to obtain
as high a signal to noise ratio as possible or in order to reduce the number of active umts
so that their properties can be studied more discriminately The danger hes now n
destroying the active units by the extra mauling inflicted It 1s wise to employ magnifica
tion up to 30-50 x at this stage  Finally a surtable preparation may be obtamed  There
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1s no disadvantage 1 having one or two baroreceptor units 1n @ preparation made for
the study of chemoreceptors—ndeed I personally prefer to have some mformation from
such a baroreceptor as to the heart rate or the level of the blood pressure which 1s thus
signalled by the joud speaker

The difficulty with the sinus nerve of the dog 15 due to the large amount of connective
tissue which binds the nerve bundles together and the numerous little blood vessels which
course among the bundles This makes every stage of the preparation as described above

' Bl l]l il

’

Fic 61 Cat Thiopentone anesthesta  Right sinus nerve cut centrally and a thin shp laid on saline
wick electrodes  Action potentials recorded on oscillograph via resistance-capacity coupled
amplfier Blood pressure recorded from femoral artery by condenser manometer Records
from above downwards time trace 50 ¢/s_electroneurogram of thin shp of sinus perve blood
pressure  Calibration lines for pressuses of 150 and 100 mm Hg are shown A = Cat breath
1ng air spontaneously B = Cat breathing 10 per cent O in N spontaneously Note increase
m chemoreceptor activity duning anoxia —(Nell)

much more troublesome The increased damage inflicted causes a large proportton of
fibre preparations to show a low signal to nose ratio It 1s for this very good reason that
the cat or the rabbit 1s used 1n the great majonty ot studies on chemoreceptor activity

Euler & Zotterman (1942) and McCubbin Salmorraghi Green & Page (1956) have
however published perfectly satisfactory records of chemoreceptor mmpulse discharges m
dogs The anatomical advantage of the separation between carotid body and smus
m the dog 1s mrrelevant  Schrudt & Larrabee presumably recorded from the whole
carotid smus nerve having, cut such of the baroreceptor fibres as they could find runnmg
between the carotid body and the bifurcation  The result 1s a preparation which already
contums many dead  fibres which are scattered through the trunk  The signal to noise
tatio 1s therefore low  To achieve a reasonable preparation for the study of chemo

receptors the same procedure as detailed above must be carried out so no advantage s
gamed
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It 1s very easy to show in the cat that the carotid body 1s the sole site of these
chemoreceptor impulses It can be removed by dissection under magnification, both
Landgren (1952a) and Neil (1952) have often done this deliberately mn order to
exclude chemoreceptor activity from fibre preparations  As a corollary 1t 1s fatally easy
to obtain a preparation which 1s irresponsive to ch eptor stimul by d:
the venous drainage of the carotid body during dissection  steady chemoreceptor discharge
ensues which 1s unaffected by varymng the chemical composition of the blood i the
bifurcation area  This discharge 1s due to stagnant anoxia
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Fic 62 Cat 3-0Kg artificial venhlation with room arr  Left sinus nerve cut centrally anda twig
contamntng chemoreceptor fibres and only one baroreceptor fibre laid on electrodes,
A Control BP 105 mm Hg. baroreceptor impulses shown in each of two cardiac cycles  Chemo-
receptor impulses absent  Time S0 CPS.
B After hzmorrhage (50 ml) B P 55 mm.Hg Heavy chemoreceptor 1mpulse traflic
C Immediately after cutting the left sympathetictrumk ‘B P 55 mm Hg  Note reducnion in chemo-
receptor umpulses —(W F Floyd and E Neil (1952) Arch int Pharmacodhn 91 230)

The caroud bifurcation 1s supplied by a large branch of the supenor cervical ganghon
of which some fibres pass 1o the carotid body itself or to the vessels which supply st
(Fig 60) The chemoreceptor discharge from the carotid body 1n resting conditions ts
almost unaflected by removal of the superior cervical ganghon and 1ts post ganglionic
branches This disposes of Schmudt & Comroes cntictsm  In any ease as Bernthal
pointed out (1943) the impulse frequency recorded by Euler Liljestrand & Zotterman
(1939) far exceeded that ever seen 1n sympathetic fibres (see Bronk er a/ 1936 1940
Pitts et al 1941 Folkow 1952 Celander 1954)

Gernandt (1946) recorded action potentials 1n the aortic nerve which increased in
number during anovia or asphyxia or which alternatnvely were produced by the intra
sentricular mjection of lobeline or pipertdine  He reasonably assurned these to be chemo
receptor impulses  Diamond & Howe (1956) proved beyond doubt that some
chemoreceptor fibres coursed in the left aortic nerve of the cat

Landgren & Neil (1951) identified the ct ptor discharge following sesere
hzmorrhage as being due to the reduction 1n blood flow through the carotid body The
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actiity of the chemoreceptors becomes enormous when the mean blood pressure falls
from normal levels to about 50 mm Hg (Fig 62) They attributed thus actiity to stimula
tion of the chemoreceptors by stagnant anovia  Floyd & Neil (1952) showed that the
chemoreceptor discharge following severe hemorrhage was not greatly affected by section

Fic 63 Cat 38kg lose urethane Si Left carotd siaus
nerve cut centrally all baroreceptor fibres removed by dissection Rught carotid artery
cannulated for recording blood pressure Records on each strip from above downwards
time (50 cfs) electroneurogram and artenal blood pressure  Blood pressure calibrations
{mm.Hg ) arc shown on left of each film strp A = breathmg Spercent O m N, B = breathing
100 per cent O (note reduction of chemoreceptor acttvity) C = after 5 murutes breathung 1 per
cent (O 1n O, (CO saturation = 25 per cent) D = after 30 munutes breathieg 1 per cent CO
m O (CO saturation = 70 per cent) ~ After 31 runutes inhalation of { pereent CO 1 QO 5 per
cent O m N was substituted as the inspured gas  E == after $ minates breathmg § per cent O
mN (CO saturation = 76 per cent) _F == after 2 minutes breathing 100 percent O Note the
very shght actiyity i D compared with the barge Ik —(H N Duke
J H Greenand E Ned (1952) J Physiol 118 520)

of the local sympathetic nerve supply to the glomus (Fig 62} The reduction m blood flow
through the carotid body was therefore considered to be largely passive due to the fall in
systemte pressure  Duke Green & Neil (1953) supported the earlier expertmental results
of Comroe & Schmudt (1938) 1n direct recordings of chemoreceptor impulse activity dunng
the develop of carboxyl lot The reduction 1 oxygen content of the
blood caused by the mcreasing concentration of carboxyhzmoglobin cansed no excitation
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ol the chemoreceptors as long as the tension of ovygen m the blood did not fall (Fig 63)
Comroe & Schrmdt (1938) had proved earhier that reflex excrtation of the breathing could
ot I produced from the carotid body by perfusing carboxylated  blood unless the
Miet tension of that blood was low Grebenhina (1953) however disagrees with this

Puntal (1953) alone has measured the conduction velocity of chemoreceptor fibres
i the 1ttie nene such fibres conduct tmpulses at about 10 m /sec (range 7-12)

Crons & Malcolm (1952) have demonstrated that the chemoreceptors are sensitiie
(4 W an the sheep feetus by recording action potentials from the sinus nerve  The two
il Lunbs were operated on under chloralose anesthesta given to the mother and
wiivnad tched via the umbiheal cord  Oxygen muxtures were given to the mother
Whet the Jumbs were about a week short of full term  Kiuttens in the first few days of
post natk ite and a piglt bom the same day showed active chemoreceptor respanses to
anaws  Baroreceptor actiily Was found 1n the feetal Jambs and m the other anmmals
(il (1934) showed that the ety possessed no baroreceptor reflexes until shortly after
buth  Cross & Maleolm {1952) considered that therr results were 1n Feeping with the
demonstration ty Cross & Oppe (19525) that premature infants possessed an actne
(bemoreceptor reflue  The premature baby however does not maintain anoxic hyperpnaa
for more thn Lwo nunates on 137, OV3geEn as central depression occurs

Y
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CHAPTER 16
THE CHEMICAL CONTROL OF RESPIRATION

The Development of the Concept of * Centrogenic >* and  Reflexogemic > Mechanisms

FoLLOWING the discovery by Legallois (1812) of the medullary respiratory centre
and 1ts confirmation by Flourens (1824) mterest developed as to the mode of excitation
of this centre m the intact ammal It was found that the rebreathing of small volumes
of air caused great hyperpncea followed by cessation of breathing ~ Simular results were
obtaned by Kussmaul & Tenner (1857) on shutting off the cerebral blood supply They
observed that the blood remawing in the cerebral vessels became venous in appeatance
Rosenthal (1862) noted that excessive artificial respiration of an ammal was followed by
a temporary respiratory arrest which he designated as apneea  He later concluded (1882)
that the chemical control of the r¢ y centre was d by the oxygen content
of the blood  If this was low hyperpnea resulted and conversely if the oxygen content
was raised by over breathing respiratory actvity ceased  As Haldane (1922) has said
the weak posnt in his argument Jay 1n the fact that there 1s no apncea on breathing oxygen
even though the oxygen content of the blood 1s thereby rased considerably above that
seen normally  Traube (1862) showed that apneea could be produced even by breathing
mtrogen and could not therefore be due to  over arterializatton  of the artenial blood
Pfluger (1868) showed that both an excess of CO and a lack of O could excite the
medullary centre but considered that oxygen deficiency was the more important Paul
Bert (1878) mvestigated the eftects of low barometric pressure on the respiration and
proved that the respiratory effects produced by CO and O, were due to the pressure of
these gases m the air breathed  Walter (1877) was the first to note the hyperpncea caused
by acrdemia induced by the admmustration of hydrochloric acid intravenously or into
the stomach Miescher Rusch (1885) directed attentson to the great sensitvity of the
respiratory centre to a shght mcrease mn the CO percentage in the mspired atr - On the
other hand he showed that a corresponding diminution in the oxygen content of the air
had no effect on the breathing He concluded that the CO, % 1n the air m the lungs was
the ordmary determunant of the state of respiratory activity Geppert & Zuntz (1888)
however showed that the tetanization of hind hmb muscles by faradic stumulation caused
hyperpneea m animals in which the spinal cord was transected They found that the
CO; content of the arterial blood was lower and the O content was higher than normal
They concluded that some product of metabolism of the active muscles gatned access to
the blood stream and on being carnied to the respiratory centre excited 1t They referred
to the results of Walter and suggested that the metabolite formed m the active muscle
was an acid

Haldane & Lorram Smuth (1893) found that the hyperpneea caused by rebreathing
air m a closed circwit was due to the rise m the partial pressure of CO  Thus when the
proportion of CO; m the air rose to about 3% and the oxygen fell to about 17% the

w
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breathing showed a noticeable sncrease and when the CO; level rose 10 6% (O =13%)
the pantmg became exhaustngly severe  When the experiment was repeated with the
difference that the CO, was absorbed by soda lime the breathing showed no mncrease
untit the oxygen level reached 149, Lastly when rebreathmg of pure oxygen or high
oxygen muxtures was carried out and the CO_ was agam atlowed 10 accumulate the
hyperpneea became tolerable when the CO, level reached 8 9% despite the fact that
the oxygen level was abnormally high  These results therefore supported the views of
Miescher Rusch  Leon Fredericq (1901) then showed m hus famous crossed circulation
expentment that the composition of the arterial blood directiv affected the TeSpITAtory
centre He cross~connected both the carotid artertes and the jugular vemns of two dogs
50 that the head and therefore the brain of each dog recerved the greater part of its blood
supply from the other dog  If one dag was asphyxsated the other dog showed hvperpneea
Conversely hyperventilation of one dog mmduced apneea m the other
It was not however until Haldane & Preestley (1905) introduced their method for
the direct determmation of alveolar gas tensions ;n man that the delicacy of control
exercised over the breathing by the alveolar tension of carbon dioxide was appreciated
Using this method they showed that under ordinary physiological circumstances the
alveolar CO tenston was kept almost constant at about 40 mm Hg  Moreover this
constancy was observed even between barometnc pressures of 4,640 and 300 mm Hg
provided that oxygen fack was avoided at the lower pressures by enniching the inspued
gas with oxygen (Hill & Greenwood 1906 Boycott & Haldane 1908) A mamntamed
mcrease of about 13 mm Hg i the alveolar pCO doubled the sespiration and
conversely apncea tesulted when the alveolar pCO feli by the same amount  Oxygen
lack proved to be a much less effecuve stimulus—it was not unti the alveolar pO feli to
about 55-60 mm Hg (%0 ==8 9) that the breathing was noticeably stmulated  This
alveolar percentage corresponds roughly to an mspired oxygen percentage of 147
(p0,=:100) Hyperpneea mduced by anoxia was shown to cause fowermng of the alveolar
pCO  Meanwhile Araks (1894) had found considerable amounts of lactic acid mn the
unne of antmals sub d to by the mhal of carbon monoxide  Galeottt
(1904) had shown that the titration alkalimty of the blood was markedly decreased
at gh alutudes  These two results were taken to mean that anoxemia caused lactacidosts
Boycort & Haldane (1908) therefore advanced the theory that the hyperpneea of anoxs
was due to lactacidosss Iactic acad being supposed to act 1n the same way as did carbon
dioxide  The action on the respiratory centre of the circulating blood 15 due to what
may be called its total acidity including of course that due to free CO,  If more lactic
or other acid or fess alkali 1s present m the blood than usual, then less free CO, will be
required 1o excite the respiratory centre and vice versa
Winterstem (1911) advanced hus first  reaction theory 1n which he claimed that
the arteral cH was the lus of y activity At the ime no reliable
measurements of ¢H had been made but Hasselbalch (1912) promptiy introduced the
hvdrogen efectrode method and used 1t to show that by varying the diet he could induce
derable ch n the alveolar pCO, whereas the arteral ¢H remamed virtually
unchanged The blood reaction theory thereby gamed widespread acceptance Hassel
balch also made maportant contrit to the app! of the Arthentus dissocianion
theory to the problems of arid base equiibrium of the blood (which had been begun by
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1 J Henderson (1909)) The Henderson Hasselbalch equation —
(NaHCOQ;)
(H:COq)
was an important milestone  Acidosts could thus be due to a high pCO (H,COg) ora
low (NaHCO3) Alkalosis on the other hand could be primarily non gaseous (raised
NaHCO;) or primarily gaseous (low H CO; or pCO )

Zuntz Loewy Muller & Caspari (1906) Durig Kolmer Ramner Reichel & Caspars
(1909) had found that the resting alveolar pCOz at an altitude of about 15000 ft (Monte
Rosa) was below normal and Douglas Haldane Henderson & Schnerder (1913) confirmed
this with their results obtamned on Pikes Peak (14 109 1t)  Barcroft Camus Mathison
Roberts & Ryffel (1914) and Douglas et al (1913) however did not find sufficient
lactactdemua at 14-15 000 ft to explain the hyperpneea and suggested that anowia caused
excretton of base by the kidney which thereby mduced acidosis

Hasselbalch & Lindhard (1915) were the first to show electrometrically that after
prolonged exposure to anoxia there was no significant change in the blood pH
Winterstein himself (1915) was the earliest to report that acute anoxia on the other hand
caused atkalosts this findtng of course necessitated revision of tus first reaction theory
Before he 1ssued his second formulation s 1921 the true solutton of the problem of
anoxic hyperpneea was independently gnven by Haldane kellas & Kennaway (1919) and
by Henderson (1919) and Haggard & Henderson (1920) Haldane et o/ & Henderson
showed that the decrease mn bicarbonate concentration 1n the blood 1n anoxia was not due
to acidoss at all but was secondary to the effects of hyperventilation which n turn was
due to simulation of the resprratory mechanism by the oxygen lack itself  Henderson &
Haggard (1918) had shown 1n animal experiments that by merely varymng the ventilation
of the Iungs and thereby adjusting the pCO, of the artenal blood they could reduce the
brcarbonate content of the blood Haldane er af (1919) showed that hypoxic hyper
ventilation was followed by a reduction 1n the renal excretion of acid and ammoma
The renal response was secondary to the gaseous alkalemia and served to restore the
blood plasma pH It was now apprecated that the gaseous alkalzrmia induced by anoxic
stimulation of the respiratory mechanism would tend to check the hyperpneeic response
to the oxvgen lack The increased excretion of alkali and diminished formation of
ummoma (by the kidney) lead gradually towards a compensation of the alkalosis and

pH = pk, +log

rehef of the this relief being due to the increased oxygen supply
to the lung alveoli But the final result 1s 2 compromuse A certamn small degree
of and cc ! still remains as evsdence by the fact that on

removal of the anoxemra there 1s quite an appreciable 1mmedate rise 1n the alveolar
CO pressure 1s was shown for instance when we breathed air enriched with oxygen
after we had become acclimatized on Pike s Peak The supposed acidosis 1s thus not
an acrdosis at all but the madequate compensation of an alkalosts  (Haldane 1922)
Very careful observations were made by Miss Fitrgerald (1914) of the alveolar
pCO; values of acchmatized inhabitants of many altitudes up to 11 000 ft  She found a
linear relationship between the alveolar pCO, and the barometric pressure with a
decrease of 4 2 mm Hg of pCO per 100 mm Hg decrease n barometric pressure  As
the basal metabolic rate 15 not affected by altitude this implies that the pulmonary
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venttlation of the accl zed dwellers steadily proportionally to the degree of
oxygen want At 14 000 ft however the barometric pressure 1s 450 mm and the mspired
pO, 1s therefore about 90 mm  As Boycott & Haldanc (1908) showed thus degree of
anoxia has no effect on the breathing of a subject acutely exposed to st The development
of hyperpneea i muld anoxia therefore requires tume
Winterstemn (1921) mtroduced his second  reaction theory which stated that the
resptratory activity was controlled by the ¢H within the  respiratory centre neurones
themselves  In uxygen deficiency he suggested that there was 2 local acidosts m the
respiratory centre, mduced by the mtracetiular formation of lactic acid  This suggestion
was supported by Gesell and fus school and Gesell (1923} stated that the actviy of
the tesptratory centre was fundarentally a function of us own intracellular aciduty as
opposed to the reactton of the arterial blood the speaifictty of CO and the direut
stimulating action of fack of oxygen (See also Gesell, 1925 1929 and Haldane 1927)
At this time a controversy raged as to whether CO exerted a specific action on
the respitatory centre or whether it merely stimulated the centre by acting as an acid
Javabs (1920} provided a vajuable clue as to the action of CO on the interior of plant
and ammal cells He observed that saturated solutions of carbon dioxide were much
more poisonous for protozoa ot tadpoles than were other soluttons of avids of the same
pH  Even when a saturated solution of CO, was brought to neutrality by the addion
of sodium bicarbonate the same powsonous action was noted  He atirsbuted this to the
great diffusibihty of CO He pointed out that CO, penetrated the cell membrane much
more rapidly than the hydrogen 1on  The flower syniphy tim peregrinum possesses petals
which are pik 1 acid solution and blue ta atkatme soluton  when placed 1 a solution
of CO m 0 5SM NaHCOQ, (pH 7 4) the flower became pink  Placed i distilled water of
pH 5 the flower remamed blue  Smmlar experimental results were obtaned using sea
urchin eggs coloured pink with neutral red  These were placed in three solutions
0 5M NaCl with a trace of sodium bicarbonate 0 >M NaHCO; saturated with CO and
0 SMNHCl with 2 bitle ammonum hydroxide  In the first solution the colour of the
eggs remaimed unchanged 10 the sccond they showed an acid Teaction and i the third
an alhahne reaction
Collsp (1920) noted that the njection of bicarhonate into the blood stream caused 2
biphasic respiratory response 1¢ imal hyperpnea followed by depresston of the
respiration The pH of the plasma was shifted to the athaline side  Gesell & Herfzmann
(1926) showed that the intravenous njection of bicarbonate cavsed both a shift of the
plasma pH to the alkalne side and at the same tme a change of pH of the csf to the
acrd side Wintersten {1956) has since referred 10 this as an excellent repetition of Jacobs §
experiments applied to mammals  The membrane of the sea urchin egg 1s replaced by
the so-called barrier between the blood and cerebrospinal flmd Evidently the effect
on the respiratory centre depends on the pH of the ¢sf as well as on the pH of the
blood In Gesells expenyment the undissociated carbon dioxide produced by the
dissociation of the bicarbonate 1on diffuses through the barrter and causes acidity on the
other side (Winterstein 1956 )
The discosery of the chemoreceptor respatory reflexes by Heymans and s
it {1526-1931) nec ted some tevision n the hypotheses sdvanced 10 explan
the chemcal control of resprration  The effet of anova m causing stmulation of the




AMMONIUM CHLORIDE ACIDOSIS 14

breathuing was shown to be entrely dependent on chemoreflex stimulation of the medullar;
neurones Haldane was curiously slow 1n accepting this fact and even as late as 193
Haldane and Priestley stated that the carotid hody had not been proved to stimulate the
sespiratory mechanism m anova except by causmg changes m the circulation

Heymans strongly supported the view that the chemoreceptors were more sensitive
to carbon dioxide than was the centre  Manty have since challenged this opmion notably
Schmudt (1941) and Comroe & Schmuidt (1940 1941) and there are few nowadays whe
hold that this viewpormnt 1s correct  Winterstein 1n a further attempt to group the chemica
factors which sttmulated respiration as producing the single common change of ntra
cellular acidity now included the carotid and aortic bodies n his scheme by stating tha

Table IT

Dog Condition Blood pH CSF pH
1 normal 747 718
15 mm after NH,C1 747 728
2 normal 758 737
15 min after NH,Cl 739 738
4 hours later 783 721
3 normal 751 738
30 min after NH,C1 748 744
4 norma 753 736
15 mun after NH,C1 746 736
10 norma 744 722
90 mun after NH,C1 736 729

they too were stimujated mn this manner There 15 no doubt that they are stimulated by
acidenua but there is httle evidence that the various chemical changes wiich affect them
act thus

The strongest supporter of the belief that CO exerts a spectfic action on the breathing
has been Nrelsen Nielsen (1936) showed that the ihalation of CO mixtures caused
mtense hyperpncea but hittle change 1n artertal pH  metabolic acrdosis on the other hanc
caused marked changes in artersal pH but httle change i the breathmg  In one of hus
subjects the mhalation of CO caused an merease of 10 litres per minute 1n the resting
pulmonary ventilatton with a lowering of the arterial pH of 0 04 whulst during ammonuum
chlonide ingestton the artertal pH decreased by as much as 0 08 but the breathing mcreased
by only 0 3 litres per minute  Nielsen made his observations on states of acidosis whict
lasted as long as ten days in some cases—they were therefore  steady states and a:
Schrmudt (1941) bas said 1t 1 inconcesvable that there could have been failure of the cell:
of the respiratory centre to come mto equilibrium with the artenal blood with respect tc
hydrogen tons  Unfortunately for the conclusions based by Nielsen on these experiments
the drug ammonium chloride exerts 1ts effects on the respiratory mechanism 1n 2 manner
more complicated than he believed J B S Haldane (1921) clarmed that the metabaolic
acidosts caused by ammonwum chioride was due to the metaboltc disstmulation of the
ammonium adtele by the lnver which converted it to urea  Winterstern & Gokhan (1953
have lately dented that this 1s the h resp ble A chloride mjecteé
wtravenously mto hepatectomuzed dogs still caused acrdosis Presumably Winterstern &
Gokhan do not imply that the mechanism suggested by Haldane 1s of no mportance
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ventilation of the accltmatized dwellers increases steadily proportionally to the degree of
otygen want At 14000 ft however the barometric pressure 15 450 mm and the nspired
pO 15 therefore about 90 mm  As Boycott & Haldane (1908) showed this degree of
anoxia has no effect on the breathing of a subject acutely exposed to 1t The development
of hyperpncea 1 mild anoxia therefore requres time

Winterstewn (1921) mtroduced his second  reaction theory which stated that the
respiratory activity was controlled by the ¢cH within the respiratory centre neurones
themselves  In oxygen deficiency he suggested that there was a local acidosis n the
respiratory centre 1nduced by the intracellular formation of Jactic acid  This suggestion
was supported by Gesell and hus school and Gesell (1923) stated that the activity of
the respiratory centre was fundamentally a function of its own tntracellular acidity as
opposed to the reaction of the artenal blood the specificity of CO and the direct
stimulating action of lack of oxygen (See also Gesell 1925 1929 and Haldane 1927)

At this time a controversy raged as to whether CO exerted a specific action on
the respiratory centre or whether 1t merely stimulated the centre by actmg as an acid
Jacobs (1920) provided a valuable clue as to the action of CO on the mterior of plant
and amimal cells He observed that saturated solutions of carbon dioxide were much
more poisonous for protozoa or tadpoles than were other solutions of acids of the same
pH  Even when a saturated solutton of CO was brought to neutrality by the addition
of sodium bicarbonate the same poisonous action was noted He attrbuted this to the
great diffustbility of CO He pointed out that CO, penetrated the cell membrane much
more raptdly than the hydrogen 1on  The flower sy mplty rum peregrimum possesses petals
which are pmk 1 acid solution and blue 1n alkaline solution  when placed 1 a solution
of CO m 0 SMNAHCO; (pH 7 4) the flower became pmk  Placed n distilled water of
pH 5 the flower remained blue  Stmilar experimental results were obtamed using sea
urchin eggs coloured pink with neutral red These were placed in threc solutions
0 SM NaCl with a trace of sodtum brcarbonate 0 5M NaHCO, saturated with CO and
0 SM NH,Cl with a Iittle ammonwum hydroxide Tn the first solution the colour of the
egps remained unchanged 1n the second they showed an acid reaction and 1n the third
an alkaline reaction

Collip (1920) noted that the injection of bicarbonate tnto the blood stream caused 2
biphasic respiratory response 1e initial hyperpncea followed by depression of the
resprration  The pH of the plasma was shifted to the alkalme side  Gesell & Hertzmantt
(1926) showed that the mtravenous myection of bicarbonate caused both a shift of the
plasma pH to the alkaline side and at the same time a change of pH of the ¢s f to the
actd stde  Winterstein (1956) has since referred to this as an excellent repetition of Jacobs s
cxperiments applied to mammals  The membrane of the sea urchin egg 1s replaced by
the so-called barnier between the blood and cerebrospnal fluid Evidently the effect
on the respiratory centre depends on the pH of the ¢sf as well as on the pH of the
blood In Gesells experiment the undissociated carbon dioxide produced by the
dissociation of the bicarbonate 1on diffuses through the barrier and causes acidity on the
other side (Winterstein 1956 )

The discovery of the chemoreceptor respiratory reflexes by Heymans and his
colleagues (1926-1931) necessitated some teviston 1n the hypotheses adsanced to cplain
the chemical contro! of respiration  The effect of anoxia m causing stimulation of the
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breathing was shown to be entirely dependent on chemoreflex stumulation of the medullary
neurones Haldane was curiously slow 1 accepting ths fact and even as late as 1935
Haldane and Priestley stated that the carotid body had not been proved to stmulate the
respiratory mechanssm 1n anoxta except by causmng changes m the circulation

Heymans strongly supported the view that the chemoreceptors were more sensitive
to carbon dioxtde than was the centre  Many have since challenged this opmion notably
Schoudt (1941) and Comroe & Schrmudt (1940 1941) and there are few nowadays who
hold that this viewpotnt 1s correct  Winterstein m a turther attempt to group the chemical
factors which stimulated respiratton as producing the single common change of ntra
cellufar acidity now included the carotid and aortic bodies n his scheme by stating that

Table IT

Dog Condition Blood pH CSF pH
1 normal 747 718
15 mm after NH,C1 747 728
2 norma 758 737
15 mn after NH,C1 739 738
4 hours later 753 721
3 normat 751 738
30 mm after NH,CI 748 744
4 normal 753 736
15 min after NH,CI 746 736
10 normal 744 722
90 mun after NH,C1 7 36 729

they too were stimulated i this manner  There 1s no doubt that they are stimulated by
acidemua but there 15 hittle evidence that the vanious chemical changes which affect them
act thus

The strongest supporter of the belief that CO exerts a specific action on the breathing
has been Nielsen Nirelsen (1936) showed that the mhalation of CO muxtures caused
intense hyperpncea but httle change in artersial pH metabolic acidosis on the other hand
caused marked changes i arterial pH but Iittle change 1n the breathing  In one of his
subjects the mhalatton of CO, caused an increase of 10 litres per minute 1n the restng
pulmonary ventifation with a lowermg of the arterial pH of 0 04 whulst during ammontum
chlonide mgestion the arterral pH decreased by as much as 0 08 but the breathing increased
by only 0 3 litres per nunute  Nielsen made his observations on states of acidosis which
lasted as long as ten days i some cases—they were therefore steady states and as
Schmdt (1941) has said 1t 1s inconcetvable that there could have been failure of the cells
of the fespiratory centre to come mto equilibrium with the arterial blood with respect to
hvdrogen tons  Unfortunately for the conclusions based by Niclsen on these experiments
the drug ammonium chloride exerts its effects on the resprratory mechanism in 2 manner
more compltcated than he believed J B S Haldane (1921) claimed that the metabolic
acrdosts caused by ammontum chilornide was due to the metabolic dissimilation of the
ammonium  adrcle by the liver which converted 1t to urea  Winterstetn & Gokhan (1953)
have lately denied that this is the mechantsm ble A chloride mjected
1ntravenously mto hepatectomuzed dogs still caused acrdosis Presumably Winterstein &
Gokhan do not 1mply that the mechamsm suggested by Haldane 1s of no 1mportance
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but rather that sts contribution 15 a secondary one  In further experiments these workers
gave ammonum chionde by mouth (330-500 g /kg/body weight/day) or by intravenous
mjection (50-300 mg /kgf 1n 1% solution) to normal dogs Thev measured the changes
n pH of the blood and the cerebrospinal flnd  Table 11 shows some of therr results 1n
dogs gven intravenous ammonmum chlonde It can be seen that the plasma pH fell
whereas the ¢sf pH rose  One might comment 1ncidentally, on the obvious dispanty
between the normal pH values of blood and ¢ s m these dogs  This 15 contrary to the
findings of Parsons & Shearer (1922) and McQuarry & Shohl (1925) 1n man  (See also
Beck & Lauber 1929 Leusen 1954)

Pul y 1 was 1 1n these dogs and m general 1t was found that
the increase in breathing was relatnely small compared with the marked change m plasma
pH  The most striking finding occurred when thev examined the respiratory response to
ammoniur chlorde after denervation of the carotid bodies  Instead of hvperpnaa the
drug caused a depression of the breathing Table IIf

Table HI
Resmratory

Condiuon Blood pH csf pH volume
normal 736 728 5750
After 5 days NH,CI1 728 73 6000
normal 742 734 6000
After 6 days NH,C1 724 737 6,250

Left carotid chemoreceptors removed and night glomus deneryvated nine days Jater

normal 732 712 4 500
After 5 days NH,Ct 722 724 3650
normal 738 714 4 500

The authors argue from these results that the hyperpneec response to NH,C1 15 excrted
reflexly by chemoreceptor stmulation  The hvpopneea which ensues upon ammonim
chionde administration m the chemoreceptor denervated dogs thev attrbute to the
alkalmty of the cerebrospmal flud  This rise of pH m the cs T s due to the followmg,
changes —In the blood ammontum chioride 1omzes into NHY and C1?  The ammomum
on 15 unstable at the blood pH and dissociates to give electroneutral ammonia (NHy) and
hydrogen ton (H ) The electroneutral ammonia diffuses quickly into the cs € but the
hydtogen 10m cannot readily penetrate the barricr between the blood and the cercbrospnal
flid  Once in the ¢ s the ammonia combimes with water 1o form ammonum hydroude
“hxclh ton12es to give ammonium and hydroxyl sons and the reaction of the flud becomes
athaline

Winterstein & Gokhan state  The fact that i ammonwm chionide acidosis after
chemoreceptor denervation the respiratory centre 15 no longer affected by the acsdity of
the tlood seems to prove that the barrier between the blood and the brain 15 identical with
that betwcen the blood and the ¢ 5§ at least as far as the permeability of the hydrogen
son 1s concerned  The fact that a barrier exists agamst Tespiratory effects 1s a new prool
for the absence of any exciting effect of carbon dioxide utself as no such barrier extsts
agamst carbon dioxide
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From these results Winterstein (1953 1956) presents hus latest Reaction theory in
schematic form —

Regulation of acid base equilibrium Regulation of axygen
supply

pH of blood —— Bohr effect ———w oxygen tension of blaad

intraglomerally

\/ pH o? glomera

xtr,
€0, blood bram barrier a~7/‘7me,a//y

pHof csf and
tracellular flud
e

RESPIRATORY CENTRE =7

Before we can attempt to evaluate the role of the chemoreceptors m breathing 1t 1s perhaps
wise to consider some results of Marshall & Rosenfeld (1936) and others which suggest
that anzsthetics themselves may nfluence the balance between centrogenic and
reflexogenic  respiratory activity
Marshall & Rosenfeld noted that ammals deeply anesthetized often stopped breathing
when oxygen was substituted for room air as the mhalant  They suggested that the
chemoreceptors were driving the breathing on air owing to depression of the respiratory
centre by the anzsthetic  They concluded that in deep anasthesia the respiratory control
reverted to a more pnmitive reflex mechamsm which was itself probably more funda
mental n remote ancestral forms They quoted Babak (1909) who observed that
the respiratory mechanism of the tadpole was extremely sensitive to changes of oxygen
tenston 1 the water but little affected by alterations of the carbon dioxide pressure
Schmudt & Comroe (1940) and Schmmdt (1940 1941 1945) have repeatedly drawn
attention to these results  They stress that ansthetization itself alters the balance between
the centrogenic and reflexogenic control of the breathing i favour of the latter It 1s only
fair to point out however that the anzsthetic dosage used by Marshall & Rosenfeld was
unduly generous  They found that the mhalation of oxygen caused a marked depression
of breathing or even apneea 1n thirty out of thirty one cats  These cats were given 150-210
mg /Kg/ body weight of phenobarbitone sodum plus 1-5 mg /hg morphine—a dosage
which 1s excessive  Two cats which showed  oxygen apn@a  were anesthetized by the
mjection of 200-280 mg, /g of chloralose which 15 a colossal dose  In our experience
with ordinary anzsthetic dosage of chloralose (80-100 mg /Rg) 1t 15 very rare indeed to
see respiratory arrest when oxygen 1s administered as an mhalant  Indeed 1t 1s sometimes
difficult to persuade a student class that some diminution of the breathing has occurred
as a result of giving oxygen to the anmal  The mam pont which seems to anse from
Marshall & Rosenfeld s results 1s the practical one that the chemoreceptors are of vital
mmportance 1n mamntaming the breathing in excesstvely an®sthetized patients
Dripps and Dumke (1943) admimstered a carbon dioxide muxture to dogs to test the
respiratory centre  response before and after anw®sthesia and mjected sodium cyamde
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to assess the chemoreflex* effect on the breathing in these two circumstances A
variety of anasthetics were given 1n more ordmary anazsthetic dosage Thiopentone
barbitone ether pentobarbitone chloralose cyclopropane and morphine all depressed
the respiratory tesponse to carbon dioxide  Only ether and cyclopropane depressed the
respiratory response to sodium cyanide Chloralose increased the respiratory response
to cyamde whereas the other anzsthetic agents did not affect it They concluded that the
use of any of the above ansthetics other than ether or cyclopropane was likely to exag
gerate the apparent importance of the chemoreceptors in the control of respiration
Chloralose was cited as the most Iikely anwesthetic to cause an imbalance between the
centrogenic and reflexogenic control as 1t exaggerated the chemoreflex effect and dinunished
the central response to carbon dioxide
At this time there was no mformation as to whether the respiratory neurones which
responded to carbon dioxide were identical with those which were m synaptc relationship
with the afferent fibres from the chemoreceptors  Banus Corman Perlo & Popkm (1944)
discussed ths in drawing attention to the results of Comroe (1943) who had studted the
respiratory effects of both electrical ¥ and local ch 1 {(by the
rucromjection of buffer solutions) of the floor of the IVth ventricle m the regton of the
respiratory centre  Comroe found that certam regions when exeited chemically caused
respiratory responses but not when stimulated electrically and vice versa  Banus and
co workers suggested that there nught be two systems n the respiratory centre * one that
onginates impulses when the hydrogen 1on concentration mereases within the cell and one
that responds 1o impulses comng to 1t 1n an afferent reflex way ~ They did not assume
that the two systems n the respiratory centre were necessarily to be found in separate
groups of cells but postulated that they might be found in the same cell
Curt von Euler & Soderberg (1952) mvestigated the effect of chloralose on the
response of the respiratory neurones to carbon dioxide and to chemoreceptor stimulation
by lobeline  Decerebrate cats were curarized vagotomized and artificially ventilated
The phrentc electroneurogram was recorded and revealed the response of the respiratory
neurones  The response to ventlation with CO was assumed to be  centrogenic
that to the intravenous injectton of lobeline was taken to be  reflexogentc Figure 64
shows some of their results Before chloralose was given the respiratory neurones
responded briskly to carbon dioxide and to lobeline  After chloralose the response to
carbon dioide was greatly reduced but that to lobeline was unaltered Incidentally it
was certainly not exaggerated which 1s 1n disagreement with the clams of Dumhe &
Dripps and the contentions of Schimdt  The loss of central sensttwvity to carbon dioude
despite the maintenance of the respiratory reflexes led Euler & Soderberg to conclude
that the chemosensttne structures m the medulla which respond to CO could not be
Iinks 1n the pathways of the respiratory reflexes  In further experiments they demonstrated
that slow potential changes could be recorded in the medulla in the region of the respiratory
centre (19525)  These potentials were evoked by an increase m the pCO  of the blood
but could not be aroused by anoxia  They were mdependent of the state of activity of the
chemoreceptor afferents but were selectively depressed by chloralose
Hoff & Breckennidge (1955) claim that 1t 1s not necessary 1o assume two separaic
groups of neurones which infiuence the final common neurones leadig to the motor cells
nthecencaland thoracic segments of the cord  Wiile Euler & Soderberg have concluded
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that the medullary cells sensitive to carbon dioude are separate from those which synapse
with the chemoreceptor afferents Hoff & Breckennidge claim that a neurone may lose 1ts
spontancous rhythmicity without altering its resting excitability to afferent stimulation
and cite the results of Lorente de No (1947) ont perspheral nerve to defend their argument
They also refer to the recent results of Chatfield & Purpura (1953) Chatfield & Purpura
exposed the floor of the IVth ventricle and stimulated the site of the  inspiratory centre
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Fio 64 Phrenc efferent neurogram of ducerebrate cat  Both vagal nerves cut  Tubocurarme  Arts
fictal respiration ¢ upper curves the same as the lower cursves after rectihcation and  integra
uon  The lower curves disturbed by e c g Records A and B before Cand D afier intravenous
nyection of 0 05 g Chloralose/kg body weight  Records A and D show the effect of 1 mg Jobe

{ine intravenously during ventil ition with pure ovygen B nnd C show the effect of ventilation
with 6 3 per cent CO 10 O Record E gives the ime 10 0 25 second —(C von Evler and U
Scderberg (195.a) J Phvsiol 118 545)

tetamically  The degree of the apneustic response was taken to indicate the resting excita
bility of the centre  After vagotomy the apneustic response was much greater and con
versely sumulation of the central end of the vagus reduced the response In the vago

tormized cat carbon dioxtde inhalatton had no effect on the depth of the apneustic response
to tetanic stimulation of the centre but increased the rhythmic mechamsm so that a break

through from apneusss to the normal rhythm of respiration oceurred earhter 1n the pertod
of electrical stimulation Thus though carbon dtoxide 1s commonly regarded as a
respiratory stimulant 1ts stimulating action cannot be due solely to its effect on the
excitability of the centre such as 1s conspicuowsly produced by vagotomy  The term
excitability here however refers only to the excitability of the cells to electrical sumulaton

1t would seem rash to generalize about the eftects of v y 1n g the e hty
of the respiratory neurones to afferent sumuli for there 1s no evidence that 1t does
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Schmudt (1944) favours the view that the respiratory neurones which respond to CO
are identical with those which synapse with the chemoreceptors judging by his reference
to the loss of sensitivity of the respiratory centre to carbon dioxide in morphine and
barbrturate poisontng as  apparently due to interference by the narcotic with the most
fghly developed and therefore most vulnerable property of the cells of the centre leaving
them still capable of betng aroused by nerve impulses from the periphery provided that
these are of suffictent strength ~ This 1s a repetition of the theme which he developed 1n
his thought provoking chapter in the minth editton of McLeod s physiology text book
There 1s however no evidence that this point of view 1s correct but the reader must bear
in mund that two schools of thought exist—that of Schrmdt Hoff & Breckennidge and
others and that of the Swedish authors Euler & Soderberg (1952) and Astrom (1952)



CHAPTER 17

THE ROLE OF THE CHEMORECEPTORS
IN EUPN(EA AND IN THE RESPIRATORY RESPONSES TO
HYPERCAPNIA AND ACUTE ANOXIA

WiTH the discovery of the chemoreflex effects on respiration an imtenstve study was
made to evaluate their contribution to the control of breathing  Before considering the
expertmental results we may pause to reflect that many facts about the chernical control
of resprration were already appreciated  Among these were —

The great sensitivity of the pulmonary ventilation to changes of arternial pCO

2 The low sensttity of the respiratory mechantsm to acute oxygen lack no demon
strable hyperpncea occurs until the mspired pO falls below 100 mm Hg

3 The hnear relationship between alveolar pCO_ and barometric pressure (down to
450 mm Hg) m acchimatized anoxia In chronic anoxia the breathing increases
causing a fall of abveolar pCO  Renal excretion of base allows compensation for
resprratory alkalosis

4 That man acclimatized to chromic anoxia on returning to sea level does not
1mmediately show a reduction of pulmonary ventilatton despite the removal of the
anoxie stmulus

As we have seen the stmulationt of the respiratory mechanmism by anoxia ts due to the
chemoreflexes  As the respiratory response to anoxia 1s by no means a sensitive one 1t
would seem that if the chemoreceptors contribute to the control of eupneeic breathing
they are unhikely to do 1t by their response to anoxia  From a practical pomt of view at
least their importance lies rather in therr response to moderately severe anoxia which thus
reflexly mduces hyperpneea  There remams the question of whether the chemoreceptors
contribute to the control of eupnetc breathing by virtue of their sensitivity to the pCO
or [H] of the artertal blood Here much argument has raged  Whatever may be the
final answer 1t 1s true that the response of the respiratory mechanism to CO following
denervation of the chemoreceptor zones (and a lot of other reflexogenic zones besides) by
sino aortic nerve sections 15 very simular to that of an intact animal  One can say that the

h ptors are not 1 to the resp of the breathing to CO  this does not
mean that they do not normally participate init  These two sets of results would seem at
first sight to exclude the possibihity that the chemoreceptors play any role at all in eupncea
Schrmudt (1941 [956) has been the strongest supporter of the theory of an  emergency
role of the chemoreceptors However others including Heymans Stella Fuler &
Liljestrand Gesell Bernthal & Winterstein have expressed the opinton that the chemo
receptors exert a tonic effect on respiration in eupneeic conditions  Before examining the
evidence for both views we may briefly note once more the comphicating factor of
anmsthesia It has been suggested that this tends to exaggerate the role of the chemo
reflexes  We are left with a chorce between the mtact unanesthetized animal 1n which the
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respiratory responses to changes of chemucal composition of the blood can be accurately
measured but which cannot themselves be rigorously studied and the anesthetized ammal
m which we can nigorously study phenomena which differ from those evocable 1n the
mtact beast

Hypercapma

Heymans Bouckaert & Dautrebande (1930) and Heymans & Bouckaert (1939)
claimed originally that the chemoreceptors were more sensitive to blood with a rased
pCO than was the respiratory centre itself Thus CO nich Ringer solution caused
hyperpncea when 1njected into the common carotid artery 1if the corresponding sinus nerve
were mtact and 2ll efferent branches of the bifurcation were cut save those supplying the
carottd body (Fig 65) Imjection of the same or greater amounts of CO rich Ringer
solution into the opposite common carotid artery caused no hyperpncea if the sinus nerve
were cut even though all efferent branches of the bifurcation were tied except those
supplymg the medullary resprratory centre (internal carotid and occipital arteries) (Fig 65)
From these experimental results they concluded that the chemoreceptors possessed a
lower threshold than the centre and that they were therefore responsible for the fine
regulation of breathmg by CO  Simular results were obtained when a 29 solution of
ticarbonate buffered to pH 7 30 with CO was mjected 1nto the vertebral artery and into
the common carotid supplymng the mnervated carotid body The vertebral njection
which must have reached the medullary centre was imeffective whereas the carotid
mjection gave a powerful response

Schrudt & Comroc (1940) objected to these mterpretations  First they pointed out
that everything 1n the arrangement of the expeniment favoured the carotid body receiving
a high concentration of bicarbonate buffered at a (calculated) CO tenston of 480 mm
compared with the respiratory centre which received a more dilute solution at a lower
pCO  This objectton 1s valid  Secondly they drew attention to the many experimental
results published during the 1930 s of comparing the pulmonary ventilation response to
CO before and after cutting the sinus nerves and vagr  Heymans Bouckaert & Dautre
bande (1930) themselves were the first to show that the pulmonary ventilatory response
t0 3°, CO was not much affected by section of the vagr and aortic nerves  Selladurat &
Wrnight (1932) Schmudt (1932) Euler & Liljestrand (1936) Wrnight (1934 1937) Stella
(1935) Gemmull & Recves (1933) Gesell & Moyer (1937) and Smyth (1937) obtained
fairly similar results  In a long discussion Schmidt & Comroe (1940) pointed out that
only the perfuston experiments and those which required extensive preparation of the
bifurcation area gave results which suggested that the peripheral chemoreceptor mechanssm
was more sensttive to CO, than was the respiratory centre It appears to the reviewers
that when the results of technically sound simple experiments conflict with those of
comparably sound pl d ones the burden of proof should be on the latter
therr simple denersation experiment gave fittle Justification for the behef that chemo
receptor reflexes play a prominent part 1n the orgamism s response to CO yet
Heymans Bouchaert & Dautrebande concluded  La sensibilite reflexogene respiratoire
des sinus carotidiens domine la senstbilite directe du centre respiratoire aux differents
excitants  presston drteniclie son hydrogene CO; et anoxemie
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It seems incorrect to regard sectton of the sino vagal nerves as a simple denenation o
the chemoreceptors At the present time we are only beginning to explore the muluplict
of fibre components 1n the vagi—of those we know to date 1t would appear that th

Fic 65a On the left side A the caroud innervation 18 intact  On the right side B the sinus nerve is
cut The internal and external carotid artenes are tred on the left (8 and 4) and the blood flow i
directed to the carotid body (5)  On the night the carond body 1s excluded from the carotid

{6) and the external d artery 1s tied (9)  Carotid blood ts drrected towards the res
piratory centre C via the internal carotid (3)

Fig 655 Records from above downwards respiration blood pressure time i 3 second mtervals
and signal marker I Injection of { mi sodium bicarbonate 3 per cent into the innervated carond
A—hypernaea 1L Injection of 2 mi of the same solution into the vericbral artery-—no eff vt
I Jnjection of 0.1 m! sodwm bicarbonate 3 per cent solution 1nto the imnervated carotid—
l;)yperpnm —(C Heymans J J Bouckaert and P Regmers (1933) Le sinus carottien Doin

ans)

receptors from the atrio caval junction from the pulmonary vemns and the pulmonar
arteries are discharging tonecally  All of these are capable of mfluencing the resptratior
In addition there are the Hering Breuer tibres from the lungs which influence ever
discharge of the mspiratory centre  Stmo vagal section mvolves the baroreceptor fibre
of the sino aortic area and as a result the mean blood pressure 1s perhaps 100 mm highe
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than before  This presumably increases the medullary blood flow considerably and sets
new problems as to the equilibrium reached between the medullary pCO level and that
of the cerebral venous blood The two conditions before and after smo vagotomy are
sufficiently different to recommend caution m our statement which should simply be—
the chemoreceptors are not necessary for the ventilation response of the animal to CO
Comroe & Schmudt (1938) studied the threshold of the central and chemoreflex
responses to CO excess  Dogs anasthetized by morphme and chloralose were used  The
depressor nerves 1if identified were cut otherwise both vago depressor trunks were
sectioned  One carotid bifurcation was 1solated A ligature was tied between the origmn
of the occtpatal artery and the carotid sinus  The external carotid artery was higated distal
to the onigin of the Ingual artery  The lingual artery was cannulated and the carotid body
was perfused via the lingual and occipital arteries by means of a pump  The carotid body
was mitially perfused with oxygenated Ringer Locke solution While the dog breathed
oxygen about 200 m! of blood were removed from the femoral artery heparnmzed and
stored under o1l in a reservoir  Then an mhalation of 109 CO 1 O was given and at
the height of the hyperpneea a second sample of 100 ml was collected under o1l A therd
sample was withdrawn at the height of anoxic hyperpneea mduced by the inhalation of
mtrogen If necessary the blood volume was made up by injections of fresh heparnized
blood from another antmal  The blood samples removed were then successively perfused
through the carotd body Their CO content and pH were determuned Forty one
observations were made of the systemuc and reflex effects of hypercapnia on the breathing
To mcreased CO there was no reflex response 1 any of 8 cases below an ncrease of
4 vols % a response mn half of 12 cases at an increase ranging from 4 to 8 vols 3
55°, of 9 cases with increases between 8 and 12 vols % and 1n 77% of 9 cases over the
range of 12to 16 vols % It was only when the increase amounted to more than 16 vols %
that the response was constant  In all these experiments only one carotid body was
petfused at a ime  During the systemic responses either one or both or nether caroud
body mught be funcuoning  In a companson of the reflex and systemuc responses to CO
they found that an increase of 2 vols % in the CO content of the systemic blood
increased respiration 50% (average of seven experiments) an mcrease from 2-4 vols %
practically doubled the ventilation volume but 1n none of these eight observitions was
the same blood adequate to stimulate the carotid body when perfused through st Reflex
hyperpneeas were not seen constantly until the mcrease in CO amounted to more than
1d4vols 4 The smallest rise mn blood CO by which a reflex hyperpneea was chetted
w1s4 7vols 4 pH was reduced by 022 ‘This represents ant increase in CO tension of
approxuimately 20 mm  of mercury This last statement can hardly be correct The
slope of the CO dissoctation plotted for comvensence as log content/log tenston 1s given
by the empirical equation (Peters ef al  1924)
2. CO content 5, g0 =63 +0334h
where _. CO content 44 ¢ Is the Increase m content caused by raising the tenston
from 30-60 mm pCO
and h s the oxygen capacity of the blood (30fs %)
Assuming an oxygen capactty of 18 vols 9 we get
s CO 30 0 =63+60

123vols %
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So 1n the physiological range an increase of 4 7 vols % could not be equivalent to more
than 10 mm nise m the pCO  Below 30 mm pCO the slope of the graph 1s greater and
therefore the increase n content represents a smaller change of tension Above 60 mm
the slope rematas the same up to 90 mm Hg (Nashat 1956)  Secondly the pH change
of 022 15 altogether excessive for an increase 1n content of 4 7 vols %, The change
pH could not have been greater than about 0 10 (see Brewan Gould Nashat & Neil
1955) The mimimal reflex response therefore seems to be about twice as sensitive as the
authors claim  In a short subsequent note (1940) the authors admutted that the pH
measurements were faulty There are however much more sertous criticisms to be
levelled at the mterpretations of these experimental results  The  carotid body response
to which the authors refer 15 assessed 1n terms of a respiratory response and 1s compared
with the respiratory response which occurs when the animal inhales CO  In systemuc
hypercapnta the respiratory mechamsm increases 1ts activity but the stimulus remains
considerable The sitnation differs when one carotid body 1s stimulated by a local change
1n CO, tension and the afferent stimuli thereby aroused impinge on a centre which 1s not
stself subjected to the hypercapnita  Any increase in the respiratory response will reduce
the centrogeme drnve  due to CO, and hence will tend to dimunish the breathing  The
data presented by the authors are valuable in that they reveal that the centre 1s so sensitive
to CO (or pH) that powerful chemoreceptor actiuty 15 required to drive the breathing but
the results give no mdication as to the sensitivity of the reflex mechamsm when systermic
hypercapnia occurs  The absence of sumulation of the breathing during local hypercapnia
of the chemoreceptor area may of course mean that the chemoreceptors are not sttmulated
but one cannot assume this as Comroe & Schmdt did

Evidence collected from other sources d that the ch P were
not only tomcally active themselves but contributed to the resptratory response to
(o]

Samaan & Stella (1935) found that chemo potentials were present above tensions of
32-35 mm CO 1n cats ventilated with air  von Euler Liljestrand & Zotterman (1939)
showed that chemoreceptor action potentials were present even m cats ventillated with
oxygen providing that the arterial pCO was above 30 mm  The impulse frequency
sncreased hnearly as the alveolar pCO was rased from about 35 mm Hg to 80 mm Hg
Schmdt & Comroe (1940) expressed doubts as to the source of these impulses but as we
have seen previously these can be safely set at rest  On the other hand the mere presence
of chemoreceptor activity does not mean that the respiratory centre 1s being  driven by
the chemoreceptor afferents  The only way to show this 15 to block the chemoreceptor
nerves and examune the effect on respiration There are three objections here (1)
The preparation of the carotid bifurcations for blocking of the smus nerves may affect the
local glomus 1 The p p must be nactivated or precantions must
be taken to ensure that therr actwvity 15 constant so that blocking of the sinus nerves
causes effects solely referable to the removal of chemoreceptor sttmulation (2) The
aortic chemoreceptors cannot be easily inactnated themselves so that the vagi must be cut
The mechamsm of respiratory control 1s thereby altered by the section of the Hering
Breuer afferents (3) After section of the vagt and nactivation of the carottd baroreceptors

the level of artenal blood pressure and the cerebral blood flow may be far removed from
normal
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von Euler & Liljestrand (1940) showed that section of the sinus nerves was followed
by a marhed risc in resting alveolar pCO which was due to depression of the breathing
The effect was | d but was not abolished 1f the Is were breathing pure oxygen
They confirmed this 1n decerebrate as well as in anasthetized dogs and cats  They con
cluded that the carbon dioxide tenston of the blood under physiological conditions
stimulates respiration not only by direct action on the respiratory centre but also reflexly
over the sinus mechanism The experimental techmque employed entailed the simul
taneous loss of the baroreceptor reflexes however (see also Stella 1935)

Schmidt Dumke & Dripps (1939) re exammed the problem i dogs Iightly
anvesthetized by morphine and chloralose  The vagi were cut and the carotid presso
receptors were divided Reactwvity of the carotid chemoreceptors was tested by intra
carotrd mjections of sodium cyamide The animals breathed pure oxygen during the
control pertod 1 which a blood sample was removed whereupon 1-29; CO /O muxtures
were substituted as the mhalant  An mcrease of 50 ml 1n the tidal volume lasting for
two successive breaths was taken as an arbitrary criterion of hyperpneea after which time
a second blood sample was withdrawn and the CO mixture was replaced by oxygen
Both carotid bodies were then infiltrated with procaine and thus mactivated as proved by
the subsequent absence of response to mtracarotid injections of cyamde The procedure
outlined was repeated  Blood samples were centrifuged and plasma CO contents and
pH values measured The results were clear cut on wspection of the record shown 1n
therr paper  The response to 1 5% CO 1n O was not depressed and even occurred more
briskly after chemoreceptor blockade The average increase n (calculated) pCO at which
the hyperpneea began was 1dentical under the two conditions (3 3-3 4 mm Hg) The
chemoreceptors did not aid the respiratory response to hypercapma  However, the table
presented which purports to show that inactivation of the chemoreceptors has no effect
on the resting ventilation 1s much less comincmg  In a senes of exght dogs the average
figures are gien for pulmonary ventilation volume plasma CO content pH and pCO
of the arter1al blood before and after chemoreceptor inactivation —

Pulmonary ventilation CO, content
n 'ols pH pCO mm Hg
before 3200 459 740 333
after 3,260 47 739 336

However on nspection the data from which these average figures were obtamed
reveal that the pulmonary ventilation volumes in this series ranged between ! 800 and
8000 ml;min before and between 2200 and 6 100 after chemoreceptor tnactnvation
Two of the dogs had(calculated)pCO values of below 30 mm before the chemoreceptors
were chmmated  One would not expect them to show any chemorcceptor drive  In many
of the dogs we find that chemorcceptor denervation caused a greater change m plasma
CO content than in the CO tension which 1s quite impossible from the very nature of the
CO dissociation curve of true plasma (e g dog 4 whose CO content was 48 0 vols 7,
and whose pCO was 365 after chemoreceptor denervation showed a content of
427 vols % and a pCO of 335 Dog | showed an alteration of breathing from
1800 ml/mmn to 3400 m! /min after chemorcceptor denervation but this apparently
only Jowered its pCO from 28 4 mm Hg to 24 8 mm Hg)  All that can be said therefore
from thesr results 1s that the ch ptors did not respond more raptdly to an mcreasc
of CO than did the centre 1n these dogs breathing oxygen
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Gesell Laprdes & Levin (1940) introduced the  sinus nerve cold block  technique
to evaluate the role of the chemoreceptors in hypercapma  Both carotid bifurcations were
exposed 1 dogs Tigatures were tied on the common carotid artertes below the carotid
sinuses on the internal caroud arteries and on the external carond artertes immediately
rostral to the sinuses but caudal to the origin of the occipital arteries—the so-called
Gollwitzer Meter ligature 6 (Gollwitzer Meter 1934)  The carotrd swuses were then
punctured The carotid bodies 1t was asserted obtamed a satisfactory perfuston from
anastomotic channels  This may have been 5o but 1t 1s probable that therr blood flow was
less than normal Both vagi were cut The sinus nerves were dissected free from
surrounding tissue and were placed on thermodes through which warm or cold solutions
could be circulated as desired The dogs nhaled oxygen and the chemoreceptor con
tribution to the breathing was evaluated by comparning the pulmonary ventilation volume
before and after cold blocking the smus nerves with that during cold block The
respiration was reduced by blocking the nerves  The dogs were then made to nhale
mixtures of CO 1n oxygen and cold blocking of the sinus nerves was again used to see the
effect of withdrawing the chemoreceptor impulses  On CO /O muxtures up to a strength
of 35% CO,n O blocking reduced the ventilation volume Ona 6% CO /O mixture
however the resptration was unct d when the ch ptor afferent fibres were
cooled Gesell and his co workers concluded that synaptic transnusston of the chemo
receptor 1mpulses was blocked at high arterial pCO or pH levels They referred to
Schmidt & Comroe s (1940) claim that the contribution of the chemoreceptors to the con
trol of breathing increased as the level of CO tenston rose They ponted out that no one
had ever actually found this other than Schmdt & Comroe Their conclusion that block
age of the synaptic transmussion was the explanation of their findings was severely criticized
by Schmidt & Comroe (1941)  These authors now seemed to abandon thetr previous
views and stated that Gesell s results might be taken to mean that CO 1s a strong stimulus
to the centre but a relatively weak one to the chemoreceptors—a relatively feeble chemo
teceptor contribution to the respiratory response could thus be elimunated without its
absence being noted 1 the presence of overpoweringly strong central sttmulation There
15 no questton however that the impulse activity from the chemoreceptors progressively
ncreases as the CO tension 1n the blood rises (Euler e a/ 1939 Bartels & Witzleb
1956) Cooling the sinus nerves during the inhalation of 3% CO /O by the dogs caused
an obvious reduction in the ventilation volume i Gesell s experiments  Therefore cooling
the stnus nerves during the mhalation of 6 / CO,/O should cause a still more obvious
reduction m the ventilation volume unless the chemoreceptor afferent impulses were no
longer stmulating the respiratory neurones Schmudt & Comroe have not 1n any way
explamed Gesell s finding—they merely put his answer in different words and thereby
altered the sense  Whatever the explanation may be the practical point remains the same~—
that 1 pure hypercapma the respiratory actnity 1s due to the central effects of CO
entirely—as Gesell sard the hyperpneea 1s centrogente

Hesser (1949) extended these observations The carotid sinus pressoreceptor fibres
were cut so that blocking of the sinus nerves by cold thermodes caused effects due to the
mterruption of the chemoreceptor impulses only  The cerebral circulation and local stnus
airculation was nermal  The vagt were cut and the procedure employed was similar to
that of Gesell er af  Simultaneous photographic recordings were made of pulmonary
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sentilation artenial pH alveolar pCO artenal O saturation and artenial blood pressure
Even duning the nhalation of pure oxygen bloching the sinus nerves caused a small but
definite reduction of respiration which indicated that the chemoreflex mechanism had a
tonic fluence on the resprratory activity  The centre alone was unable to mamtain the
pCO at the usual level (see Fagure 10 of Hesser 1949) In expeniments mn which the
animals rebreathed from a spirometer contaning oxygen 1t was found that cold block of
the sinus nerves caused no effect on the breathing when the alveolar pCO exceeded
60 mm Hg  Hesser concluded that the chemoreflexes had only a minor share m the
hyperpneea of low grade hypercapnia and that they did not support the hyperpncea of
marked hypercapnia at all He agreed that the outcome of the chemoreflex mpulses
(1e the chemoreceptor drive) was influenced by a modifying action of the arterral cH at
the centre or along the chemoreflex nerve pathway Hesser also stressed that  as long as
the stimulatton of the chemosensitive cells in the chemoreceptors and centre 15 not caused
by chemical changes n the artenal blood acting on both structures the condition 1s not
only artificial but will derange the normal interaction of the two components ~—a most
mmportant point  Goellwitzer Meter & Lerche (1940) also compared central and reflex
respiratory responses to changes of arterial pCO and found the threshold change for a
reflex respiratory response to be 6 mm pCO -—a nise from 31 to 37 mm Hg corresponding
to a pH decrease of 0 055 They pointed out that the centre was more senstitve still and
therefore disagreed with Heymans & Bouckaert (1939) but also disagreed with Comroe
& Schmudts view that the chemoreceptors responded only to great changes of CO
tension
Lastly Bartels & Witzleb (1956) have recently re examuned the response of the chemo
receptors themselves to changes of CO 1n the blood Cats anzsthetized by chloralose
and urethane were ventilated by a Starling pump with muxtures of 30-32% O m N and
32 99 and 127% CO, m 30-32% O, m N Changes of arteial CO tension from
25-120 mm Hg were produced thereby There was a Iinear relationship between the CO
tension and the chemoreceptor tmpulse activity There was also a linear relationship
between the pH and the chemoreceptor impulse activity  The threshold CO, tension at
which the chemorcceptor impulses began was under 30 mm Hg  They preferred not to
on the lications of their find with respect to the control of respiration
In summary we can say that there 1s ample evidence that the chemoreceptors are
tonmically actnve 1n response to the CO tension of the blood 1n eupnaeic conditions m the
anesthetized ammal (von Euler e of Bartels & Witzleb)  Blocking the chemoreceptors
causes a shght but definite decrease m the breathing even in amimals breathing oxygen
In ammals breathing CO_/O muxtures cb tor blockade still causes a red n
pulmonary venttlation providing that the CO content of the nspired gas mixture does
not exceed 3 5% (Gesell Lapides & Levin}  When the inspired gas contains more thin
35% CO there 15 evidence that chemoreceptor blockade no fonger influences the
respiratory response  The chemoreceptor impulses which are undoubtedly produced tn
such ¢ no longer late the central respiratory mechamism ~ Attempts to
measure the threshold of chemoreceptor response by perfusing the glomus separately
and measuring pulmonary ventilatton have yielded misleading results
Esen when the chemoreceptors have been mactivated the systemie response to CO
remains almost unchanged The chemoreceptors arc not essential to the resprratory
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response to CO  The question remamns open as to how much they participate in the
response to moderate hypercaprua n the intact antmal

Meanwhile 1t scems wrong to assume that the effects of CO are entirely centrogenic
De Castro (1951) has stated that hypercapma causes an obvious change i the local
circulation of the glomus so that a much greater volume of blood 15 by passed via the
a-v shunts  The imphcations of such findings are as yet not understood but 1t would be
wise not to 1gnore the findings themsehves

Anoxia

The chemoreflex response to anoxia 1s of vital importance to the orgamism unlike
that to excess carbon dioide  After chemoreceptor denervation anoxia causes only
depression of the breathing (Heymans ef al 1931 1933) The arguments which sull
continue relate rather to the threshold and semsitiity of the chemoreflex respiratory
response to acute anoxia In addition there 1s considerable discussion about the part
played by the chemoreceptors n chronic anowa

Comroe & Schrmdt (1938) first ed the ch tor threshold to a lowered
artenal pO to be about 50 mm Hg  Bernthal (1944) commented  The reasons for the
low sensitivity can only be guessed They are however immatenal for agam the
threshold was determined by perfusing blood of low oXygen content through the glomus
and notmg the respiratory response and the objections to this technique have already been
detailed m the previous section

von Euler Liljestrand & Zotterman (1939} showed by recording action potentials
the sinus nerve that the chemoreveptor threshold lay above 100 mm Hg pO  This has
lately been confirmed by Witzleb Bartels Budde & Mochizucki (1955) Naturally this
15 the threshold of some of the receptors only When anowa 1s induced besides increased
mmpulse frequency m indrvidual afferent fibres there is a recrintment of other untts  Such
then 15 the threshold of the chemoreceptors Much more mportant however 1s the
threshold of the chemoreceptor effect on the breathing  Gesell Lapides & Levin (1940)
showed that blockade of the carotid chemoreceptor afferents (by cooling them) caused a
definite reduction of the pulmonary ventilatton of vagotomized dogs breathing air
(Selladurat & Wnight 1932) Euler & Liljestrand (1936) found that section of the sinus
nenves lowered the ventilation volume The same criticism may be levelled at each of
these results  The preparation entailed 1n each case 1s such as would be likely to cause
some slowing of the glomus circulation  This would favour a resting chemoreceptor
discharge and a ch flex resp y 1E5p

The only alternative to such experiments 1s to assume that the inhalation of oxygen
wall exert an effect on the breathing solely due to the withdrawal of tonic chemoreceptor
actwity caused by the level of arteral pQ (Euler & Liljestrand 1940 1342) The
quantitative difference 1n the breathing caused by substituting oxygen for air as the
whalant can then be taken as a measure of the tomc chemoreceptor drive due to chemo
receptor anoxia  Needless to say 1t cannot give any evidence as to the tonic chemoreceptor
drive due to arterral pCO,  The animal need not be subjected to any trauma  a cuffed
endotracheal tube can be mnserted via the mouth The tube 15 then wonnected to respira,
tory valves and after 2 steady state has been observed on air oxygen 1s substituted as the
mspired gas  The respiration 1s 1nvaniably reduced but the maximal reduction 15 not
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matntained  The pulmonary ventilation volume shows a secondary restoration towards
its onigmal level This secondary restoration 1s less obvious 1f 30% O 15 used rather than
100°, O The reasons for the secondary rise may be
(1) hypopneea due to the removal of anoxtc chemoreceptor drive causes a nise in
the alveolar CO  Ths stimulates both the respiratory chemocentre neurones
and the chemoreceptors themselves and thereby increases the breathing
Cerebral vasoconstniction (Kety & Schrmdt 1948) caused by the mhalation of
100% O may cause a nise 1n the pCO of venous blood leaving the medullary
chemocentre (Lambertsen ef al 1953a) According to Lambertsen and his
colleagues (1953a b} the cerebral venous pCO 1s that most closely related to the
ntracellular pCO of the respiratory neurones
When air 1s substituted again for oxygen the breathing agam shows a transtent
mcrease  If one assumes then that 309 O exerts 1ts effect on the breathing solely by
abohshing tonic  1noxtc  drive from the chemoreceptors these results are it harmony
with the belief that such a drive exists in the anwesthetized ammal
The same resulis are obtained mn unanwesthetized man  Loeshke (1953) found that
the ventilition volume was reduced by 8% when 329 O m N was substituted for room
arr  Ths decrease was only seen for about a mintute and was later superseded by a second
ary increase in the breathing until after about four minutes a new equtlibrium was reached
On restoring room air as the snspired gas mixture the ventilation volume agamn increased
ind remained raised for some twelve minutes  Durning this time CO which had accumu
Inted was elrminated  Loeshke concluded that there was 2 normal chemoreceptor drive
aroused by the arterial pO_ Jevel which exists m eupnerc breathing  Dripps & Comroe
(1947) also were able to show a very slight reduction (3 19;) 12 the pulmonary ventilation
volume caused by the inhalation of 100% O  Cross & Warner (1951) found that the
same procedure—the substitution of pure oxygen for air as the inhalant—caused a rather
greater percentage reduction of the venttlation volume of new born babies  In both cases
the mitral hypopncea was superseded within 2 mimute or so by a slight hyperpneea  This
was perhaps due to (a) mcrease of arterial pCO due to the early hypopnea (b) increase
of venous pCO 1n the vicinity of the resprratory centre due to cerebral vasoconstriction
caused by the high oxygen tension  hety & Schmudt (1948) showed that the blood flow
through the brain fell from 54 ml /100 /mun to 45 ml/100g /min when their subjects
breathed oxygen mstead of air  The results of Dripps & Comroe and Cross & Wamer
proved that there 1s a shight reduct:on of breathing only detectable if the
are made with scrupulous care when the arterial pO, 1s raised from 100 mm Hg to higher
Jevels
When one examunes the respiratory response to oxygen tensions lower than that of
room air 1t ground level however nearly all the data obtained corroborate the findings of
Haldane & Lorrun Smuth that the breathing shows no increase until the mspired pO
falls below 100 mm Hg (Boycott & Haldane 1908, Rahn & Ous 1949) Dripps &
Comroc (1947) made a very careful study of this i a large series of subjects  They pornted
out that Ellis (1919) and Lutz & Schneider (1919) had reported that the inhalation of 187
O 1n N_ caused some hyperpneea in some of their subjects whereas Boothby (1945) had
found that no change tn resprration occurred untsl 169, O m N was breathed  Dripps
& Comroe noted that psychic factors and individual vanations tn the response played a

(2
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noticeable part i these earlier series and made every attempt to standardize their pro
cedure In fourteen of their subjects exposed to 18% O m N eight showed a shght
decrease 1n ventslation and six a slight increase  Seventeen out of twenty subjects showed
an mcrease of about 0 5 J/min 1 their pulmonary ventilation when breathing 165, O
N Eught out of ten subjects mcreased their breathing by 0 5 I/min breathing 14 59, O
mN It was not until 10% O 1n N, was mhaled that all the subjects tested mereased
their pulmonary ventilation by an average of 1 3 I/fmin (range 0 6-6 3 l/min)

Further studtes showed that the inhalation of 8% O m N caused an average increase
of 6 I/min (range 1 7 to 12 9 I/mm )

Horvath Dill & Corwin (1943) studied the respiratory response of schizophrenic
patients to very low oxygen muxtures The patients were subjected to these muxtures for
‘periods rangmg from ten to fifteen munutes either up to the poimnt of unconsciousness or
1m some cases extending mnto unconsciousness  On 4 29 oxygen m nitrogen the pulmonary
ventilation volume reached an average of 30 htres per munute A striking feature was the
wide range 1n the respiratory minute volumes reached by the vanous subjects Thisis a
charactersstic of the response of healthy men to anoxia and accounts for the vanability
m thesr altitude ceting  Following the anoxie period the breathing slowly returned to
normal As Horvath ef a/ poimt out 1t 1s usually taught that a period of overventilation
1s followed by a period of apnea or hypopneea but this was not the case with these
patients (see also results of Davenport er a/ on dogs (1947)) 4 2% oxygen 1s equivalent
physiclogically to an altitude of about 31000 feet This must be about the ceiling of
unacclimatized man when one remembers the fate of Croce Spimelli and Stvelin the balloon
ascent of 1875 described by the only survivor Tissandier (Paul Bert 1878) The balloon
reached 30 000 ft (B=263 mm Hg)

The hyperpneea caused by anoxia induces acapnia and alkalosis  Haldane and
others recognized that anoxia would be a much more powerful stimulus to the breathing
if the acapmia could be prevented Gray (1945-1950) has stated that anoxia alone can
cause only an increase of 65% m the breathing He has calculated that the same anouc
stimulus can increase the breathing by 700 4 if the alveolar CO tension 1s maintamed
at tts normal level The assumption made m fus calculations 15 that anoxia and hyper
capma exert simply additive effects on the breathing  This assumption which seems
unlikely 1s refuted by recent evidence from two sources

(a) Nielsen & Smuth (1951) exposed two subjects to low oxygen tensions such as
produced alveolar oxygen tensions of 37-39 mm Hg Their ventilation volume was

18 Iitres per munute and their alveolar CO tenston was about 21 mm Hg  The alveolar
CO ftenston was then taised by addimg CO, to the mspired gas muxture and the oxygen
content of the mixture was meanwhile adjusted to marmtam a constant alveolar oxygen
tension The breathing was unaffected unti the alveolar carbon dioxide tension was thus
artificially rased to 30-33 mm Hg—a value which the authors refer to as the threshold
or apneea pomnt  With further mcreases mn the alveolar pCO the ventilation volume
mcreased linearly (F1g 66) The slope obtamned by plotting the ventilation volume against
the alveolar CO tension was greater m acute anoxia than when the subjects breathed
similar CO muxtures made up m room awr  Nielsen and Smuth concluded that the
sensiwvity of the respiratory mechanism was greater during acute anoxia than during air
breathing  This 1ncreased sensitivity to carbon dioxide plays no part m contributing to
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the hyperpncea of acute anoxia because the alveolar pCO 1s far below the threshold value
The authors suggested that 1t may have brological importance 1 asphyxia when anoxia
and hypercarbia occur simultaneously  These results do not support Gray s supposition
that anoxia and hypercapnia act additively

(b) Cormack Cunningham & Gee (1955) exposed subjects to progressive anoxia and
mamtamed the alveolar pCO constant  Plotting the ventilation volume agamst the
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alveolar pO  they found that their expenimental points lay below the curve calculated by
Gray Their expenimental values agreed well on the other hand with those calculated
from the alveolar gas tensions published by Miss Fitzgerald (1913) from her study of
subjects acchmatized to various degrees of anoxia  They regard Miss Fitzgerald s figures
as typifying the respiratory response to anoxia of subjects who were free from acapnia
If acapmia ( smokelessness —Mosso 1898) 1s taken to mean the symptoms resulting
from lowernng the alveolar CO tension this 1s a reasonable statement The interesting
pot 15 that therr ventilation volume/pCO graph m acute anoxia should agree with that
of acchimatized man  As will be seen later 1t 1s now argued that the respiration m
acchmatized subjects 15 governed mainly by the CO,/HCO, ratio irrespective of the
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alveolar oxygen tension  This argument must be affected however by these findings of
Cormack et al m subjects where the sole sttmulus to breathing was anoxia

Cormack et al (1955) also nvestigated the respiratory response to anoxia when the
alveolar CO tension was kept constant at esther 5 mm or 10 mm Hg above normal In
four of the five subjects the increments 1 ventilatory response to successive grades of
oxygen lack were much greater at the higher levels of alveolar CO; tension  Ther results
strongly suggest that there 1s a positive interaction between anoxia and hypercapnia and
further studies by the same authors (Cormach et al 1956 1957) confirm this



CHAPTER 18

THE RESPIRATORY RESPONSE TO CHRONIC ANOXIA
AND EXERCISE

Chronie Anoxia
RAHN & OT1s (1949) studred the respiratory response of unanwesthetized men to acute
and chronic anowa at an altitude of 9 500 ft (B =535mm Hg) No change was detected
m the alveolar pCO durmg acute exposure and 1t was mferred that no hyperpnaa had
developed  Three subjects were allowed to acchmatize to this degree of anoxa and therr
alveolar CO tension fell to reach a final value m four days 509 of the total reduction
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Fic 67 Diffe n alveolar gas between man acutely exposed 1o various alnrudes

(solid aircles) and man_acchmatized 1o vanous alttudes (open circles) —(H Rahn and
A B Ous (1949) Amer J Phisiol 157 145)

mn the aheolar CO tension was effected m twelve hours (sce also D Angelo 1946)
Fig 67 from ther paper summanzes the respiratory response to anoxa on the
part of Iimatized and acclimatized sub respectvely  Clearly the accltmatized
subject responds to cven shight anoxia by overbreathing whereas the non acchmatized
person shows no fall in alveolar CO tension and therefore no hyperpnaa until the
aheolar pO falls below 60 mmHg The authors consider that the chemoreceptor
activity aroused by moderate anowa 15 offset by the accompanying mhibition of the
respiratory centre caused by alkalosts due to the desaturation of the hemoglobmn i the
166
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artenal blood At an arterial oxygen tenston of 50 mm Hgand a CO tenston of 33 mm Hg
the 9 saturation of hemoglobin would be 86 This desaturation would theoretically
increase the plasma pH by 0008  On the basis of Gray s multiple factor theory this
degree of alkalosis would produce an mhibition of about 169 of the ventilation which
would offset the anoxic drive of 209 (calculated from the same theory) The author of
the theoretical treatment dentes this (Gray & Grodms 1951) and draws attention to his
own analysis of the same data  Gray ders that the ph of hyperpneea m
acclimatized moderate anoxia 1s due to an increased sensitivity of the respiratory mechan
1sm to CO as do Asmussen & Nielsen (1953) Rahn & Otis claim on the other hand that
the chemoreceptors cannot affect the respiratory centre until the kidney has compensated
for this desaturation alkalosis by excreting base

Berger et al (1949) found an increase of sodium excretion 1n men breathing 149, O
Axelrod & Pitts {1952) noted that there was occasionally an increased sodium excretion
1n dogs breathing 6 3°5 O as there were no changes 1n Tmg and Tmp,y they concluded
as did Berger er al that the changes in sodium excretion were not due to effects of hypoxia
on the tubular mechanwsm 1tself but rather to extra renal causes  Selkurt (1953) however
has proved that pump perfused kidneys increase their urinary output of sodium when per
fused with hypoxic blood Moreover McDonald & Kelly (1948) have claimed that
glucose Tmg 1s reduced i moderate hypoxia Whereas kidney tissue normally
operates at a higher tissue pO, than most organs (Van Slyke et af 1934) 1t
seems unlikely from the above evidence that acute moderate hypoxia can exert any
direct mfluence on the renal tubular handling of sodium or bicarbonate  More evidence 15
required as to the effects of hypovia n altering the excretion of mineralocorticords (see
Thorn et al  1945) before we can assess the role of the kidney in causng acid base changes
m the 1nitral stages of hypoxia As Chrstensen (1954) admuts  how the acchmatization
process 1s initrated we do not know

With a severity of anoxia which mduces hyperpneea even when the subject 1s acutely
exposed the problem 1s simpler The immediate reduction of the alveolar pCO causes
respiratory alkalosis and m turn provides a known stimulus to the renal excretory
mechamsms The adjustment of the arterial pH to more normal values by the excretion
of bicarbonate 15 widely documented but the studies of Dill Talbott & Consolazio (1937)
remain the most complete  Acchimatized dwellers at an altitude of 5 34 km showed one
major change 1n the electrolyte pattern of their plasma—a loss of bicarbonate which might
be as much as 8 miliequivalents below sealevel values This was compensated for
by an increase m chloride of 4 mEq /L. and a sodum decrease of 2 mEq /L. leaving an
unexplained amon defictt of about 2 mEq /L

As a result of chronic exposure to oxygen lack the breathing reaches a greater minute
volume than during acute anoxia  The process of respiratory acchmatization requires
about 7-10 days at an altitude of 14 000 feet (Douglas et a/ 1913  See also Houston
& Ruley (1947) for data on partial acchmatrzation at altitudes up to 22 000 fect )

Once accl has been blished the respiration shows httle change when
the mspired oxygen tenston 1s suddenly raised  This 1s m harmony with the experience
of high altitude who having accl 1zed find that their hyperpneea persists
for several days on their returning to the plams  Such evidence suggests that the anoxi
stimulus 1s not of much importance 1n the control of the breathing m acclimatized subjects
Rahn & Otss (1949) strongly supported the opinion that the respiratory control m the
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acchmatized subject was once more exercised by changes i the CO fHCO; ratio  They
accepted the results of animal studies by Bjurstedt (1946) as supporting this hypothesis
Bjurstedt examined the effect of sudden increases in the nsptred oxygen tension on the
breathing of anzsthetized dogs exposed to long periods of severe anoxia  In techmically
beautiful experiments he measured simultaneously the artenal pH arterial oxygen
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Fic 68 Dog Effccts of a sudden increase 1n the oxygen supply duning hypoxic hyperventlation
at the stage of maximum respiratory alkalosis (B) and after the compensation of the alkalosis has
become nearly complete (C}  The calibrations 1n A and B apply to both figures

A Periodic breathing in room arr

B After breathung of 8 2 per cent O, 1n N, for 15 minutes  AtR A sudden supply to the spirometer

©of O, 0 that 1ts O, content became rapidly the same as in roomarr  Note . utficiency of breathing

and the first apnea

After 8 hours breathing of 8 2percent O 1n N The respiratory alkalosis was now nearly com

pensated R A = see B Note the rapid and great increase in the arterial O, satvration com

pared 10 B—A G H Bjurstedt (1946) Acta physiol scand 12 Suppl 38)

(2]

saturation pulmonary ventilation volume and blood pressure The dogs breathed 8 27
oxygen m mitrogen which induced hyperpneea and respiratory alkalosis—the plasma pH
rose from 73510 750  After 15 minutes the temporary substitutton of room air as the
inhalant caused an obwvious reduction 1n the breathmg However after eight hours
mhalation of the low oxygen muxture the substitution of room air caused a smaller
reduction of the pulmonary ventilation (Fig 68) During this period of anoxia the plasma
pH had gradually returned towards a more normal value  Bjurstedt asserted but did not
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Fic 69
Tracheal | Pulmonary | Number
Record Simulated altitude pO mm | ventilation of
He Lymnute | spikes
A 4000 m 87 0847 93
B Sea level nstantly 149 50
< Sea level 4 munutes later 149 0664 24
D 6000 m 68 0974 139
E Oxygen mstantly 415 it
F Osygen 4 munutes later 415 0705 1
G 4000m 87 086t 90
Cat 2 8 kg chl Rught carotid sinus nerve

1 th
cut centrally baroceptor fibres removed by dissection  Right femoral artery cannulated for
recording blood pressure A cannula was inserted into the trachea for measurements of the
pulmonary ventilation Recotds on each film strip from above downwards time (S0 ¢/s) electro

neurogram and artenal blood pressure Blood pressure calibration lines show 150 and 100 mm

Hg The times when these records were taken are shown in the table (letter A toG) The records
show the actvity after to sunulated altitude (4 000 m ) for 64 hours
when breathing air ( 4000m ) oxygen and gas muxtures ging a tracheal oxygen pressure
corresponding to 6000 m and  sea level  Note the reduction of the chemaoceptor activity
and pulmgnary ventlation when the oxygen tension of the mspured air was 1ocreased (C and F}

(P O Astrand (1954) Acta phvsiol scand 30 335)

confirm that this restoration of the plasma pH was duc to renal compensatory
mechanisms  He concluded that the small effect of raising the oxygen tension on the
breathing was due to the restoratton of the CO /HCO, ratic  The figure shown however
reveals that the reduction m the breathing caused by ra1 mg the nspired oxygen tension
after eight hours of anoxia was still sufficient to lower the arterial pH by 0 13 It 1s fair
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to say that the example given 15 less persuasive than the argument which ts built round 1t
In any case 1t seems unwise to draw conclusions from quantitative responses obtained
from an amumal before and after eight hours exposure on an operating table Rahn &
Ous however raised no such objections m accepting these data  They themselves had
shown that the respiratory response of acchimatized unan-esthetized man to inspired CO
mixtures was greater than that at ground level Moreover the breath holding time of
an acchmatized subject was shorter than that of the same subject exposed acutely to the
same altitude (Schneider 1931) Both these findings they reasonably ascribed to the lower
alkal reserve of the acchmatized person  Neither of these results however gives much
mformation as to the control of breathing m chrontc anoxia
Astrand (1954) mvestigated the effects of chronic anoxia on the actwity of the
chemoreceptors themselves as sampled by the electroneurogram  Unanasthetized cats
were exposed m a low pressure chamber for periods of 13-64 hours to a simulated altitude
of 4000 metres (tracheal pO =87 mm Hg) At the end of tlus pertod the cat was
anzsthetized the trachea was cannulated and one carotid sinus nerve was cut centrally
A chemoreceptor fibre preparation was made and the electroneurogram was recorded
The tracheal cannula was connected to mspiratory and expiratory water valves  Suitable
gas mixtures were ad d via the ry valves A spirometer recordmg on 2
kymograph collected the expired air  The results obtained 1n a cat anesthetized after
64 hours in the low pressure chamber are shown 1in Figure 69 Atthe 4000m altttude
breathing room air the pulmonary ventilatton was 0 847 1 /min and there was a steady
discharge of chemoreceptor impulses The chemoreceptor activity was quickly dispelled
by raising the pO, from 87 to 149 The pulmonary ventilation was also obviously reduced
Conversely the chemoreceptor activity and pulmonary ventilation were both mereased by
lowering the pressure in the chamber to that of an altitude of 6 000 m (pO =68) There
was thus no doubt that the chemoreceptors remained sensttive to acute reductions of
artersal pO, (despite the chronic anoxia to which they had been subjected) and that the
Tespiratory mechanism remamed responsive to the increase in chemoreceptor traffic thus
induced Astrand discussed the dispanity between his results and those of Bjurstedt It
1s possible of course that a species difference exists between cats and dogs  Nevertheless
as far as the cat 15 concerned Astrand has advanced the most important evidence yet
presented as to the behaviour of the chemoreceptors themselres n chronic anoxia
chloralose anzesthesia has no effect on the penipheral mechamsm of these receptors (as
can be easily seen by testing the effect of adding sutable amounts of chloralose to the flud
perfusing the carotid body and checking the electroneurogram)  The effect of this chemo
receptor impulse traffic on the medullary respiratory centres probably 1s modified by the
chloralose anwesthesta  Hence the effect on respiration which the chemoreceptor traffic
exerts may be exaggerated  As Astrand pointed out Bjurstedt s results obtamed on
anasthetized dogs have been extrapolated to human problems by Rahn & Otis (1949)
and Riley & Houston (1951) It 1s however necessary to stress that the results of the
present paper as those of Bjurstedt were obtaned on anwesthetized animals and cannot
necessanily be extended i toto 1o conditions 1n the human unanzsthetized subject
In view of this careful statement 1t 1s somewhat surprising to find Rahn (1955)
commenting that  observed changes 1n action potential frequency of the carotid body
nerves in an@sthetized hypovic cats (Astrand) are certamly no guarantee for an equiv alent
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change m the alveolar ventilation m unansthetized man It 15 well appreciated from the
older literature that wncreased or decreased receptor activity 1s not necessarily synonymous
with mcreased or decreased alveolar ventilatton under these conditions and we must
differentiate between flex drrve and ct ptor activity Apart from his
change of front his meanmg 1s obscure  There have been no previous studies of chemo
receptor activity (measured directly) and alveolar ventilation  Even if there had been the
statement 1s irrelesant for Astrand showed that the change m chemoreceptor activity was
accompanied by a change 1n alveolar (or pulmonary) ventilation It is nteresting to
speculate as to how we can possibly differentiate between chemoreceptor activity and
chemoreceptor drive except 1n an an@sthetized ammal

Beard Bell & Howell (1933) exposed dogs for 7-15 weeks to a simulated altitude of
20000 feet (P =350) n a low pressure chamber ~ The anmmals were then returned to

ground level for an hour after which they were anzsthetized to test their pulmonary

vascular and ventilation response to 8 5% O m N which afforded the same mspired pO
as that to which they were subjected at  altitude The total ventilation creased
approximately 50

It scems therefore that acclmatization n the cat and the dog does not render the
T y h untesp 10 lIses from the chemoreceptors aroused by the
state of anoxia But the experiments in which chemoreceptor activity and venttlation
response are sumultaneously assessed can only be performed in the an@sthetized anumat
and 1t 15 likely that the anesthetic itself exaggerates the effect of chemoreceptor discharge
on the resprratory mechanism Astrand (1954) 1n an accompanying paper showed that
the breathing 1n chronic anoxia (man) though scarcely affected by a nise 1n the mspired
oxygen tension when the subject was at rest was obviously reduced when the subject was
engaged 1n moderate exercise  He argued that the study of respiratory control during
chronic anoxia could be more profitably carried out agamst a background of moderate
physical activity in view of the greater reproducibihity of the respiratory minute volumes
1n such circumstances compared with that in the subject at rest

Rahn & Otis (1949) pointed out that their supposttion that the respiratory responses
of an acchmatized man were essentrally controlled by the CO /HCOj, ratio 1n the plasma
could be tested by comparing these responses with those obtamed m subjects 1n whom a
depletion of the alkali reserve had been achieved by other means Two posstbilities were
suggested —(a) subjects continuously hyperventilated for long periods m whom renal
compensatory changes for the respiratory alkalosis caused lowering of the alkal reserve
and (b) subjects treated with ammonium chloride Brown Campbell Johnson Heming
way & Visscher (1948) noted that there was a considerable mcrease 1n the sensttvity to
carbon dioxide mixtures in subjects artificially hyperventilated for 24 hours  Brown (1950)
later claimed that the brain tissue of guinea pigs hyperventilated for 24 hours when ground
up and made mto 10 4 solution showed a shightly greater hydrogen 10n concentration
when exposed to a given CO, tension than did normal bran tissue sumilarly treated
This 1s not surprising  The graph shown 1n his paper reveals no difference of  sensitivity
t0 CO  of the two solutions—the slope of the H*/pCO lme 1s the same 1n each case

The mgestion of ammonium chloride (15 g /day for three days) was declared to affect
the breath holding tme and the alveolar pCO at the breaking point 1n a manner stmilar
to that observed after acchimatizatton to altitude by R2hn & Otis as a result of preliminary
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experiments Presumably the experiments referred to are those of Stroud published later
(1953)  Stroud lowered the alkali reserve by about 209 i six men and reduced the
arterial pH from 7 39 to 7 33 despite a fall in the alveolar pCOz from 38 7 to 31 6 mm Hg
by admmistering ammomum chlonde The breath holding time on air or oxygen was
dimimished  there was a change m the CO  threshold of the breaking point but there was
no alteration 1n the sensttivity to CO as measured by the difference between the breaking
point alveolar pCO and the resting alveolar pCO  Stroud concluded that in altitude
acclimatization the mcreased sensitivity to CO  as tested by breath holding or by the
response of the respiration to CO muxtures was not to be sought i the reduction of
buffering capacity but was due to a sensttization to CO per se as clamed by Nielsen &
Smith (1951) Rahn Bahnson Muxworthy & Hagen (1953) extended their observations
on acchmatization and found that after seven days at 14 100 feet the breath holding time
was reduced to 14 seconds on aiwr compared with 25 seconds when the same subject was
exposed acutely to this alutude They confirmed that the sensttivity of the respiratory
mechanism to CO, was greatly mcreased—1 ¢ that a much smaller increment of alveolar
pCO was required before the breahing pomt of breath holding was reached They
therefore changed their oniginal opinion 1 view of Stroud s results and supported Nielsen
& Smuth and Gray 1n claiming that the sensitivity of the breathing to CO 15 mereased by
oxygen lach  Nielsen (1936) had shown that at normal oxygen pressures long lasting
(12-16 days) decrease mn the alkal reserve caused by the ingestion of ammonium chlortde
had only small effects on the breathing and as a result the arterial blood remaned much
more acid than normal  This led to his discarding the supposition that chronic anoxic
hyperpnea was in any large measure due to lowermng of the alkali reserve
Unfortunately this new found harmony seems destmed to be short ived  Winterstemn
& Gokhan (1953) have shown that the effects of ammonium chloride on the breathing
cannot be simply referred to effects on the alkalireserve  Inaddition the results of Fowler
(1954) and his colleagues reveal that the breaking pomnt of breath holding cannot be
wdentified simply with a chemical stimulus  Lastly, 1f one allows the opimion that there 1s
an ncrease in the sensitivity of the resprratory mechamsm to carbon dioxide Winterstern
(1956) pornts out that this says nothing new It provides no explanation of the expen
mental obsenation that CO causes a greater Tespiratory response durning anoxia acute
or chronic than normally
It1s perhaps worthwhile reflecting that a study of the changes 1n the electrolyte pattern
of the cerebrospinal fluid might provide some of the clues to a solution of the puzzie The
csf contains no protemn and 1s a poorly buffered solution—its titration curve ts smular
to that of bicarbonate solution A change of pCO must affect the pH of the cs [ more
profoundly than that of the plasma If one assumes that the pH of the csf 1s of
importance 10 determining respiratory activaty as the results of Winterstein & Gokhan
suggest then the imitiation of anoxic hyperpneea must cause a secondary inhibttion of the
breathing by producing alkalosts in the cerebrospal lurd  The slow rate of turnover of
the constituents of the fluid may thus limat the speed of removal of this source of respiratory
inhibition  If the reduction 1n alkal reserve of the plasma n acclimatized man s reflected
in the csf then the flud must be very poorly buffered indeed so that changes of CO,
tenston will cause constderable alterations in the pH  This would account for the ncreased
sensitivity  of the breathing to CO 1n chronic anoxia It must be remembered that In
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fully acchmatized men the buffer value of the blood 1s increased not decreased (as Dill ef a/
showed) the increase m hzmoglobin concentration due to polycvthzmia allows the
blood to buffer the carbon dioxide more effictently  Thus the pH change in the resprratory
cycle 1s one fourth less than normal The decrease 1n the alkaltne reserve reduces the
capacity of the body to deal with fived acsids It 1s possible therefore that the apparent
dommance of centrogenic breathing 1n man when acchimatized to anoxia 1s to be related
rather to the lowered bicarbonate content of the ¢sf than to that of the plasma On
e g the anoxic 1 ddenly the breathing may be little affected because the
shghtest rise of the CO tension caused by withdrawal of such chemoreceptor dnve as
mught exist causes an 1mmediate increase i the [H*] of the ¢sf which sumulates the
central neurones

The problem ot hyperpneea in chronic anoxia ts not yet solved  Such direct evidence
as we possess pomts to there being mamtamed chemoreceptor discharge from the glomus
nerve endings  Indirect evidence leads us to suppose that the impulses aroused by anoxia
do not effectively modify the breathing in chronic acchmatized ovygen lack  Naturally
the greater the hyperpneeic resp whuch the ch ptors are able to produce tn the
initial stages of anoxia the smaller will be the chemoreceptor stimulus as a result for the
artersal pO nises and the artenial pCO falls owing to the hyperventilation  Nevertheless
the reflex response cannot exceed the stimulus which causes it so that some anoxic chemo
receptor discharge continues  With the gradual restoration of artertal pH and c¢sf pH
by the renal compensatory mechamism the anoxic ch pul ty
exert a dimmishing effect on the central neurones We have no evidence as to whether
the chemoreceptors contribute to the respiratory drive after acclimatization 1s complete
by virtue of their response to the arterial pH

Man 1n Exercise

If the respiratory minute volume 1n the steady state during exercise of varying grades
of severnty 1s plotted agamnst the oxygen usage per munute the relatronship 1s linear at
least up to oxygen usages of about 2% litres per munute  The slope of the line depends on
the effictency with whuch the exercise 1s performed (Chustensen 1937a  Dickinson 1929
Schneider 1931 Taylor 1941) The only known way in which oxygen deficiency can
be signalled to the respiratory neurones 1s by the chemoreceptors which respond to a fall
of tension 1n the arterral blood At first sight 1t muight seem remarkable that there should
be a fall of artenial pO 1n a man breathing say 60 litres per minute  However the blood
arrives 1n the pulmonary capillaries at 2 much lower oxygen tension than normally and
passes through them more quickly According to Roughton s (1954) calculations the
blood spends 0 75 seconds m the pulmonary capillartes m the resting subject and only
0 33 seconds during heavy exercise  Banmster (1956) refers to the recent work of Lee &
DuBois (1955) which shows that the blood flow i the pulmonary capillaries 1s pulsatile
and discusses how this may influence the equilibration with oxygen The only direct
measurements so far made show that the arterial pO does fall—from 94 mm to 73 mm
during three experiments on one subject working at moderate ntensity (Likenthal Ruley
Proemmel & Franke 1946) Such a fall would not cause any stimulation of the resprration

of a subject at rest but the respiratory condttions 1 man during exercise are obviously
different
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If the exercising subject breathes 100% oxygen his pulmonary ventdation ts constder
ably reduced (Nielien & Hansen 1937 Asmussen & Nielsen 1946) Bannster &
Cunningham (1954) showed that although 33% O reduced the respiration of a gnen
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Fic 70 Pulmonary ventilation in relation to oxygen mtake at ddTerent world fevels when breathing
awr or oxygen at  acute exposure (B and D) and on the 4th and Sth days of prolonged
exposure  (Aand C)to4 000 m simulated altitude A = venttlation when breathing awr  pro-
Jonged exposure B = ventitation when breathing air at - acute evposure € = venhfation
when breathing 100 per cent ovygen durmg  prolonged exposure D e ventilation when
breathing 100 per cent oxygen at 4 000 m before the pertod of ~ prolonged exposure

Note (1) the marked effect on pulmonary ventrlation when oxygen was substituted for asr
¢ven during the last days of acchmatization  (2) the higher pulmonary ventilation attamned at a
grven oxygen mtake during the end of prolonged exposure 10 hypoua as compared with the
vatues obtained after 10 to 13 minutes of exposure to 4000 m —(P O Astrand (1954) Acta
Phvsiol scand 30 333)

heavy work level 66% O was more cffectine  If the effect of oxygen was due to arterial
anotzma alone then we must infer that the arterial pO was less than 100 mm even when
339, oxygen was breathed  This mught be explamed by an  effective venous shunt of
6-11% which as the authors pomt out seems rather large  However as Banmister &
Ci } stated 1t 1s posstble that cardiac function mught be hmited by anova mm
heavy excrase (Hill ef al, 1924) and this mught influence the breathing  Little 1 known
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about the way 1n which such relative cardiac msufficiency would produce dyspneea but 1t
would probably allow the pressures on the right side of the heart to rise and might imtiate
therefrom reflexes from the nght heart or pulmonary vessels (Harnson Harmson &
Marsh 1932 Megibow Khatz & Femnstein 1943 Mulls 1944)

Partially Acchmatized Man in Exercise

Astrand (1954b) has reported that the inhalation of pure oxygen by a subject acclima
tized for five days at a height of 4 000 metres has a barely significant effect on the pulmon
ary ventilation volume If however, the subject performs exercise on a bicycle ergometer
the substitution of pure oxygen for room awr causes an obvious reduction 1n the pulmonary
ventilation for any work level between 600 kg m /mm and 1300 kg m /min  as 1s shown
in the accompanying figure (Fxg 70) The uncertainty here 1s whether oxygen 1s reducing
the t t by red a ptor drive or by reducing cardiac insufficiency
which 1f 1t 15 presumed to play a part in exercise at ground level would surely play a much
greater one during chronic anoxia  This question 1s surely settled by the fact that a subject
suffering from cardiac nsufficiency at 600 kgm /mmn would not be able to perform
1300 kgm /mmn at all We may therefore assume that in subjects partly if not
completely acclimatized to anoxia the chemoreceptors contribute to the control of the
breathing providing the subject 1s not at complete rest  This seems a point of considerable
practical tmportance for people are rarely able to spend much time 1n complete rest
this busy world




CHAPTER 19
CARDIOVASCULAR REFLEXES OF CHEMORECEPTOR ORIGIN

Vasomotor Reflexes

HEexmans Bouchaert von Euler & Dautrebande (1932) studied the cardiovascular
effects of chemoreflex excatation using curanzed artsficially ventilated dogs  The mternal
and external carotid arteries were tied on one side and the occipital and ascending
pharyngeal vessels were also hgated distal to the ongim of the arteries supplying the

Fi6 71 Dog prepared according to method of Fig
652 Arterial pressure from femoral artery 1
Injection In normal common carotid artery of 05
cc buffered sodium brcarbonate 3 per cent —Hyper
tension 2 Same injection 1 carotid sinus dener
vated common carotid artery No hypertension —
(C Heymans J K Bouckaert U S von Euler and

D. reh Intern Ph din {1937)

43 186)

carotid body Great care was observed 1n mvoiding damage of the nerve supply to the
glomus  On the opposite side the external carotid artery was tied and the carotid sinus
nene was cut {sec Fig 65) The intra-carotid injection of 0 5 ml of sodium bicarbonate
solution (adjusted to pH =7 20 by equilibration with CO ) caused hypertension when made
on the mnenated side but was meffective when made into the carotid artery on the
denenated side (Fig 71) Conversely alkaline solutions caused transicnt hypotension
whennjected into the  innenated side A vanety of drugs including lobeline nicotme
acetylcholine sodium sulphide sodium cyanmide have been shown to cause reflex hyper
tenston when njected 1n menute doses in the vicinity of the glomus circulation  Comroc
176
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(1939) has since 1dentified the site of the aortic chemoreceptors and therr blood supply by
imjecting such drugs into the ascending arch of the aorta - Gernandt (1946) recorded actton
potentials from the aortic nerves of the cat showng the mmpulse activity aroused by such
pharmacological stimulation of the chemoreceptors

Heymans Bouckaert & Dautrebande (1931) found that acute hypoxia (induced by
the imhalation of mitrogen) caused systemuc hypertension only if the smnoaortic nerves
were intact Anoxia caused only vasomotor fatlure after denervation of the chemoreflex
zones Not all workers have confirmed these findings Selladurar & Wright (1932)
clatmed that the response of the blood pressure of the decerebrate cat to anoxia was rather
vanable after sino aortic denervation von Euler & Liljestrand (1937) and Dautrebande
(1937) found that anoxia mught still cause some degree of systemic hypertension mn dogs
after chemoreceptor denenvation Brewer (1937) agreed with Heymans er ol as did
Schmudt (1932) and Comroe (1939)

In general however it may be stated that the stmulant effects of anowua on the
cardiovascular system are exerted maimly via the smoaortic nerves  If the respiration 15
marntamed by artificial ventilation the admunistration of low oxygen muxtures rarely
causes other than depression of the circulation after stno aortic section

Bernthal (1932 1934 1938) has studied the reflex vasomotor effects evoked by chemo
receptor stimulation with great care  Vasomotor activity was assessed by recording
changes of blood flow 1 the axllary artery by means of a thermo electric method (Bronk
& Gesell 1926) Both carotid bifurcation areas were perfused and the vascular 1solation
was such as to prevent chemtcal agents mtroduced into the perfusion circurt from reaching
other areas The pressure of blood n the carotid perfusion system and 1n the axillary
perfusion was mamntained constant In 71 experiments on 12 anmmals this perfusion of
anoxic blood through the carotid bifurcations caused reflex vasoconstriction of the
axillary vessels which became maximal 1n about thirty seconds  Blood equiltbrated with
18% O, (pO about 130 mm Hg) did not cause reflex vasoconstriction when introduced
mto the carotid perfusion circuit but blood equlibrated with 15% O or lower con
centrations (pO = 110 mm Hg) evoked a reflex response  All these responses were
obtained 1n animals whose vagt were cut whose artertal pressure was mamntamned constant
by means of a compensating device and m which ventilation was artificially maintained
Histotoxic anoxma produced by the perfusion of cyamide m minute concentrations
(0-00055 M) caused abrupt and marked reflex vasoconstriction of the axillary vessels
In a later paper Winder Bernthal & Weeks (1938) were the first to show that ischemia
of the carotid body causing stagnant anoxia n the glomus provoked marked reflex vaso
constriction of the vessels of the fore imb

Bouckaert Gnmson Heymans & Samaan (1941) made a detailed study of the
systemuc responses of blood pressure and respiration duning the nhalation of low O
muxtures In dogs lightly anzsthetized with morphine or eucodal 1n decerebrate dogs or
i non anzsthetized dogs systemic anoxic anoxia caused by the mhalation of §-11 /402
mn N, caused exther a slight nse of artenial pressure or did not modify the blood presZurc
level sensibly Invariably after denervating the chemoreceptor zones anoxia caused a fall
of systemic blood pressure  The authors noted that after the exclusion of exther the aortic
or the carotid ch zones the blood pressure response to low 0,

mixtures was always pressor They ascribed this phenomenon to the reduction of the
H &N CARDIO SYSTEM
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reflex respiratory stimulation which partial chemoreceptor denervation caused Thus
when all the chemoreceptors are present, the reflex response of the respiration to low O
mixtures may be marked as a result the increased ventilation washes out CO from the
blood and the vasomotor centre activity decreases (Dale & Lovatt Evans 1922)
Obviously this loss of central activity due to 2 lowering of pCO must tend to mask the
effects of reflex vasoconstriction engendered by anoxic stimulation of the chemoreceptors
Gellhorn Ingraham & Moldavsky (1938) made some stniking claims concerning the
systemic vasomotor response to anoxta They stated that the mse of systemic blood
pressure produced by anoxia varied according to the concentration of blood glucose
Hypoglycemia increased and hyperglycemia decreased the rise of pressure occasioned by
systemic anoxta  Van Harreveld & McRavy (1940) claimed that the blood pressure
response to anoxia was dependent on the depth of narcosis  Lightly anzsthetized animals
showed a fall of pressure 1n those deeply an®sthetized anoxia caused a rise of pressure
They concluded that deep narcosis nactivated centres 1n the higher neuraxis which
normally modified the response of the medullary centres to the direct and reflex effects of
anovua  They claimed that the results of Gelthorn ef al (1938) were capable of a stmilar
mterpretation indicatmg that a decreased blood sugar level was merely one cause of
supra medullarly depresston  They may be right but we cannot confirm either therr
experimental findings or those of Gellhom Harreveld & McRavy s results are quite
different from those of Bouckaert Grimson Heymans & Samaan (1941) Gelthomns
results could not be repeated in some twenty five Is by Ozer (unpublished) Striking
falls of blood sugar concentration (as low as 20 mg /100 ml) caused by insulin mjection
had no effect whatever on the response of the blood pressure to anoxia
Bernthal & Schwind (1945) compared the reflex vasoconstrictor responses 1n the
vessels of the leg with those of the mtestine during anoxta  In ammals under artificial
constant ventilation the substitution of 10% O 1 N as the inhalant reduced the flow n
the intestinal circuit by 659, If Hering s nerves were blocked the reduction of flow was
only 9%, The resp were abolished if the four ch ptor nerves were blocked
Similarly the leg vessels showed vasoconstriction during anoxia providing that the chemo
receptors were ntact  Whereas there were some shght differences n the patterns of the
Masc r1ctor resp P ely evoked 1 the leg and the intestinal circulations it
was essentially m the post anoxic phase that differences 1n behaviour of the two vascular
circurts were observed  The leg vessels showed a marked and abrupt vasodilatation
during which flows reached values 2} times the pre hypoxic level This post hypotic
vasodilatation was ascribed to a temporary suspension of vasomotor discharge due to the
withdrawal of the barrage of afferent chemorcceptor tmpulses  The intestinal vessels on
the other hand showed a simple return to the pre hypoxic level Bernthal & Schwind
suggested that the absence of post hypoxic vasodilatation in the intestinal circulation was
due 1o local opposition being offered by the mesenteric Pacimian receptors described by
Gammon & Bronk (1935) Thus the onset of local vasodilatation would raise the pressure
within the mtrimsic vessels of these structures and this would reflexly cause vasoconstriction
Bernthal Motley Schwind & Weeks (1945} who studied the vasomotar responscs
of vessels of the huind Limb and the submaxillary gland duning carotid glomus perfusion
concluded that the thoracolumbar sympathetic outflow represented the sole efferent
pathway of the chemoreflex vasomotor reflexes
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There have been no studies of the reflex effects of chemoreceptor stimulation on the
cardiac output or on venomotor tone It 1s unlikely that the chemoreflexes cause systemic
hypertension only by inducing an ncrease m arteriolar resistance  In this context it 18
mteresting to note the results of Gorlin & Lewts (1954) from their studies of the effects
of hypoua on the cardiovascular system In anmsthetized dogs subjected to varous
degrees of anoxic anoxia they found that the cardiac output was unchanged providing
that the arterral oxygen saturation did not fall below 60% There was an immediate
systemuc vasoconstriction and hypertension  They made no measurements of pulmonary
ventilation so 1t 1s somewhat difficult to decide on the probable arterial pO, However
m six dogs the mhalation of 109, O did not lower the artenial oxygen saturation below
60% and the systemic blood pressure rose by 20-35 mm Hg  ‘The pulmonary artery and
left atnal pressures were measured i these experiments and the pulmonary vascular
resistance showed 2 steady nise  During more severe anoxia they noted that the cardiac
output increased and providing that the artenal saturation was greater than 40%, the
cardiac function remained normal during eight hours exposure  Systemrc hypertension
persisted but vasodilatation occurred both 1n the systemuc and pulmonary vessels The
increase of pulmonary vascular resistance during anoxia was not very marked in the
animals whose arterial saturation exceeded 60%  Whether this represents a local effect
of anoxia on the vessels or a reflex mechanism induced erther from the cardiopulmonary
segion or from the carotrd and aortic bodies remains an open question (see Euler &
Liljestrand 1946 Liljestrand 1948 Westcott er a/ 1951 Dirken & Heemstra 1948)

Hamorrhage

It 1s doubtful whether the chemoreceptor reflexes exert any significant effects on the
crculation at rest It 1s certam that they contribute to the maintenance of the circulation
following a depletion of the blood volume

McDowall (1924) found that the section of both vagi 1n cats which had been bled
severely caused a fall m the systemuc blood pressure  He noted that Pavlov had made a
similar observation in 1879 McDowall attributed this result to the mterruption of pressor
fibres which arose from receptors in the right atrium  These atral receptors were believed
10 be simulated by a fall in the atnial pressure  After cocanization of the right atrium he
did not observe a fall of blood pressure when he cut the vagt  However i the succeeding
thirty years no one has found an atrmal receptor which 1s stimulated by a fall of atmal
pressure  Comroe (1939) suggested that part or all of the McDowall effect was due to the
mterruption of chemoreceptor 1mpulses from the aortic bodies  After denervation of
these 1n one experiment subsequent sectton of the vagi caused no fall of blood pressure

Colenidge er al (1949) and Kenney & Neil (1951) re nvestigated the problem Cats
and dogs were bled until the arterial blood pressure was reduced to 60 mm Hg At this
pressure the baroreceptor fibres were considered to be only feebly mactive so their
section (together with the other vagal fibres) was not likely to cause a rise of blood pressure
Section of the vagt 1n these bled animals did not always cause a fall of blood pressure
which 15 not surprising when one constders the fibre composition of the vagt Whitteridge
(1952) considers that stimulation of the central vagus should be a pumshable offence
stmularly 1t 1s foolish to argue closely from the results of cutting the vagt Kenney & Neil
chose the best method avarlable—that of cooling the nerves (Partridge 1935 1939) Prior
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to this a catheter was introduced via the subclavian artery into the aortic arch or left
ventricle and the tip was surtably positioned so that small doses of lobeline mjected via
the catheter excited the aortic chemoreceptors  ‘The beast was then bled to yield a steady
mean pressure of 60 mm Hg and the vag: were cooled If the McDowall effcct  was
observed the cooling thermodes were removed and the aortic chemoreceptors were then
mactivated by an mtraventricular mjection of 0 3m! of 0 5 N acetic acid (Gernandt 1946)
Following this inactivation the aortic chemoreceptors no longer responded to the intra~
ventricular mjection of lobeline  Lastly the vagt were cooled and the response of the
blood pressure was noted In none of the experiments was there any fall of blood
pressure during vagal cooling after the snactivation of the chemoreceptors although this

1,
«

Fig 72 Cat_ Chloralose inesthesia  Both vagi cut
Previously bled 45 ml  Records from above down
wards respiration blood pressure signal and time
i 5second intervals  The eflects of suocessne
section of the right and left sinus nerves —(R
Kenney and E Neil (1951) J Physiol 112 ’J)

response had occurred before thetr mactivation  These rather laborious expertments
therefore gave results which favoured Comroe s suggestion  One would be happter
however if there existed more certain knowledge of the detailed distribution of the acetic
acadt Nevertheless accompanyng evidence presented by kenney & Neil supports the
beltef that the chemoreceptors do contribute appreciably to the maintenance of the sys
temuc pressure following hemorrhage Thus the smus nerves contaun only baroreceptors
and chemoreceptors and the baroreceptors are solely active in keeping the blood pressure
down In a bled antmal with an artenal pressure in the range of 60-80 mm Hg section
of the sinus nenves causes a fall of blood pressure (Fig 72}  This can only be due to the
withdrawal of chemorcceptor refiex vasoconstriction

Landgren & Neil (1951) showed later that hemorrhage caused strong exctation of
the chemoreceptors 1t seems likely that the chemo vasomotor reflexes play quite an
important part followimng hemorrhage

1t was during these studres that we obsened the effect of chemoreceptor denervation
on penodic respiration and on the periodic waves occurning n the blood pressure record
Rhythmic varations of bloed pressure independent of and slower than respiration were
first described by Sigmund Mayer (1876) They are confused with Traube Hening waves
in the hiterature  Schweitzer was responsible for clearing up this confusion i a short
Jucid paper 1n 1945 As he pointed out Traube and Herning separately described periodt
ity of the blood pressure due to resprration - Mayer on the other hand deseribed a much
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slower periodicity of the blood pressure particularly likely to be seen in condttions of
enfeebled circulatron It 15 these waves which commonly occur mn bled animals—they
may be accompanted by periodcity of the respiration which occurs at the same thythm
Andersson kenney & Neil (1950) showed that Mayer waves of enormous amplitude
could be evoked by carotid occlusion in animals after previous severe bleeding  This
had however been previously noted by McDowall (19356 1938)  As the systemic blood
pressure prior to carotid occlusion was only of the order of 60 mm Hg 1t was unlikely that
<clipping the carotids caused any marked change n baroreceptor activity On the other
hand chemoreceptor excitation due to glomeric ischamia was most probable  Section
of the sinus nerves was therefore carrted out upon which carotid occlusion no longer

Fic 73 Cat 3 6 kg Bilateral vagotomy Records from above downwards artenal blood pressure
signal line time (S seconds)
A Effect of occlusion of both common carotd arteries (betwcen arrows)
B Effect of carotid occlusion after selective ehmination of the carotid chemoceptors by mtra-stnusal
wmpection of acetic acud —(B Anderson R A Kenney and E. Nei (1950) Aeraphyswof seand 20
03)

caused Mayer waves Finally 1t was shown that carotid occlusion following the selective
mactivation of the chemoreceptors by the local mnjection of acetic acid did not cause
Mayer waves (Fig 73) The explanation advanced was as follows ischzmia of the
carotid glomera following occlusion caused intense vasoconstriction and a large nise of
systeric blood pressure  As a result the vicarious circulation of blood through the
ascending pharyngeal and external carotid anastomoses (Chungcharoen Daly Neil &
Schweitzer 1952 Wang Mazzella & Heymans 1952) improved the carotid body blood
flow and lessened the chemoreceptor excitation  The blood pressure thereupon fell and
carotid body 1schzmia once more ensued

Astrand Green & Neil (unpublished) examned the impulse activity 1n the chemo
teceptor fibres together with that in post ganghonuc fibres of the supertor cervical ganghon
Condenser manometer records of the systemic blood pressure and of the blood pressure 1n
the carotid simus were simultaneously recorded on cathode ray osaillographs  In bled
ammals which showed spontaneous Mayer wases the trough of the wasve was attended
by a2 marked increase m chemoreceptor activity and an obvious increase 1n sympathetic
mnpulse traffic  As the blood pressure rose the frequency of the action potentials then
diminished

Guyton er af (1951) noted that spontaneous blood pressure waves often developed
1n amimals subjected to repeated cycles of withdrawal and re injection of blood They
eferred to these erroneously as Traube Hering waves and attributed them to rectprocal
activity in the baroreceptive and sympathetic nerves  As they made no reference to the
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paper of Andersson er al (1950) they were probably unaware that the circumstances
which they induced n their experimental ammals were exactly those which would fasyour
the development of Mayer waves of chemoreceptor ongin

Reflex Chemoreceptor Effects on the Heart Rate

Heymans Bouckaert & Dautrebande(1931d)found that the local injection of cyamde
wmto the carotid body circulation caused bradycardia  If the corresponding sinus nerve
were cut no change of heart rate took place proving that the slowing of the heart rate
was not due to a direct effect of cyanide on the medullary cardiac centres  Stmilar results
were obtaned with mcotime (Heymans & Bouckaert 1941) although this drug can be
shown to have some central sumulant on the cardio inhibitory centre albert i larger
doses than are required to excite the chemoreceptors

Bernthal (1938) Comroe & Schrmdt (1938) confirmed these responses to the injection
of chemtcal excitants  Comroe & Schrdt (1940) were of the opiion however that the
reflex bradycardia thus evoked was the result of stronger chemoreceptor stimulation than
that which sufficed for 2 mimimal respiratory response As Bernthal Greene & Revam
(1951) have stated however the hiterature contamns many references to reflex tachycardia
produced by chemoreceptor simulation  Thus Asmussen & Chiod1 (1941) von Euler &
Liljestrand (1942) Whitehorn Edelmann & Hitchcock (1946) Drpps & Comroe (1947)
and Alveryd & Brody (1948) are among many who have ascribed 1 chemoreceptor ongin
to anoxic tachycardia

Bernthal Greene & Revzin (1951) themselves re investigated the reflex effects on the
heart rate of perfusion of the carotid glomus by solutions equiltbrated with fow oxygen
tensions or contamnmg sodtum cyamide In their expeniments the dogs were either
breathing room air spontaneously or were alternately ventilated by room air  Shight but
definite bradycardia resulted upon anoxic stimulation of the chemoreceptors  perfusion
of sodiym cyamde solutions caused obvious slowing of the heart rate  In all cases the
slowing of the heart rate was more obvious 1f concomitant responses of the arterial blood
pressure and respiration were prevented by a compensator and by artificial ventilation
respectinely  These results though interesting of themselves throw httle if any light on
the effects of chemoreceptor stimulation on the heart rate in the crreumstances of systemi¢
anoxa  As s fully appreciated systemic anoxia providing that 1t 1s not of too severe
degree causes tachycardia  Although Bernthal s quite correct in admomishmg those who
ascribe this cardiac acceleration in systemic anoxia to chemoreceptor reflexes in the
absence of any positive evidence his own experimental results were obtamed 1n ammals
breathing or ventilated by room arr  The response of the medullary centres and of the
sino atrial node to the effects of ch ptor st may be qual ly diffesent
when there 1s no systemic anoxia (Nexl 1951 19545 19565 Landgren & Neil 1952) To
mvestigate this point directly Nesl (1956) arranged both carotid glomus regtons so that

they could be supplied alternately by the natural artersal circulation or by perfuston from
a resenvorr  This was effected by introducing T cannulz nto both common carotid
arteries  All branches given ofT at the carotid bifurcation were tied except those supply k-
the carotid bodtes  The venous drainage of the carotid bodies was carefully preserved
The two aortic nerves which contamn the majonty of the aorutc and subclavian chemo
receptor fibres (Netl Redwood & Schwentzer 1949¢) werecut  After control observations
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of heart rate respiration and blood pressure made while the antmals breathed room air
systemuc anox1a was induced by admimstering 5% O, in mtrogen The chararteristic triad
of hyperpneea tachycardia and hypertension was allowed to develop and stabilize where
upon the common carotid arferies were occluded by clips and the carotid bodies were
thereupon perfused by oxygenated Ringer Locke solutton from the reservoirr  The mean
pressure m the reservoir was sdentical with that i the systemic circulation rmmedrately
priot to perfusion A dramatic reduction of respiration and some fall of blood pressure
occurred (Fig 74) The heart rate showed little or no change during the period of per
fusion  Perfusion was not continued for more than twenty seconds owing to the increase

FiG 74 Results of perfusion of both carotid
bodies with oxygenated Ringer Locke during
spontaneous respication throughout of
O, mair
Cat Chloralose anzsthesta vagt Intact
aortic nerves cut  Records from above
downwards respiration systemic blood pres
sure signal and time 1n 5 second ntervals
During arr breathing pror to the develop-
ment of agowic anoxia the control value of
mean blood pressure was 125 mm Hg and
the control value of the heart rate was 140/
mun_The animal then breathed § 5 O; 10 N
for 5 munutes prior to takmg this record
Dunng the penod indicated by the signal the
carotid bodies were perfused with oxygenated
Rnger Locke solution  Note the transtent
bradycardha which occurs some 10 seconds
after the restoration of the circulation of
anoxic blood through the carotid bodies
(Heart rates are indicated above the systemic

lood pressure record) —E  Neil (1956)

Arch int Pharmacodvn 105 477)

1n systemic anoxia due to the hypopncea which ensued upon the withdrawal of the chemo
reccptor sumulatton  On re estabhshing the systemuc arterial blood flow and thereby
termmating the perfusion the respiration increased markedly and the systemic blood
pressure rose A common feature of this post perfusion pertod was a transtent brady
cardia lasting a few seconds which appeared following the initial reflex responses of
3t and blood p Unlike the reflex responses of blood pressure and
respiration which occurred briskly after the artenal blood gained access to the carotid
bodies the change of heart rate appeared some five seconds later It was not closely
related to the changes of blood pressure but seemed to be more dependent on the respira
tory response usually sctting m after the animal had taken two or three deep breaths It
was 1ot seen 1n expertments in Which the anumals were artificrally ventitated throughout
It will be remembered that Bronk Ferguson Margania & Solandt (1936) showed that the
mpulse traffic in fibres of the tnferior cardiac sympathetic nerve was often mhibited by
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respiration and the present findings of a relationship between intense resprratory stimula
tion and bradycardia invites further investigatton It 1s possible that excessive mspiratory
movements reflexly evoke bradycardia via vagal stretch receptors of the Hering Breuer
type
Nevertheless these expermental results do not support Bernthals beltef that the
chemoreceptors are responsible for producing bradycardia 1n conditions of systemic
anoxiza  Neither do they suggest that the chemoreceptors are n any way mvolved m the
production of tachycardia by systermic anoxia It seems probable that they exert little if’
any effect on the heart rate in systemic anoxta  Additronal evidence which ndirectly
bears on this point 1s provided from studies of the circulation during carboxyhemoglobin
emin (Chiod1 er a/  1941) or methemoglobmaemia (Clark ef al 1943) In each case
tachycardia develops but in nerther condition 1s there any stimulation of the chemo
receptors providing that the respiration or ventilation 1s adequate to marmntarn the arteral
oxygen tension It seems therefore that the tachycarda of systemic anoxia 1s due to either
direct 1 of the symp centres or to eflects of the low oxygen tenston 1 the
s anode iself Naturally 1f the pO falls to very low levels then a direct depressant effect
of anova on the heart 1tself causes bradycardia but if the oxygen tension be higher than
such a lethal level tachycardia 1s always seen  Sympathetic stimulation of adrenaline
sccretion by the suprarenal glands m systemic anoxia has not been clearly related to a
reflex chemoreceptor origin
Recently Green & Neil (unpublished) have proved that the drugs which cause reflex
bradycardia when 1njected into the carotid bifurcation are all capable of stimulating the
baroreceptors of the carotid sinus as well as the chemoreceptors of the glomus This
naturally changes the interpretations given by the older authors It 1s probable that the
stowing of the heart 1s evoked by a baroreceptor reflex
in view of the evidence which already ewsts that acetylcholine and nicotine can
stimulate a vanety of nerve endings 1t 1s not particularly surprising that the baroreceptors
should be actinvated by these compounds It 1s rather unexpected on the other hand that
sodium sulphide and sodium cyanide should cause such powerful stimulation of these
endings
1 de Burgh Daly and M de Burgh Daly (1957) have recently reported that the per
fusion of venous blood through the carotid bodies causes bradycardia in the dog  The
ammals were ventilated artifictally and the chest was opened tn the mid sternal line  In
view of these results which support those of Bernthal 1t seems that marked stimulation
of the glomus receptors causes bradycardia in the dog artificially ventilated with room
arr Whether a species difference 1n the reflex cardiac response to chemoreceptor sumula
tion custs between the cat and the dog (as suggested by Neil 1956) requires further
invesugation  Siularly more evidence of the effects of severe anowic stimulation of the
chemoreceptors on the heart rate of dogs exposed to systenic anoxia would be desirable




CHAPTER 20

THE MODE OF STIMULATION OF THE CHEMORECEPTORS
The chemoreceptors are stimulated by anoxia hypercapnia and by acidosis

Anoxia
As has been stated the ct p are st d by anoxic t and histo
toxic anova but not by anemic anovia Comroe & Schnmdt (1938) who were the first
to show that anzmic anovia was mneffective m exciting chemoreflex responses concluded
from their results that the small amount of oxygen dissolved in the plasma was sufficient to
satisfy the needs of the glomus cells providing that the tension of the oxygen was normal
This conclusion which was natural enough suggested however that the metabolic needs
of the glomus cells were very modest for the amount of oxygen dissolved 1n the plasma 1s
only of the order of 03 m1/100 ml The direct measurement of bloodflow and oxygen
usage of the carotid body by Daly Lambertsen & Schweitzer (1954) has led to a revision
of this opmion The carotid body 1s the most vascular tissue 1n the organism with a
bloodflow of 2000 ml /100 g /mm and its oxygen usage 1s 9 ml /100 g /mmn  These figures
seem very high but if the blood flow occurs partly through shunts as de Castro described
then the oxygen usage would be higher still  As Daly and his co workers point out the
huge blood flow allows the carotid body to maintain 2 high oxygen consumptton although
extracting very little oxygen from each 100 ml of blood They argue that m terms of
oxygen flow to the body 1t 1s immaterial whether the blood flow be reduced or whether
the content of O {100 ml blood be lessened providmg that the oxygen tension be main
taned 1n each case Making a companison of these two types of reduction they point out
that Duke et al (1953) found lttle if any chemorteceptor discharge i carboxyhemo
globmamia when 75% of the hzmoglobin was combined with carbon monoxide—the
oxygen flow being therefore only a quarter of the normal Landgren & Neil (1951)
however found that hemorrhage which lowered the systemic pressure from 130 to 90 mm
{which from the results of Daly et a/ would lower blood flow and therefore oxygen flow
to a quarter) caused mtense firing of the chemoreceptors which was soon dispelled by
raising the oxygen tenston  The discrepancy here which Daly ef al could not explan
may be due to the accumulation of CO andfor other metabolites 1 the conditions of
stagnant anowa (hzmorthage) which does not occur 1n the conditions of anzmic anoxia
Having once shown that the carotid body has a high rate of metabolism we must perforce
believe that the production of CO and/or other metabolites 1s correspondingly fast and this
will lead to a raptd accumulation as their rate of removal by the blood flow 15 lessened
As the mhalation of pure oxygen derably lessens the ch ptor discharge after
h=morrhage this suggests that the metabolites causing the discharge are anzrobic 1t
does not support the behef that CO 1s the responsible agent A further point of argument
15 found 1n the well known experimental finding (Bogue & Stella 1935) of the persistence
185
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of mtense chemoreceptor discharge for as long as thirty munutes after death In such
crcumstances the high rate of metabolism of the carotid body must exhaust its own tenuous
reserves of foodstuffs very quickly-—it 1s the rapid accumulation of metabolites which
cannot then escape which mamntams the excitation of the chemoreceptor nerve endings

A very rare finding obtained once by the present author and once by Landgren
(personal communication) may be cited here to illustrate how stagnant anoxta due to a
fow systeric pressure may cause heavy chemoreceptor discharge 1n amimals ventiated by
100°% O  The accompanying figure (Fig 75 (Landgren)) shows chemoreceptor activity
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i e s bR pailsinp, Fic 75 Cat

Chloralose urethane anzsth s1a
Raght carotid sinus nerve cut centrally and

M chemoreceptor fibre slip used for recording
Blood pressure  recorded from external

carotd artery by condenser manometer
feccalerE T A B CDEF G are segments of film
recorded during the artificial ventilation of

DS24i0umty B2 90mnlly various gos mixtures  Note that $ pur cent
O, venulation reduces the chemoreceptor
sec afer discharge (and raises the systemic pressure)

100 per cent O, lowers the systemic pressure
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m a cat ventilated by 1009, O —the systerme B P 15 only 50 mm Hg and there ts a heavy
discharge of impulses  On substituting 5% O i N as the ventilation gas ruxture the
systermc pressure rises to 150 mm Hg and the chemoreceptor discharge becomes much
Iess despite the low pO  Restoration of 100% O 1s followed by a fall of blood pressure
and a return of the impulse actvity Presumably the reduction in local blood flow
produced by the lowerning of the systemic blood pressure caused a Jocal accumulation of
metabolites Which outweighed the effects of the nise of oxygen tension  Stmilar results
were obtained after cutting the homolateral cervical sympathetic trunk

Carbon Dioxtde
Samaan & Stella (1935) von Euler Liljestrand & Zotterman (1939) and Bartels &
Witzleb (1956) have shown that the chemorcceptor impulse activity mercases linearly
with increases of carbon diovide pressure above about 30 mm Hg  The discharge in
response to raised CO. tension 15 rarely as great as that initiated by anovia  Many have
suggested that the common stimulus to the chemoreceptors is a rise in the intracellutar
hydrogen 100 concentration n the glomus cells  Thus von Euler ¢f a/ showed that the



BLOCKADE OF CHEMORECEPTORS BY IODOACETATE 187

chemoreceptor discharge aroused by either anoxia or by hypercapnia could be quickly
dispelled by the ntravenous myection of 2mmonium hydroxide Winterstemn (1955 1956)
1s the strongest exponent of the intracellular pH hypothesis

Winder (1937) has claimed that the chemoreceptor response to anoxia can be
artificially separated from that to hypercapma by the perfusion of sodium 1odoacetate
through the glomus  Following such treatment local glomus anoxia no longer induced
reflex hyperpneea although hypercapmia mn the glomus crreulation was still effective in
arousing reflex responses of the breathing Winder suggested that anoxic stimulation
of the glomus nerve endings was normally achieved by the accumulation of some acid
metabolite formed by anzrobic glycolysis  Monolodoacetate was presumed to block the
glycolytic chain and hence the acid metabolite was no longer produced Carbon droxide
continued to act as an effecttve stumulant by virtue of its direct effect on the intracellular
pH Astrand Green & Neil {unpublished) were unable to dissoctate the chemoreceptor
responses to anoxia and hypercapnia by using monolodoacetate Invariably the loss of
Tesponse to anoxia was d by a d ance of that to hypercapnia  The
first appearance of monoiodoacetate 1n the glomus circulation itself induced an outburst
of chemoreceptor potentials This was not due to the pH of the perfusing solution
Landgren Liljestrand and Zotterman (1954) also noted that the mtra carotid injection
of 2 mg sodium 1odoacetate caused heavy though temporary discharge whereas a dose of
10 mg paralysed the nerve endings Amtchkov (1953) also reported that 10doacetate
abolished the chemoreceptor response to oxygen lack

Neil (unpublished) recently obtained a pure chemoreceptor preparation contaimng
very few fibres in which there was a response of one unit to anoxia but not to hypercapnia
another umit discharged actively during hypercapnia but showed no unequivocal response
to anoxia (Fig 76) It seems unlikely that there should be two types of glomus receptors
one responding to hypercapmia and the other to anoxta On the other hand de Kock
has described two types of glomus cell and has stated that Type I 1s much the more
common It 55 possible that the stronger chemoreceptor discharge seen m multifibre
recordings during anoxia compared with that to hypercapnia may be due to a preponder
ance of units which are affected by anoxia only However de kock has stated that the
Type 1 and Type II glomus cells are often nnervated by the axon termunals of one and the
same Cajal interstittal cell and this hardly favours such a hypothesis as 1s mentioned above
More studies of single chemoreceptor units responding to anoxia and/or hypercapnia are
required

Bernthal & Weeks (1938) perfused the carotid body with blood at different tem
peratures and showed that blood equilibrated at 38°C caused reflex hypernoea whereas
the same blood perfused at 18°C did not They inferred that this difference could be
attributed to the effect of temperature on the metabolic rate of the glomus cells Schrmdt &
Comroe (1940) sertously criticized their conclusions pointimg out that blood cooled anzro
bically showed a large change of pH to the alkaline side (Martin & Lepper 1926
Stadie & Martin 1924 Warburg 1922 Adairr Cordero & Shen 1929 Brewin Gould
Nashat & Ned 1955) Blood cooled an&robically from 38°C to 18°C would increase its
plasma pH by 0 294 (Rosenthal 1948) Hence as Schmudt & Comroe said the results
of Bernthal & Wecks may well have been due to this change m pH Nashat & Neil {1955)
showed that the chemoreceptors still responded feebly to anoxia or to sodmm cyamude
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when the whole ammal was cooled to a temperature of 26°C  Between 26°C and 20°C
body temperature the chemoreceptors ceased to respond

Shen & Hauss (1939) used the drug 2 4 dinitrophenol as a metabolic sttmulant
order to excite the chemoreceptors 04 mg mn 029 solution caused intense reflex
hyperpnea when mnjected into the common carotid artery providing that the corresponding
stnus nerve was intact  The effects noted could not be ascribed to the acidity of the
solution for 0 8 mg of trinitrophenol which 1s more acid was meffective on intracarotid
imection  Janisch Landgren Neil & Zotterman (1952) confirmed these findings  Shen &
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Hauss ascribed therr results to the stimulant effect of dimtrophenol on the metabolic
activity of the glomus cells  Anitchhov and his co workers hasve extended these studies and
while confirmung the results interpret them somewhat differently The drug acts by
whibiting the re synthesis of energy rich phosphate compounds (see Section on Drugs)
There 15 no doubt that chemoreceptor activity can be aroused by an increase m the hydro
gen 1on concentration of the blood as was first shown by Heymans Bouckaert & Dautre
bande (1931)  Comversely chemoreceptor activity induced by anoxia or hypercapnia can
be dispelled by the intravenous injection of However 1t 1s not proven that the
chemoreceptor endings are excited by changes of the pH i the glomus cells themselves
Changes of acidity of the blood may act by modifying glomus cell metabolism so that an
accumulation of imtermediate metabolites occurs

Schmudt (1941) attempted to account for the stte and for the chenucal sensitivity of
the ch T areas by y lating that they were onginally developed 1n aquatic
forms  He considered that they were situated in the branchial arches  Marshall &
Roscnfeld (1936) had made a less precise reference to the evolutionary ongin of the
chemoreceptors  Noting that respiration in deeply anzsthetized mammals was mamtaned
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by anovic fation of the ch flex zones they suggested that in these abnormat
conditions the Tespuration was taken over by more primitne reflex mechamsms which
were themselves probably of more fundamental tmportance n remote ancestral forms
They quoted Babak (190%) who found that the respwratory movements of the tadpole
were extremely responsive to changes of oxygen tension in the environment but were httle
affected by alteratsons 1n the casbon diovide tension  Schmudt argued that a branchsal
chemoreceptor system would have an obvious advantage in samphng the chemical
compositton of the environment Furthermore if some such system did ewst 1t would
be to the orgamsm s advantage to have 1t regulated by changes tn the tssue tension of
oxygen rather than carbon dloxide for the fatfer 15 so very soluble i water at ordinary
temperatures that an merease in the tension of the gas would be unbkely to occur m
water as the result of stagnation ot poliution until the oxy gen tension had been dangerously
reduced  He considered that the mmportance of the chemoreceptor zones i the mammal
lay rather in thetr abshity to wathstand and respond to adverse circumstances which would
damage the central neurones than in thesr possessing exquisite sensitivity to the factors
which normally regulate breattung  Schrudts P of the devel | ongin
of the chemoreceptor zotes 1 sinular to that of Koch (1931} sa the case of the baroreceptor
areas ‘There 1s a great deal of postive evidence for Koch s hypothests but there 1s as yet
none for that of Schrmudt  Boyd (1936) demes that there 15 any  paraganghome  or
chemoreceptor tissue in the branchial arches of the elasmobranch Mustelus and clams
that such tissue first makes its appearance i the amniotes (birds reptiles and mammals)
Nevertheless Schrmdts hypothesss 15 attractive and deserves testing 1 physsolomcat
experiments on pisene and amphiban forms
Krogh (1941) states that there 1s no doubt that oxygen fack stmulates respiration
1 fish (Westerlund 1906  Heerdt & Krygsman 1939)  The effect of CO on the other
hand 15 doubtfut and 1s never very pronounced (Olthoff’ 1934 Meyer 1935) Van Dam
(1938) made a very complete study of the chemical control of respiration m the eel
Anguilla vulgans and the trout Saimo shasta  The ventdation mereased up to five fold
when the oxygen content of the water fell below 4 ml /1 Two of tus three eels showed an
merease m ventdation volume when 5§/ CO, was bubbled through the water 1 the
remarung eel CO caused hibition  The trout mcreased thewr ventilation only shightly
when 1-13% CO was bubbled through the water and no tests could be made at higher
cencentrations as the solution became irrtant  Van Dam considered that CO dyspnea
would be unhkely to occur in clean natural water as the CO tension therein 15 at most
1-2 mm Hg (Krogh & Leitch 1919)
One of the most f: forms of ad: mr y control of fish 1s found
i the yarrow Eryfhrinus which mhabits tropical swamps  The yarrow 1s exposed to a
very low oxygen tenston and a very high CO, tenston m its aquatic environment and has
developed an accessory breathing organ for aenal respiration Willmer (1934) made a
classical study of the relations between the gas content of the water and the mode of
Tespiratton—aenial or branchial At low CO tensions aenal resprration superseded
branchuat even when the oxygen content was high  Apparently n this creature the CO
tension had to he between 10-25 mm Hg to stimulate branchial movement at af] Krogh
(1941) regarded this as 2 umque adaptation among fish and considered that it foreshadowed
the regulatory mechamsms seen 1 higher forms
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AcetyIcholine and the Transmuission of Chemoreceptor Impulses
Schwestzer & Wnight (1938) posed the question whether  drugs or changes n the
blood which stimulate these (chemoreceptor) nerve endings produce their effects by
hiberation of acetylcholine as the chemical intermediary  This suggestion has recenved
the support of the Swedish workers von Euler Liljestrand & Zotterman 1939 1941
Zotterman 1944 Landgren Liljestrand & Zotterman 1952 1954 Heymans Bouchaert
& Pannier 1944 refuted it Euler Liljestrand & Zotterman (1941) found that 5-10 pg
acetylcholine mntroduced into the external carotid artery induced a massive volley of short
duration of 1 1mpul without 1nfl g the  great pressure spikes  as they
referred to them  This 1s often but not always the case Diamond (1955) has since shown
that ACh 1s perfectly capable of stimulating baroreceptors Zotterman (1944) showed
that the effect of ACh 1n causing chemoreceptor discharge was specific as he found that the
ntra arterial myection of acetylcholine did not stimulate the afferent nerve endmgs m the
tongue Against this 15 the evidence advanced by Brown & Gray (1948) that acetylcholine
can stimulate nerve endings m the skin and Diamond s evidence that ACh can stimulate
the baroreceptors  Liljestrand (1951) found that the local application of 0 1-0 29 eserine
salicylate to the carotid bodies soon led to an mcreased respiratory response to oxygen
lack and carbon dioxide excess whereas local application of 19 atropine sulphate
abolished the response to these sumuli  Euler Liljestrand & Zotterman (1939, 1941)
suggested that the drugs ACh lobeline and nicotine acted 1n a manner simular to that i
which they affected the sympathetic ganghia  Liljestrand (1951) ported out that the glomus
cell and the mtra cellular nerve ending formed a synapse  Landgren et af (1952) found
that the chemoreceptor impulse activity produced by anoxia was greatly mtensified by
the close artenal injection of anticholinesterase drugs  This effect was obtamed regularly
when eserine prostigmine DFP TEPP ergotamine, morphine and sodwm fluoride
were mjected  Conversely the tnjection of atropine curarine tetracthylammonium and
decamethonium decreased or abolished the effect of anoxia on the chemoreceptor impulse
activity  They considered that these results supported their view that acetylcholine played
arole as the chemoreceptor transmutter of tmpulses in the carotid body and that the nervous
endplates corresponded to functional synapses  They claimed once more  that the large
baroreceptor spikes were not influenced by autonomic drugs 1n the concentrations used
This 15 only a question of the difficulty of access however (see Diamond 1955) Douglas
(1952) claimed that the sntravenous wjection of hexamethonm abolished the reflex
response of hyperpnaa normally evoked by the local injection of ACh imto the glomeric
region although the reflex response to oxygen lack was unaffected Heymans Delaunots
et al (1953) dented this  Douglas (1954 suggested that the chemoreceptor nerve endings
Iike other nerve endings could be stimulated by ACh but considered that this non spectfic
sensitinaty had nothing to do with therr normal mode of stimulation  Douglas & Gray
(1953) showed that hexamethonium abolished the sensitivaty of the carotid chemorecep
tors and the tactile receptors in the skin to ACh but had no effect on the responsc of these
nerve endings to their normal physiological stimult
It would seem that there 1s much to be said against the hypothesis that ACh 1s 2
t of the ch Daly (1954) has suggested that the effects of anti

holl mnd orinf Ing resp of the ch s may be duc

10 their effect m g the synay of sympathetic :mpulses relaymng




ACETYL CHOLINE AND CHEMORECEPTOR EXCITATION 191

in the superior cervical ganglion and destined to cause vasoconstriction of the afferent
vessels of the carotid body This effect 1s not important however for the chemoreceptor
discharge 1n response to physostigmine 1s still seen after the removal of the superior cervical
ganghon and 1ts efferent branches (Neil unpublished)

According, to Hollinshead & Sawyer (1945) the carotid body contans non specific
as well as specific cholinesterase there bemng a preponderance of the former They found
that the true or specific cholinesterase actwvity was far lower than that for the superior
cervical ganglion Koelle (1950) reached the same concluston wsing histochemscal methods
and ponted out that the presence not only of the specific but also of the non specific
cholmesterase indicated some 1mportant function It 1s not clear what he means

Meanwhile large quantittes of ganghonic blocking drugs continue to be used mn
attempts to nfluence the sensitivity of the chemoreceptors Moe er o/ (1948) found that
TEA prevented chemoreceptor responses to ACh and nicotine but not to cyamde or
anoxia Boelaert (1948) could not confirm this and neither could Heymans et al (1953)
Indeed Heymans and his co workers could not find that large doses of TEA hexametho
num methanthehine or pendiomud had any significant effect on the reflex chemoreceptor
respiratory effects of ACh or cyamide It 1s the authors opimton that ACh has nothing
whatever to do with the normal tr of the The
teasons for the conflict of evidence concerming the effects of anncholmesterascs and
ganglioplegic drugs on the activity and sensitvity of the glomus nerve endings to normal
or pharmacological sttmuli require further clarification




CHAPTER 21
THL EFFLCTS OF DRUGS ON THE CHCMORECEPTORS

It 1s difficult to classify the drugs which have been shown to excite the chemo

receptors because of the great variety of chemical structures they possess  The following
classificatton  though 1nadequate provides a basis for discussion

(@)

(3

(c

)
(e

(@)

1 Alkaloids

Nicotine Heymans & Heymans (1927) showed that nicotine sttmulated peripheral
receptors located 1n the aortic arch area and caused reflex excitation of the respiritory
centre Heymans Bouckacrt & Dautrebande (19316) extended these findings in
showing that nicotine excited the carotid glomus receptors (Fig 77)  These findings
have been widely confirmed Heymans & Bouckaert (1941) showed that both
: nicottne and B nicotine are effective
Lobeline acts similarly to mcotine (Heymans Bouchaert & Dautrebande 1931)
Iso lobinine (Panmier & Backer 1945) 1s a very effective stimulant
Pipertdine (Gernandt  1946) excites both aortic and carotid chemoreceptors

None of these drug actions 1s prevented by 1tropme  Mercier Rizzo & Delphaut
(1934) Anitchhov (1937) Comroe & Schmudt (1938) and Philippot (1937) all noted
the comeidence between drugs with nicotimic properties and drugs with an ability
to excite the chcmoreceptors Euler Liljestrand & Zottermnn (1939) found that the
discharge troused m ct ptor fibres by lobeline or nicotine was not diminished
by the ntravenous injection of ammonia while that causcd by the  phystologteal
stimulation of O lach or CO, excess was abohshed this led them to the belief
that the alkaloids stimulated hypothetical ganghon cells interposed on the chemo
receptor fibre pathway
Curare abolishes the effect of micotine on the chemorcceptors (Anitchkov 1947)
Anabasine connne and cytisine are among other alkaloids which stimulate the chemo
receptors (Amtchkov 1935 1937)

2 “Metabohe Drugs **
Cranides
Heymans Bouckaert & Dautrebande (19316) and Euler & Liljestrand (1937a)
found that cyamide 1s a strong chemoreceptor sumulint  This drug 1s generally used
for tesuing the chcmorm:ptor reflexes and 1s given 1n munute doses by close intra
artenial The ptor discharge caused by cyanide 1s abolished or
reduced by the intravenous injection of ammoma (Euler Liljestrand & Zotterman
1939) and 1s reduced by the mhalatron of 1007, O

19
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Tabun (dimethylamudo ethoxy cyano phosphtne oxide)
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a substance developed for military purposes causes a fleeting hyperpnea when
mtroduced into the circulation of the carotid body Its chemical excitant effect 15
due to the cyantde content of the molecule (Heymans Pochet & Van Houtte 1956)

|
M

I’{i
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Fic 77 Monkey with morph Right carotid
smnus nerve cut R = resprration P A = artenal pressure 1 = mjec
tion 1n left normal innervated common carotid artery of 0 1 mg mcotine
Marked hyperpneea and nise of arteral pressure 2 = same 1njection in
right denervated common carotid artery No hyperpneea and no rise of
arterial pressure —(A Verdonk (1937) 'C R Soc Biol 126 431)

According to Anitchkov (1947 1951 1955) sodium cyanide acts on the cyto
chrome cytochrome oxidase system Anttchkov suggested on this basis that the
hazmin ferment system of the type of cytochrome cytochrome oxidase plays the role of
chemoreceptor 1n the carotid body  Curare which completely blocks the action of
acetylcholine and nicotine on the carotid bodies (Anitchkov 1947) has ligtle if any
effect on the cyanide response of the chemoreceptors Eserine does not increase
the action of potasstum cyamde on the carotid bodtes as 1t would be expected to do
1f ACh were a mediator  Atropine has no effect on the response of the chemoreceptors
to cyamde and neither does hexamethonum (Anttchkov 1951)  If cyamde solutions
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EFFECTS OF DRUGS ON CHEMORECEPTORS

are perfused through the carotid body for long they paralyse the chemoreceptors
(Melnikova 1947)  According to Amitchkov (1955) sulphides act sumilarly to cyanides
(see also Inase & Yamanouchi (1951))

Drugs with reducing propertres

Hvdroxylimme paramino phenol hydroquinone and reduced codehydrase
have all been shown by Belenky (19494) to stimulate the chemoreceptors  Belenky
relates this to their reducing properties
* Dissocrative * poisons

Such substances are referred to by Anitchkov and his school as having the
property of impaining the coupling of ussue respiration and phosphorylation  In
spite of the continuation of oxgyen consumption the generation of new macroergte
phosphate connections 1s mhibited  Four such drugs were shown to be effecuve
stimulants of the carotid body by Seitz & Engelhardt (1949) 2 4 dimitrophenol
sodium azide sodium mitrite and methylene blue 2 4 dinitrophenol (Shen & Hauss
1939) and sodium mitrite had been previously shown to be chemoreceptor stimulants
by Heymans & Bouckaert & Dautrebande (1931) Sodwum azide and methylene
blue were also described as exciting the glomus cells by Anitchkov (1945) and Belenky
(19498)  On the grounds of thetr common property of causing chemoreceptor stimula
tion Amtchkov (1951) considered 1t possible that chemoreceptor excitation occurred
when there was a disturbance between the equilibrium between the resynthesis of
macroergic phosphate compounds and their rate of breakdown  The chemore
ceptor stimulation by anoxia might he thought be stmilarly explamed macroergic
phosphates were disrupted but no resynthesis occurred
Adenosine triphosphate

ATP was shown to excite the chemoreceptors by Jansch Landgren Netl &
Zotterman 1n 1952 Amitchkov (1951) quotes Belenky (1951) as showing that 1
prehmnary perfusion of ATP 1n concentrations of 107¢-10~%m through the
ssolated carotid bifurcation greatly mereased the chemoreceptor response to the sub
sequent exhibition of cyanide lactic acid or ACh  Belenky also showed that the
excitability of carotid body chemoreceptors  exhausted  as a result of long perfusion
with cyanide could be restored by means of ATP perfuston  The intensity of the
reflex responses from the carotid body n response to the various stimuli was thus
related to the ATP content of the glomus cells 15 this fell to zero the chemoreceptor
cells became mexertable
Glycolytic poisons

Winder (1937) first showed that monoiodo acctate abolished the response of
the chemoreceptors to anoxia He claimed that selective concentrations of this
enzyme mhibttor would abolish the response to anoxtr wathout suppressing that to
CO excess This interesting finding was used by Gesell (1939) to bolster the
hypothess that the chemoreceptor actrvity was controlled by the intracellular acidity

Anovrma and cyamdemia which are hnown to cause an accumulation of factic

aad  whenan-erobic glycolysis s prevented by localized poisoning with mono sodo
acetic acid ncreased breathing 1s missing (from anoxia) though hyperpneea 1s still
produced by localzed hypercapnia  These results and their mterpretations were
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caticized by Schmidt & Comroe (1940) Astrand Green & Neil (unpublished)
could never succeed 1n abolish the to oxygen lack without
simultaneously losing that to CO excess Amtchkov (1953) confirmed the loss of
response to anovia following monotodoacetate and noted that monobromacetate
was equally effective  Jansch ef a/ (1952) noted that the intra carotid myection of
2 mg sodmim 10doacetate 1n cats was followed by an enormous increase of chemo

FiG 78 Isolated but mnervated carotid sinus and body area
of dog B perfused by means of dog A (Fig 15) R =
respiration of dog B PA B = artenal pressure and
heart rate of dog B P A A = arterual pressure of dog A
1=1njection of 01 mg acetylcholne i circulation of
perfused carotid suus ufdog B—Marked reflex hyperpneea
and bradycardia 1n dog B -—~C Heymans J J Bouckaert
g‘Farb)‘er and F Y Hsu (1936) Arch nt Pharmacodvn
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receptor impulse actrvity whereas the injection of larger amounts (10 mg ) abolished
chemoreceptor discharge for some minutes Anitchkov (1953) includes sodium
fluoride sodium arsenite and sodium malonate with 1odoacetate as glycolytic poisons
which abolish or reduce chemoreceptor excitability ~ After prolonged perfusion with
such solutions chemoreceptor activity can be restored by adding ATP to the per
fusing fluid  From these results Anttchkov has stressed his claim that the glomus
cells are dependent on a normal carbohydrate metabolism Dusturbance of the
balance between disstmilation of macroergic phosphates and their resynthesis or
disturbances 1 the cytochrome cytochrome oxidase system causes chemoreceptor
activity—providing that carbohydrate stores or supplies are adequate and that the
breakdown of sugar ntermediates 15 not prevented

This hypothesis of the Russian School whilst 1t leaves many lacunz m our
under ding of the 1 as a whole seems to us to be much more profitable

13—z
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than that based on the responsiveness of the chemoreceptor nerve endings to
acetylcholme  As 15 argued elsewhere 1t would seem that any nerve ending 1s
stimulated by ACh and the chemoreceptor nerve endtngs prove no exceotion

3 Acetylcholine, choline dernvatives and related compounds

Dautrebande & Marechal (1933) found that carbanmunoyl choline strongly
excited the carottd chemoreceptors and therr findings were widely confirmed
Anitchhov and his co workers (1936) and Heymans Bouckaert Farber & Hsu (1936}
obtained simular results with acetylcholine (Fig 78) and all subsequent workers have
agreed with their claims  Philippot (1937) found that 4 large vanety of drugs of the
cholne sertes with nicotinic  properties were chemoreceptor excitants  Schwestzer
& Wrnight (1938) show ed that atropmne did not abolish the response to ACh and Winder
confirmed this (1938) Philippot & Dallemagne (1950) found that the monophenohe
ether of homo 1so muscarine was a stmulant De Wispelaere (1937) showed that
acetyl 8 methylchol ethyl g methylct and ethylcholine were chemoreceptor
excitants

Liljestrand (1951a b) showed that the local application of a 1% solution of
atropine sulphate on the carotid bodies caused a great decrease in the chemoreceptor
response to anoxiz or to lobeline and ACh  The mtravenous injection of large doses
of atropine on the other hand did not modify these chemoreceptor responses  This
latter finding confirmed earlier work of Schwertzer & Wrnght (1938) and Euler
Liljestrand & Zotterman (1941) Heymans Delaunois Martim & Janssen (1953)
however showed that the topical application of such strong concentrations of atropine
to the carotid bifurcation caused a local anzsthetic action with the result that the
systemic blood pressure rose (due to abolition of baroreceptor discharge) and the
ammal failed to show any reflex chemoreceptor respiratory responses

4 Anticholmesterases

Eserme myected 1n the vicimity of the carotid body enhances the sensitrvity of
the chemoreceptors to ACh but not to lobeline (Heymans Bouckaert & Pannier
1944) or 10 cyanide (Asratian 1938) Verbeke (19492 5) obtained sumilar results
with DFP and TEPP which sensitized the glomus cells to ACh but not to cyamde
(1949)  Verbehe & Votava (1949) found that HETP TEPP and Nu 683 mncreased
the chemoreceptor sensttivity to ACh  Atanackovic (1950 1951) showed that the
tetra methoquining methiodide sensitized the chemoreceptors to ACh but not to
lobeline sulphide or cyamde Casier & de Vieeschhouwer (1952) stated that the
chlorphenylmethy]  carbamate  of  hydroxyphenyltiimethyl mhibits
pseudochol completely and selectively having no influence on truc
cholinesterase  This drug senstuzes the chemorcceptors to ACh  The dimethy)
carbamate of hydroxyphenyltrimethylammonium 15 also a potent anticholineste rase
and sensitizes the carotd body to ACh but not to sodium sulphide (Atanackovic &
Dahlgaard-Mikkelsen (1950) Caldcyro & Garcia Austt (1952) Mazzella & Migharo
(1949) and Fernandez (1949)
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5 Ganglioplegtc drugs

Tetraethylammonium was claimed to inhibit the chemoreceptor stimulation
mduced by ACh nicotine and lobeline but not that evoked by anoxia (Moe Capo &
Peralta 1948) Boelaert (1948) could not confirm this

Douglas (1952) clumed that | honium given 1ntr: ly 1n high doses
abolished the response of the chemoreceptors to ACh lobeline and micotine and did
not affect their response to cyamde or anoxia  Landgren Laljestrand & Zotterman
(1952} found that very high doses of tetraethyl or d honium njected
locally mto the carotid body abolished or reduced the chemoreceptor response to
lobeline ACh and anoxia but pointed out that the effect was more pronounced m
the case of ACh or lobeline

Heymans Delaunois Martint & Janssen (1953) found that large doses of tetra
ethylammontum metaneline or pendiomide did not affect the respiratory responses
to chemoreceptor stimulation by ACh lobelne or cyanide

Dontas & Nickerson (1954) on the other hand found that small doses of ganglio
plegic drugs (tetraethyl: p { he t pend d,
and Arfonad) effectively blocked the chemoreceptor response to ACh and lobeline,
and prolonged the response to hypoxia and cyamde

Deca hexa and pentamethonmum effects on the chemoreceptor action potentials
m cats were reported by Gollwitzer Meter & Witzleb (1953)  Pentamethomum
infubtted the response to anoxia lobeline or ACh  Decamethomum had no action
1n reasonable doses Budde (1954) injected moderate or large amounts (1-20 mg)
of tetraethyl ammomum 1nto the carotid artery in cats and recorded chemoreceptor
action potentrals The impulse activity aroused by anova was unaffected that
evoked by ACh was abolished

We are somewhat dubious about the effects of huge amounts of these drugs
given locally into the carotid circulation  We feel that the pH of the solutions used
and the bromude or 10dide 10n of the comp ds may be compl. the
seen n these conditions

6 Miscellaneous drugs

5-Hydroxytryp! (serotomin) st the chemoreceptors according to
Douglas & Toh (1952) Heymans & Van den Heuvel Heymans (1953) could not
confirm this  McCubbm Green Salmorragh & Page (1956) however found that
12 micrograms given mto the common carotid artery induced carotid chemoreceptor
discharge  The drug was described as a more powerful stimulant than lobeline
tryptamine or DMPP  Its action like that of anoxia was not blocked by TEAC
There seems some vanation tn the chemical properties of various preparations of

5 hydroxytryptamine ~ Each of us has separately tried the effect of myecting this
substance 1nto the glomus circulation with negative results  Green participated 1in
the experiments at the Middlesex Hospital  these showed that a chemoreceptor
preparation which responded briskly to the usual stmulant (cyamide and lobeline)
gave no response to serotomn  Green however later obtamed most striking
responses 1n collaboration with McCubbin Salmoiraghi & Page
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} cratrum alhaloids have been shown to excite the chemoreceptors by Janisch & Ruchter
(1939) Krayer & Acheson (1946) Aviadoe Pontius & Schmudt (1949) Heymans &
de Vleeschhouwer (1950) Cerlett: Lt Alamis & Awviado (1951) Jansch Landgren
Neil & Zotterman (1952) Witzleb (1952) Rothlin & Cerlettt (1954) and Martim &
Calhauw (1955}
Phem] diguamde was shown to stmulate the chemoreceptors by Dawes Mott &
Widdicombe (1952) Heymans Hyde Terp & De Vleeschhouwer (1952) did not
confirm this observation
Histamine  According to Fabiny1 & Szebehelyr (1948) anoxic hyperpnoea can be
prevented by cholesterol by Antistine or by desensitization to histarmine  These
observations suggested that histamme might be concerned with the strmulation of the
chemoreceptors by anoxia A Liljestrand (1949) did not confirm this  The intra
venous injection of lergitine 1n doses that abolished the action of intravenous injections
of histamine on the systemic blood pressure had no effect on the systemic blood
pressure and no effect on the respiratory Tesponse to hyperpneea  Landgren Liljes
trand & Zotterman (1954) moreover could demonstrate no nfluence of histamine
(admimstered by carotid imjection) on the chemoreceptor mmpulse discharge and
could find no effect of antihistarumic drugs on the chemoreceptor or potentials
evoked by anoxia

Zunz & Tremont: (1931) showed that the stmulation of the respiration produced
by Coramine (mhetharmide) was due partly to an action on receptors in the carotid
bifurcation (1e chemoreceptors) and partly to a central action on the medullary
neurones  Pentamethylenetetrazol (Cardiazol) on the other hand caused respiratory
stimulation which was unaffected by the presence of the simus nerves and therefore
acted directly on the respiratory centre

Abdominal Chemoreceptors

Latschenberger & Deahna (1876) were the first to suggest that respiratory reflexes
mught be mmpated by chemical sumulation of nerve endmgs situated in the peripheral
vasculature  Others later claimed that circulatory responses could be similarly produced
1n addition to those of respiration (Spahitta and Consiglo (1892) Heger (1887) Pagano
(1900) Sicrlano (1900)) In general such claims are based on the demonstration of
circulatory of respiratory responses to the intra arterial myection of Jarge amounts of
strongly imtant chemicals  There 1s no proof that the reflex effects were due to the stmu
lation of nenve endings 1n the vascular walls It ss quite possible that pain or other nene
endings 1n the pernascular ussues were stimulated in these conditions

Recently Tchernigovshy (1954) revived the 1dea that chemical excrtation of receptors
in the peripheral vascular system evoked respiratory and circulatory reactions Acety!
choline nicotine procame and sodim cyanide were effective mn this respect when
mtroduced 1nto the ssolated crrculation of the imbs spleen inteste kidney, adrenal
tests thyrord or pancreas prosiding that the mnenvation of these tissues was intact
In the revtewer s opinion the data presented are not convincing mamly because adequate
control was not exercised as to the effect of leakage of these potent chemical agents into
the systemic airculation  Moreover Heymans and his colleagues have repeatedly shown
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that immedtate circulatory or resperatory reflex responses do not occur when these drugs
are mjected 1nto 1solated areas of the pertpheral ctrculation  Acetylcholine cyamide and
nicotine jected ntravenously do not produce hyperpncea 1f the aortic and carotid
chemoreceptors have been denenated Kaufmann (1912) Odermatt (1923) Heymans
Bouckaert Euler & Dautrebande (1932) also agreed that changes in oxygen or CO
content 1n the arterial blood perfusing the 1solated but mnervated Iimbs did not induce
reflex circulatory or respiratory responses  High doses of irritating chemucal stimulants
may howeser induce reflex circulatory or respiratory reactions if myected mto the arterial
circulation but these reactions are most likely due not to stimulation of specific chemo
receptors but to the sumulation of non specific pam receptors or other receptors as
already shown by Heidenhain (1870) Bradford (1889) Tigerstedt (1923) and others
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CHAPTIR 22

ANATOMICAL AND ELLCTROPHYSIOLOGICAL STUDIES ON
THE CARDIO-PULMONARY NERVES

The Autonomre Inneryation of the Heart and Pulmonary Vesscls

The cardio pulmonary area 1s gencrously mnnernvated by the vagal and sympathetic
nerves  The Weber brothers (1845) showed that stimulation of the vagus nerves caused
bradycardia  Though they attempted 2 rough localization of the cardiac vagal centre
1t was Laborde (1888) who first showed 1ts situatton 1n the floor of the IVth ventricle and
Miller & Bowman (1915) later sdentified the centre with the dorsal motor nucleus of the
vagus

Vierordt (1455} and later von Bezold (1863) and Cyon (1866 1867) reported that
stimulation of the sympathetic caused cardiac aceeleration  The Cyon brothers (1867)
found that stellatectomy abolished the response of tachycardi to the sumulation of the
cervical part of the spinal cord  Schmiedeberg (1871) was the first to demonstrate the
courst of the ramu accelerantes

Since these papers from the Leipzig laboratory there has been a huge amount of & ork
carried out on the anatomical pathways of the autonomic nerves supplying the cardio
pulmonary area  Tigerstedt s monograph may be consulted for some of the details of the
cardrac mnnervation m lan and non lian forms (Tigerstedt 1921) Among
the more important papers concerning the anatomy and histology those of Wooldridge
(1883) Smurnow (1895) Dogrel (1898 1911) Ellenberger & Baum (1891) Cyon (1898
1900 1906) von Schumacher (1902) Dogrel & Archangelshy (1906) Worobiew (1917)
Woollard (1926) Anufriew (1928) Schurawlew (1928) Wolhynski (1928) and Nomdez
(1937 1939 1941 and 1943) may be mentioned  Recently there has appeared an able
account of the anatomy of the heart nerves of the do,, by Mzeres (1955) Jansch &
Richter (1939) Amann & Schaefer (1943) Janisch & Zotterman (1948) Dawes & Widdt
combe (1953) and Jones (1952 1953) gve some account of the pathways of some of the
vagal afferent nerves whose cardiac nerve endings are stimulated by veratrine and 1ts
constituents

The older mvestigations were 1n the man conducted by the ordinary methods of
anatomuical dissection using the techmque of methylene blue stamning for following the
finer branches Unless such studies comprise 1mvestigations made on survnval animals
1 which sup dose vag y or stell y has been carried out there 1s no certain
way of decrding whether nerve fibre branches contamn afferents or efferents or whether

vagal branches contain sympathetic fibres and vice versa  For this reason we consider
that there ts hittle point 1n presenting, detailed maps of the anatomy of the cardiac nerves
which may be consulted 1n the papers of Anufriew Schurawlew Wolhynski and Mizeres
already referred to

00
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Comventionally one describes three cardiosympathetic nerves on each side arnsing
from the supenior muddle and infertor cervical gangha and named accordingly Usually
however there are additional ramu which pass from the thoracic sympathetic trunk to the
heart (Perman 1924 Cannon ef al 1926 Jonescu & Enachescu 1928 Kuntz 1934
1945) The efferent components of the sympathetic nerves are postgangliome fibres which
have their cell bodies 1n the sympathetic ganglia  The corresponding preganglionic ramt
anise from the segments Ty~T; of the spinal cord By recording impulse activity i the post
ganghomic neurones of the inferior cardiac sympathetic nerve Bronk (1933-34) was able
to show the effect of successive section of the preganglionic rami in these segments on the
mmpulse discharge  Some of the most authoritatne work on the distribution of the cardrac
sympathetic nerves 1s that of Nomdez (1937 1939 1941 1943) based on the use of silver
staiming techniques  Preganghonic sympathetic fibres stained deeply whereas the post
ganglionie sympathetic fibres staned only a pale orange His description of the course
of the cardiosympathetic and cardiovagal nerves 1s summanzed below

The superior cardiosympathetic nene 1s according to Nonidez mus named as 1t
supplies only the large vessels On the left 1t anses from the medmal surface of the muddle
cervical ganglion and 1s jomed by aortic nerve fibres from the depressor nerve The
branch consists of pale stamning postganghonic sympathetic fibres (silver technique)
and supplies the aortic arch and the base of the brachtocephalic  Nonidez claims that the
homologue of the nght side 15 the aortic nerve ending on the base of the subclavian artery
This seems highly unlikely

The middle cardiac sympathetic nerve {  nervus accelerator  of Bochm) 1s the largest
branch issuing from the mud cervical ganghon  On the left 1t anses from the caudal pole
of the ganglion medial to the ventral hmb of the ansa subclavia It runs lateral to and 1n
close contact with the vagus nto the thorax wherein 1t divides into branches which run
sentrally over the aortic arch and left pulmonary artery to enter the plexus situated m
the fold of epicardium containing the remnant of the left antenior cardinal vein (the  plea
nervina  (Worobtew 1917) It 1s jomed near the heart by parasympathetic cardiovagal
fibres Asthe n accelerator reaches the base of the left ventricle the fibres course
along coronary arterial branches which supply the left heart and termunate 1n the left
postenior longitudinal plexus of Worobtew (1917)  Branches of the accelerator accom
panted by vagal fibres are also distributed to the posterior surface of the left atrium

On the right the nerve runs from the middle cervical ganghion and joms the nght
cardiovagal branch which causes the afferent fibres ending n the baroreceptor area at
the base of the nght subclavian At the angle of the subclavian the nerve courses n the
mediastinum behmd the aorta to reach the heart where it jons the left antertor longitudimal
plexus and the right anterior and rnight posterior plexuses which innervate the night atrium
and ventricle

The imferior cardiosympathetic nerves are not constant 1n the dog but when present
Jomn the nervus accelerator high or low m its course  In the cat the right stellate ganglion
gives several branches which join the night accelerator and run with 1t leay mg this nene
m the vicimity of the angle of the nght atrrum and superior vena cava

The cardiovagal nerves are less numerous than those from the sympathetic  The left
cardiovagal nerve accordmg to Nomdez anses from the vagus at the level of the nud
cervical ganglion and runs to the pressoreceptor area on the ventral surface of the aorta
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It contams afferent fibres from the aorticarch  The right cardiovagal nerve jorns the nervus
accelerator in the dog  In the cat it 1ssues from the vagus at about the level of the tracheal
bifurcation whence it runs to the posterior surface of the right atrium between the openings
of the ven® cave  In our expenience and that of others this 1s a very constant branch m
the cat and 1t can always be identified leaving the vagus only a few milimetres headward
of the junction between the azygos vein and the superior vena cava then runming medially
behind the azygos vemn and lymph node to the posterior surface and nght side of the
atrium
Hustologteal methods have been profitably combined with expenimental phystological
studies m helping to decide the fibre components of the cardiac nerves (Hembecker 1930
Heinbecher & O Leary 1933 Daly & Evans 1953) and Agostom er al (1957) These
authors have examined the functional and histological charactersstics of the vagus and
its branches after supranodose or infranodose vagotomy In chromc sunval animals
following supranodose vagotomy Hembecker & O Leary found no effects on the heart
rate on stimulating the cervical vagus trunk  They concluded that none of the cell bodres
of the cardiac motor fibres lay in the nodose ganghion Heinbecker (1930) showed that
the compound ‘agus action potential contained three peaks and correlated these with
fibre sizes 1n preparations statned with osmic acid  He associated the first part of the
first peak with the activity of large myelinated fibres which were of motor function for
this part of the compound action potential disappeared after chronic supranodose vago
tomy The second part of the first peak which survived supranodose vagotomy was
identified with the actmity of larpe myelinated afferent fibres The second wave was
associated with small myelinated fibre activity and the third wath that in non myelinated
fibres  Chronic supranodose vagotomy was found to reduce the second wave by some
30-50°, 1 size which was mn harmony with the disappearance of about half of the small
finely myehinated fibres from histologrcal sections It would seem that most of the finely
mychinated fibres are afferent  Heinbecker & O Leary decided that there were no non
myelinated afferent fibres 1n the vagus of the cat because pressure applied to the vagal
trunk which abolished the first two potential waves without affecting the third effectively
blocked the reflex responses to mmpulses aroused by pamn or by changes in the blood
pressure and respiration
Daly & Evans (1953) did not agree with this Jast point  They studied the results of
chronic sup dose vag on the histol 1 features of the vagus and its thoracic
branches and on the responses obtained by vagal Supr d y
had httle effect on the larger myelinated fibres but caused a disappearance of 607, of the
2-4 u myelinated group In the cardiac branches there was no obvious degeneration in
the myelnated fibres but definite degeneration of same of the non myehnated fibres The
large number of myelinated and non myelnated fibres which sunived were afferent 1n
function
Agostont er al (1957) have extended these studics They report that the cardac
vagal branches contain n all about 3 000 fibres (cat) Only 500 fibres mostly non myelina
ted disappear after supranodose vagal section so the remamnder are afferent About
500-700 fibres were myelinated these lay in the range 1-12 p and were afferent 1094 of
the components of the vagal branches were sympathetic fibres
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The Intrinsic Innervation of the Heart and Pulmonary Vessels
There 1s no general agreement regarding the number and distribution of nerve fibres
and receptors 1n the vanous layers of the heart wall This 1s presumably due to techmical
difficulties 1n the histological techmques mvolved Kuntz (1934) regards the intra vitam
methylene blue method as the most satisfactory although many have obtamned good
results with silver methods (e g Nonidez 1937 and Panmter 1940) Woellard found

sl

MR
A\

Fic 79a Posterior view of the heart of a kitten showing the location and approumate extent of the
Teceptor areas of the veins (dotted) @ = azygos vein opening into the superior venacava 1=
nferior vena cava p = pulmonary vetns

FIG 795 Receptors n the subendotheleal layer of the vena cava at the atriocaval junction —(Nomdez
TF (1937) Amer J Anat 61 203)

numerous ganglia in the atral walls but was unable to demonstrate any on the ventricular
side of the atrio ventricular sulcus  Anufriew (1928) and Schurawlew (1928) confirmed
these findings Okamura (1930) clammed that gangla existed 1n all parts of the cardiac
wall Dogel (18985) described the neurons in the atnal cardiac gangha in detail and
divided them 1nto three classes Probably all the extninsic fibres which make synaptic
connection with the ganglion cells are vagal according to Woollard (1926) and Lavrentiev
{1929) The cardiac gangha are therefore wholly parasympathetic  Woollard found that
the ventricular muscle was supplied only by sympathetic fibres

Sensory fibres from the heart were mvestigated first by Smunow (1895) then by
Dogiel (18984) and have more recently received a good deal of attention  Nondez (1937)
described a generous supply of subendothelial receptors on the dorso medial surface ot
the junction of the supertor vena cava with the night atrum  These were vagal nerve



204 CARDIO PULMONARY NERVES

endmgs Nomdez claimed that they were receptors for the Banbridge reflex but more
tecent evidence suggests that this 1s unlikely

In addition to these subendothehal endings 1n the newborn kitten which he found
in the ven<e cava tn their intrapenicardial course, Nonidez also described similar nerve
endings m the subendothehal part of the pulmonary vems encircling therr crrcumference
agan 1 the mtrapericardial part of the vens (see Fig 79)  He also drew attention (1943)
to the rich sensory mnenation of the sino atnal node and a v node  Pannter (1940)
repeated these observations using silver techniques i the adult cat  He found (1)
sensory endings on the dorsal surface of the superior vena cava m the subendothelial part
of the wall  (2) endings 1n the subendothelium of the nght pulmenary vein (Larsell 1921
Nonudez 1937 see also Lavrentiev 1946) (3) sensory endings of very thin fibres 1n the
vicinity of the sino atrial node  (4) fine reticulated vagal endings in the pulmonary artesy
sensory 1n type as previously described by Larsell & Dow (1933) Takmno (1932)
Takino & Miyake (1936) Takino & Watanabe (1938) and carlier by von Schumacher
(1902) Lastly Pannier reported vagal receptors 1n the myocardium of the right auricle
and atrlum  He constdered that the atrial receptors were more likely to subserve the
Jansch reflex (Janisch 1938-1941  Jansch & Richter 19392 & c) than the Bambndge
reflex (Bainbridge 1915)

King (1939) injected methylene blue solution 1 1110 mto rats finding that 10-20 ml
could be injected before death occurred  The heart was frozen in toto upon the microtome
After a section was cut 1t was allowed to oudize and was then fixed King descnibed &
varety of complicated forms of cardiac nerve endings These comprised (@) small
encapsulated receptors  The nerve fibre ended 1n a cylindrical whorl which was completely
surrounded by a thin transparent capsule This type was found qute frequently m the
ventricles lying between the muscle bundles A common location was between layers
of muscle the fibres of which were running i different directions  (5) Muscle spindles
were demonstrated m the ventricles of varymg degrees of complexity  Very large endings
sttuated within a thin capsule whose termination was composed of a complicated mass of
nenve fibres and small strands of muscles were occastonally found Only a few endings
of this type were observed 1n the ventricle and none was found m the atrum  (c) A third
type was siular to the last but was less complicated i structure  This was commonly
found n the ventricles and was not found m the atnia

King regards these sptndles found 1n cardiac muscle as bemg of a type transitional
between those observed m striated and smooth muscle  The stretch receptors in smooth
muscle have no capsule whereas those 1n striated muscle are of great complexity and are
usually covered by connectrve tssue  The cardac spindles sometimes have a thm capsule
but occasionally possess no demonstrable sheath King constders the cardiac muscle
spindles to be stretch receptors  Except for this author only Plechkova (1936) has des
cnibed sensory spindle like structures mn cardiac muscle Nonidez (1943) has dented the
eustence of ventricular receptors

Electroneurography of Cardac Vagal Afferent Nerves
Amann and Schaefer (1943) described the main features of the impulse traffic which
may be recorded from the cut central end of the right cardtac vagal branches Bursts
of impulses occurred synchronously with atrial and ventricular contraction (see Fig 80)
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A single functional fibre was recorded which showed impulse activity n the P R interval
of the ECG  Amann and Schaefer considered that the large spike potentials which they
recorded oniginated from the actnation of nerve endings tn the atna and the ventricles
The afferent fibres were presumed to be of the A class (Erlanger & Gasser 1937) Janisch
& Zotterman (1948) however dented that mechanical stumulation of ventricular nerve
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FiG 80z Records taken of impulse actevity of a thin stip of the cardiac vagus (central end) Records
fromabove downwards time S0 ¢/s right atrial pressure electroneurogramand E C G —(E Neil
Zotterman (1950) Acta physiol scand 20 160)

Fic 805 I Ii 1L shows E CG and electroncurogram of three separate preparations of cardiac
vagalafferents  Ishows B type atrmal receptor (nght atrom)  Ilshows A  typ awsal
receptor (nght atrum) 11l shows artenal baroreceptor from the aortic arch IV shows
nght veotricular receptor —(E Neil)

endings ebicited any large spike potentials 1n the afferent cardiac vagal fibres  Only atrial
stimulation elicited these large potentials ventricular simulation by pinching the ven
tricular wall caused the appearance of small slowly conducted spikes which they con
sidered to be conducted mn thi afferent fibres of the 8, or C type  Jarisch & Zotterman

drew attention to the great prepond of myelinated and d cardiac vagal
fibres which were less than 1 5g 1n drameter and pomted out that few fibres in these
b H ded 3p m d Electrical stimulation of the central ends of these

cardiac vagal branches 1f effective at all caused only reflex bradycardia and hypotenston
Neil & Zotterman (1950) found that these reflex effects on the circulation were elicitable
only if the electrical stimulation was sufficiently powerful to excite the § fibre component
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of the compound vagal action potential  They concluded that reflex vagal bradycardia
and hypotenston was mediated by thin fibres of the 8 or C type

Whitterrdge (1948) recorded the impulse actuvity i few fibre preparations of carduc
vagal afferents made by dissecting the cervical vagus  Simultancous recording of pulse
waves n the great vemns, intrathoracic pressure aortic pressure and ECG allowed him
to correlate the vagal impulse traffic with the effective venous pressure  He found that
bursts of tmpulses occurred synchronously with each of the 2’ ¢ and v waves
of venous pulse pressure  Some of the nerve endings were situated 1n the left atrium even
though the corresponding afferent fibres coursed in the night cenvical vagus  Cold block
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Fic 81 Two records showing, ECG (upper record) single fibre of atrsal stretch receptor (A type
and stngle lung stretch receptor (lower record)

(a) Dunng natural insprration A receptor discharge increases and secondary firing 15 obvious
m the venous fillimg phase At the end of inspuration (signalled by the cessation of discharge
of the small smke of the lung streich receptor) the A receptor discharge lessens

Durning posttive pressure inflation of lung the small spike discharge 1s very great the A receptor
firing 15 reduced and there 1s no  secondary firtng__ due to the wnterference with venous filling
As s00n as the positive pressure 13 released venous filing occurs and causes secondary firing and
increased discharge int the P R intenval —(E Neyl)

®

was applied to the cervical vagus and the venous receptor 1mpulses were no longer

conducted below a temperature which lay between § and 12°C The venous aflerent

fibres were found to be resistant to anoxia  Whntteridge also claimed that a second type

of nerve ending lay m the pulmonary vascular circutt  The mpulse traffic in the corres

ponding fibres appeared very late in systole some 200 msec after the @ wave of the ECG

The following charactenistics lmd down by Whittenidge allow the recogmtion of these

pulmonary vascular  vagal receptors

(1) The a wave of the jugular venous pulse should not be accompanied by any
mpulse activity

(2) Actwvity charactenstically late in systole should be markedly increased by mcreased
venous return as produced by normal mspiration or by suction of air from the trachea
Conversely positive pressure mflatton of the lungs should cause a decrease 1 impulse
actwvity of these vagal fibres (Fig 82)

‘Whitteridge also 1solated fibres in which the electroneurogram showed a volley of mpulses

occurring at the very beginning of ventricular systole He tentatively identified these as

ansing from ventricular nerve endings which were stimulated by the use of ventricular
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wall tenston during the phase of 1sometric contraction  Posttive pressure inflation of the
lungs increased the activity 1n these fibres

Duckinson (1950) Pearce (1951) Pearce & Whitteridge (1951) Pearce & Henry (1956)
Coleridge et al (1956) and notably Pamtal (1953-1955) have further mvestigated these
problems
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F1a 8 “Two records 1 and II obtained from central end of cervical vagus ship which contamns a
single B type atnal receptor and a large Hermng Breuer lung stretch receptor (lower record)
and ECG (upper record)

Fig 821 Betweenarrows positive pressure inflation of lung  Note disappearanceof B receptor
discharge together with the intense discharge from the large Hering Breuer receptor  On release
of wflation note the rapid increase 1n discharge of the B receptor as the venous filling 1

creases

Fi6 8211 Between arrows the left peripheral vagus was stumulated (15 ¢/s) 50 as to slow the heart
The stimulus artefact can be clearly seen as a large displacement 1n the eloctrical record Nt
thatthe B receptor fires more actively at the slower heart rate which occurs during and after
the vagal stimulation —(E Nexl)

Paintal (1953a) proved that the pulmonary vascular  vagal nerve endings described
y Whitteridge lay m the atria  Isolation of smgle units which fulfilled the criteria given
above was followed by anatomical localization of the corresponding nerve endmgs
Paintal found that many of the receptors lay in the left atnia as well as the nght even
though the nerve fibres he studied were all dissected from the night cervical vagus  Atrial
Teceptors of this type were located only m the posterior part of each atrium near the open
ngs of the vems ~None was discovered 1n the appendages or near the nter atrial septum
Impulse activity bore a lmmear relationship to atnial filing  Paintal inferred that the nerve
endings were stretch receptors actwvated by changes m atnal filing  He designated them
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type B atnal receptors in order to distingussh them from the A type (Fig 8I)
which show mpulse activity mvarniably in the P-R interval of the ECG with secondary
firing accompanying the ¥ wave of the jugular or atnal pulse (Pamntnl 19535) Whtteridge
(1953) has suggested that A receptors lie 1n parallet and B receptors lie 1n senes
with the musculir elements of the cardiac wall A receptor fibres from the right
atrium possess a mean conduction veloctty of 20 m /see (range 13-27) B receptor
fibres of the right atrrum have a mean conduction velocity of 13 m /fsec (range 8-23)
and those of the left atrium a mean conduction velocity of 20 m fsec (range 15-26)
{Pantal 1953¢) Paintal found a mean conduction velocity of 36 m fsec for pulmonary
stretch receptors (range 14-59) and 33 m fsec for aortic baroreceptors (range 12-53)
Hence a derable overlap of d velocity exssts 1n fibres subserving widely
different sensory modalities  Paintal believes that selective blocking of one type of afferent
fibre by cooling the mas vagal trunk 1s unlikely to be possible  Figure 82 shows the effects
of positive pressure inflation of the lung on the behaviour of a B receptor

Netther A nor B receptors showed any activation by veratrime or 1ts
constituents or by phenyl diguanide  Prtuitrm injected Intravenously caused a five to
ten fold mcrease in mmpulse actiity of A and B receptor fibres entirely attribu
table to the raised pressure in both atria produced by systermic and pulmonary
vasaconstriction (Paintal 19535)

Pantal (1955) has also shown that phenyl diguanide 1njected rapidly into the right
atrium causes an activation within 0 9-2 7 sec of receptors which he located in the lung
prrenchyma 1n the vicimity of the alveoli Normally quiescent these receptors could be
excited naturally only by rapid suction of air from the lungs He concluded from this
that they were true pulmonary deflation receptors situated near the aheol: endmgs 1n
such sites have been described (Berkley 1893 Okamura 1930 Muller 1950) His proof’
that they could be activated by phenyl diguanide that the corresponding fibres could be
blocked by cooling to 3-4°C and that the fibres possess a conduction velocity of 1bout
6 m jsec led him to suggest that these receptors were responsible for the pulmonary
depressor reflex described by Dawes and his co workers (Dawes 1953)

Recently Paintal (19555) has given a detailed description of the behaviour of ventricu
lar pressure receptors which he found in both right and left ventricles  These had previously
been briefly mentioned by Whitteridge (1948) Dichinson (1950) and Pearce (1951)
Isolation of single unis by Paintal showed that they evinced an early systolic outburst
of rmpulses withtn 20-60 msec after the @ wave of the ECG attaining a peak frequency
about 25-70 msec after the O wave The mmpulse activity was not affected by normal
mspiratton and m some cases was not even significantly affected by positive pressure
mflation or negative pressure deflation From a comparison of the sptke heights with
those of other fibres Paintal concluded that the ventricular receptor fibres possessed @
conduction velocity of 10-20 m /sec and belonged to the A class of sensory afferents
The ventricular receptors were strongly stimulated by veratnidme

The following reviews of the results of electrophysiological studies of cardiac afferents
were wrilten 1n the era which might be called Pre Pamntal ~ Dawes (1952a b 1953)
Whitteridge (19532 5) and Schaefer (1950) Clearly the results of electrophysiology
when coupled with the anatomical localization of the active receptors and subsequent
histological confirmation are hikely to be fruitful




CHAPTER 23
REFLEXES TROM THE HEART AND LUNG VESSELS

THE CLASSICAL technique of vascular 1solation and perfusion used so successfully 1n
he investigation of the carottd sinus reflexes 1s naturally much more difficult to apply 1n
he case of study of the cardio pulmonary reflexes  Nevertheless some results are avarl
ble which indicate at least the qualitative nature of the reflex responses caused by rasing
he pressure m different parts of the cardio pulmonary circuit  The quantrtative responses
1ave 1n general not been tmpresstve but this may be attributed to the operative exposure
nevitably required with consequent deterioration of the preparation

Reflexes from the Right Side of the Heart

Aviado er al (1951) have performed cross circulation experiments m which blood
lowing 1n the night heart was 1solated  Blood returning via both ven-e cave was collected
ind pumped 1nto the night atrium whence 1t passed via the rght ventricle to the pulmonary
irtery to be collected via a cannula  This total pulmonary flow was pumped mto a donor
log s veins for oxygenation and returned by a thurd pump to the recipient s left atrium
A mise of perfusion pressure 1n the night heart caused bradycardia and hypotension  The
esponse no longer occurred after vagotomy  Atropimization prevented the bradycardia
aused by a rise of perfusion pressure The systenuc hypotension was however still seen
ind therefore represented a reflex reduction in peripheral resistance  The receptors con
erned lay 1n the atrra but not n the ventricle

Aviado et al (1951) found no conststent changes of respiration on raising the right
leart pressure  This 1s nteresting because Megtbow katz & Femstemn (1943) reported
ast deep breathing (abolished by vagotomy) on stretching the atrium or the atrio caval
nifice by means of a cannula fitted with an umbrella rib device It 1s possible as noted
Isewhere that such an instrument causes also distortion of structures n anatomical
proximuty to the atrium  Harrison Harnison & Marsh (1932) also noted that atrial
listension caused reflex hyperpneea

Reflexes from the Pulmonary Vessels
Perfusion Studies
Churchull & Cope (1929) using cats ligated the vessels of one lung and having
lated the correspondmg pul y artery raised the static pressure 1 the vessels
Bradycardia and hypotension resulted  Respiration was affected inconsistently but
achypnea often occurred  Schwiegh (1935) obtained the same results in similar expernt
nents on dogs and proved that the effects were reflex and were dependent on the ntegrity

ofthe vagi  The threshold value of change of static pulmonary pressure required to cause
H&Ncwo 5 u ® 14
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a fall of systermic pressure was 10 mm Hg  The reduction in heart rate per 10 mm Hg
nise of pressure in the pulmonary vessels varied from 10-24 beats per minute  Schweitzer
(1936} obtained simuiar results in the cat i only two out of twelve immals  He used static
pulmonary pressures which were inordinately high compared with the normal mean
pulmonary artenal pressures as later did Parin (1947)

These carlier results were obtaned in preparations in which the rise of static pressure
affected arteries capillaries and vemns of the pulmonary ciremt  Awiado ef af (1951)
employed the techmique 1lready descnibed which permutted a more discriminative study
By suitable adjustment of the outflow cannula in the pulmonary artery the pulmonary
artenial bifurcation could be included or excluded from the perfusion cireurt - By shunting
the mflow from the first pump nto the pulmonary trunk the night atrum and ventricle
could be excluded ind the pulmonary trunk pressure could thus be increased alone  They
claimed that a nise of pulmonary arterial pressure induced a vagal reflex bradycardia
(but not hypotenston) They gave no expernimental record which substantiates this claim
Indeed the one figure 1n their paper which 1s relevant to this point (Fig 5C) shows con
vincingly that a rise of right heart plus pulmonary perfusion pressure  which 1s associated
with a more promunent increase in pulmonary trunk pressure than n right auricular
pressure  caused no change in heart rate

With the exception of these claims of Aviado et al (1951) there 1s no direct evidence
that the pul y trunk or pul 'y artery s 1ly the site of receptors which
mitiate cardiovascular reflexes of this type  Guyton ef al (1954} claim on inadequate
evidence that pulmonary artenial baroreceptors exert a fi tonic reflex inhibitory
effect on the vasomotor centre

On the other hand there 15 2 steady lation of evidence that the p Y
veins possess a sensory innervation which represents the end of the afferent arm of cardio
vascular and respiratory reflexes Daly Ludany Todd & Verney (1937) separately
perfused the systemic and pulmonary crrculations 1n dogs They compared the effects of
a nise 1 pulmonary artenial pressure produced by increastng the pulmonary flow with
those of a similar rise 1n pa p brought about by raising the pulmonary venous pressure
The nise of pulmonary venous pressure was effected by restricting the left atrial outflow
Restriction of the left atrial outflow was more effective than was raised pulmonary flow
m productng shight but definite reflex systemic hypotension  On cutting the vag: all sys
temic responses disappeared  As they were careful to point out thetr techntque did not
allow them to specify whether the receptors stimulated lny in the pulmonary veins of
the left atrium or m both In one expeniment cocamuzation of the left atrial surface
including the origin of the pulmonary veins did not abolish the reflex effects of restricting
the left atnal outflow They did not regard this result as decisive owing to the difficulty
of access to the posterior atrial surface  They drew attention to the results of histological
studies of Takmo (1932) which suggest that the nerve supply to the pulmonary vemns 1s 2
continuation of that to the left atrium (see also Nonidez 1937 Boyd 1952) Daly et af
suggested that the fall of systemic pressure reflexly mduced by the stretching of vascular
receptors in the pulmonary vemns and left atrum mught be sigmficant in connection with
mpaired functional activity of the left heart

Aviado et al (1951) pumped blood drawn from the nght atrium of a donor dog
through the cannulated left pulmonary artery of a reciptent the outflow from the
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Teciplent § lcfl pulmonary vcm being returned to the jugular vein of the donor The
and p y gaseous exchange of the recipient was mamtamed

by his own heart and hus other tung  The chest was closed and after reduction of the
preumothorax spontancous breathing was restored A nise of perfusion pressure in the
i y ctrewit was sneff unless the pul y vein was also clamped thereby
causmg a rise of pulmonary venous pressure which 1n turn mditced reflex systemuc hypo
tension (but not bradycardia) and rapid shallow resprration with no sncrease n the
pulmonary ventlation volume per munute  If the perfusion were reversed by connecting

Fi5 8) Cat Central end of nght carduac vagal
branch placed on smclded electrod~s pushed
through the chest  Chest closed  pneumothorax
teduced spomtaneous fespiration  Records from
above downwards yespwration  blood pressure
sgnal and time i § second intervals At the
signai efectrical stymufanon (3 v 20¢ts 10ms) of
central end of vagal branch  Note tachypnaa
?éyvfilcr!"smn and bradycnrd\n ~F G Brewinand

e

the pump nfiow to the pulmonary vein and cottevting the outfiow from the pulmonary
artery, an mcreased flow readily caused a nise of pulmonaty venous pressure which agam
\nduced reflex systcmlc hypotension and tachypneea  The receprors concerned were
dered to he m the put Y vems

It must be remembered that Church\ll & Cope (1929) obtamed reflex tachypnwa 1n
their experiments i which they producd engorgement of the pulmonary vessels in a lung
completely 150lated from the body save for its nerves  They clamped the artery and the
vem to this isolawed fung and njected fiwd into the pulmonary artery whereupon
tachypnea occurted which was only terminated when the myected flmd was withdrawn
Thetr results were corroborated by those of Harrison Cathioun er af (1932) who found
that the tachypneeic response was dependent upon there being an tntact vagal mnervation
Daly et af (1937) also showed that tachypncea occurred m some of ther expeniments m
which they increased the pulmonary wnflow and suggested that the effect was mediated
Via vagal sensory receptors m the venous tree ot i the capillartes

Some unpublished results of the present author may be cited 1 this respect  In cats
the most obvious  cardiovagal branch on the nght anses from the vagal trunk Just
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above the junction of the vena azygos with the supcrior vena cava This nerve was
exposed by a third intercostal inciston  the nerve was cleared by dissectson up to the pownt
where it runs along the postero lateral border of the right atrium  The nerve was cut on
the surface of the heart and the two cm length thus obtuned was secured to shielded
electrodes which were passed through a puncture wound 1n the night first intercostal space
Stmulation of the central end of this nerve caused bradycardsa and hypotension 11 cats
with open chests  If the chest was shut however 1nd the pneumothorax reduced so that
the Is breathed sp ly electrical stimulation of the nerve caused tachypneea

Fi6 84 Procedure and arrangement as 1n previous figure but the central end of a thin component
form the cardio vagal nerve (ansing apparently from the pulmonary vein) was sumulated ~ Note
that sumulation (3 v 20 ¢/s 10 ms ) causes but shight with
no bradycardia (sce text) —(E. G Brewin and E Neil)

together with bradycardia and hypotension (Fig 83) Over the course of an hour or so
the respiratory response to stimulation usunlly disappeared although those of bradycardia
and hypotension remained about the sxme This suggested that the afferent fibres respon

sible for tachypneea were different from those which caused the esrculatory responses  In
further experiments the peripheral course of this nerve was followed In general 1t was
found that the nerve gave ofT a fine branch to the pulmonary vetns as 1t lay on the dorso

lateral aspect of the heart  On only one occasion this fine branch was itself stimulated i
an amimal with the chest reclosed  The reflex response was tachypnaa without there being
any evidence of hypotension or bradycardia (Fig 84)

The nerve stimulated was followed for perhaps a centimetre along the pulmonary
vemn—usmg 20 X magmfication It was cut at a pomt at which 1t seemed to disappear
mto the adventitia of the vein This experimental result 1s not incompatible with the
evidence advanced by Aviado er al that pulmonary venous receptors may form the afferent
mechanism for reflex tachypncea On the other hand we cannot prove that the nerve
stumulated arose from the pulmonary vem iiself and not from the smaller vessels of the
pulmonary crrewt
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4,

To summarize the provided by cl 1 perfusion hods suggests that
the pulmonary vessels may be the site of receptors which when stimulated by a nse of
mean pressure 1n the pulmonary circuit imtiate cardiovascular and respiratory reflexes
The quantitative responses have been disappointing, but this may be due to the extent
and duration of the operative exposure which causes deterioration of the condition of
the beast Further evidence of cardiovascular and resptratory reflexes ansing from the
pulmonary circuit has been obtaned by Dawes and hts colleagues using drugs which
exaite nerve endings 1 this viciity  they have shown that marked depressor reflexes
affecting the circulation can be mduced by this means  In addition there has been a long

1nterest in the ph on of reflex tachypneea first noted by Shaw Dunn to be
the result of multiple embolization of the small lung vessels In each of these studtes
clectrophysiological methods used by Paintal have given tmportant information as to the
charactenistics of the receptors responsible  We will th discuss the pul Y
depressor reflex mutrated by the injection of amudine drugs followed by the reflexes evoked
by multiple embolization of the lung

The Pulmonary Depressor Chemoreflex and the Pulmonary Respiratory Chemoreflex

Brodie & Russell (1900} found that electrical sttmulation of the central ends of the
pulmonary vagt caused profound bradycardia and hypotension They concluded that
these effects were reflex but their mterpretation was later contested by Anrep Pascual &
Rossler (1936) Anrep eral showed that some of the cardiac efferent vagal fibres ran
mto the pulmonary vagal branches and coursed downwards therein for an apprectable
distance before looping to return 1n the same branches to the vagal trunk thence to be
distributed via the cardiac vagal branches to the heart Anrep found that bradycardia
could still be induced by stimulation of the central end of the pulmonary vagus after
bilateral cervical vagotomy von Saalfeld (1932-33) obtaned sumilar results

However Brodie (1900) also observed that the ntravenous mjection of serum or
egg white nto cats caused bradycardia and hypotension provided that the vagal branches
to the lungs were intact  He attributed these reflex effects to the simulation of receptors
i the pulmenary circulatson Dawes & Feldberg (1948) demonstrated that the injection
of 005 ml of horse serum directly mto the left coronary artery produced a reflex brady
cardia by causing stimulation of receptors 1n the vascular field supplied by the coronary
arteries When mnjections of the same amounts of serum were made alternatively nto the
nght and left atna bradycardra supervened earlier on njection into the left atrium but
the effewt was not so marked as that evoked by an mjection mto the right atrium  Hence
part at least of the reflex effect must have onigmated from receptors in the pulmonary
vascular bed

Dawes (1952a 6 1953) and his co workers Dawes & Fastier (1950) Dawes et al
(1951a b 1952) Barer & Nusser (1953) further examned the nature of reflexes tmduced
by the stimulation of receptors mn the lungs In testing substances which liberate histamine
Paton (McIntosh & Paton 1949) noted that certain diguanides caused effects which
superfically resembled those of substances which produced the Bezold reflex 1e a fall
of blood pressure and heart rate which no longer occurred after cutting the vagt  Dawes &
Mott (1950) nvestigated the action of these substances (whtch mcluded phenyl diguanide



214 REFLEXFS FROM THE HEART AND LUNG VESSLLS

and phenyl guanidine) and confirmed that they caused marked hypotension and brady
cardia together with 2 transient inhibition of respiration providmg that the vagt were
mtact  Analysis showed however that these responses were the result of three reflexes
(1) bradycardia and hypotension due to the stimulation of cardiac receptors (evocable
by mjection of the drugs directly into the left coronary artery) (2) bradycardia and hypo
tenston due to the stimulation of receptors 1n the lungs (3) inhibition of respiration due
to the stimulatton of receptors n the lungs The intravenous mjection of as little as
50-100 pg phenyl diguanide induced bradycardia hypotension and apneea  The drugs
were extremely specific 1n exciting these particular cardiovascular and resprratory reflexes
The response to 1njection of the drug into the right atrium was usually greater and was often
considerably greater than that which ensued upon the injection of the same dose into the
left atnum A similar result was obtained when phenyl diguanide was injected directly
mto the pulmonary artery which indicated that there were receptors i the lungs which
were stmulated by the drug

Dawes & Fastier (1950) continued the investigation by examining the reflex responses
evoked by a series of amidine derivatives of the 1sothiourea type  Dawes & Mott (1950)
had found that diguanide derivatives were very active but had also noted that several aryl
suanidines and amudines possessed appreciable activity  As this suggested that the
aliphatic side chain of phenyl diguamide could be modified considerably without total
loss of activity the 1sothioureas were tested

HH—C—NH = C-NK PR
O P Q i
Nh

NH NH
Phenyl diguanide Isothiourea compound

The most active of these isothiourcas was the hydrobromude of 2 z naphthylethyl
1sothiourea  In doses of 10-30 pg /kg given intravenously this was as effective in evoking
the pul y vascular ch flex as was an intravenous myection of 100 pg phenyl
diguamde  The 1sothiourea compounds possessed the ability to mitiate the three reflexes
evoked by phenyl diguanide and phenyl guanidine although thetr reflex eflect on respiratton
was more powerful than was their effect on the cardiovascular system Thurty to forty com

pounds of furly simple structure all contaiming one amidme group — C ( NH) NH
elicited these reflexes n the cat Nearly all the potent chemical relatives of phenyl
diguanide possessed the structure aromatic nucl hort side char uted
amdine group Dawes & Fastier d d the possibility that such compounds might
owe their pharmacological actvity to a chemical resemblince to some substance of
phystological importance occurring naturally 1n the body
Dawes Mott & Widdicombe (19512 & 1952) made a more detailed study of the
effects of phenyl-diguanide and 2 & naphthylethyl 1sothiourea 1n the cat and the rabbrt
Their most notable findings can be conventently summarized
(1) The reflex bradycardia and hypotension was ascribed partly to the stimulation of
vagal receptors in the heart atself supplied by the coronary circulation and partly
to the stimulation of vagal receptors int the lung bed Cooling the cervical vagt to
temperatures below 11°C did not abolish the reflex responses to these drugs although
the responses were certainly reduced Complete abolition of the reflex responses
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was only effected by cooling the vagt to temperatures as low as 3°C The coronary
chemoreflex  (Dawes & Comroe 1954) evoked by the sttmulation of left ventricular
receptors by veratridine was abolished by cooling the vagt to 9°-11°C  The reduction
of the reflex responses to the imjection of the amidmes by cooling the vagt to 11°C
was therefore explained by there being a removal of some reflex effects normally
exerted by the stimulation of cardiac receptors responsible for the coronary chemo
reflex The persistence of constderable reflex responses to amudine injection during
further cooltng of the vagi to temperatures of 3°C mdicated that these drugs also
stimulated other receptors whose axons were of very small dtameter The pul
monary and left ventricular circulation ttme  (Dawes & Comroe 1954) has since
been shown to be 3—4 seconds  Thus pertod which measures the time taken for blood
to pass from the right ventricle to the ascending aorta m the cat is very sumlar to
the latency ( injection reflex time ) between the injection of the amedines into the
nght ateium and the onset of reflex bradycardia  This coincidence 1s agatn compatible
with the concluston that the amudines excite receptors in the lungs
No thoracic vagal receptors could be found 1n electrophysiological studies which
were excited by the amudmes  (Paintal (19535) then confirmed this )
Both pheny! diguaride and 2 «-naphthylethyl 1sothiourea evoked respiratory reflexes
by exciting pulmonary receptors  Transient apneea followed by rapid shallow breath
ing was the most frequent pattern of response seen 1n the cat  These respiratory
effects were hkewise dependent on the vagi and survived cooling of these nerves unul
temperatures of 3-4 C were reached

Dawes et al believed that the amudines excited two different types of receptors
m mitiating the cardiovascular and respiratory responses respectively  Thus the two
responses could be dissociated by selective cooling of the vagt  Moreover vartous
active amuidine pounds differed d y i their ability to evoke the two
types of reflex response
Comroe Van Lingen Stroud and Roncoront (1953) found that 5 hydroxytryptamine
mjected mto the night ventricle evoked a vanety of circulatory and respiratory responses
some of which were attributable to the stimulatton of receptors situated between the site
of injection and the coronary circulation 1e m the lung bed Thus apneea and brady
cardia occurred within 3 seconds of the injection  However hypotension which occurred
was due to the bradycardia and did not occur with regularity when the cardiac slowing
was prevented by atropme 5 HT occurs naturally i the body being present m the
enterochromaffin cells of the gastro mtestinal mucosa (Vialli & Erspamer 1933  Erspamer
& Asero 1952) These cells are belteved by Erspamer (1954) to release 5 HT into the
blood from which 1t 1s selectively absorbed by the thrombocytes (Toh 1954} which act
as  cireulating reservorrs  of the substance Fastrer (1955) has recently suggested that
the activity of amudines i stimulating the pul "y depressor ck
as therr structure approximates more nearly to that of SHT Thus phenyl dlguamde
S-1-(3-phenyl)n-propy! 1sothiourca and 2-phenylethyl guamdine are almost equally
Potent in this respect and are consid~rably more active than homologues with shorter side
chains  However he admuts that the inactity of tryptamune itself 1s i conflict with this
hypothesis (sce also Fastier Waal & Wong (1957) Schneider & Yonkman (1953) Walker
etal (1952 1953))

@
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In small vessel embolization i the pulmonary circulation 1t has been suggested that
the reflex systemic hypotension accompanted by bradycardia may be due to the clotting
of blood around the foreign material with the subsequent local liberation of 5 HT from
the platelets Such a change n the 5 HT concentration in the pulmonary bed may
sensitize or stimulate the receptors of the pul ry depressor ch flex

Paintal (19554) has proved that pulmonary vagal deflation receptors (whose fibres
re of small diameter) are stimulated by phenyl diguanide or by 5 HT with an myection
response time of 1 1-2 7 seconds following the injection of these drugs into the right
atnum  This agrees farrly well with the mjection reflex ume of 1 7-4 3 seconds for
bradycardia which 1s the rule in these cir es The small d and slow con
duction velocity of these fibres Pamntal mfers from their low spike height (Fig 85) and
from the great difficulty he expertenced 1n their 1solation  No other vagal afferents mn
the cardio pulmonary area have been shown to be excited by the amudines (pheny!
diguanide) although gastric receptors had been thus activated (Paintal 1954)  Neverthe
less 1t 15 by no means proven that lation of these pul y deflation receptors 1s
the sole cause of the pulmonary depressor reflex Prior to Pantals findings (1935)
Dawes & Comroe {1954) suggested that the pulmonary depressor reflex may cause a
transference of blood from the pulmonary bed to the systermc circulation when a
dangerous level of pulmonary hypertension 1s reached  This would 1mply that the nerve
endings affected would be stretch or pressoreceptors in the pulmonary bed Sparse
evidence of the exsstence of such receptors ewsts from electrophysiological expeniments
(Swan & Whitteridge (1956))  Some depressor reflex effects have admuttedly been induced
by raising the perfusion pressure in the lung (Schwiegk 1935) but these have been much
more feeble than those evoked by chemical stimulation by the amidines Moreover
Pamtal (1955a) noted that vascular congestion of the lungs caused considerable sensitiza
tion of the pulmonary deflation receptors which 1s not incompatible with these receptors
themselves playing a role mn the circumstances envisaged by Dawes & Comroe (1954}

Pamtal considers that the excttation of the pulmonary deflation receptors by the amidtnes
ts responstble for both the pulmonary depressor and pulmonary respiratory chemo

reflexes This 1s contrary to the opinion expressed earlier by Dawes ef af (1951) However
Paintal has argued that the reflex respiratory response to the amidines 1s stronger than
1s that of bradycardia  Progressive cooling may thus lead to an apparent dissociation of
the two reflexes merely because a greater number of conducting afferent fibres 1s required
for the response of bradycardia than for the respiratory effects  Certatnly the similanty
between the mjection response time of the deflation receptors {1 9 sec) and the myection

respiratory reflex time 1s striking  Moreover the pulmonary deflation receptors respond
briskly to the mjection of phenyl diguantde 5 HT starch grams and micotine all of whtch
arouse the pulmonary resptratory reflex

Reflexes Imittated from the Smaller Vessels of the Pulmonary Ciremt Arterioles,
Capllaries and Venules

Multiple Minute Embolism and afs Sequelae  Shaw Dunn (1919) mnjected suspensions
of starch grains mtravenously 1n goats most of which were unanesthetized  some were
anasthetized with urethane The characteristic Tesponse to a dose of 3-4 g starch was
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tachypnea  The breathing rate sometimes mcreased as much as fourfold  The respiratory
volume was sometimes unchanged but with the faster rates seen occastonally rose  The
depth of each breath was reduced The reaction continued for some hours before the
ammals died  Cardiac output was measured by the direct application of Fick s principle
blood bemng withdrawn from the right ventricle by a needle pushed through the chest wall
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Fi1G 85 Action of HT on deflation receptors 2 5 ml saline 175ug phenyl diguanide and 75ug
HT were injected n A Band C respectively  Actvity is produced 1n deflation fibres 1n B and C
the stretch fibre spike 15 unaffected D shows the response
1n another strand following imjection of .0xg HT (6pg /kg ) into the right atrtum  Slowing of
the heart 18 clearly scen n B and D —(A 5 Pamntal (19552) Quart J exp Physiol 40 89)

Cardiac output blood pressure and venous pressure showed mconspicuous changes and
were obviously not responsible for the tachypneea  Arterial blood samples showed no
change i oxygen saturation when withdrawn m the early stages although gross anoxzma
was the rule 1n the later phases Alkali reserve was normal m the early blood samples
and the tachypneea was not due to CO retention  Indeed the inhalation of 5 4 CO, mn
air caused a deepening and slowing of the breathing  The pulmonary arterial pressure
was stated to be normal Dunn found that the tachypncea was abohshed by cutting the
vagl and as he was unable to find any respiratory or cardiovascular cause for the rapd
breatluing of multiple embolization concluded that the effect was reflex betng mediated
by vagal afferents
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Binger and hus colleagues (1924 1927) later thoroughly mvestigated multiple minute
embolism 1 dogs  They drew attention to the fact that vagotomy abolished hyperpnea
even when 1t was of centralorigm  In the present context however, we are more interested
1n the nervous factors concerned with embolic tachypneea than in their detailed findings
Chnistie (1938) suggested that sensitization of the stretch receptors of the lung was
responstble for dyspneea and at his instigation Partrnidge (1935) examuned the effect of
starch embolization on these receptors  She concluded that they were sensitized but
Walsh (1947) did not confirm this  Bulbring & Whitteridge (1945) could find no evidence
of any increase in sensitivity of the Hering Breuer receptors in experimental congestion
Megibow Katz & Steinitz (1942) and Megibow Katz & Fenstemn (1943) using 2 London
cannula for recordmg the pulmonary arterial pressure in unanasthetized dogs studied the
respiratory and cardiovascular effects of a I 20 suspension of starch granules Tachyp
nea unaccompanied by hyperpneea or dyspneea occurred 1n each of sixteen experiments
Like Binger and his colleagues and Shaw Dunn they could not relate this to anoxTmia
or hypercapma 1n the early stages following embolization

The pulmonary arterial pressure and respiration were recorded stmultaneously 1n
four ammals  pulmonary hypertension occurred first upon which tachypneea developed
Once tachypneea became manifest 1t gradually progressed in intensity and at the same time
the pulmonary arterial pressure rose  Megibow ef al related the tachypneea to the
obstruction with 1ts assoctated congestion behind the obstruction  They did not believe
the tachypneea to be due to local irmitation by the starch granules acting as foreign bodies
sice 1f this were the case no aggravation of tachypnea with time should occur  This
progression with time and the associated rise in pulmonary pressure appeared to be due
to the development of antemortem clots around the starch granules demonstrable at
post mortem exammation Dawes & Comroe (1954) have since referred to the possible
Liberation of § hydroxytryptamine from platelets which break up round foreign emboll
5 HT 1s not only a vasoconstrictor but also stmulates pulmonary deflation receptors
which Pamtal (1955) believes are the afferent endings of the pulmonary depressor and
pulmonary respiratory reflexes Megibow et al concluded that the smaller branches of
the pulmonary artertes were obstructed by the emboli and that the distension so produced
mitiated a reflex from receptors m such vessels

Whitteridge (1950) reviewing multiple emboltsm of the lung refers to potato starch
grams as bemng from 10-1001 1n dameter and wheat starch grams as from 5-25p
Megibow et al did not specify the source of their starch  However 1t seems likely that the

starch gramns would lodge mamly 1n the artertoles and pre capillaries perhaps even in
the capillartes  Torrance & Whitteridge (1947) showed that the tachypneea of multiple
minute pulmonary embolism persisted until the cervical vagt were cooled below 6°C
Thus would suggest that the afferent fibres are of moderate size  Whitteridge agreed with
Megibow et al that 1t was difficult to explam the ph on unless one d the
presence of afferent nerve endings n the pulmonary arterioles or precapillaries  Some
histologreal evidence exists for such receptors (Dogtel 1898 Karsner 1911 Takino
1932) but Elftmann (1943) found none It 15 possible that endings lymng in the artertoles
cause reflex pulmonary vasoconstriction when they are stmulated  Therr normal function
mught be to keep the pulmonary capillary pressure below levels at which edema of the
lung would occur  If an embolus lodged n the precapillary then such an ending would
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be stimulated and the reflex vasoconstriction so produced would tend to increase its
stmulation  The resultant situation mught well explam the catastrophic nature of the
reactions produced (Whtteridge)

Papaverine 32-64 mg  given mtravenously by Megibow ef al to dogs with  embolic
tachypneea produced a marked slowing of respiration which lasted up to ten mmutes
or more in some cases  The drug was much less effective in dogs with moderate or major
sized embolt  These results support the view that the tachypneea of mmute embolrzation
1 a reflex phenomenon caused by distention of small vessels

Two further contributions throw some light on this subject Paintal (1955a) has
shown that pulmonary deflation receptors are stimulated following the intravenous
njection of potato starch suspensions and suggests that these receptors are at least partly
concerned with the production of tachypneea i these circumstances The 1nitial res
piratory mhibition following a rapid injection of starch grams could be explaned by the
sudden outburst of mmpulses n the deflation fibres whereas the tachypneea which ensues
nught be due to a more moderate ncrease in actvity of these fibres The pulmonary
deflation receptors are sensitized by pulmonary congestion and hence the reflex tachypneea
15 likely to be sustaned if such congestion occurs  The size and conduction velocity of
the deflation receptor fibres are small and the above findings or inferences are not imcom
patible with the demonstration that the reflex tachypneea of starch embolization survives
coolmng of the cervical vagi to temperatures of 6°C  Paintal does not claim that the
pulmenary deflation receptors are solely responsible for the reflex responses and pomts
out that pulmonary arterial receptors noted by Swan & Whitteridge (1956) may be also
concerned  As we have seen the pulmonary deflatton receptors are stimulated by 5 hyd
Toxytryptamuine which 1s carried 1in the thrombocytes this may be of mportance in
pulmonary embolization for clotting of the blood must usually occur round the foreign
matenial with subsequent liberation of 5 HT m intimate contact perhaps with sensory
Teceptors of the pulmonary depressor and respiratory chemoreflexes (Comroe et af 1953
Dawes & Comroe 1954)  As Paintal has suggested that the pulmonary deflatton receptors
are concerned 1n both these reflexes 1t 1s interesting that some of the effects at least of
multiple embolization can simulate those produced in the pulmonary depressor and
Tespiratory chemoreflexes

Niden & Aviado (1956) have recently shown that multiple embolization of the lung
vessels by glass beads (60-420 mrcra) injected mto the right ventricle of dogs caused an
immediate bradycardia and apncea followed later by tachypneea  The respiratory and
cardiac effects were shown to be of vagal ongm  Pulmonary hypertension which occurred
was at least partly due to changes m the vascular resistance of the lung vessels as was
shown by perfusing the lower lobe of the left lung by means of a pump which supplied a
constant volume flow of blood from the right atrium of a donor dog  Three components
n the resp to pul y embolization were revealed (1) primary mechanical
obstruction which produced an immediate rise 1n pulmonary arteral pressure (2) secondary
localvasoconstriction as shown by the further rise in pressure only when beads of less than

250 micra diameter were mjected and (3) vasoconstriction extending to the other lobes
This mterlobar vasoconstriction was shown to be partly mediated by the vagl A ding
to the authors anox emua contributed to the stimulation of depth of breathing produced
by emboli which still occurred after vagotomy m their expenments  The perfused lung
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technique revealed the presence of arterio venous shunts at least 420 micra m diameter
These a v communications were opened when a rise m pulmonary artenal pressure
occurred and were closed or narrowed by ventilating, the lung with pure oxygen Niden
& Aviado suggest that the shunts may be opened following pulmonary embolism thereby
minimzing the ise in pulmonary arterial pressure though at the same ttme necessarily
aggravating the degree of systemic anoxemia

There 15 no evidence that the stimulation of pulmonary deflation receptors causes
interlobar vascular constriction m the pulmonary circwit  Here again 1t 1s possible that
vagal receptors 1n the pulmonary arterioles may be responsible for such effects  Likewise
there 15 no evidence that the patency of pulmonary 2 v shunts 1s deternuned by nervous
factors  More work 1s needed here

Imtiation of Pulmonary Vasoconstriction by Reflexes from the Pulmonary Vascular
Receptors

These claims of the mitiation of pulmonary vasoconstriction by the stimulation of
receptors 1n the lung vessels themselves deserse some additional attention owing to recent
developments in clinical research  Before considering these results we mught pause briefly
to note that the pulmonary arteries receive a rich innenation from the sympathetic
nervous system (karsner 1911 Larsell 1921) Itis largely due to the work of I de Burgh
Daly (1933 1935-6) and his school (Daly ef a! 1942 1952 Daly & von Euler, 1932
Dalv & Hebb 1952) that we have clear proof that the sympathetic mnervation of the
pulmonary vessels 1s predommnantly vasoconstrictor Daly er a/ (1952) found that the
stimulation of the upper sympathetic outflow (cramal end of the cut upper thoracic
sympathetic chamn sectioned between the third and fourth thoracic gangla or the stellate
or middle cervical ganglia occasionally reduced the lung blood flow by some 307, It 1s
true as Folkow (1955) has pointed out that sympathetic discharge to the systemic vessels
causes a much greater degree of constriction than this but 1f the lung vessels are regarded
as part of the reservoir system of the circulation such vasoconstniction may be of con
siderable importance 1n circulatory adjustments Whitteridge (1950) has referred to the
widespread belief that ch 1 pul; ry vascular passively follow changes
in Jung volume  This he believes 1s an over hification of the of Hamilton
ef al (1939) that  we can find no evidence that vasoconstriction of the pulmonary bed
plays any fi role mn the pul ry hemodynamucs  Nevertheless 1t seems from
the results of more recent work that pulmonary vasoconstriction can be reflexly imtiated
1n both experimental and chinical conditions

Sternberg & Taman (1928) myected Indian ink susp nto hetized
rabbits which promptly died  On post mortem examination the carbon granule impaction
was confined to the precapillary vessels  If the animals were anzsthetized strular injections
were not lethal and on post mortem the carbon granules were umformly distributed
throughout the lung vessels These results suggest that the vessels of the lung possess
some degree of tonic neurogenic vasoconstrictron

The clinical evidence of pulmonary vasoconstriction of reflex ongmn derves from the
work of Dexter and his collaborators (Hellems et al 1948 1949  Dexter eral 1950a b
Dexter 1952) and from results of Fowler er al (1950) and Greene & Bunnell (1950)
Hellems Haynes Dexter & Kinney (1948) mtroduced the techmque of measunng
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pulmonary capillary pressure by passing a catheter via the might heart mto the pul
monary artery and thence distally until the catheter tip wedged 1n and occluded the distal
branch  The suze of the vessel so occluded was usually of the order of 2-3 mm  The
pressure so measured was about 2 mm Hg less than the true capillary pressure m the dog
Aspiration of blood through the catheter allowed the withdrawal of samples whose
o 1on was almost pl By the use of a double bore catheter pulmonary
arterial pressure could be measured simultaneously by removing blood from the pul
monary artery and a systemuc artery during the collection of the expired arr of the subject
the cardiac output could be determuned using the direct Fick method Pulmonary
arteriolar resistance was calculated as —

R :}ﬁ:lg'ﬂ x 1332

g

Where R 1s the resistance 1n dynes seconds ¢cm ~5 PAm and PCm are the mean pulmonary
artery and  capillary  pressures respectnvely m mm Hg and Q/; 1s the cardiac output 1n
ml fsec 1332 1s the usual conversion factor from mm Hg to dynes/em

Thus supposing the mean pulmonary artertal pressure 1s 15 mm Hg and the mean

capillary pressure 1s 9 mm Hg then with a cardiac output of 125 ml /sec the pul
monary arteriolar resistance 1s about 67 dynes seconds cm —

Burton (1953) has strongly criticized the use of the term  pulmonary capillary
pressure  pomting out that 1t would be better to express 1t as the 1mpacted small artery
pressure  as this may vary considerably  On the other hand Hellems Haynes & Dexter
(1949) studied two patients with atnal septal defect and wedged the catheter first 1n the
pulmonary vein and then i the pulmonary artery The pressures measured 1 these two
sites were 1dentical  Bjork and his colleagues (1954) have simultaneously recorded the

pulmonary capillary pressure  and the pressure in the left atrium obtainng the latter
by his paravertebral puncture method The two pressure curves showed remarhably
good comeidence 1n most cases duning normal resting condittons and were very sumlarly
affected by changes of intrathoracic pressure caused by the Valsalva manceuvre

Dexter and his co workers (1950 & 1952) have investigated the changes in pulmonary
arteriolar resistance 1n a variety of clinical conditions—notably i patients suffering from
mitral disease or from congenital heart disease In patients with mutral stenoss they
found the pulmonary capillary pressure raised but noted that the pulmonary arteriolar
resistance was sensibly normal unless the pulmonary capillary pressure  approached
that of the osmotic pressure of the plasma protems 1¢ 2Smm Hg  If the pressure in the

pulmonary capillaries  reached 20 mm or so there was usually a marked rise 1n the
Pulmonary arterial pressure which 1 tum was ascribed to an increase 1n the pulmonary
artenolar vascular resistance  according to Westcott et al (1951) this sudden increase i
Tesistance may be due to anoxia In some cases of severe mitral stenosts pulmonary
arterrolar vascular resistance approached that calculable m the systemuc circulation They
tentatuvely suggest (Dexter et al  1950) that this increase of pulmonary arteriolar resistance
1s due to active vasoconstriction which they consider may be regarded as compensatory in
nature serving to protect the pulmonary capillaries from a high hydrostatic pressure and
pulmonary cedema  Now 1t 1s likely that a part of the increased pulmonary arteriolar
Tesistance 1n mitral stenosts 1s due to muscular hypertrophy and mtimal hyperplasta which
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occurs 1 these cases (Moschhowitz 1927, Parker & Weiss 1936 Larrabee Parker &
Edwards 1949) Henry (1952) has recently deseribed diffuse muscularization of the
arterioles and medial hypertrophy of the small artertes 1n 409 of 105 cases of mutral
stenosis coming to autopsy There would seem no reason to suppose that active vaso
constriction need be imvoked 1f 1t were not for the fact that some cases of mitral stenosts
submitted to mutral valvotomy show a prompt and strihing fall of pulmonary arteriolar
resistance  Thus Dexter (1952) reports that two of twelve pattents showed a pulmonary
artertolar resistance only one third of its preoperative value and two others showed a
significant reduction  Werho ef al (1953) however did not note any striking changes of
par after operation
Haddy er al (1953) induced mitral stenosis experimentally i dogs which alloned to
survive developed anincrease in  pulmonary capillary pressure  and pulmonary cedema
the meidence of which was related to the height of the pulmonary capullary pressure
Pulmonary artenolar vascular resistance did not increase however which they suggested
was due to the inadequate length of time allowed for the development of chronic organic
changes 1n the vessel walls causing alteration of their elastic and/or viscous properties
They obtamed therefore no evidence of active pulmonary artertolar vasoconstriction
despite the rise of pulmonary capillary pressure and lefi atrial pressure  Kopelman & Lee
(1951) compared the intrathoracic blood volume 1n patients with mutral stenosis some of
whom were in congestive fatlure with that in patients with left ventricular falure  They
found only a slight incrense over the normal 1n the mutral cases but a considerable merease
in those with left ventnicular falure  Since in both groups the cardiac output nas
stmularly reduced they ascribed the differences to the more chronte nature of the obstructing
process 1 mtral disease which caused anatomicnl changes in the pulmonary vessels
compared with the relitnely episodic and acute mcidents of pulmonary congestion in left
ventricular farlure  They did not commut themselves to claiming active pulmonary
vasoconstriction in the mutral cases  Smmlar findings with respect to the normality of
ntrathoracic blood volume 1n mutral stenosis were reported by Borden et al (1950) who
also related this together with the absence of pulmonary congestion and cedema despite
the pulmonary hypertension to a change of vascular resistance which was in their optnion
caused by organic changes in the vessels Halmagyr ef al (1953) have clammed that
I y v riction 1s responsible for at least part of the pulmonary
hypertension of mitral stenosis  They made no measurements of left atnial or - pulmonary
capillary pressure merely calculatmy, pulmonary vascular resistance from the formula

R =P4>ng—x@ where Cl 1s the cardiac index n m! fmw It 15 dangerous to make

pronouncements on changes of pulmonary vascular resistance when no measurements are
made at any powmnt downstream from the pulmonary artery tself However they found
that sodum mitrite increased the cardiac mdex and lowered the pulmonary arterial
pressure as did dibenamme and TEAB  They then assumed that  receptor bodies in the
pulmonary vessels are sensitive to an elevation of pulmonary venous pressure and
supposed that as a result reflex sympathetic vasoconstriction occurred in the arterioles of
the pulmonary vascular tree It 1s the reviewer s opinion that they have m no way
proved this point  Fowler et al (1950) did show however that i four cases out of six
with pulmonary hypertension the inj of tetraethyl chlonde did cause 2
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significant lowering of the pul y arterolar whereas the drug had no effect
on pull y arteriolar resistance i patients with normal pulmonary artery pressure
They suggested that at least one component of the raised arterolar resistance could be
ascnbed to autonomic vasoconstriction  von Euler & Liljestrand (1946) studying
anasthetized cats breathing 10-11% O 1n N found that the resulting rise m pulmonary
artery pressure was unaffected by stellatectomy and vagotomy and concluded that the
pulmonary hypertension of anoxia was mediated through a local effect on the pulmonary
arterioles Dirken & Heemstra (19482 b) and Rahn et al (1953) reported marked pulmon
ary vasoconstriction 1 a Jung singly exposed to anoxia whilst the other lung ventilated with
oxygen was unaffected  Thus effect was not mediated by autonomuc nerves Motley ef al
(1947) demonstrated that anoxa caused a marhed rise i the pulmonary artery pressure
accompanied by a shight fa{ 3n the cardiac output 1n five an-esthetized human subjects This
also suggests that anoxic vasoconstriction occurred m the smaller lung vessels Westcott et
al (1951) found that the inhalation of 100°, O caused a definite reduction 1n the pulmon
ary arterial pressure of five patients with pulmonary hypertenston  As anoxia may cause
constriction of the pulmonary vessels by a direct action on the smooth muscle of the
arteroles 1t may be premature to postulate that there 1s increased neurogenic pulmonary
vasoconstriction 1n condttions of chromic pulmonary hypertension  As Westcott ef al
(1950) have pointed out the additional element of pulmonary arteriolar constriction which
supervenes i mtral stenosis when the pulmonary capillary pressure exceeds 20-25 mm Hg
may be the result of anoxsa It seems reasonable to assume that such capillary pressures
may be associated with the onset of eedema formation and consequent impairment of the
delivery of oxygen On the other hand there seems no clear reason why autonomic
blocking agents should lower the pulmonary artertolar resistance in these pattents unless
some degree of autonomic vasoconstriction 1s present

Wood (1956) has stated that 30% of cases with critical mutral stenosis show vaso
constricttve pulmonary hypertension He wmjected acetylcholine (1 5 mg) directly nto
the pulmonary artery and found that the pulmonary arterial pressure and resistance fell
tmmediately while the left atrial pressure and cardiac output rose  He concluded that the
lugh pulmonary resistance was protective In these patients

The questton arises whether there are chemoreceptors 1n the lung vessels which
Tesponding to anoxia may mitiate vasoconstriction  Heymans & Heymans (1927) and
Comroe (1939) denied the presence of such receptors and although Pi Suiier (1947) has
claimed that they exist the bulk of evidence 1s against his views

Reflexes from the Left Heart

Perfusion Studies
Daly & Verney (1926) were the first to provide evidence that pressoreceptors existed
nthe left heart In an innervated heart lung preparation m which the aortic pressure was
kept constant an mereased pressure 1n the left side of the heart caused cardiac slowing
he procedure employed (which entatled the retrograde passage of a cannula whose tip
lay within a few ymillimetres of the coronary orifice) must have caused a simultaneous
Increase 1n pressure in both the coronary vessels and the left ventncle Aviado Ln
Calesnic & Bell (1951) and Aviado et al (1951) found that a rise of pressure in the
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coolmg the cervical vagt to 9-11°C (Dawes et al 1952 Dawes, 1952 1953) whick
suggested that the afferent fibres concerned were of reasonably large diameter—A fibres
This conclusion wAs at vartance with that of Jarisch & Zotterman (1948) who demonstrated
that veratrine njection evohed an outburst of small slowly conducted potentials m
cardiac afferent fibres whose nerve endings were believed to be situated in the ventricles

The afferent pathway of fibres which carry impulses responstble for the Bezold reflex
1s apparently complex  Janisch & Richter (19395 ¢) concluded that the afferents on the

FiG 87 Impulses from two left atrial type B receptors following mjection of 22i veratndine into the
night atriem 6 8 seconds before beginning of record A B recorded 5 6 seconds after A note that
the fibre with the smaller spike 1s unaffected C shows the response of the receptor stumulated by
veratnidine to touching a part of the left atrium after cutting away the ventncles —(A § Pamntal
(19556) Quart J exp Physiol 40 348)

right side ran from the ventricles behind the aortic arch to enter the right vagus asit crossed
the night subclavian actery  Jones (1953) found the fibres much more widely distributed
as section of the upper cardiac branches of the right vagus did not abolish the reflex even
after section of the left vagus  The inferior cardiac vagal nerves entering the vagus trunk
above and below the level of the junction of the v azygos with the superior vena cavd
were shown to contamn Bezold affesent fibres  These studies were made on cats  In dogs
Dawes and Widdicombe (1953) examined the distribution of Bezold afferents on the left
side  They concluded that most of these ran from the postertor surface of the left heart
behind the left pulmonary artery to joim the left recurrent laryngeal nerve as 1t crossed the
aortic arch

Pamntal (19556) after 2 patient search has recently shown that veratrine and rehlﬂ?
substances activate ventricular receptors and some of both types (A and B) of the Jeft atra
receptors  The accompanymg figures (Figs 86 and 87) from his paper provide convincmg
evidence of the probable role of these receptors in the Bezold effect Pamtal has pomte
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significant lowening of the pulmonary arteriolar resistance whereas the drug had no effect
on pul ry arteriolar r m patients with normal pulmonary artery pressure
They suggested that at least one component of the raised arteriolar resistance could be
ascribed to autonomic vasoconstriction  von Euler & Libestrand (1946) studymng
anasthetized cats breathing 10-11%, O m N found that the resulting nise 1n pulmonary
artery pressure was unaffected by stellatectomy and vagotomy and concluded that the
pulmonary hypertension of anoxia was mediated through a local effect on the pulmonary
arterioles Dirken & Heemstra (1948a b) and Rahn et a/ (1953) reported marked pulmon
ary vasoconstriction 1n a lung singly exposed to anoxra whilst the other lung ventilated with
ovygen was unaffected  This effect was not medrated by autonomic nerves  Motley et al
(1947) demonstrated that anoxia caused a marked rise in the pulmonary artery pressure
accompanied by a slight fall in the cardrac output mn ive anesthetized human subjects This
also suggests that anoxic vasoconstriction occurred 1n the smaller lung vessels  Westcott et
al {1951) found that the inhalation of 100°, O caused a defimte reduction 1 the pulmon
ary artenal pressure of five patients with pulmonary hypertension As anoxia may cause
constriction of the pulmonary vessels by a direct action on the smooth muscle of the
arterioles 1t may be premature to postulate that there 1s mereased neurogenic pulmonary
vasoconstriction m conditions of chrome pulmonary hypertenston  As Westcott et al
(1950) have ponted out the addrtional element of pulmonary arteriolar constriction which
supervenes in mutral stenosis when the pulmonary capillary pressure exceeds 20-25 mm Hg
may be the result of anoxia It seems reasonable to assume that such capillary pressures
may be associated with the onset of cedema formation and consequent tmpatrment of the
delivery of oxygen On the other hand there seems no clear reason why autonomic
blocking agents should lower the pulmonary arteriolar resistance m these patients unless
some degree of autonomic vasoconstriction s present

Wood (1956) has stated that 309, of cases with critical nutral stenosis show vaso
constrictive pulmonary hypertension He imjected acetylcholine (1 5 mg ) directly mto
the pulmonary artery and found that the pulmonary artenal pressure and resistance felt
immediately while the left atrial pressure and cardtac output rose  He concluded that the
high pulmonary resistance was protective in these patients

The question arises whether there ate chemoreceptors n the lung vessels which
responding to anoxia may inttiate vasoconstriction  Heymans & Heymans (1927) and
Comroe (1939) demied the presence of such receptors and although P1 Sufier (1947) has
clatmed that they exist the bulk of evidence 1s agamnst hrs views

Reflexes from the Left Heart

Perfusion Studies

Daly & Verney (1926) were the first to provide evidence that pressoreceptors existed
m the left heart In an mnervated heart lung preparation in which the aortic pressure was
kept constant an mcreased pressure in the left side of the heart caused cardiac slowmng
The procedure employed (which entailed the retrograde passage of a cannula whose tip
lay within 2 few millimetres of the coronary orifice) must have caused a smultaneous
Increase 1n pressure in both the coronary vessels and the left ventricle Aviado Li
Calestuc & Bell (1951) and Awviado et al (1951) found that a nse of pressure in the
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vascularly 1solated left heart caused reflex bradycardia and vasodilatation of the leg
vessels A rise of pressure 1n the left atrium alone was meffective  Hence the receptors
responsible must have lamn in the ventricle  The resp was abolished by +

No mformation exists as to whether these receptors cause any effects on breathing owmg
to the techmical difficulty of closing the chest around the numerous perfusion tubes
required  As Aviado & Schmudt (1955) pont out 1t 1s not surprising that the quant:

tative responses evoked by these methods are poor when one considers the techmical
difficulties entaled  Gruhzit (cited by Aviado & Schnudt 1955) claims that the cardiac
baroreceptors 1n the left ventricle of the cat appear to be about as sensitive as those in the
sino aortic areas on the basis of results obtatned with the techmique of cardrac cathetent

zation and circulatory blockade

Reflex Response to Veratnine—the Bezold Janisch Reflex

The 1dea of cardtac pressoreceptors 1s an old one and dates from the work of Cyon
& Ludwig (1866) These workers believed that the depressor (aortic) nerve arose from
cardiac vagal receptors They suggested that these receptors reflexly controlled heart
rate and stroke volume  About the same time Bezold & Hirt (1868) first demonstrated the
profound bradycardia hypotension and apneea produced by the intravenous injection of
veratrine  They considered that the drug stimulated cardiac receptors and thereby
induced reflex cardiovascular and respiratory effects  Partly because they published their
work 1n 2 little known yournal and partly because Cyon and Ludwig s belief in the cardiac
onigm of the depressor nerve was shown to be false interest swung away from the
mvestigation of cardiac vagal receptors and their influence on the circulatton It was not
unttl Jarisch (1938 1940 1941 1949) and Ius colleagues (Jarisch & Richter 19392 & ¢)
revived the concept of proprioceptive receptors 1n the heart responsive to changes in
mtraventricular pressure some seventy years later that much further work was done on
this topic  Meanwhile the actions of the drug veratring were sporadically nvestigated
Pilcher & Sollmann (1915) claimed that veratrine stmulated the medullary vagal centre
directly but Cramer (1915) stated that the effects produced were reflexly imittated however
by the stimulation of vagal receptors n the lungs Cramer was at least partly right and
was moreover the first to realize that systemic hypotenston produced by the drug was
independent of the bradycardia being due to reflex perspheral vasodilatation  McNider
(1925) confirmed Cramer s findings and showed that veratrme caused hypotension even
after atropme  he therefore stressed that the drug must cause reflex changes i arteriolar
peripheral resistance  Richter & Thoma (1939) disproved the claims of Pilcher and
Sollmann by showing that veratrme wyected mto the vertebral arteries did not evoke
bradycardia unless as was rarely the case 1t was re circulated to the heart 1n a sufficient
concentration to stimulate the cardiac receptors Jarisch found that unilateral pneumo
nectomy with contralateral pulmonary vagotomy did not prevent the cardiovascular
reflexes evoked by veratrime and hence concluded that the receptors concerned lay 1n the
heart itself He proposed that these receptors mught be ventricular normally responsive
to stretch of the ventricular wall

Krayer Wood & Montes (1943) showed that the introduction of small doses of
veratnidine mto an mnnervated heart lung circutt (connected to the head of the ammal
solely by the vago sympathetic nerves) caused bradycardia  Vagotomy abolished the
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1esponse  In the mnervated heart Jung head preparation veratnidine also caused reflex
vasodilatation of the vessels of the head as was revealed by a small fall m the perfuston
pressure  Moe Bassett & Krayer (1944) obtamed bradycardia and hypotension which
were maximal 1n 30 seconds after injection of 30~100 ug of veratridme nto the right
atum  Simultaneous measurements of left and right femoral blood flow indicated that a
considerable reflex vasodilatation occurred Intra artenal mnjection of veratridine even
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Fic 8 R anght fibre followng myection of 22 ag veratridine into
the nght atrium at signal in A Records of A B and C are continuous  Injection response
time 15 5 6second D was recorded 5 seconds after C  From above downwards E m
Pulses 1n a fibre time m iy second and tnjection stgnat A—(A S Pamtal (19556) Quart J
Physiol 40 348)

in doses sufficient to produce a blood concentration of 1 1n 3 000 caused no vasodilatation
Atropimzation which prevented reflex bradycardia after right atrial injection of veratridine
did not abolish the changes of blood flow

Dawes (1947) has provided the most impresstve 1ndirect evidence for the belief that
veratrme and 1ts dertvatives excite ventricular receptors  The imjection of these drugs
directly nto the coronary artery evoked the Bezold effect even with doses as small as
% %th of the mummal effectrve ntravenous dose Reflex effects were obtamed when
the drug was injected 1nto the anterior descending branch of the left coronary artery
which supplies only the left ventricle Hence wherever else the receptors might be some
were undoubtedly 1 the left ventnicle The Bezold effect thus evoked was blocked by

HEN A o ven 15
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cooling the cervical vagt to 9-11°C (Dawes ef al 1952 Dawes, 1952 1953) which
suggested that the afferent fibres concerned were of reasonably large diameter—A fibres
Thss conclusion was at variance with that of Jarisch & Zotterman (1948) who demonstrated
that veratrine mjection evoked an outburst of small slowly conducted potentials m
cardiac afferent fibres whose nerve endings were believed to be situated 1n the ventricles

The afferent pathway of fibres which carry impulses responsible for the Bezold reflex
1s apparently complex  Jansch & Richter (19395 ¢) concluded that the afferents on the

b — A miiitnsans)
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Fi 87 Impulses from two left atnial type B receptors following myection of 224 veratnudine into the
night atrum 6 8 seconds before beginnig of rccord A Brecorded 5 6seconds after A note that
the fibre with the smaller sprke 15 unaffected C shows the response of the receptor stimulated by
veratridine to touching a part of the left atrium after cutting away the ventricles —(A 'S Paintal
(19558) Quart J exp Plysiol 40 343)

night side ran from the ventricles behind the aortic arch to enter the right vagus as it crossed
the night subclavian artery  Jones (1953) found the fibres much more widely distributed
ns section of the upper cardiac branches of the right vagus did not abolish the reflex even
after section of the left vagus ‘The infertor cardrac vagal nerves entering the vagus trunk
above and below the Jevel of the junction of the v azygos with the superior vena cava
were shown to contatn Bezold afferent fibres These studies were made on cats  In dogs
Dawes and Widdicombe (1953) examined the distribution of Bezold afferents on the left
side They concluded that most of these ran from the postertor surface of the left heart
behind the left pulmonary artery to jomm the left recurrent laryngeal nerve as 1t crossed the
aortic arch

Pantal (1955b) after a patient search has recently shown that veratrine and related
substances activate ventricular receptors and some of both types (A and B) of the left atnal
receptors  The accompanymng figures (Figs 86 and 87} from his paper provide convincing
evidence of the probable role of these receptors in the Bezold effect Paimtal has pomnted
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out that the long mnyection response times especially 1n the case of the left atrial receptors
suggest that the verilod alkaloids do not stimulate the cardiac receptors drrectly It 1s
possible he says that the alkaloids may cause some environmental change perhaps 1onic
which constitutes the mechamism of stimulation

It would seem therefore that Jarisch 5 conception of proprioceptors in the heart wall
1scorrect  Many questions remain among which the first must be whether these receptors
are exerting a tonic tnfluence on the medullary centres It seems unlikely that the obvious
phasic activity which can be recorded from their afferent fibres should be quite ineffective
m modifying the behaviour of the cardio inhibitory and vasomotor neurones  If ths 1s
so then we must admit that a proportion of the reflex vagal tone 1s due to these receptors
as well as to those in the sino aortic areas  Some evidence that this 1s the case 15 offered
by the results seen 1n postural hypotension where reflex tachycardia and peripheral vaso
constriction occur as reflex responses (Gilmore ef al 1952)  As Aviado & Schrmudt (1955)
have said the reflex vasoconstriction can be explamned by the fall in aortic pressure but
the earlier onset of tachycardia must arise from another source and this 1s likely to be
represented by the cardiac receptors  The immediate fall 1n right atnal pressure (which
may be accompanted by a similar fall in the remamder of the cardio pulmonary circuit)
would appear to offer an explanatton of the tachycardia—a reduction of cardiac presso
1eceptor activity causing a decrease in vagal tone  Such a conception 1s very different
from that which attributes the Bainbridge reflex acceleration to an increase n the impulse
actvity of atrral receptors  Thus latter belief however 1s difficult to maintain 1n view of
the results of Aviado et a/ (1951) Moreover the Bambridge effect 15 often cited as the
cause of cardiac acceleration m exercise 1t has been argued that the rise of atrial pressure
caused by the increase in venous return excites atrial and possibly ventricular receptors
which cause reflex tachycardia Landis Brown Fauteux & Wise (1946) showed that
there 1s no merease 1n the mean atrral pressure i exercise  This however does not mean
that there 1s not an Increase m the phasic excursions of the atrial pressure and 1t 1s this
which 1s of most importance 1n exciting the mechanoreceptors of the atrum It 15 possible
indeed that such an merease 1n atrial receptor activity may provide a useful reflex brake
to the heart in conditions of exercise beating quickly under the tripleinfluence of sympathetic
stimulation chemical stimulation and raised temperature thereby tending to reduce the
Iikelihood of extrasystoles

Yolume Receptors—The Rele of the Left Atrtal Receptors m Mamtaming Constant Blood
Volume

Recent work has shown that the left atrial vagal receptors may form the sensory
endings of a reflex which controls blood volume (Gauer et a/ 1954 1956 Henry et al
19562 » Henry & Pearce 1956 Pearce & Henry 1955) These authors showed first
that negative pressure artificial respiration caused diuresis  This was related by them to
the congestion of the thoracic blood vessels produced by this type of ventilation  As the

effect was abolished by v they Tuded that cardtac or pulmonary vascular
Teceptors of vagal orign responsive to changes in pressure or to changes m distension
of the vesscl walls were affected m the cir of negative ventilation
Further work sut 1ated these lusions  Dogs were submutted to three forms of

graded obstruction of thesr pulmonary circulation —
15z
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1 By the intravenous infusion of an aqueous suspension of glass beads (diameter
40-80 w) sufficient to raise the mean pulmonary arterial pressure from 16 cm H O
to approvimately 30 cm H O
By obstructing the pulmonary vemns by means of steel snares This required
brlateral thoracotomy  After snaring the veins of both fungs the chest was closed
and the pneumothorax was reduced By adjusting the snares the mean pulmonary
arteral pressure could be raised to 40 cm H O or more
3 By imntroducing a rubber balloon into the left atrum  This was connected by poly-
thene tubing to a water filled syringe  The chest was closed around the polythene
tubing and the pneumothorax was reduced The balloon was distended by the
gradual injection of water until the pulmonary arterial pressure was increased by
15 or 20 em H,0
Balioon distension or snare obstruction was mamtained for 20 to 30 minutes No
tests were made for 2—4 hours following the completion of the operatne procedure  They
claim that this delay gave time for a decrease 1n the level of antidiuretic hormone secretion
which Eisen & Lewis (1954) reported to be greatly increased for several hours following
an operation
Following imjectton of the beads there was no increase 1 urme flow despite the
imcrease in pulmonary arterial pressure  In the snare experiments there was no increase
m urne flow although the rise of pressure occurred throughout the pulmonary vascular
bed  However in 37 balloon experiments tn 13 dogs diuress occurred on distension of
the balloon despite the accompanying obstructton to the crreulation (cardiac output being
reduced from about 3% litres/min to 2% htres/mun (these figures seem rather high) In
14 experiments the urine flow mncreased two to five fold  The results indcate that the left
atrium 1s the most important reflexogenic region concerned  There was httle change n
night atrial pressure 1n these balloon experiments but as the authors pomt out there 1s no
reason to exclude right atnal receptors from constderation in the imtiation of such reflexes
m the mtact crrculation  Farber, Becker & Eichna (1953) were unable to obtam a
diuresis by distending the mferior or supertor vena cava but Henry et al (1956) say that
the receptor network of these veins 1s limuted to the mouths of the cave  Henry & Pearce
(1956) later showed that balloon distension of the Jeft atrium did 1n fact sttmulate the
atrial receptors as indeed mught be expected Swmlarly negative pressure breathing or
blood transfusion mecreased the mmpulse activity of the left atrial receptors whereas
pulmonary hypertension caused by snares on the pulmonary veins did not  The 1mpulses
1n the left atrial receptors were blocked by cooling the vagus to 8°C  The diuretic response
to balloon distension was also abolished by vagal cooling to 8°C
Henry et al (1956) conclude that these sensory areas in the low pressure part of the
cardiovascular system are responsible for the reflex control of blood volume In
hydremic plethora druresis would thus alleviate the circulatory engorgement and
; following hzmorrhage perhaps the reduction of tonic impulse activity from the atnial
receptors would help to mamntain the blood volume by reducing the water loss m the urine
This excellent contribution to our knowledge 1s suffictent n atself However the
authors proceed to label other eirculatory responses as bemg due to reflexes mtiated from
the left atrial or volume sensitive receptors without having any evidence for their state
ments  They consider that the contraction of the spleen and peripheral vems and the

(XY
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release of vasoconstrictor substances wiich occur following hemorrhage wsufficent to
change the systeruc arterial pressure are reflexly brought about by changes of acttvity of
the atnal receptors  There 15 an equally good reason to suppose that these circulation
reactions are mitiated from the sino aortic zones even though the mean systemic pressure
15 the same as before bleedmg  Ead Green & Neil (1952) have reported that the pulse
pressure and the rate of rise of the pulse pressure are of considerable importance m
determining the reflexogenic activity of the sino aortic baroreceptors  There 15 no doubt
that there 15 a reduced pulse pressure after hzmorrhage which has been msufficient to
lower the mean systemic pressure particularly as the heart rate increases i these
cireumstances

It 15 interesting to note that balloon distenston of the left atrium did not cause any
change 1n the pulse rate or the resprratory rate in the experiment shown m Figure 3 of the
paper of Henry et al (1956) This 1s despite the marked rise which occurred both 1n the
pulmonary arterial pressure and the left artertal pressure Moreover there were only
trivial changes 1n the systemic blood pressure during balloon distension although they
avow that a marked reduction of cardiac output occurred Presumably compensatory
systemuc vasoconstriction took place and this can hardly be attributed to the results of
stimulation of the left atrral receptors for the compensatory responses were the opposite
of those which they ascribe to their reflexogenic zone Probably the sino aortic regions
were the source of these compensatory reflexes

Pearce Henry & Chapman (1956) who again refer to the role of the atmal receptors
n providing nformation from the low pressure system to the lngher centres responstble
for cardiovascular and body fld b fresh evid of the effects of
hzmorrhage on the atrial receptors type B After severe bleeding or durng increased
intrathoracic pressure the timing of the discharge shufts from the normal diastolic burst
10 a systolic discharge They attribute this to a change n the distensibility of the atrial
wall They propose that a predominantly systolic discharge pattern may signify a state
of high fone and low fillng to the central control mechamsms whereas a pre
dommantly diastolic timing right do the opposite  They consider that such a shift in
tmung of the discharge may play a role mn triggering vasovagal syncope  They also hazard
the oprion that chronic distension of the atrium such as may occur n mutral stenosis
mght cause disturbed actwity of the atrial receptors




CHAPTER 24
CARDIOVASCULAR REFLEXES OF UNCERTAIN ORIGIN

THE preceding account of the cardiopulmonary reflexes makes no mention of the
unnersally known Bambndge reflex described by Bambridge mn 1915 This does not
mean that we do not believe 1n 1ts existence although there are those who hold this view
(Jansch & Zotterman 1948 Wiggers 1949) On the contrary we are firmly of the
opinton not only that 1t exists but that 1t 1s important in conditions of increased cireu
latory activity It 1s somewhat curious to constder that the Bambridge effect 1s the one
reflex from the heart itself which 15 known by every medical student Our order of
presentation of the cardiopulmonary reflexes has been conditioned rather by the positive
evidence which exists for the anatomical site and physiological characteristics of the
receptors which form the sensory endings of them  To date there 1s no evidence that any
of the receptors so far described can mitiate cardio-acceleratory reflexes Hence we
present the evidence for and against the Bambridge effect separately In addition we draw
attention to two other phenomena in which refiexes from the chest are imphicated although
the receptors tesponsible are not known These are the reflex vasoconstriction of the
penipheral vessels which 1s produced on taking a deep inspiration and the phenomenon
of sinus arrhythmia which although 1t can undoubtedly be related to a central ongm of
1rradiation from the discharging mspiratory centre may also have an additional reflex
origim from the cardio pulmonary area n the mtact circulation

The Bambndge Reflex

In 1915 Bainbridge showed that the sntrasenous sjectton of blood or saline produced
tachycardia in dogs anzsthetized by morphine and ether Section of the rami accelerantes
teduced but did not abohsh this response Atropinizatton though markedly reducing the
tachycardia produced by mtravenous infusion m an ntact ammal did not abolish 1t
Only bilateral vagotomy was completely effective 1 preventing the response Bainbridge
concluded that the tachycardia was elicited reflexly by stimulation of vagal receptors on
the venous side of the heart He pomted out that the mtravenous mfusion caused a rise of
venous pressure sufficient to raise the diastolic pressure and to dilate the heart and left
unanswered the questton of whether the effective sttmulus of the receptors was a rise of
venous and dastolic pressure or whether 1t was an mereased tenston m the ventricular
muscle fibres He suggested that the afferent mmpulses caused 2 reflex reduction 1 vagal
hibrtory mmpulse activity with a simultaneous increase n cardiosympathetic impulse
traffic

Sassa & Miyazak: (1920) ehicited tachycardia by inflating balloons mtroduced into the
nght atrium of anasthetized dogs The effect was abolished by vagotomy There seems
howeser TIO Teason to attribute the reflex tachycardia to the nise in night atrial pressure
as they did for infation of the balloon would seriously affect venous return de Graff &

230
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Sands (1925) could only obtain tachycardia after mtravenous infusion m about half of
their sertes of dogs indeed vagotomy did not always abolish the response to infusion
obtained 1n the 1ntact ammals
Anrep & Segall (1926) on wmncreasing the venous return in an nnervated heart lung
preparation induced tachycardia  Atroprmzation reduced and vagotomy abolished the
response  Tachycardia could stull be produced after section of the pulmonary vagal
branches and removal of the parietal pertcardtum  In several instances tachycardia was
observed where no rise of mean nght atnal pressure attended the increase of venous return
They were not convinced that the receptors responsible for the reflex lay only on the venous
side of the heart Therr results are important in showing that the reflex tachycardia of
mfusion can at least be produced by afferent effects elicitable solely from the cardio
pulmonary area Tutso (1937) evoked tachycardia in the 1solated perfused mammalian
heart by raising the perfusion pressure and concluded that the effect was a direct one due
to stimulation of the sino atrial node by mncreased intracardiac tension It 1s of some
interest to remark here that Knowlton & Starling (1912) reported that alteration of endo
cardiac pressure or rate of venous nflow had no effect whatever on the rate of beat of the
denervated heart lung preparation  On the other hand 1t has long been known that an
increase of tension 1 the ventricular fibres of the frog heart causes acceleration of the beat
and renders the heart very trresponsive to efferent vagal stimulation (Ludwig & Luch
singer 1881 Sewall & Donaldson 1882) A recent paper by Blimks (1956) supports
Tutso s claims  Tutso made an important contributton by showing that the cardio
acceleratory response of infusion m the intact animal was abolished by right vagal section
only because the heart rate was mcreased almost to maxtmum by the vagal section
iself  Thus if the peripheral end of the night vagus were stimulated so as to slow the
heart rate to a more normal value nfusion again elicited tachycardia even though both
vagihad beencut  Ballin & katz (1941) remvestigated the Bambridge effect very carefully
In sixteen expersments on twelve dogs of which all but two were unanasthetized they
mjected 150-200 ml of mammalian Ringer solution The infusion was completed mn
periods which ranged from 7 to 96 seconds  The unan-esthetized dogs with one exception
showed cardtac acceleration (range—14 to 78 beats per muinute) the peak of which occurred
some 30 seconds after the start of the infusion  The tachycardia lasted some minutes In
experiments 1n which the rate of wmfusion was rapid the artenal pressure rose during in
fusion and often transient bradycardia supervened early 1n the mjection period This was
considered to be of smo aortic origm  In such experiments the venous pressure rose to
over 40 em H O during nfusion and remamed high for several minutes Such a rise of
venous pressure was justifiably considered by the authors to indicate an engorgement of
the pulmonary circwt m addition to that of the right heart  In some dogs the right atrum
was by passed by a tube which led from the vena cava directly to the cavity of the right
ventricle  Raprd infuston still elicited tachycardia in these dogs  Conversely distension
of the superior atrio caval orifice by a rubber balloon did not evoke tachycardia In these
last experiments venous return was not obstructed by the balloon From their results
Ballin & Katz inferred that the Bainbridge reflex was mittated by the sumulatton of
receptors other than those situated 1n the right atnum
Bouckaert & Pannier (1942) increased the venous return to the heart of a reciprent dog
by connecting the carotid artery of a donor dog to the jugulir vemn of the reapient The
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recipient dog s carotid artery was in turn anastomosed with a jugular ven of the donor
They obtained cardrac acceleratton m the reciprent on each occasion that the a v anasto-
moses were opened
Janisch & Zotterman (1948) reported that mtravenous mfusion never evoked tachy
cardia 1n the cat  Wiggers (1949) states that the intravenous mjection of blood or salme
does not cause cardiac acceleration wn the dog  Aviado ef af (1951) infused 200 m! of
heparinized blood by means of a Dale Schuster pump via a metal cannula whose tip
ended m the nght atrium  The infusion when made raprdly (5 seconds) frequently caused
bradycardia and hypotension when made for the first ime  Subsequent nfussons gave
less clear cut results even though precautions were taken against unduly altering the
blood volume during the course of long experiments  Perfuston of the 1solated right stde
of the heart was carnied out by pumping blood from the superior and wnfenor ven®e cave
mto the nght atrium whence 1t passed through the night ventricle and was collected through
2 cannula 1n the pulmonary artery In such experiments the characteristic effect of an
elevated pressure m the right side of the heart was bradycardia and hypotenston The
response was abolished by atropruzation  The receptors responstble were constdered to
hie both mn the night atrium and mn the pulmonary bifurcation as the effect could be evoked
by raising the pressure n either locality The heart rates of these preparations were all
rather high although the authors make no comment on this  Aviado et af found that
tachycardia mught occur in these preparattons when the perfusion pressure of the right
heart was mcreased 1f the tests were made late 1n the course of the experiment
Coleridge & Linden (1955) showed that the efficacy of rapid intravenous infusion in
ehciting tachycardia was essentially related to the imtial heart rate of the dog If the
control rate was unduly rapid then mfusion never evoked any comvncmg cardio
acceleration mdeed bradycardia often resulted n these circumstances Colenidge &
Linden have stressed that all the evidence 1n favour of a Bainbnidge effect suggests that 1t
1s due to a release of vagal restramt  Hence an mtravenous snfuston can hardly be ex
pected to produce the effect in an animal whose control heart rate shows little sign of any
mmual vagal tone  The same authors 1n a later paper have published the results of opening
arterio venous fistule on the heart rate of the anzsthetized dog They found cardiac
acceleration was so produced providing that the control heart rate was not unduly high
(not more than 120-170 1n most cases)  For a guen fistula flow the extent of the increase
1n heart rate appeared to be related mversely to the imtial heart rate They repard the
opeming of an arternie venous fistula as the most method of 1 the
venous return i expermmental studies of the Bambridge reflex  They found that opening
the fistula produced very varable changes in mean right atrial pressure  Simultaneous
measurements of heart rate and mean right atrial pressure showed no obvious relationshup
Hovwever they point out that a true measure of the distending force within the atrinm will
be obtamed only by recording effective atrial pressure  They consider that changes m the
rhythm and in the form of the atrial pressure curve (dynamic atrial pressure) apart from
alterattons 1n the height of the mean pressure may play an important part m determining
the stream of vagal afferent smpulses generated by a rise 1n atnal pressure  The figure
given 1n their paper shows that the opeming of an asterto venous fistula caused a marked
mncrease 1 right atnial systolic pressure although the mean atnal pressure rematned
unaltered  They consider that further measurements should be made of the changes mn
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dynamic effecttve atnial pressure in order to investigate the possibility of a relationship
between atrial pressure and the adequate sumulus for the Bambridge reflex

It 1s difficult to 1gnore the positive results of Anrep & Segall Ballm & Katz and
Colendge & Linden In considermg the cardiovascular effects of an ncreased venous
Teturn we must admt that an increase in cardiac output 1s likely to be prominent  Hence
the artertal pressure will nise and as a result an mcrease n baroreceptor actvty of the
sino aortic nerves must occur which will both lower artenolar peripheral resistance and
increase cardrac vagal tone  Any cardiac acceleration which follows an increase in venous
return must occur despite such opposition Moreover there 1s now considerable evidence
for the presence of various cardio pulmonary receptors which when stimulated cause
reflex bradycardia  Such receptors mclude —
(1) Rught atnal receptors—( A & B ) Awado & Schmudt have claimed that a nise
m night atrial p produces brad: Ballin & Katz merely stated that
distension of the atrio caval junction did not cause tachycardia
Pulmonary arteral receptors situated 1n the pulmonary conus of bifurcation
Aviado & Schmudt (1955) claim that a rise m pulmonary arterial pressure stimulates
vagal receptors 1n this region and causes bradycardia
(3) Pulmonary deflation receptors (Pantal 1955a) sensttized or even sumulated by
congestion of the lung such as 1s likely to occur following a rapid increase m venous
return - Stimulation of these receptors leads to reflex bradycardia (as part of the

pulmonary depressor chemoreflex )

Left atrial and left ventriular receptors whose excitation causes bradycardia
( coronary chemoreflex receptors) Pamtal has shown (1955b) that an mcrease
m pressure 1n the left side of the heart mcreases their actvity  Thus a formidable
array of opposing reflexes must be overcome before any reflex cardiac acceleration
can be expected to occur on mcreasmg venous return  The Bainbridge reflex receptors
are quite unknown  They are unlikely to be situated n the right atrium or the atrio
caval junction although Nontdez (1937) m describing vagal receptors m this victmity
referred to them as the afferent receptors of the Bambridge reflex Ballin & Katz
however clearly stated that the Bambndge effect could be evoked even when the
nght atium was by passed This 15 of more value as positive evidence than that
afforded by distending balloons umbrellas and other unnatural temporary tenants of
the nght atnum  Apart from such devices causing an entirely abnormal type of
atrial stimulation there 1s no guarantee that they do not cause distortion of neigh
bouring structures such as the pulmonary veins coronary sius etc
Aviado & Schmudt (1955) believe that the Bamnbridge effect when 1t does occur arses
s a result of sumulation of chemoreceptors supplied by the vago depressor trunk which
might well be activated by the changes m gas content acidity tome balance and viscosity
of the blood associated wath the massive intravenous mnfusion Thas 15 unlikely for a
variety of reasons  Foremost among these 1s the evidence that chemoreceptor stimulation
does not cause tachycardia (Ned 1956) Moreover even if 1t did the author has yet to see
Chlemorecep!or stimulation as a result of mfusions of salme Ringer Locke or gum acacia
Solutions

Ph Knoll (1881) 1s credited by H E Hering with the discovery that the stimulation of
afferent fibres 1n the cervical vagus causes marked tachycardia Henng (1924a) himself
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confirmed and extended these results and demonstrated that electrical stimulation of the
cervical vagus using faradic currents which were barely detectable 1o the tongue mduced
a tachycardia which was not increased by section of both vagt Anrep Pascual & Rossler
(1936) hikewsse confirmed these findings and claimed that the reflex tachycardia was
mduced by feeble faradic stimulation of the central end of the pulmonary vagal fibres
Further 1nvestigation of these effects 1s required It 1s particularly mnteresting that only
very feeble stimulation will induce reflex acceleration stronger stimulation evokes the
more common response of cardiac slowing  This suggests that the afferent fibres con
cerned are of the large myelinated type

de Wacle & Van de Velde (1940) have clammed that the right atrium 1s the site of
Teceptors whose excrtation causes vasoconstriction and hypertenston  The afferent path
way of this reflex was stated as being via the intercostal nersve roots of the first three thoracic
segments The receptors were claimed to be activated by a reduction m the venous
return  Their claims have not been confirmed

Vasoconstriction in the Finger after Deep Inspiration

Goetz (1935) observed that the volume of the finger decreased when a deep breath v as
taken and shortly afterwards Bolton Carmichael & Sturup (1936) confirmed this
Wilkins Doupe & Newman (1938) noted a decrease 1n blood flow as did Herzmann &
Dillon (1939) Mulinos & Shulman (1939) actually observed the capillary loops of the
nail bed and observed a slowmg of the flow through them when a deep breath was taken
by the subject  Bolton Carmuchael & Sturup could not evoke the reflex vasoconstriction
m subjects who made a deep abdomsnal mnsprration and suggested that the afferent endings
mght be situated 1n the chest wall rather than the thoracic viscera  None of these authors
had constdered whether the arteral blood pressure stself fell during a deep thoracse
msprration as Lewis (1908) had first shown and which hasbeenconfirmed by Battro Segura
Elicabe & Araya (1944) Gulliatt (1948) therefore re examined the problem recording
the finger volume optically by a glass plethysmograph and simultaneously recording the
systolic blood pressure optically He showed that vasoconstrictton occurred after a volun
tary deep inspiration or after passive deep inflation of the chest with arr under positive
pressure  Vasoconstriction did not occur after obstructed mspiratory or expiratory
efforts nor after a forced expiration  Respiratory fluctuations 1n systolic pressure which

accc d these ph bore no relationship to the finger vaso

constrictton  Gilliatt therefore concluded that the reflex was not imtated by sino aortic
reflexes  He noted that abdonmnal breathing restricted the volume of air which could be
mspired and that vasoconstriction of the finger could be obtatned only with fast rates of
mspiration  Such constriction as was then obtained was comparable with that caused by
thoracic nsptration of sumilar rate and depth

Gillratt Guttmann & Whittenidge (1948) examined these reflex vasomotor responses
1n the fingers and toes of paraplegic patients  Inspiratory vasoconstriction was still found
1 the fingers 1n patients with spinal transectton above the level of the sympathetic outflow
to the hands It was concluded that m such patients the constriction must have been 2
purely spinal reflex taking place 1n the thoracic region of the cord  All observations were
consistent with the view that the afferent fibres concerned in this reflex entered the spinal
cord mamly 1n the upper thoracic segments
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The receptors and afferent pathways of this reflex remain obscure However
Holmes & Torrance (1955) recently found afferent fibres in the inferior cardio sympathetic
nerve which arose from medsastinal receptors These were excited by considerable
displacements of the chest and might serve as the receptors for this reflex

Sinus or Resprratory Arrhythmia

Ludwig 1in 1847 was the first to describe respiratory changes of the heart rate
Einbrodt (1860) claimed that slowing of the heart was the response to inflation of the
lungs by positive pressure  E Herng (1871) however pomted out that Embrodt used
excessively high mflation pressures and showed that inflation at pressures not greater than
15 mm Hg caused cardiac acceleration whether the chest was closed or open  Moreover
Hering was able to evoke tachycardia by lowering the intrathoracic pressure  Section
of the vagt abolished the response  Fredericq (1882) observed that cardiac arrhythmia
persisted 1n animals with open chests i which no lung movement was occurring  Snyder
(1915) confirmed these observattons Heymans & Heymans (1928) mvestigated the prob
lem using the perfused head preparation A donor dog (A) perfused the head of a recipient
{B) which was connected to 1ts trunk only by the vagt Actity of the respiratory centre
of (B) was sampled by recording the movements of the alz nass  The trunk of (B) was
artificrally ventilated The femoral pulse of (B) was recorded The pulse showed an
arthythmia which was wmn time with the discharges of the respiratory centre as revealed
by the ale nast moyements The arrhythria was quite independent of the rate of artificial
ventilation (Heymans 1929d) This experiment has been widely quoted as evidence of
the central origin of sinus arrhythmia  Irradiation of activity from the medullary res
piratory centre 1s supposed to affect the neighbouring cardiac centres Needless to say
the experiment proves only that in these rather abnormal conditions stnus arrhythma can
be caused solely by such an irradiation It does not exclude the possibility of contributory
reflexes from the Jungs or cardio pulmonary areas playing a role 1n the mntact animal
H E Henng (1930) stated that nflatron 1tself caused two reflex effects on the heart rate
If the inflation were muld then cardiac acceleration was the rule but this gave place to
cardiac slowing as the force and extent of mflation was increased Anrep Pascual &
Rossler (1936) were able to confirm E Herings observation that muld mflation caused
cardiac acceleration They found 1t immaterial whether the chest was open or closed
Positive and negative pressure ventilation were equally effective 1n evoking tachycardia
duning the phase of lung expansion The respiratory arthythmia of the pulse was greatly
affected by the state of vagus tone—if this were of medium intensity sinus arrhythmia was
obvious If on the other hand vagal tone were almost absent then no arrhythmra could
be seen  These results are 1 agreement with those of H E Henng (1930) who noted
disappearance of arrhythmua after section of both vagt and carotid occlusion  Schweitzer
(19356) made some 1nteresting observations on smus arrhythma finding that occlusion
of the common carotid arteries which caused cardiacacceleration abolished the arrhythmia
conversely a rise of sinus pressure which caused systerme hypotension and bradycardia
was attended by very marked sinus arrhythmia (Fig 88)  (See also Schwertzer 1937)
Anrep and his colleagues (19365) analysed further the contribution of the sensory
mechanisms of the Jungs They found that weak stimulation of the vagal afferents from



236 SINUS ARRHYTHMIA

the lungs caused tachycardia due to loss of vagal tone while strong sttmulation 1ncreased
vagal tone  They concluded that the fungs were a constant source of impulses which
exerted an inhibitory influence upon the cardiac vagal centre  This 1nfluence was maximal
during 1nflation of the lungs and mimmal but not entirely absent during their deflation
In further experiments the same authors analysed the central mechamsm of the respiratory
arrhythma of the pulse They excluded the complicating effects of lung afferents by
cutting the vag: above the lung roots Using the innervated heart lung preparation m
which the head 1s vascularly 1solated and separately perfused they were able to mncrease

Fic 88 Dog Left common carotid artery hgated
and left aortic nerve cut Right carotid sinus
1solated by Moussejeff technique  Records from
above downwards respiration blood pressure
heart rate (Fleisch)—note time  Scale of heart rate
recorded on the kit A sudden nise of sius pres
sure from 0-200 mm Hg causes reflex bradycardia
and hypotension Note the development of con
spicuous stnus arrhythmia —(A Schwertzer (1937)
Dre Irradiation Autonomer Reflexe)

the CO tension 1n the head so as to arouse obvious rhythmic activity of the respiratory
centre as evinced by movements of the larynx  The heart rate mcreased during each
pertod of mspiratory discharge and slowed 1mmediately after its cessation  If the CO
tension 1n the head circulation was lowered the central arrhythmia dimimshed par: passu
with the respiratory centre activity  The central arrhythma was ascribed to a dimnution
of vagal tone during inspiration Aunrep ef al were unable to disprove that the sympathetic
acceleration fibres played a role  After section of the cervical vag: they hoped to ob aina
preparation i which arrhythmia mught persist  Invariably however the cardrac accelera

tion followng vagal section was so marked that 1t was impossible to determine whether
arrhythma was present In this context 1t may be mentioned that the mferor cardiac
sympathetic nerve (Bronk 1933-34) show volleys which are synchronous with nspiration
(sec also Fig 89) On the other hand the thoracic exposure required for the recording
of such mpulses 1s such as to make the conditions far removed from normal ~Anrep
concluded his analysis by stating that  the cardiac vagal centre stands under two nhib

tory influences which act directly upon it one anses 1n the lungs and 1s especally strong
durtng their mflation the other anises 1n the respiratorv centre  In addition to this the
tone of the vagus centre 1s affected by the lungs 1n an indirect way through the Hering

Breuer reflex  Thus each inflation affects the vagus centre 1n two opposite ways On the
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one hand by a direct reflex 1t induces an tnlubition of the vagus centre and on the other
hand simultaneously but indirectly 1t antagomzes this inhibition by cutting short the
activity of the respiratory centre  Conversely a deflation of the lungs dimimishes the
direct reflex mnhibition of the vagus centre by cutting short the afferent impulses reaching
1t from the lungs but at the same time 1t 1ndirectly antagomzes this effect by stimulating
the activity of the respiratory centre  (See also Anrep (1936) )

Joels & Samueloff (1956) have recently provided an alternative demonstration of the
contribution of central mechamisms to sinus arrhythmia  Anzsthetized amimals were
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FiG 89 Respiratory and vasomotor centre activity during diffuston respiration in a cat as illustrated
by the action potentiai discharges in the recurrent laryngeal and cervical sympathetic perves  In
eachstrip records from above downwards recurrent laryngeal nerve (N ) central end of cervical
sympatheti nerve (C S ) timesn seconds  (a) Controlperiod there 1s a rhythmic discharge 1n the
recurrent lacyngeal nerve each burst of mpulses bemg accompanied by an ncrease in the cervical
sympatheti. discharge (b) 1 minute after the beginning of diffusion respiration  synchromza
tion of the recurrent laryngeal and cervical sympathetic activity 1s stdl present  Both discharges
are mtensified  (c) After 16 mnutes diffusion respiration _the recurrent laryngea! discharge 1s
diminished 1n 1ntensity and the cervical sympathetic discharge no longer shows any rhythmicity
(N Joels and M Samueloff (1956} J Phistol 133 360)

allowed to breathe oxygen for 30-45 minutes in order to secure demitrogenation
Succmyl choline was then injected 1 order to paralyse the respiratory musculature
Activity of the respiratory centre was sampled by recording the impulse actrvity 1n the
motoneurones of the recurrent laryngeal nerve (Green & Ned 1955) Following the
cessation of the resptratory movements the respiratory centre contwnued to discharge
thythmically for pertods up to half an hour The amimal survived for longer pertods than
this by  diffusion respiration (Draper Whitehead & Spencer 1947) Simultaneous
recordmgs of impulse activity of the cervical sympathetic nerves showed phasic actvity
m time with the nsprratory  discharge of the laryngeal motoneurones (Fig 89) The
heart rate showed accentuated sinus arrhythmia 1n time with the laryngeal motoneurone
discharges  As the mmpulse activity of the laryngeal neurones became feebler smus
arrhythmua disappeared and there was no longer any rhythmuicity n the 1mpulse actnaty
in the sympathetic nerve
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