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Abstract

This review describes the ways in which the primary bradycardia aKeywords
peripheral vasoconstriction evoked by selective stimulation of periphHypoxia

eral chemoreceptors can be modified by the secondary effects ofAglenosine
chemoreceptor-induced increase in ventilation. The evidence th&hemoreceptors
strong stimulation of peripheral chemoreceptors can evoke the betiay2scdilatation
ioural and cardiovascular components of the alerting or deferic¥oradrenaline
response which is characteristically evoked by novel or noxious =~~~ T
stimuli is considered. The functional significance of all these influ-

ences in systemic hypoxia is then discussed with emphasis on the fact

that these reflex changes can be overcome by the local effects of

hypoxia: central neural hypoxia depresses ventilation, hypoxia acting

on the heart causes bradycardia and local hypoxia of skeletal muscle

and brain induces vasodilatation. Further, it is proposed that these

local influences can become interdependent, so generating a positive
feedback loop that may explain sudden infant death syndrome (SIDS).

It is also argued that a major contributor to these local influences is
adenosine. The role of adenosine in determining the distributiop of O

in skeletal muscle microcirculation in hypoxia is discussed, together

with its possible cellular mechanisms of action. Finally, evidence is

presented that in chronic systemic hypoxia, the reflex vasoconstrictor

influences of the sympathetic nervous system are reduced and/or the

local dilator influences of hypoxia are enhandedcitro andin vivo

findings suggest this is partly explained by upregulation of nitric oxide

(NO) synthesis by the vascular endothelium which facilitates vasodi-

latation induced by adenosine and other NO-dependent dilators and
attenuates noradrenaline-evoked vasoconstriction.

Introduction cardiovascular system. Since then, a great

deal has been discovered about the respira-

The peripheral chemoreceptors have beenry, cardiac and vascular responses evoked

known about at least since the beginning ofthen the chemoreceptors are selectively
this century. In the 1920’s and 1930’s it wastimulated and about the ways in which the
recognised that stimulation of the carotidesponses interact with one another. How-
and aortic chemoreceptors could producever, still relatively little is known about the
reflex effects both on the respiratory andunctional importance of peripheral chemore-
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Figure 1 - Schematic diagram
showing the primary and sec-
ondary effects of selective stim-
ulation of peripheral chemore-
ceptors. + indicates an excita-
tory effect. Broken arrow indi-
cates direct or local rather than
reflex effects. Open arrow to
defence areas indicates a higher
threshold effect. For further de-
tails see text. HR, Heart rate.
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ceptors in cardiovascular control under natusf chemoreceptor stimulation could have a
ral, physiological conditions, or in patho-large impact on the magnitude and direction
logical situations. Over the last 10-15 yearsf the cardiovascular changes (3). The na-
we have been investigating their role in reguture of these respiratory and cardiovascular
lating the cardiovascular system in acute anidteractions was largely established by the
chronic systemic hypoxia and in particularcarefully controlled work of M. de Burgh
we have been trying to establish how th®aly and colleagues (see Figure 1).

reflex responses interact with the local influ-

ences of hypoxia. This is the major subjecvVascularresponses

matter of this review. However, in order to

put this work into context, it is first neces- In a series of studies on dogs anaesthe-
sary to briefly review what is known of thetised with chloralose or barbiturates, Daly
effects of selective stimulation of the periph-and co-workers perfused the vascularly iso-

eral chemoreceptors. lated carotid regions with blood from a donor
dog in such a manner that the perfusion pres-
Primary and secondary responses sure and therefore the stimulus to the carotid

baroreceptors was maintained constant,
Between the 1930’s and 1950’s, severalhilst the carotid bodies were exposed either
studies were published on the cardiovascue normoxic, hormocapnic blood or to hy-
lar changes that could be evoked by selectiy@oxic, hypercapnic blood. In early studies,
stimulation of the carotid bodies, either bythe systemic circulation was performed by a
local injection of substances such as sodiupump at a constant volume per minute so that
cyanide or saline equilibrated with g@r any change in perfusion pressure reflected
by perfusion with hypoxia and hypercapnicchanges in systemic vascular resistance. In
blood. The results obtained were somewhdhis way they were able to show that when
confusing, some studies showing a rise imentilation was spontaneous, selective stimu-
arterial pressure, others a fall, some showinigtion of the carotid chemoreceptors induced
bradycardia, and others tachycardia (e.g. 1,23.fall in systemic vascular resistance indicat-
However, already it was beginning to bdng peripheral vasodilatation. However, when
recognised that the respiratory consequencesntilation was maintained constant during
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artificial ventilation, the same stimulustion of aortic chemoreceptors evoked only a
evoked an increase in systemic vascular remall ventilatory response.
sistance reflecting peripheral vasoconstric-
tion (4,5). This suggested that the primaryCardiac responses
reflex response to carotid chemoreceptor
stimulation was vasoconstriction and thatthe The heart rate response was also investi-
vasodilatation was secondary to the chemorgated in other early experiments on the dog.
ceptor-induced hyperventilation. Other ex-Selective stimulation of the carotid chemore-
periments showed that the peripheral vasodéeptors was shown to be more likely to evoke
latation induced by chemoreceptor stimulatachycardia when the ventilatory response
tion was also greatly reduced or reversed twas large (~200% higher compared to con-
vasoconstriction if the dog was allowed tarol); when the ventilatory response was
hyperventilate, but with the vagus nerves cusmall, a bradycardia was often seen (6). Care-
or if the partial pressure of G@ the arterial ful examination of these responses revealed
blood (PaC@ was maintained constant (4,6).that just as with the vascular responses, two
Thus, it was concluded that the two majoaspects of the hyperventilatory response to
factors that contributed to the secondary vachemoreceptor stimulation affected the car-
sodilatation were a reflex triggered by vagatliac response: both pulmonary stretch re-
afferent fibres and the hypocapnia that arosseptor stimulation and hypocapnia contrib-
from hyperventilation. Further experimentsuted to the tachycardia, while the underlying
demonstrated that vasodilatation secondafyimary response was apparently bradycar-
to hyperventilation occurred in skeletaldia (6-8). However, even when ventilation
muscle and skin of the limbs, and in renal andvas maintained constant, carotid chemore-
splanchnic vasculature, the response beingeptor stimulation still sometimes evoked
most pronounced in muscle (7,8). As far agachycardia in a way that seemed related to
the vagal afferents were concerned, the inthe stimulatory drive to ventilation and which
portant receptors turned out to be the slowlwas most evident when the cardiac vagal
adapting pulmonary stretch receptors (6,9fibres were intact (6,8). This effect was remi-
while the efferent arm of the reflex was showmiscent of the sinus arrhythmia that persists
to be an inhibition of sympathetic noradreafter lung denervation and which was at first
nergic tone (7). The mechanisms underlyingscribed to “irradiation” of the cardiac vagus
the vasodilator effects of hypocapnia havevith impulses from the respiratory centre
received far less attention: they seem to b 3). More recently, it has become clear that
mediated mainly by the unloading of thecollaterals of central inspiratory neurones
central chemoreceptors for ¢@nd the re- exert an inhibitory effect on cardiac vagal
sulting fall in sympathetic noradrenergic acneurones (14,15). This helps to explain the
tivity (see 10-12). increase in heart rate that normally occurs
It is worth noting that in the early studieswith every inspiration (sinus arrhythmia) and
of Daly and Ungar (5), selective stimulationreflects a central neural mechanism by which
of the aortic chemoreceptors by perfusion ofieart rate tends to increase whenever in-
the aortic arch with hypoxic hypercapnicspiratory drive increases. There is an addi-
blood generally evoked peripheral vasocontional effect of central inspiratory drive that
striction whether or not ventilation was heldtends to increase the excitability of sympa-
constant. This was consistent with the evithetic neurones, thus facilitating tachycardia
dence that the vasodilatation that followednd vasoconstriction (16-18). However, this
carotid chemoreceptor stimulation was seceffect is much smaller than that exerted on
ondary to the hyperventilation, for stimula-the cardiac vagus.
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As far as the aortic chemoreceptors argon or hypocapnia (27-29).
concerned, the nature of the primary cardiac
response evoked by their stimulation is soméeFhe alerting or defence response
what controversial (see 19). Angell-James
and Daly (20) demonstrated in their experi- In the middle of the 1960's a report ap-
ments on the dog, in which the aortic bodiepeared (30) which suggested that primary
were perfused with hypoxic, hypercapnidoradycardia and vasoconstriction, with the
blood, that the primary cardiac response wasossibility of tachycardia and vasodilatation
bradycardia. By contrast, Hainsworth andecondary to hyperventilation, may not be an
colleagues (21), who performed similar exadequate description of the cardiovascular
periments, maintained that the primary reeffects of selective peripheral chemorecep-

sponse was tachycardia. tor stimulation. The Italian group led by
Zanchetti (30), who were interested in stimuli
Species differences that might activate or inhibit the areas of the

central nervous system concerned with ag-

From all the experiments that have beegressive or defensive behaviour, performed
performed on a range of different species, & series of experiments on cats that had been
seems that during selective stimulation oflecerebrated at a high level so as to remove
peripheral chemoreceptors, vasodilatatiothe cerebral cortex, but leaving the hypo-
and tachycardia secondary to the chemoré¢halamus and brain stem intact. Since the
ceptor-induced hyperventilation are moreusual cortical inhibitory influence over the
pronounced in the dog than in other specidsrain stem has been removed, such prepara-
(see Ref. 19). This is probably because th#ons show “spontaneous” episodes of sham
magnitude of the hyperventilatory responseage that are characterised by the somatic
is greater in the dog for the same secondagnd autonomic correlates of range or defen-
effects can be demonstrated in other specisg/e behaviour in the cat, i.e., clawing and
if the conditions are carefully managed tcstruggling movements, piloerection, retrac-
maximise their effects. Nevertheless, amongon of the nictitating membrane, rapid ven-
the commonly used laboratory animals, bothilation and a rise in arterial pressure.
the tachycardia and peripheral vasodilataZanchetti and colleagues (30) showed that
tion secondary to the hyperventilation ofsuch sham rage episodes could be evoked
selective chemoreceptor stimulation are weakot only by light mechanical stimulation of
or non-existent in the cat (22,23), a smalthe skin, but by selective stimulation of the
tachycardia has been recorded in the rablitrotid bodies. This led them to suggest that
(24,25), although whether or not a secondseripheral chemoreceptors have an excita-
ary vasodilatation influence occurs has naory input into the brain regions that mediate
been studied. In the rat, a mild secondarthe somatic and autonomic components of
tachycardia has been demonstrated, but tliefensive and aggressive behaviour.
vasodilatation is apparently absent (26). The It must be emphasised that at this stage in
limited information available on selectivethe investigative process, such a proposal
chemoreceptor stimulation in primates, inwould have had to be treated with caution,
cluding man, suggests that tachycardia arfdr removal of the normal cortical inhibitory
peripheral vasodilatation secondary to hyinfluences may have revealed a pathway that
perventilation can occur but are weak, thevas of no functional significance. However,
influence of central inspiratory drive on hearit was very difficult to test the hypothesis
rate being more important than the influmore fully because the common anaesthetics
ences of pulmonary stretch receptor stimuleef the time, including chloralose, barbituates
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and halothane were found to block afferendline. This cardiovascular pattern of response
activation of the brain stem defence areas. was accompanied by other autonomically
other words, noxious stimuli that were knowrmediated changes including pupillary dilata-
to evoke defensive or aggressive behaviouion, retraction of the nictitating membrane,
with the characteristic autonomic changes ipiloerection and even urination and defaeca-
conscious animals could not evoke the autdion (33-37).
nomic components of the response in ani- Other experiments performed on con-
mals anaesthetised with these agents (31,38tious animals by Folkow and Hilton and
Nevertheless, the studies that were petheir research group (33,34,37) showed that
formed in the 1950’s, 1960's and 1970’s bythe characteristic cardiovascular pattern of
Folkow and Neil (33) in Sweden and byresponse and the other autonomic changes
Hilton (34) in England on anaesthetised catsould be evoked by electrical stimulation in
and dogs told us a great deal about whéhe identified regions, by painful stimuli and
became known as ‘the defence responsedy a variety of environmental stimuli rang-
They concluded from experiments in whiching from sudden sound to confrontation with
brain sites were stimulated electrically thatn angry cat or dog. The behavioural changes
the regions that integrate the defence rahat accompanied these responses ranged
sponse run from the amygdala via an effefrom arousal to mild alerting, or a display of
ent pathway to the ventral hypothalamusgefensive behaviour, only reaching overt
that a contiguous or further region rungage, aggression or the full “defence re-
through the central grey matter of midbrairsponse” when the stimulus was particularly
and medulla and that all of these regions feestrong. Indeed, given that i) the pattern of the
through a single pathway that runs througlardiovascular response was consistent irre-
the ventral medulla. More recently, this pathspective of the strength of the behavioural
way was found to synapse onto the neuronessponse, ii) defensive or aggressive behav-
of the rostral ventrolateral medulla (RVLM) iour was only seelin extremisand iii) the
that is now recognised as being of majosame cardiovascular pattern was seen in hu-
importance in setting the resting level ofman subjects when they were exposed to
vasomotor tone and in integrating the majorelatively mild arousing stimuli, such as sound
cardiovascular reflexes (35-37). The patterand mental tasks, the term “defence response”
of response that was evoked in anaesthetisexla misnomer. By emphasising one end of
animals by electrical stimulation within thethe spectrum, it associates the characteristic
integrating regions for the defence responggattern of cardiovascular response with ex-
and which was, in fact, crucially importanttreme circumstances, when in fact this pat-
in allowing these regions to be identifiedtern of response probably occurs in every
characteristically included a rise in arteriabne of us many times during every day,
pressure, tachycardia, vasoconstriction iwhenever we experience a novel or unex-
cutaneous renal and splanchnic regions, bpected situation, or become emotionally
vasodilatation in skeletal muscle. This musclstressed by events around us. For these rea-
vasodilatation was not secondary to hypersons, the term “alerting response” is gener-
ventilation or muscle contraction, but was ally far more useful and accurate (see 37). It
true primary component of the ‘defence reis used in the remainder of this review.
sponse’. In cats and dogs it was largely medi-
ated by sympathetic cholinergic fibres, bui “new” anaesthetic and a “new” facet of
was attributable also to inhibition of sympa-the chemoreceptor response
thetic noradrenergic activity to muscle and
to the dilator influence of circulating adren-  Experiments performed in Birmingham,
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UK, around 1980 demonstrated that the stesdrtually identical with the pattern evoked by
roid anaesthetic alphaxalone-alphadalonstimulation in the amygdala or hypothalamic
(Althesin or Saffan) does not have the sameéefence areas, or by stimulation of nocicep-
depressant actions on transmission througbr afferent fibres in the radial nerve (39). In
the defence areas of the brain as the corthe cat, the muscle vasodilatation evoked by
monly used anaesthetics (see 38 and abovehemoreceptor stimulation was mediated by
It can be given by intravenous infusion at aympathetic cholinergic fibres, inhibition of
rate that produces anaesthesia and full anaympathetic noradrenergic fibres and circu-
gesia and yet which does allow the charadating adrenaline (39), while in the rat it was
teristic cardiovascular and autonomic commediated by the last two influences only, as
ponents of the alerting response to be evokesl characteristic of the muscle dilatation of
by stimulation of known afferent inputs tothe alerting response in these species (40).
the defence areas, for example nociceptor Inview of such evidence, one might ques-
afferentfibres in peripheral nerves. This findtion whether the primary and secondary re-
ing was extremely important for it paved thesponses to chemoreceptor stimulation stud-
way for detailed studies of the organisatioried under the more commonly used anaes-
of the areas of the brain that are responsibtietics (see above) have any functional sig-
for the alerting response, from the afferenmificance. The answer to this is undoubtedly,
inputs, and including the presumed integratyes they do! Experiments on the cat showed
ing areas of the amygdala and hypothalamubkat when the depth of Althesin anaesthesia
and the efferent pathway of the ventral mewas increased by increasing the infusion rate
dulla. In particular, it allowed a more com-of the agent, then the tachycardia and muscle
plete study of the responses evoked by peasodilatation of the response to carotid
ripheral chemoreceptor stimulation. In factchemoreceptor stimulation disappeared and
all of the research we have performed omwere commonly replaced by bradycardia and
anaesthetised animals, which is discussaduscle vasoconstriction (39). Furthermore,
below, was performed under Althesin orat a light level of anaesthesia, the muscle
Saffan anaesthesia and much of it would natasodilatation and tachycardia that were
have been possible without it. Since Althesirvoked by carotid chemoreceptor stimula-
was the agent originally introduced for usdion were converted to vasoconstriction and
in human patients, but Saffan, which is chemibradycardia simply by reducing the concen-
cally identical, replaced it as the veterinarytration of the solution used to stimulate the
product, both agents are referred to belowarotid chemoreceptors. In other words, un-
reflecting the year in which the experimentsler deep Althesin anaesthesia or with mild
were performed. chemoreceptor stimulation, the response that
In cats anaesthetised with Althesin and imemained was a mild hyperventilation,
rats anaesthetised with Saffan, we were ab@generalised vasoconstriction in muscle and
to show that selective stimulation of theother tissues (41) with bradycardia, just as
carotid chemoreceptors evokes the full camwould be expected on selective stimulation
diovascular pattern of the alerting responsef carotid chemoreceptors under chloralose
as described above, including tachycardiar barbiturates, given that the secondary ef-
and muscle vasodilatation that are not sedects of hyperventilation upon the cardiovas-
ondary to the hyperventilation (39,40). Thiscular system are weak in the cat (see above).
response is accompanied by the other aut&ssentially similar results were obtained in
nomic features of the alerting response. Ithe rat under Saffan except that the tachycar-
individual animals the pattern of responselia was more persistent, consistent with the
evoked by chemoreceptor stimulation wasnore pronounced tachycardic response to
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hyperventilation in this species (see abovenay reflect the fact that potassium cyanide
and 40). given into the systemic blood stream does

On this basis, it seemed reasonable toot provide a simple, selective stimulus to
propose that in the absence of anaesthestag carotid chemoreceptors. For example, in
mild chemoreceptor stimulation would evokethe rat, carotid chemoreceptor stimulation
the primary bradycardia and peripheral vacommonly evokes an augmented breath or
soconstriction, complicated by the tachycarrespiratory gasp, probably because chemore-
dia and/or vasodilator effects of hyperventiceptor stimulation facilitates the input of
lation in those species in which these sedapidly adapting irritant receptors: an aug-
ondary influences are evident, but that stronmented breath may be accompanied by a
chemoreceptor stimulation would evoke théransient, but pronounced bradycardia
full cardiovascular pattern of the alerting(40,43).
response (see Figure 1). Correspondingly, The evidence available from studies on
behavioural arousal or alerting would besystemic hypoxia in conscious animals and
expected to accompany mild chemoreceptdruman subjects lends good support to the
stimulation, while obvious aggressive or degeneral idea that the defence areas can be
fensive behaviour might be expected omctivated by carotid chemoreceptor stimula-
strong chemoreceptor stimulation (39).  tion (see below).

Unfortunately, these proposals have not
yet been fully tested: it is difficult to selec- Functional implications of chemoreceptor-
tively stimulate carotid chemoreceptors in anduced activation of the defence areas
conscious animal and it is technically diffi-
cult to record a full range of cardiovascular If it is accepted that experimental stimu-
variables. It is also difficult to establish inlation of the carotid chemoreceptors can ac-
conscious animals whether any muscle vdivate the brain defence areas, then it is rea-
sodilatation and tachycardia are integral conmsonable to assume that in everyday life stimuli
ponents of the alerting response rather thahat activate these receptors, such as hy-
secondary effects of hyperventilation, sincgoxia, hypercapnia and acidaemia, are some
this requires the use of paralysing agent®f many inputs, together with visual, audi-
Nevertheless, the fragmentary evidence thabry, tactile, noxious and emotional inputs,
is available is promising (for a more com-that have the potential to produce the various
plete discussion, see Ref. 19). In particulafacets of behavioural arousal and the charac-
Franchini and Kreiger (42) showed in ex+eristic cardiovascular and autonomic com-
periments on conscious rats that systemigonents of the alerting response. Since pe-
administration of potassium cyanide whichripheral chemoreceptors are tonically active
stimulates peripheral chemoreceptors evokeglien at normal values of arterial PECGO,
a dose-dependent behavioural response theid pH, it can be argued that their input
ranged from arousal to escape behavioucontributes to the general level of arousal in
The accompanying cardiovascular respongte awake state (19,40,41). Further, since
was a graded rise in arterial pressure, witbfferent activity from the defence areas con-
tachycardia when the dose of potassium cyaributes to the tonic level of arterial pressure
nide was low and bradycardia when it washrough its influence on the RVLM, it can be
higher: regional flows were not recordedargued that peripheral chemoreceptors help
The increasing dominance of the bradycarto set the resting level of arterial pressure in
dia is surprising in view of the results dis-the awake state by their influence on defence
cussed above but does not necessarily argareas, as well as by their more direct influ-
against the general hypothesis. Rather, @ce onthe RVLM or other descending path-
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ways to sympathetic preganglionic neuronestimulation of the baroreceptors this pro-
(40,41). On the other hand, since duringluces must limit the reflex effects that are
sleep, hypoxic stimulation of the peripheraproduced by the chemoreceptors. Moreover,
chemoreceptors is well known as a stimului the presence of any other stimulus to the
that can serve to wake the individual, it igndividual which is simultaneously raising
now reasonable to argue that this reflectarterial pressure, one can infer that this would
specific activation of the defence areas byend to further reduce the reflex vasocon-
the chemoreceptors, and that the increasatriction that the chemoreceptors can pro-
activity in the defence areas contributes tduce.

the accompanying rise in arterial pressure However, it is also known, from experi-
(see 19). It is then a simple step to proposments in which the hypothalamic defence
that longer term activation of peripheralareas were electrically stimulated, that acti-
chemoreceptors, as occurs for example imation of the defence areas causes inhibition
chronic obstructive sleep apnoea, and thef both the bradycardia and peripheral va-
hypertrophy and increased sensitivity of thesodilatation evoked by stimulation of the
carotid bodies that has been reported in ebaroreceptors (51). In other words, the pat-
sential hypertension might contribute to thdéern of the defence response predominates
hypertension of these conditions by activatand the baroreceptor reflex is suppressed.
ing the defence areas (44,45). This hypothFhis suppression is explained, at least in
esis gains weight when one appreciates thgart, by a pathway from the hypothalamus
effects of defence area activation on th&hich influences the baroreceptor reflex
baroreceptor reflex and realises that chemorpathway within the nucleus tractus solita-
ceptor stimulation can mimic these effectstius, close to the site of termination of the

as is discussed in the next section. baroreceptor afferent fibres (52). In view of
this evidence it was reasonable to question

Interactions of chemoreceptor stimulation how the effects of chemoreceptor and barore-

with the baroreceptor reflex ceptor stimulation would interact under con-

ditions in which peripheral chemoreceptors
Arterial baroreceptor stimulation, as oc-could activate the defence areas.

curs when pressure in the carotid sinus and In fact, experiments on cats anaesthe-
aortic arch is raised, produces reflex bradytised with Althesin, in which the level of
cardia and vasodilatation which tends to reanaesthesia was light enough and the
turn arterial pressure to the normal levelchemoreceptor stimulus was strong enough
From experiments performed on animal$o evoke the full pattern of the alerting re-
anaesthetised with the commonly used arsponse, showed that during this response
aesthetics such as chloralose and barbite@ven a supramaximal stimulus to the barore-
rates, it has generally been reported thateptors, an increase in carotid sinus pressure
selective stimulation of the baroreceptorso 250 mmHg, produced no detectable effect
inhibits the peripheral vasoconstrictionon the cardiovascular system. Furthermore,
evoked by selective chemoreceptor stimulaf a baroreceptor reflex was initiated first and
tion (46-49). This may occur, at least in partthen the carotid chemoreceptors were stimu-
by an inhibitory influence of baroreceptorlated, the cardiovascular pattern of the alert-
afferent input on chemoreceptor afferent ining response completely overcame the car-
put within the nucleus tractus solitarius (50)diac and vascular components of the barore-
Since chemoreceptor stimulation itself raiseseptor reflex. On the other hand, if the depth
arterial pressure by causing vasoconstrief Althesin anaesthesia was increased, or the
tion, this suggests that even the concurrestimulus to the chemoreceptors reduced, so
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that carotid chemoreceptor stimulatiortion of the carotid chemoreceptors as might
evoked bradycardia and vasoconstrictiooccur in sleep apnoea might, by activating the
even in muscle, then the reflex effects oflefence areas, tend to inhibit the normal abil-
baroreceptor stimulation interacted in arty of the baroreceptor reflex to buffer in-

additive way and the bradycardia of chemorecreases in blood pressure and so further contri-

ceptor stimulation was accentuated, whildute to the development of hypertension.

the vasoconstrictor responses were reduced,
or reversed to vasodilatation, as might havAcute systemic hypoxia
been predicted from the experiments on ani-
mals anaesthetised with the commonly used The information that is reviewed above
about the effects of selective stimulation

anaesthetics (53).

Thus, from these results it can be arguedpon the cardiovascular system is the infor-
that a strong stimulus to the carotid chemoremation that provided the background for our
ceptors occurring acutely, as for example ostudies on the effects of acute systemic hy-
sudden exposure to a hypoxic environmenfoxia. But it was also important for us to
would not only activate the defence areas trecognise that systemic hypoxia can have
produce the cardiovascular pattern of thedditional effects on the respiratory and car-
alerting response, but would suppress thdiovascular systems that may interfere with
baroreceptor reflex so that the rise in arterighe effects of selective stimulation of the
pressure would be greater than otherwisearotid chemoreceptors. All of these effects
expected and the perfusion pressure for there indicated schematically in Figure 2.
delivery of blood flow to the skeletal muscleBriefly, there is substantial evidence that
would be consequently greater. This, as hdg/poxia of the central nervous system can
been argued for other stimuli that activatelepress ventilation by influences on central
the defence areas, may confer a split secoméspiratory neurones. Further, there is evi-
advantage on the individual, in this caselence that central neural hypoxia can in-
allowing him or her to run away from thecrease sympathetic activity to the heart and
hypoxic environment more readily (34,37).circulation, probably in part by acting on
Further, more prolonged, but strong stimulaneurones of the ventrolateral medulla (see
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showing the possible effects of
systemic hypoxia. + indicates an
excitatory effect; - indicates an
hibitory effect. Arrows as in Fig-
ure 1. CNS, Central nervous sys-
tem; HR, heart rate.

Braz J Med Biol Res 31(7) 1998



872

Braz J Med Biol Res 31(7) 1998

J.M. Marshall

19,54). On the other hand, it is well known In arecent study on conscious rats instru-
that by direct actions on the heart, hypoxianented with an ultrasonic Doppler probe for
causes bradycardia and myocardial depreszcording hindquarters blood flow and an
sion, while by direct actions on the tissues dérterial cannula for recording arterial pres-
the systemic circulation hypoxia causes vasure and heart rate (58), we have attempted a
sodilatation. Thus, we were aware that thenore complete analysis of the behavioural
final or observed response to systemic hyand cardiovascular changes evoked by expo-
poxia must represent a balance of these indiure to 8% @ Within the first 3 min of
vidual effects. It was our intention to estabhypoxia, we have seen the full repertoire of

lish their relative importance. behaviour that is typical of the rat in states
ranging from mild arousal to overt fear, or
Systemic hypoxia and the alerting response aggression. Concomitantly, arterial pressure,

heart rate and hindquarters vascular conduc-

In cats and rats anaesthetised with Saffatance tended to rise, but it would be difficult
it became clear that systemic hypoxigdo associate these changes specifically with
achieved by breathing 12, 8 or 6% @uld the alerting response, rather than with the
evoke the full cardiovascular pattern of theexercise that is occurring as well. For the
alerting response (55,56). In such experiremainder of a 20-min period of hypoxia the
ments it is difficult to deduce the thresholdsigns of arousal were less marked and the
for the response, but a response pattern thedrdiovascular variables returned towards or
was recognisable as that of the alerting rebelow baseline, consistent with the observa-
sponse was commonly seen when pPaQions we have made under Saffan anaesthe-
dropped to below 66-65 mmHg. This is nosia (see below).
only consistent with the evidence that selec- Interestingly, when the same animal was
tive stimulation of carotid chemoreceptorsexposed to the same level of hypoxia on the
can evoke the cardiovascular pattern of thillowing day, then the signs of behavioural
alerting response under Althesin or Saffa@rousal were much less pronounced (58). This
anaesthesia, but is consistent with many resuggests that at least the behavioural compo-
ports in the literature that systemic hypoxianents of the alerting response evoked by
elicits behavioural arousal or even escapehemoreceptor stimulation habituate on rep-
behaviour in the rat, rabbit, dog and in huetition of the stimulus, as is known to occur
man subjects (see 19 for references) anwiith repetition of other alerting stimuli. The
with evidence that episodes of behaviouramportant question, that we cannot yet answer,
arousal during hypoxia were associated witis whether when hypoxic stimulation of the
tachycardia and a rise in arterial pressurehemoreceptors is repeated, their ability to
(57). The fact that signs of behaviourakvoke the cardiovascular components of the
arousal were reported when Ba@ached alerting response and thereby to suppress the
relatively low values of below 50 mmHg baroreceptor reflex also habituates. As far as
may indicate that the behavioural compoether alerting stimuli are concerned, such as
nents of the alerting response require a mosudden sound, cold water or emotional stress,
severe level of hypoxia than the cardiovasit is known that the cardiovascular compo-
cular components. However, the apparentents of the alerting responses and behaviour-
discrepancy may simply reflect differencesal alerting do not necessarily habituate to-
in the observer’s ability to detect the cardiogether. Moreover, there may be variation be-
vascular pattern of the alerting response itween individuals, so that some show habitua-
an anaesthetised animal and a change fion of one or more cardiovascular compo-
behaviour in a conscious individual. nents of the alerting response on repetition of



Chemoreceptors and systemic hypoxia

the stimulus, while others show no change, d/, min of hypoxia. This pattern seems to be
even sensitisation of one or more componengiperimposed upon more gradual changes
(37). For systemic hypoxia, it is tempting tothat are graded with the level of hypoxia
speculate that those individuals who show n¢55,56). In the cat, there is hyperventilation
habituation of the cardiovascular component&hich is well maintained at least during a 3-
of the alerting response to chemoreceptor stimin period of hypoxia, accompanied by a
ulation would be most at risk of suffering therather small tachycardia and rise in arterial
acute effects of a sudden rise in arterial pregressure and no change, or slight vasodilata-
sure and tachycardia, such as aneurysm tion in mesenteric, renal and skeletal muscle
myocardial infarction during repeated asthvasculature (56). In the rat, there is also
matic attacks and more at risk of developingpyperventilation, but with a more pronounced
hypertension as a consequence of sleep a@pchycardia and substantial vasodilatation in

noea. mesenteric, renal, cerebral and skeletal
muscle vasculature. Moreover, the hyper-
The gradual effects of hypoxia ventilation and tachycardia tend to return

towards, or below the baseline, this becom-

From our experiments on Saffan anaeshg more obvious if the period of hypoxia is
thetised cats and rats, it is clear that thprolonged to 5 or 10 min (55,59,60; see
cardiovascular pattern of the alerting respondeigure 3). The net effect of these changes is
is most likely to be evoked within the first 1-that arterial pressure falls in the rat to an
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Figure 3 - Original traces show-
ing the effect of the adenosine
receptor antagonist 8-phenyl-
theophylline (8-PT) on the respi-
ratory and cardiovascular re-
sponses evoked in the anaes-
thetised rat by a 5-min period of
breathing 8% O». Vr, Tidal vol-
ume; Rf, respiratory frequency;
FVC, femoral vascular conduc-
tance; FBF, femoral blood flow;
HR, heart rate; ABP, arterial
blood pressure. 8-PT was given
between the left and right hand
panels. Note that after 8-PT the
Vt and HR were better main-
tained during hypoxia while the
increase in FVC and fall in ABP
were reduced.
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extent that is graded with the level of hy-secondary effects of hyperventilation on lung
poxia (55). stretch receptors and by the ability of central
By performing experiments in which we nervous hypoxia to increase cardiac sympa-
have vagotomised, kept PaC&nstant, or thetic activity (56,60,62). The late bradycar-
paralysed and artificially ventilated the ani-dia that occurs when hypoxia is prolonged
mals, we have been able to establish thean be attributed not only to the primary
roles of the secondary effects of hyperventibradycardia of carotid chemoreceptor stim-
lation in these gradual changes. They arelation, but also to the local effects of hy-
relatively weak in both species in agreemerpoxia on the heart (60,63), while the late
with their effects on the responses evoked byecrease in ventilation towards or below the
selective stimulation of carotid chemorecepbaseline reflects the central effect of hypoxia
tors (see above). In the cat, the lung stretan respiratory neurones (63). Clearly, this
receptors with vagal afferents apparently haviater decrease in the ventilatory response
no significant influence on the heart rate omeans that lung stretch receptors make less
vascular responses to systemic hypoxia, babntribution to the tachycardia as the period
if PaCQ is prevented from falling with the of hypoxia progresses (see 60). The periph-
hyperventilation, then there is bradycardiaral vasodilatation in mesenteric and in
rather than tachycardia, vasoconstriction imuscle vasculature largely reflects the local
the renal and mesenteric circulation, and ndilator effects of tissue hypoxia. These influ-
change or slight dilatation in skeletal muscleences are so strong that they apparently over-
(56). This strongly suggests that in the noreome the primary reflex vasoconstriction
mal situation, the fall in PaCQplays a expected from carotid chemoreceptor stimu-
major role in counteracting the bradycardidation and are largely responsible for the fall
and vasoconstriction that would be expecteih systemic arterial pressure (55).
as a primary response to hypoxic stimulation The rat is, therefore, far more dominated
of carotid chemoreceptors. Since vasocorby the local effects of hypoxia on central
striction did not occur in muscle, even whemrespiratory neurones, heart and vasculature
PaCQ was controlled, it seems likely that inthan the cat. This is of particular interest
this tissue, the neurally mediated vasocorbecause there are reports in the literature
striction was opposed by the local dilatoiindicating that the respiratory and cardiovas-
influences of hypoxia. cular responses evoked by systemic hypoxia
By contrast, in the rat, the fall in PagO in neonates are very similar to those we have
makes only a minor contribution to the taseen in the rat: characteristically, ventilation
chycardia and muscle vasodilatation in sencreases and then falls and generally arteri-
vere hypoxia (61). On the other hand, thal pressure decreases (see 64,65). We have
lung stretch receptors with vagal afferentsuggested this may arise because small mam-
do contribute to the tachycardia, but not tanals in general, whether the neonates of
the peripheral vasodilatation (62). Indeedlarge mammalian species or the adults of
when ventilation was kept constant by artifi-small mammalian species, have a higher rate
cial ventilation, then hypoxia induced brady-of O, consumption per gram body weight
cardia, but with substantial vasodilatation irthan larger mammals: they may therefore be
skeletal muscle (60). By considering thesenore susceptible to the local metabolic ef-
results together with the effects of variousects of hypoxia when Ssupply is reduced
antagonists of the sympathetic nervous sy$55). Unfortunately, the pattern of response
tem, we have concluded that the primaryhat is produced by the local effects of hy-
bradycardia of hypoxic stimulation of ca-poxia is potentially life-threatening as is ex-
rotid chemoreceptors is opposed both by thelained below.
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A positive feedback loop? most at risk of SIDS are those who have been
hypoxic from birth (66).

The fact that respiration increases ini-
tially in neonates who become hypoxic, butrhe mediator of the local effects of
then falls, has been put forward as an explaypoxia - adenosine
nation for sudden infant death syndrome
(SIDS) or cot death (66). We believe the Although the section above has empha-
concomitant cardiovascular changes are crigised the importance of the local effects of
cially important in this situation. In experi- hypoxia in the rat and other small mammals,
ments on rats in which we have recorded is important to recognise that the local
cerebral blood flow, we have demonstrate@ffects do contribute to the overall response
that although there is cerebral vasodilatatioto hypoxia in larger mammals as well. It is
in response to systemic hypoxia, cerebraimply that in larger mammals the balance is
blood flow begins to fall when ventilation tipped more strongly towards the neurally
and heart rate drop below their resting valuesiediated, reflex effects of hypoxia. Thus, a
and arterial pressure drops below the autdall in ventilation when hypoxia is severe or
regulatory range of about 60 mmHg (60)prolonged that can be attributed in part to a
We have proposed that the respiratory andepressive effect of hypoxia on the central
cardiovascular changes may generate a posiervous system (68) is a generally recognised
tive feedback loop (Figure 4). Thus, wherphenomenon occurring, for example, in the
ventilation begins to fall, this exacerbategat and in human subjects (69,70). Similarly,
the fall in Pa@ and the peripheral vasodila- it is known that heart rate and arterial pres-
tation and bradycardia that are caused by tiseire begin to fall when systemic hypoxia is
local effects of hypoxia, so potentiating thesevere or prolonged, for example, in both the
fall in arterial pressure. Once the arteriatat and human subjects (56,71). It is also
pressure is below the autoregulatory rang&nown that in human subjects systemic hy-
then cerebral blood flow falls, the;Gupply poxia induces vasodilatation in splanchnic
to the brain is further reduced and the centralrculation and forearm muscle (71,72) and
neural hypoxia is exacerbated so that th#hat when the influence of the sympathetic
central respiratory neurones are further dererve fibres on forearm muscle is blocked,
pressed (60). systemic hypoxia still induces substantial

Our experiments on newborn piglets in-muscle vasodilatation, as would be consist-
dicate that this positive feedback loop ient with a local dilator influence of hypoxia
particularly likely to develop in individuals

in whom the stimulatory effect of hypoxia on Figure 4 - The proposed posi-
respiration is weak (64). Furthermore, ou - tive feedback loop that may de-
. oxia i i i
studies on rats that have been kept chror yp velop during systemic hypoxia,
. . . . particularly in small adult mam-
cally hypoxic from birth in a hypoxic cham- mals and neonates. CNS, Cen-
ber, have shown that the bradycardia fall i ol tral nervous system; HR, heart
. . © . i -
arterial pressure and fall in cerebral blooc ¥ *Vem"a“on rate; ABP, arterial blood pres
. . . sure.
flow induced by acute hypoxia is greatly ‘
Pa02

exaggerated inthese animals relative to tho:
seen in controls (67). Thus, it seems the Jk
chronic hypoxia from birth accentuatesthos ¢ agp
very responses that contribute to the positiv
feedback loop. This is entirely consisten
with studies indicating that babies who art

+ HR Vasodilatation
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(72). The question of what produces thesaddition, when 8-PT was applied topically to
local effects is therefore important and mayhe cerebral cortex, the hypoxia-induced ce-
be of general relevance. rebral vasodilatation was attenuated (80).
It is generally accepted that adenosine i©n the other hand, when 8-sulphophenylthe-
produced in tissues when they become hyphylline, an adenosine receptor antagonist
poxic. When we began our experiments athat does not cross the blood brain barrier, or
denosine concentrations had been shown smlenosine deaminase, which breaks down
rise substantially in the brain soon after th@denosine, but does not cross the blood brain
onset of hypoxia (73). Moreover, adenosin®arrier, were given systemically, they did
had not only been implicated in hypoxia-not affect the respiratory response to hy-
induced cerebral vasodilatation (74), but ipoxia, had less effect on the late fall in heart
had been shown to depress ventilation bsate than 8-PT, but still caused a substantial
actions on respiratory neurones. In fact, sulveduction of the muscle vasodilatation (63).
stances such as aminophylline and theophyFhese results provide strong evidence that
line whose effects include blockade of adenadenosine released locally in the brain, heart
osine receptors have been shown to reduead skeletal muscle is responsible respec-
respiratory depression associated with sysively for the respiratory depression and ce-
temic hypoxia in neonates (75), as well as inebral vasodilatation, the bradycardia and
adult cats and human subjects (69,70). Futhe muscle vasodilatation. They also rein-
ther, adenosine is well known to be releasefrce our proposal that the respiratory and
in the heart under hypoxic conditions ancardiovascular changes are interdependent
adenosine not only induces coronary vasodin a potentially positive feedback manner
latation (76), but can induce bradycardia by60,63; see Figure 4): if the antagonist used
direct actions on the sinoatrial node and bjad no effect on the respiratory component
interfering with sympathetic and vagal transof the response then its effects on the cardiac
mission (77). Adenosine had also been showand vasodilator components were less pro-
to be released by skeletal muscle duringounced than for an antagonist that had the
muscle contraction when there is a relativgpotential to affect all components of the
hypoxia (78) and by the use of various aderresponse. By using specific antagonists for
osine antagonists, adenosine had been impthe subtypes of adenosine receptor, we have
cated in the muscle vasodilatation that ocrecently shown that the adenosine that is
curs during contraction (e.g. 79). We therereleased in systemic hypoxia probably acts
fore hypothesised that adenosine plays é@a Ay, receptors to produce cerebral va-
major role in the cerebral and respiratory andodilatation (81), but via Areceptors to
cardiovascular changes that occur in the rgroduce muscle vasodilatation (82,83). Our
during systemic hypoxia. own evidence, together with that of others,
To test this hypothesis we have used 8ndicates the respiratory depression and
phenyltheophylline (8-PT) which is a selec-bradycardia are probably mediated by A
tive adenosine receptor antagonist that do@sceptors (82,84).
not inhibit phosphodiesterase activity like Since adenosine is generally released in
aminophylline and theophylline. In full ac- hypoxic tissues and since its ability to de-
cord with our hypothesis, 8-PT given sys{press respiration by a central action and to
temically greatly reduced the late decreaseause bradycardia and cerebral and muscle
in ventilation and bradycardia, the musclevasodilatation is common to a range of mam-
vasodilatation and fall in arterial pressuranalian species, it seems reasonable to as-
induced by a 5- or 10-min period of breathsume that adenosine plays a major role in the
ing 12, 8 or 6% ©(59,63; see Figure 3). In local effects of hypoxia on respiration and
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the cardiovascular system in all mammaliasponses are more common and larger in the
species. Experiments already performed odistal, or terminal arterioles, than in the proxi-
hypoxia-induced respiratory depression anchal arterioles (85). Thus, the fact that gross
on hypoxia-induced bradycardia in isolatednuscle vascular conductance increases dur-
hearts in a number of species including aduihg systemic hypoxia disguises the fact that
man, cat, rabbit and guinea pig are consistentithin muscle some vessels constrict while a

with that view (69,70,77). majority dilate.

When an a adrenoceptor antagonist,
Interactions between reflex and local effects phentolamine, was applied to the spinotra-
of hypoxia in muscle microcirculation pezius, mean increases in arteriolar diameter

produced in particular sections of the arteri-

The experiments of the type discussedlar tree by systemic hypoxia were potenti-
above in which pharmacological antagonistated, while mean decreases in arteriolar di-
are given systemically are useful in that thegmeter were reduced, or reversed to dilator
can indicate whether particular nerve-mediresponses. Moreover, the sections of the ar-
ated, hormonally mediated or local influ-teriolar tree that were most affected were the
ences contribute to the gross change in vaprimary and secondary arterioles of 18-40
cular conductance or resistance that occugsn that are most strongly constricted by
in skeletal muscle or other tissues duringlirect stimulation of the sympathetic nerves
systemic hypoxia. However, they tell us little(81). More detailed analysis of each section
of how these factors interact at the level obf the arteriolar tree showed that only ves-
tissue microcirculation to determine the Osels that constricted in hypoxia were af-
supply to the capillaries and thereby to théected by phentolamine, while those that
tissue cells. Further they suffer from thedilated were not (86). These observations
disadvantage that many pharmacologicaire consistent with the occurrence of an
antagonists when given systemically affecincrease in sympathetic nerve activity to skel-
arterial pressure and therefore their effect oatal muscle during systemic hypoxia, as
the change in regional vascular conductanagould be expected from the primary re-
induced by systemic hypoxia may be in parsponse to carotid chemoreceptor stimulation
related to their effect on perfusion pressuregsee above) and suggest that the sympathetic
To address these issues we have performadrve activity preferentially constricts the
many experiments on the microcirculatiorprimary and secondary arterioles. However,
of the spinotrapezius muscle of the rat witlthey also indicate that many arterioles from
the muscle prepared for intravital micros-all sections of the arteriolar tree do not re-
copy. Pharmacological agonists and antagspond to sympathetic activation in hypoxia,
nists can then be applied topically to theven though we know they are innervated by
muscle in doses that achieve local effectsympathetic fibres.
but which do not affect systemic variables, On the other hand, when the adenosine
or the changes induced in them by systemieceptor antagonist, 8-PT, was topically ap-
hypoxia. plied to the spinotrapezius muscle it reduced

Experiments of this type have shown thatnean increases in diameter induced in par-
systemic hypoxia induces both increases artitular sections of the arteriolar tree by sys-
decreases in the diameter, dilatation and cotemic hypoxia, or converted them to mean
striction, respectively, of individual arteri- decreases in diameter, the responses of the
oles of the spinotrapezius muscle (85). Oterminal arterioles being particularly affected
balance, dilator responses are more commd@f7). These observations are, of course, fully
than constrictor responses and dilator rezonsistent with the evidence discussed above
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that adenosine plays a major role in théhe major determinant of the response in any
hypoxia-induced muscle vasodilation andyiven arteriole is in fact the local level of
indicate that the terminal arterioles, the vedaypoxia (see 91 and Figure 5). It is known
sels that are traditionally thought to be mosthat there is considerable variation in the
responsive to locally released vasodilatolevel of tissue P&ound in different regions
metabolites, are particularly affected by lo-of skeletal muscle during normoxia (92).
cally released adenosine. Nevertheless, onlyhis reflects several factors including i) re-
those arterioles that were dilated by systemigional differences in the oxygen consump-
hypoxia were affected by 8-PT, even thoughion of the nearby muscle fibres, ii) distance
we were able to show that all arterioles weralong the arteriolar tree from the major sup-
responsive to exogenous adenosine (87). plying artery given that Qdiffuses out of
Our observations on the effects of anarterioles along their length, and iii) proxim-
tagonists of the actions of circulating hor-ty of arterioles and venules with opposite
mones are comparable with those just dedirections of blood flow, given that,®nay
scribed in that a vasopressin receptor amliffuse from an arteriole to a venule, thus
tagonist affected the arterioles that constricteshort-circuiting Q supply to tissue down-
in response to systemic hypoxia, but had nstream of the arteriole. It would be expected
effect on those that dilated (88), whereas atRat adenosine would reach higher concen-
adrenoreceptor antagonist affected the artérations during systemic hypoxia in regions
rioles that dilated in response to systemiof the muscle where the local level of hy-
hypoxia, but had no effect on those thapoxia is relatively severe, either because of a
constricted (86). These observations were ihigh level of @ consumption or a poor “ana-
turn consistent with evidence that vasopressitomical” distribution of Q. The arterioles in
is released in response to selective stimulaguch regions would be preferentially dilated
tion of carotid chemoreceptor and that vasdsy adenosine and this may in turn increase
pressin receptor blockade reduces the irhe susceptibility to other dilator influences
crease in gross muscle vascular conductansach as the R adrenoreceptor mediated effect
induced by systemic hypoxia (89) and withof adrenaline. On the other hand, the con-
evidence that adrenaline is released into treentration of adenosine would be low in
blood stream by hypoxic stimulation of ca-regions of the muscle where the local level
rotid chemoreceptors and makes a contribwef hypoxia is relatively mild. The arterioles
tion, albeit small, to the hypoxia-inducedin such regions may then be particularly
increase in gross muscle vascular condustlnerable to constrictor influences such as
tance (90). However, we have to concludéhose of sympathetic nerve activity and cir-
from the microcirculatory studies that someculating vasopressin (91).
arterioles “escape” the constrictor influence This heterogeneity in the responses of
of vasopressin or “escape” the dilator influthe muscle arterioles during systemic hy-
ence of adrenaline during systemic hypoxigpoxia may be functionally important in al-
even though one would expect the concerlewing a more homogenous distribution of
trations of the two hormones reached irD,in the various parts of the muscle at atime
individual arterioles to be very similar andwhen the grossupply is reduced. In other
even though we could show they were aNvords, the behaviour we have seen in indi-
capable of responding appropriately to exvidual arterioles of muscle during systemic
ogenous vasopressin or adrenaline (88). hypoxia may explain the finding that the
The most obvious explanation for thevariation in the levels of tissue RP@ithin
heterogeneity of the responses seen amongstiscle is considerably reduced during sys-
the arterioles during systemic hypoxia is thatemic hypoxia concomitant with the fall in
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Figure 5 - Schematic diagram
showing how the balance of the
nerve and hormonally mediated
constrictor influences and the lo-
cally and hormonally mediated
dilator influences of systemic
hypoxia on blood vessels within
skeletal muscle may be differ-
ent depending on the local level
of hypoxia. In regions where the
level of hypoxia is more severe
the balance may be more readily
tipped towards vasodilatation.
For further discussion see text.
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average tissue B@92). It may also demon- experiments had shown that in cardiac myo-
strate how the ©consumption of resting cytes and coronary artery myocytes, adeno-
muscle can be maintained constant duringine receptors are coupled to ATP-sensitive
systemic hypoxia, for a more homogeneouK* (Karp) channels in such a manner that
distribution of blood flow and therefore,O adenosine opens the channels (96,97). It was
supply through the capillary network wouldalso known that Krp channels are present
help muscle fibres to maintain theip, @on- on skeletal muscle fibres (98). As a further
sumption by increasing theip@xtraction (93). part of the background, it was known thdt K
can induce vasodilatation by stimulating Na-
Mechanisms of action of adenosine K* ATPase activity in vascular smooth
muscle and by opening inwardly rectifying
On the basis of the literature, it is theoK* channels (99). Thus, we hypothesised
retically possible that during systemic hy-that adenosine released in skeletal muscle
poxia adenosine is released from skeletaluring systemic hypoxia opens# chan-
muscle fibres, vascular smooth muscle, anels on the skeletal muscle fibres leading to
endothelium. Also ATP released from theséhe release of Kwhich then contributes to
sites or from sympathetic nerve varicositieshe muscle vasodilatation (100).
or red blood cells may be hydrolysed extra- In agreement with this hypothesis we
cellularly to adenosine by the action of 5’ecdemonstrated that glibenclamide, which in-
tonucleotidase. Further, it is theoreticallyhibits K,p channels, abolished the increase
possible that adenosine induces vasodilatin the K concentration of venous blood
tion by acting on the vascular smooth muscldraining skeletal muscle (f,) that was
or endothelium, or more indirectly, by actinginduced by systemic hypoxia, without af-
on the skeletal muscle fibres, or at prejuncfecting the increase in the arterial concentra-
tional sites on the sympathetic nerve varition of K* ([K*],); glibenclamide also re-
cosities (91). So far, we have only investiduced the accompanying muscle vasodilata-
gated a few of these possibilities. Firstly, wdion. Similarly, 8-PT not only reduced the
found thati3 methylene ADP, which inhib- muscle vasodilatation of systemic hypoxia
its the action of 5’ectonucleotidase, had ngsee above) but also abolished the increase
significant influence on the dilatation in-in [K*],. Further, glibenclamide reduced
duced in hind limb muscles of the rat bymuscle vasodilatation evoked by adenosine,
systemic hypoxia. This indicates that moswhile 8-PT abolished both the muscle va-
of the adenosine that is vasoactive is resodilatation and the increase inTievoked
leased as such from the intracellular siteBy adenosine (100).
(94). Thus, it seemed reasonable to conclude
Since it was already known that systemidhat there are adenosine receptors on skeletal
hypoxia leads to an increase in plasma levelauscle fibres that are coupled tg:Kchan-
of K* (95) and since we had shown that theels: this has since been confirmed by elec-
action of circulating adrenaline upon B adretrophysiological recordings (101). Our re-
noreceptors of skeletal muscle was imporsults indicate they can be stimulated to open
tantin stimulating the re-uptake of Huring and to allow K efflux by adenosine that is
systemic hypoxia, probably by acting on Rreleased in systemic hypoxia and they raise
receptors coupled to N&K*ATPase (90; see the possibility that this Kcontributes to the
Figure 6), we were particularly interested inmuscle vasodilatation. However, it seems
whether adenosine might also regulate Klikely that the contribution Kmakes is rela-
balance in skeletal muscle. At the time wdively small given that glibenclamide had a
began our experiments, electrophysiologicahuch smaller effect than 8-PT on the muscle
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vasodilatation (100). Indeed, the fact thatuced dilatation that is mediated by adeno-
glibenclamide affected the early and not theine is also dependent on NO synthesis by
late part of the muscle vasodilatation of hythe endothelium (94). It could be that the
poxia (100) suggests that the opening of,p channels that initiate the muscle va-
Katp channels is particularly important insodilatation are on the endothelium and
initiating the vasodilatation rather than main-coupled to adenosine receptors so that their
taining it and raises the possibility that theactivation triggers synthesis of NO by
Katp Channels that are of major importancényperpolarising the endothelial cells. In
in the vasodilatation are on the vasculaagreementwith this proposal, our recent stud-
smooth muscle, or endothelium, rather thares, which have shown that the hypoxia-
on the skeletal muscle fibres. On the othenduced muscle dilatation is mediated by A
hand, the very fact that 8-PT had a muclhdenosine receptors, have also indicated that
larger effect than glibenclamide on hypoxiamuscle vasodilatation mediated byr&cep-
induced dilatation (100) strongly suggestsors is dependent both on the opening of
that adenosine also acts in a manner that ks,rpchannels and on NO synthesis (102,103;
independent of kgp channels. Figure 6).

Our experiments with nitro L-arginine  Thus, we can summarise our results to
methyl ester (L-NAME) which inhibits NO date by stating that the adenosine that makes
synthesis are consistent with this suggestiaitie major contribution to the muscle vasodi-
(94). For L-NAME greatly reduced both thelatation that occurs in the rat during acute
muscle vasodilatation induced by systemisystemic hypoxia probably acts by stimulat-
hypoxia and that induced by infusion ofing adenosine Areceptors on the endotheli-
adenosine. Thus, it seems that the great mam and increasing the synthesis of NO which
jority of the component of the hypoxia-in-then induces relaxation of the vascular
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Figure 6 - Schematic diagram showing some of the factors that _‘_._,..---"'""-_._._._
influence the arterioles of skeletal muscle during systemic hy-

poxia and the cellular mechanisms by which they may act. Nora-

drenaline released from sympathetic nerve fibres and circulating Skeletal muscle fibres

in the blood stream exerts a constrictor influence via a receptors. Na*t
Circulating adrenaline exerts a dilator influence via 3, receptors
on the vascular smooth muscle, but may also stimulate the Na*-
K* ATPase pump on skeletal muscle fibres via 3, receptors, thus
increasing the uptake of K*. Adenosine that is released from
skeletal muscle fibres may cause the efflux of K* from those
fibres by stimulating adenosine receptors that are coupled to K*
ATP channels. The final concentration of K* in the interstitial fluid
is therefore determined by the balance of the influences of
adrenaline and adenosine: K* is a vasodilator. Adenosine may
also act directly on the vascular smooth muscle. In addition,
adenosine that is released from the endothelial cells acts on
receptors on the endothelial cells, possible by opening K* ATP
channels, to increase the synthesis of NO which exerts a major
dilator influence on the vascular smooth muscle. Current evi-
dence indicates that the adenosine receptors on the endothelium
that are stimulated in hypoxia are of the A; subtype while those
on the vascular smooth muscle and skeletal muscle fibres are of
the Aoa subtype.

Adenosine

T Noradrenaline
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smooth muscle. Since the endothelium is enduce the right ventricular hypertrophy,
very effective metabolic barrier to the transincreased pulmonary vascular resistance
port of adenosine (84), and since adenosirend pulmonary vascular remodelling that
deaminase, which does not cross the vascare characteristic of chronic systemic hy-
lar endothelium, was just as effective inpoxia (104). When adult rats that have been
reducing hypoxia-induced vasodilatation asnade chronically hypoxic for 3-4 weeks
8-PT, an adenosine receptor antagonist (63)CH rats) are studied under Saffan anaesthe-
it seems most likely that the majority of thesia while breathing 12% Othey have in-
adenosine is released from the endotheliuereased ventilation relative to control,
and acts on the endothelium in an autocrineormoxic (N) rats breathing air, which might
fashion. Adenosine thatis released from skebe attributed to a tonic drive to respiration
etal muscle fibres may contribute in a smaléxerted by the carotid chemoreceptors and
way to the dilatation by acting onds chan-  probably to an increased sensitivity of the
nels on the skeletal muscle fibres to stimueentral chemoreceptors to €(Q05). How-
late efflux K" which relaxes the vascularever, the systemic arterial pressure, heart

smooth muscle (Figure 6). rate and gross vascular conductance of hind
limb muscle are comparable in CH rats
Chronic systemic hypoxia breathing 12% ©and N rats breathing air

(105). This suggests that cardiovascular ad-

Acute systemic hypoxia is of interest inaptations must have occurred: the muscle
its own right because it can occur in a numvasodilatation and reduction in arterial pres-
ber of clinical conditions, on immediate ex-sure that might be expected from the re-
posure to high altitude and on accidental gsponse to acute systemic hypoxia are appar-
experimental exposure to hypoxic gas mixently absent, as are the sympathetically me-
tures. However, chronic systemic hypoxiadiated tachycardia that might be expected as
and the adaptations that occur in this conda secondary consequence of hyperventila-
tion, is arguably more important becausdion and as a result of hypoxia of the central
chronic hypoxia is so common in many resfervous system (see above). This new state
piratory and cardiovascular disorders andnay be partly explained by the fact that the
because it occurs in individuals whoincrease in haematocritin the CH rats allows
acclimatise to living at high altitude. Thetheir arterial Qcontentwhen they are breath-
number of laboratory studies that have beeing 12% Q to equal that of the N rats when
performed on respiratory and cardiovasculdhey are breathing air (105). However, since
adaptations to chronic systemic hypoxia ishe adenosine receptor antagonist, 8-PT, in-
still rather small. The results of studies perereased the control level of ventilation in the
formed on chronically hypoxic patients areCH rats it seems there must still be sufficient
complicated by the pathological conditionhypoxia of the central nervous system to
that underlies their hypoxic state, while thoseause a tonic release of adenosine and de-
performed on healthy individuals who climbpression of central respiratory neurones
to high altitude are complicated by many(105). On the other hand, since 8-PT had no
factors including the effects of exercise andéhfluence on the control levels of arterial
exposure to low temperature. pressure, heart rate or muscle vascular con-

Our own experiments have been perductance in the CH rats, this indicates there
formed on rats housed in a hypoxic chambeare no tonic influences of adenosine upon
at 12% Q with temperature, humidity and the systemic circulation. This suggests the
day/night cycle kept constant. A level of 10-heart and peripheral tissues are no longer
12% QG has been shown to be sufficient tdypoxic (105).
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Interactions between local and reflex effects There are a number of possible explana-
tions for these results. It may be that adeno-
When the CH rats were made acutelgine is more readily released by an acute
hypoxic by breathing 8% ather than 12% hypoxic stimulus in the CH rats than in the N
0O,, then they showed a similar pattern ofats and/or the arterioles of CH rats are more
response to that which occurs in acute hysensitive to adenosine than those of N rats.
poxia in N rats. There was an increase idnother explanation, which is not mutually
ventilation and heart rate, a fall in arterialexclusive, is that the arterioles of CH rats are
pressure and an increase in muscle vasculass affected by the reflex vasoconstrictor
conductance with a later fall in ventilationinfluences of acute hypoxia (see above) than
and heart rate towards control levels. Morethose of N rats and so they are more readily
over, the magnitude of the fall in arterialovercome by the dilator influences.
pressure and muscle vasodilatation induced The last possibility seemed to be a par-
in the CH rats was almost as great as thosieularly interesting one to us. Firstly, it was
that occurred in N rats when they were sulreported that chronically hypoxic patients
jected to the much larger change from airwith respiratory disease showed a reduced
breathing to 8% ¢(105). This suggests that ability to maintain their arterial pressure when
the vasodilator effects of acute hypoxia mayhey were subjected to lower body negative
be potentiated in CH rats, and/or that th@ressure (108): this might be explained if
reflex vasoconstrictor responses to carotithey show impaired vasoconstrictor re-
chemoreceptor stimulation are impaired. sponses to the sympathetic neurotransmitter
Our experiments on the microcirculationnoradrenaline. Secondly, it had also been
of the spinotrapezius muscle were consistemgported that the dorsal aorta of CH rats
with both of these possibilities. We foundshows a reduced ability to constrict to phen-
that the changes in arteriolar diameter inylephrine, vasopressin and angiotensin as
duced when CH rats were switched frontompared with N rats (109).
breathing 12% ¢Xo 8% Q were justasgreat ~ We therefore performed experiments on
as those induced in N rats when they werthe spinotrapezius muscle and mesentery of
switched from breathing air to 8% (106). CH and N rats, to obtain dose-response curves
Further, the effects of adenosine receptdor the effects of noradrenaline on the arteri-
blockade on these responses were fully conoles. For both the mesentery and muscle, the
parable in the CH and N rats: in each sectiomost obvious difference between the CH
of the arteriolar tree, mean increases in dand N rats was that the maximum vasocon-
ameter were reduced or reversed to meastrictor responses evoked in the arterioles by
decreases in diameter and quantitatively theoradrenaline were greatly reduced in the
sizes of these effects were similar in CH an@H rats and the size of this effect was similar
N rats (106). The maximal dilatation pro-in the mesentery and muscle (110). Since
duced by topical application of adenosine irarterioles of the intestinal mesentery have
each section of the arteriolar tree was alslitle or no tissue parenchyma around them,
similar in the CH and N rats, so there was nthere was no reason to argue that the re-
reason to suppose that the arterioles of treponses to noradrenaline were suppressed
CH rats were capable of greater maximaby some factor released by tissue cells.
dilatation in response to adenosine or anRather, it seems the constrictor responses to
other dilator influence than those of N ratsioradrenaline must be reduced by some fac-
(106). We have made very similar observator that is intrinsic to the blood vessel wall.
tions in the microcirculation of the intestinal ~ As a way of investigating this phenome-
mesentery in CH and N rats (107). non, we chose first to study the iliac artery of
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the ratin vitro, this being an artery that of CH rats, the maximum constrictor re-
supplies the skeletal muscles of the hindponse evoked by noradrenaline was greatly
limb. When we compared sections of iliacenhanced by topical application of L-NAME
artery taken from CH and N rats we found, ino the mesentery, so that it equalled the
complete agreement with the results obtaineshaximum vasoconstrictor response recorded
in vivo, that the maximum of the noradrenain N rats (Marshall JM, unpublished obser-
line response-curve arteries from the CH ratgations).
was greatly reduced relative to that of the N Thus, our current hypothesis is that
rats, but there was no difference between Cthronic hypoxia causes an up-regulation of
and N rats in the concentration of noradrenaNO synthesis in the endothelium of the sys-
line that produced 50% of the maximumtemic circulation. This may be attributed at
response. This indicates that there was rleast in part to the effect of an increase in
difference in the number of noradrenalineshear stress on the endothelium, caused by
receptor sites, nor in the binding of norathe hypoxia-induced increase in haematocrit
drenaline to the receptors. However, the difor shear stress is known to stimulate NO
parity between the iliac arteries of CH and Nsynthesis (113). As a consequence of in-
rats only existed when the endothelium wasreased NO synthesis, we propose that the
present: when the endothelium was removedilator influence of any substance that
the maximum response to noradrenaline waschieves its dilator effects in an NO-depend-
similar in the arteries from the CH and N rat&nt manner, such as adenosine, may be en-
(111,112). hanced in chronic hypoxia. This would be
An obvious possibility was that NO might expected to lead to an increase in the vasodi-
be involved. We therefore tested the effedator effect of acute hypoxia, just as our
of blocking NO synthesis with L-NAME. results have demonstrated. On the other hand,
Whereas L-NAME had no effect on the basalip-regulation of NO synthesis would also be
tone of iliac arteries of N rats, it substantiallyexpected to reduce the effects of the reflex
increased that of CH rats. Furthermoreyasoconstrictor influences of acute hypoxia,
whereas L-NAME produced only a smallagain, just as our results imply.
increase in the maximum response to nora-
drenaline in the iliac arteries from the N ratsConcluding remarks
it substantially increased the maximum re-
sponse of the arteries from the CH rats so From a sound foundation of knowledge
that their maximum response became conabout the responses that can be evoked by
parable to that of the N rats. By contrast, Lselective stimulation of carotid chemorecep-
NAME had no significant effect on the nor-tors, we have been able to show that activa-
adrenaline-dose response curves of endothgen of the defence areas by the carotid
lium denuded iliac arteries from either CH orchemoreceptors and that elicitation of the
N rats. This provided strong evidence thatharacteristic pattern of the alerting (defence)
the basal synthesis of NO by the endothelresponse is an integral part of the full re-
um is increased in the iliac arteries of CHsponse to acute systemic hypoxia. But we
rats and suggested that NO was responsilthave also shown how this response, as well
for the impaired vasoconstrictor responseas the classical primary cardiovascular re-
to noradrenaline (112). flex responses to carotid chemoreceptor stim-
Having obtained this evidenaevitro it  ulation of bradycardia and generalised vaso-
was then important to establish whether gonstriction and the cardiovascular changes
similar effect could be produced vivo. In  that are secondary to chemoreceptor-induced
fact, in experiments on mesenteric arterioleByperventilation can be modified, or even
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overcome, by the local effects of hypoxia orleaves many questions unanswered. To date,
the central nervous system, heart and peripkhe results suggest that within 3-4 weeks of
eral tissues. It seems that these local effecthironic hypoxia, adaptations have taken place
of respiratory depression mediated by theuch that ventilation is tonically raised, but
influence of hypoxia on central respiratoryarterial pressure and heart rate are normal.
neurones, bradycardia and peripheral vasodihis alone suggests that the normal ability of
latation generally become manifest in sehyperventilation to induce tachycardia is
vere, or longer periods of acute hypoxia, buimpaired. In addition, when a further acute
are more likely to predominate in small adulthypoxic challenge is superimposed upon the
mammals and neonates: they have the potechronically hypoxic state, the normal ability
tial to form a positive feedback loop thatof chemoreceptor-induced stimulation to
leads to death. cause tachycardia secondary to hyperventi-

Our results suggest that adenosine playation and reflex vasoconstriction seems im-
a major role in producing these local effectpaired (105). These results may be explained,
of tissue hypoxia and have shown some dit least in part, by down-regulation of car-
the cellular mechanisms by which adenosindiac R adrenoreceptors, as has been reported
achieves these effects. In particular, our obn chronic hypoxia (114) and by up-regula-
servations on the microcirculation of skeldtion of NO synthesis by the endothelium of
etal muscle have demonstrated how adenthe systemic vasculature, such that func-
sine, acting in part in a NO-dependent marntional responses to the sympathetic neu-
ner, can overcome the vasoconstrictor influrotransmitter, noradrenaline, are reduced. A
ences of chemoreceptor-induced activatioquestion that is of particular interest is
of sympathetic noradrenergic fibres and ofvhether the impairments in the functional
circulating hormones on individual arteri-responses to peripheral chemoreceptor stim-
oles and so can increase the homogeneity ofation that occur in chronic hypoxia are
the G supply through the capillary network.accompanied by increases or decreases in

The sum total of experimental studiesthe cardiac vagal and sympathetic nerve ac-
performed on chronic systemic hypoxidivity that produces them.
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