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ABSTRACT

The general aim of the studies reported in this thesis was to investigate the responses of

the late fetus and early neonate to an acute episode of hypoxaemia uncomplicated by

hypercapnea or acidosis. The responses of interest were heart rate, blood pressure and

the acutely released hormonal factors which can have effects on these cardiovascular

va¡iables, namely arginine vasopressin (AVP), adrenaline, noradrenaline and plasma

renin activity @RA).

Chapter I outlines the historical background to the thesis. Brief descriptions are given of

important research studies which led to the elucidation of the role of the peripheral

chemoreceptors in mediating the ca¡diovascular responses to hypoxaemia in both the

adult and in the immature animal. Early work describing the role of neural and endocrine

factors in mediating responses to hypoxaemia is summa¡ized.

In Chapter 2 descriptions are given of the protocol for the induction of hypoxaemia in

fetal, neonatal and adult sheep, and of the other methods generally used in the studies

described in the thesis.

In Chapter 3 results of the use of the protocol for producing hypoxaemia are presented

and the data compared with those of other research groups working in the same a¡ea of

study. The protocol is shown to produce a mild hypoxaemia with apparent

chemoreceptor reflex increases in plasma concentrations of AVP and noradrenaline in the

fetus, and in HR in the neonate, with no attendant contribution by baroreceptor reflex

effeits. The importance of minimizing concurrent stress from other sources to enable

identification of responses to hypoxaemia alone is discussed.

In the studies described in Chapter 4, further investigation of the HR response to

hypoxaemia was undertaken. An episode of bradycardia was found more likely to occur

in fetuses which weie more highly stressed before or during the period of reduced PaOz,

but no evidence of a clear relationship between the magnitude of the HR response to the
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extent of the hypoxaemia was found. In neonates and adults, however, tachycardia

occurred, and the HR response was linearly related to PaO2, suggesting a more direct

involvement of the peripheral chemoreceptors than was apparcnt in the fetuses. By the

use of multiple regression techniques a possible role for AVP, PRA and the

catecholamines, adrenaline and noradrenaline, in modulating these HR responses was

supported. The possibility that the prostaglandin prostacyclin (PGIz) might be released

during hypoxaemia was investigated, but no evidence of elevated systemic levels was

found.

The response to hy¡loxaemia in terms of elevated plasma AVP levels was investigated in

a series of experiments described in Chapter 5. The AVP response was shown to decline

in magnitude throughout late fetal and early neonatal development. The use of an

antagonist to the pressor action of AVP identifred an enhancing effect of AVP on the

release of noradrenaline during fetal hypoxaemia, but no evidence of an important role

for AVP in blood pressure regulation during mild hypoxaemia was found. Results of

administration of exogenous AVP showed that intact vagal pathways were required for

the negative chronotropic effect of AVP on the fetal heart, and that the peptide reduced

stimulated levels of PRA.

Studies of the response to hypoxaemia in prematurely delivered neonates a¡e described in

Chapter 6. Increased levels of AVP were related to hypoxaemia in preterm, but not full-

term, lambs, while PRA was enhanced during hypoxaemia in early postnatal life in both

goups of neonates. No evidence of diminished sensitivity of the HR response to reduced

paO2 was found in the premature lambs, but a loss of the linear relationship between the

two variables was found in the second postnatal week in the full-term group, suggesting

alteration of HR control mechanisms during this period.

In Chapter 7, studies are described of the response to hypoxaemia in fetuses which were

vagotomized, spinal cord transected, or subjected to a combination of both procedures.

By these means the correlation of hypoxic bradycardia with the degree of stress, mther
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than with the level of PaO2 itself, was conf,rmed. A pathway involving the aortic

chemoreceptors was shown to be the most sensitive mediator of the AVP response to

hypoxaemia and was also found to be important in the increase in plasma noradrenaline

Ievels. Central neural control of the juxtaglomerular apparatus or of the ad¡enal medulla

was found not to be required for the increase in PRA or plasma catecholamine

concenrations respectively. Disturbance of acid-base balance during hypoxaemia,

particularly in the vagotomy plus cord transection fetuses, enhanced the release of

adrenaline and noradrenaline, suggesting the existence of spinal or local controls of

catecholamine release.

In the f,rnal chapter the most important findings of these studies are restated and placed in

the general context of the adaptive responses of the organism to a challenge to

homeostasis, i.e. to stress. Speculation about the possible significance of the study of

responses to acute, mild hypoxaemia during the perinatal period concludes the thesis.
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CHAPTER 1 General Intr

One of the primary requirements of the mammalian organism is for adequate oxygenation

of tissues, and tissue hypoxia therefore represents a challenge to homeostasis. The

response of the hypoxic organism will include not only reflex effects resulting

specifically from the stimulus of low PO2, but, if severe enough, will also include effects

comprising the generalized response to any stress, that is to any threat to homeostasis.

Inadequate provision of oxygen in the inspired air (hypoxic hypoxia) results in a¡terial

hypoxaemia and an integrated response involving both increased ventilation and

modihed cardiovascular function, which enhances oxygen delivery to the vital organs

such as the brain and the heart. In the hypoxaemic fetus, an increase in breathing

movements is inappropriate, and oxygen conservation and the redistribution of placental

blood flow to vital organs are paramount. This chapter reviews the contributions of

research goups in the past to the description of the cardiovascular changes which occur

in the hypoxaemic adult, fetus and neonate, and to the elucidation of the role of the

peripheral chemoreceptors in effecting these responses.

Cardiovascular effects of chemoreceptor stimulation in the adult animal

In the years L927-L931 Heymans and colleagues described, by a series of elegant

e*pehments, the chemoreceptor function of the aortic and carotid bodies, and their role in

mediating the effects of decreased oxygen tension on respiration'and the circulation

(reviewed in Heymans and Neil, 1958). Earlier, Sands and De Graff (1925), had reported

the effects ofprogressive hypoxia on cardiovascular function in anaesthetized dogs: heart

rate (HR) increased by way of decreased vagal tone (demonstrated by reduction of the

hypoxic tachycardia in vagotomized dogs) in combination with 'accelerator action or a
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direct cardiac action', and arterial blood pressure (ABP) rose. The role of the peripheral

chemoreceptors in these responses was not, however, identified until the work of

Heymans and co-workers (Heymans and Neit, 1958, Ch 19). They showed that acidic

solutions injected into the carotid ¿irtery of the dog resulted in raised ABP, while alkaline

solutions produced a fall in ABP. These responses were abolished after severing the

ca-rotid sinus nerves. Acute systemic hypoxia also caused ABP to rise, and tissue

hypoxia following injection of a sodium cyanide (NaCN) solution into the carotid body

circulation resulted in a fall in HR. Both these effects were also dependent on intact

carotid sinus nerves, and were thus seen to be mediated by the carotid body

chemoreceprors. At about the same time, Samaan and Stella (1935) provided direct

evidence for the role of the carotid sinus nerves as afferents in the chemoreceptor reflex

by showing that hypercapnea in anaesthetized cats increased activity in Hering's nerve.

In 1934 Bernthal published preliminary findings from experiments in which local

perfusion of the carotid sinus region with blood of low POz, of high PCO2' was

undertaken in dogs (see also Bernthal, 1933). He observed a fall in axillary blood flow

with each of these stimuli, noted that these effects were 'strikingly accentuated by

vagotomy', and suggested that they were due to 'elimination of the compensatory action

of the aortic pressoreceptors and chemoreceptors'. His tentative conclusion was that the

carotid body region mediated a chemoreflex vasoconstriction in response to changing 02

and COz tensiond of the arterial blood (Bernthal, 1938). In later studies, Bernthal and co-

workers also examined the HR response of dogs during hypoxic perfusion of the carotid

sinus region (Bernthal, Greene and Revzin, 1951). They found that a slowing of HR was

the usual response when controlled ventilation of the animals was used (a finding

reminiscent of that of Heymans and Neil, described above), while HR rose in some dogs

when natural breathing was allowed (cf Sands and De Graff, 1925). They suggested that

the former response was 'representative of direct uncomplicated chemoreflex responses',
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while the latter was due to

factors presumably secondary to the increased breathing which tended to

cause cardiac acceleration and when sufficiently forceful they

counterbalanced or overbalanced the direct reflex effect.

(Bernthal et aI,l95l)

Increased stretch of lung tissue during the hyperventilatory response to local hypoxia of

the carotid sinus region was postulated to have caused reflex inhibition of the

cardioinhibitory centre. It had already been established that impulse traff,rc in cardiac

neryes va¡ied with the respiratory cycle, in response to impulses from stretch receptors in

the lungs (Bronk, Ferguson, Margaria and Solandt, 1936). Bernthal and his colleagues

claimed, on the evidence obtained from an experiment on a single dog, that the effects of

local hypoxia were of little relevance to the situation in systemic hypoxia, when constant

ventilation did not result in a fall in HR. They also made an unsubstantiated assumption

that, since the carotid chemoreceptors were of little importance with regard to the

increased HR response to systemic hypoxia, the aortic chemoreceptors also were of no

consequence. In 1956 Neil examined further the responses of cats (with severed aortic

nerves) to systemic anoxia, as opposed to anoxia localized to the calotid bodies

(described in Heymans and Neil, 1958, pp 182-184). Systemic anoxia resulted in

increased venrilation and a rise in HR and MAP. If the carotid body regions only were

then oxygenated, ventilation was seen to fall and mean arterial pressure (MAP) to

decrease somewhat, but there was little change in the HR response. On re-establishing

systemic blood flow, the resultant enhanced ventilation was followed by a transient

bradycardia which was suggested to be a reflex 'via vagal stretch receptors of the Hering-

Breuer type'. These results, they suggested, despite the complication of species

differences, effectively countered the suggestion of Bernthal that slowing of the heart

during hypoxia in the dog was a chemoreflex which was enhanced when ventilation was

maintained constant. During systemic hypoxia, they asserted, the chemoreceptors

'exerted little, if any, effect on the heart rate', with the tachycardia being due to 'direct
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stimulation of the sympathetic centres or to the effects of the low oxygen tension in the s-

a (sic) node itself' (Heymans and Neil, 1958, p. 184). Interestingly, these authors went

on (same passage) to support their evidence with mention of the cardio-acceleratory

effects of carbon monoxide despite, they claimed, there being no stimulation of the

chemoreceptors. It is now know that, for the aortic chemoreceptors, this is not the case,

but at that time there was little knowledge of the function of the aortic chemoreceptors,

and it was not until the work of Lahiri and co-workers in 1981 (see below) that their role

in cardiovascular, rather than ventilatory, control was to be elucidated.

Comroe (1939) did, however, attempt to direct the attention of physiologists of that day

to the aortic chemoreceptors as functionally distinct from the carotid chemoreceptors. By

the use of systemic anoxia or NaCN, in combination with carotid body denervation, he

showed that the ABP rise during hypoxia was enhanced, in comparison with the response

in intact animals, presumably by unopposed action of the aortic chemoreceptors. The

carotid bodies did, however, seem to be particularly effective in causing the bradycardia

of hypoxia. He also provided evidence for species differences between cats and dogs

regarding the relative effects of the carotid and aortic chemoreceptors in vasomotor

control, of particular relevance to the data of Neil and Bernthal (described above).

Further problems with species differences ¿ìrose with the work of Korner and Edwa¡ds

(1960a) in unanaesthetized rabbits. In these animals, in contrast to the dog,

hyperventilation during hypoxia is not related to increased HR, but rather to bradycardia,

accompanied by a rise in MAP. Carotid sinus denervation virtually abolished the fall in

HR,,and the rise in MAP was considerably reduced. The authors suggested a role for

both chemo- and baroreceptors in mediating the HR response, but co,nsidered the latter to

be predominant. In an additional study (1960b), they showed potentiation of the fall in

HR and the increase in MAP if hypercapnea accompanied the hypoxia. Carbon

monoxide hypoxia, on the other hand, resulted in a rise in HR and a fall in MAP, but they

failed to invoke a role for the aortic chemoreceptors in this response, since, under the

same misconception as Heymans and Neil (see above), they claimed that 'inducing tissue
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hypoxia with carbon monoxide ... is known to have no effect on chemoreceptor activity'

(Korner and Edwards, 1960c). Again it was assumed that absence of enhanced

ventilation was equated with absence of stimulation of chemoreceptors.

The studies of Daly and Ungar, in 1966, were an important sequel to the work of Comroe

(described above) in the identification of distinct roles for the aortic, as opposed to the

carotid, chemoreceptors. They separately perfused the carotid and aortic bodies of

anaesthetized dogs with hypoxic, hypercapneic blood, and observed the effects on

respiration and systemic vascular resistance. 'When the animals were breathing

spontaneously there was a greater effect on ventilation by the carotid bodies and less

influence on vascular resistance, while the aortic bodies had a greater effect in increasing

vascula¡ resistance than on ventilation. On the other hand, when ventilation ìwas

controlled, or when the lungs were denervated, carotid body stimulation had a greater

vasoconstrictor effect than before, since the counteracting influence of lung inflation

reflexes had been removed. The response to aortic body stimulation 'was, however,

largely unchanged, since the respiratory effects of their stimulation were minimal in the

first place. The chemoreceptor effects on vascular resistance in the latter experiments

were described as 'primary vascula¡ effects', while the effects in the spontaneously

breathing animal were described as being secondary to the lung-inflation vasodilator

reflex. It is this differential effect of the two groups of chemoreceptors on ventilation on

the one hand, and cardiovascular responses on the other, which is particularly important,

along with considerations of differences in experimental methods and species used, in

explaining the apparently discrepant results from some of the earlier work.

Fifteen years after these studies by Daly and Ungar, Lahiri and co-workers (Lahiri,

Mulligan, Nishino et al, l98l) directly measured discharge rates in afferent fibres from

the aortic and ca¡otid bodies in anaesthetized cats. They found that hypoxic hypoxia, in

which the POz of the inspired air is decreased with resulting reduction in arterial POz,

caused stimulation of both groups of chemoreceptors. On the other hand, during carbon

monoxide hypoxia, in which arterial oxygen saturation of haemoglobin (SaO2) decreases
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while PaO2 does not change significantly, only aortic chemoreceptor activity increased.

This marked insensitivity of the carotid chemoreceptors to reduced SaOz was explained

by rhe fact that the high blood flow of the carotid bodies gives a high margin of safety

compared to that in the aortic bodies (with a blood flow about l/6 that of the carotid

bodies). The aortic chemoreceptors are thus more sensitive to all components of oxygen

delivery, i.e. blood flow, arterial oxygen content, haemoglobin-O2 affinity, as well as

PaOz; they can thus :

subserve the dual function of being both a circulatory and a respiratory 02

monitor. Carotid chemoreceptols, however, function primarily as a

monitor for respiratory blood gases and, hence, initiate chemoreflexes that

control respiration.

(Lahiri et al,1987)

Since hypoxaemia in the fetal sheep results in cardiovascular effects without stimulation

of breathing movements (for review see Walker, 1984) the roles of the aortic, as opposed

to the carotid, chemoreceptors could be particularly important in fetal life.

Chemoreceptor reflex effects on cardiovascular function in the fetus

Hypoxaemia is a ñot uncommon stress experienced by the perinatal animal and can affect

cardiovascular function (Downing, 1972; Gootman, Gootman and Buckley, 1983)'

therefore it is not surprising that considerable interest has been shown in this area of

reseirch.

Legunreau, in 1822, was one of the earliest observers to document the phenomenon of

cardiac slowing in the human fetus during maternal uterine contractions (from Clark,

lg32). Over one hundred years later, Clark (1932) reported the fetal cardiovascular

effects of spontaneous uterine contractions in experimental animals, and described a fall

in ABP resulting from decreased venous return, with a subsequent bradycardia due to
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parrial asphyxia. Roaf and Sherrington (1910), had previously described 'asphyxial hea¡t

block', in the adult, when artificial ventilation was interrupted, using & preparation 'in

which the headless carcass of a freshly killed mammmal may through several hours be

utilised for ... class work' and requiring equipment which included 'a threepenny syringe

(and) two feet of ordinary 4 mm india-rubber tubing', a technique which would not, for

various reasons, be feasible today. Following a study by Barcroft on the so-called

'asphyxial heart-block' in the goat (see Barcroft, 1946), one of the earliest records of

experimentally produced bradycardia in the fetal sheep appeared in a paper by Bauer

(1931).In his study, manual compression of the umbilical cord resulted in a gradual fall

in fetal HR which was reversed by vagotomy. Despite the evidence from Bauer of this

vagally mediated bradycardia in the fetus, Windle (1940) described asphyxial slowing of

fetal HR as due to direct 'chemical' action on the pacemaker, not to an influence of the

nervous system, since 'there appears to be no vagal tone before birth in sheep fetuses'. In

contrast, Barcroft, in his classic üeatise 'Researches on Pre-natal Life', correctly

described the gradual decrease in fetal HR of fetal sheep during gestation as being due to

an increase in vagal tone (pp 736-131); he also described (as had Windle, 1940) a vagally

mediated baroreceptor reflex bradycardia in response to umbilical cord occlusion in the

fetal goat (1946, p D$. The experiments of Reynolds (1954a) went further to explain

this effect, by separately occluding the umbilical artery and vein. The former procedure

resulted in a fall in HR with a rise in ABP, while the latter also caused HR to fall, but in

association with a fall in ABP, thus demonstrating independence of the HR response

from the baroreceptor reflex. Two years previously, Cross and Malcolm (1952) had

shown that the carotid chemoreceptors were active in the near-term fetus of various

species, by recording changing patterns of action potentials in fetal carotid sinus nerves

following alterations in the composition of the maternal inspired air.

In the period 1950-1970, reports of the fetal HR response to hypoxaemia varied, while

ABP was generally described as increasing. Born, Dawes and Mott (1956) denonstrated

a rise in fetal HR in response to a fall in maternal inspired air POz, while Reynolds and
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Paul (1958) showed that gradedreduction in 02 to the ewe often caused a slowing of fetal

HR until the hypoxia was more severe. Soon after this, Reynolds and Mackie (1961)

showed that NaCN in lamb fetuses caused HR to fall. The coincident rise in ABP was

found to be dependent on an intáct vagus, since in vagotomized fetuses ABP fell in

response to the NaCN treatment. This caused the authors to propose involvement of the

aortic chemoreceptors in the response. In a similar study, Dawes and co-workers

(Dawes, Lewis, Milligan et a\,1968) also treated fetuses with NaCN, injected into the

left atrium, and also showed that ABP rose, accompanied by femoral vasoconstriction,

and HR usually fell. Since these responses were abolished by vagotomy the aortic

chemoreceptors were clearly involved, and the authors hypothesized their role in the

fetus to be the 'primary defence in blood gas homeostasis by their effects on the

circulation' in maintaining PaO2 and in assisting in redistribution of blood flow to the

placenta, heart and brain. Subsecluent studies by this group (Dawes, Duncan, Lewis et al,

1969) showed that hypoxic hypoxia in the maternal ewe resulted in fetal cardiovascular

changes which depended on the integrity of the aortic neryes, thus again implicating the

aortic chemoreceptors. These authors found that, although vagotomy prevented the rise

in fetal ABP associated with hypoxaemia, ca-rotid sinus nerve section was without effect.

The first direct evidence for activity of the aortic chemoreceptors in the fetal sheep came

from studies by Ponte and Purves (1913), in which hypoxaemia, NaCN and umbilical

cord occlusion were all shown to enhance activity in aortic chemoreceptor afferents. It

would thus appear that the aortic chemoreceptor reflex in the fetus, as in the adult, is

primarily involved in regulation of cardiovascular adaptations to the hypoxaemic state.

The observation that hypoxaemia does not result in stimulation of fetal breathing

movements (Boddy, Dawes, Fisher et al, 1914; Maloney, Adams'on, Brodecky et al,

1gl5), in contrast to the enhancement of ventilation in the adult, led to the assumption

that fetal carotid chemoreceptors were inactive. More recently, however, Blanco and co-

workers (Blanco, Dawes, Hanson and McCooke, 1982) have shown the carotid

chemoreceptors of the fetus to be capable of responding to lowered PaO2 following
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umbilical cord occlusion or hypoxic hypoxia in the maternal ewe. The failure of fetal

ca-rotid body excitation under these circumstances to stimulate breathing movements nray

be due to a descending inhibition from a region of the brain between the caudal

hypothalamus and the inferior colliculus since, after brainstem section at or above the

level of the upper pons, hypoxaemia resulted in enhancement of breathing movements

(Dawes, Gardner, Johnston and Walker, 1983).

The role of central chemoreceptors, located in the ventrolateral medulla, in mediating a

component of the ventilatory response to raised COz or to acidity have been

demonsüated in the adult (for review see Bruce and Cherniak, 1987). The possibility of

the existence of a central chemoreceptor area sensitive to low POz in the fetus was

proposed by Jansen and Chernick (1974), since NaCN injected into the subarachnoid

space of the ventral medulla resulted in respiratory efforts, and increased ABP and HR in

sinoaortic denervated fetuses. These authors suggested, however, that the severe tissue

hypoxia due to NaCN could not necessarily be ecluated with the milder hypoxic hypoxia

in studies such as that of Dawes and co-workers (Dawes, Duncan, Lewis et al,1969) in

which the haemodynamic effects of hypoxaemia were shown to be controlled by the

aortic chemoreceptors.

Up until the 1960s, studies of fetal function were performed acutely in anaesthetized

animals. The combination of general anaesthesia and, usually, exteriorisation of the fetus

meant that the results from past studies were of questionable value in the investigation of

the physiology of the normal fetus in utero (Heymann and Rudolph, 1967; Assali,

Brinkman and Nuwayhid, 1974; Cohn, Jackson, Piasecki et al. L985; Hanson, 1986a).

Va¡ious components of the defence reaction to chemoreceptor stimulation a¡e distorted

by the effects of certain general anaesthetics (Marshall, 1981). The development of the

technique of chronic catheterization of the sheep fetus (Blechner, Meschia and Barron,

1960) was of enorrnous importance in the history of fetal physiology, since experiments

could now be undertaken in the unanaesthetized ewe and fetus.



10

Neural and endocrine factors effecting responses to hypoxaemia in the perinatal

sheep.

Robinson, Jones and Thorburn (1977) summarized the fetal cardiovascular response to

hypoxaemia as comprising a rise in ABP of 5-10 mmHg and a bradycardia of about 30

bpm, which tended to reverse to a tachycardia if the period of hypoxaemia extended to 60

min. Cohn and co-workers (Cohn, Sacks, Heymann and Rudolph, I974) observed that

blood pressure rose significantly during hypoxaemia only in those fetuses which also

became acidaemic, and that the rise in ABP was due to increased peripheral resistance.

In a study by Walker and co-workers (Walker, Cannata, Dowling et al,1919) bradycardia

and raised MAP were observed in most, but not all, hypoxaemic fetuses over 120 d

gestation. By the use of atropine and propranolol they determined that augmented vagal

activity tended to counteract a more moderate increase in cardiac sympathetic nerve

activity in affecting HR. The rise in peripheral resistance which caused the raised ABP

in hypoxaemic fetuses was found, by Reuss and co-workers (Reuss, Parer, Harris and

Krueger, Ig82), with the use of phenoxybenzaminine, to be due almost entirely to alpha-

adrenergic receptor stimulation, with some role for AVP also being suggested.

Phenoxybenzamine has since been shown, in rats, to inhibit not only the alpha-adrenergic

system but also AVP release (Paller and Linas, 1984). The results of Reuss eta|may

therefore need. reinterpretation, with consideration being given to a possible role for other

factors such as the renin-angiotensin-aldosterone system. 'Weismann and co-workers

have, by the use of an angiotensin converting enzyme inhibitor, demonstrated an

angiotensin tr-mediated vasoconstriction in intestinal vascular beds in hypoxaemic

neorfatal lambs (Weismann, Herrig, McWeeny and Robillard, 1983). Jones and Ritchie

(1983), used phentolamine as the alpha-receptor antagonist during fetal hypoxaemia, and

failed to block the rise in MAP completely, but did observe, as did Reuss et al (1982), a

reversal of the bradycardia response to tachycardia. On the other hand, Lewis and co-

workers (Lewis, Donovan and Platzker, 1980), while also describing unchanged ABP

during hypoxia in fetuses treated with an alpha-blocking agent, found that bradycardia
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still occurred, suggesting mediation of the hea¡t rato response by the chemoreceptor,

rather than the baroreceptor, reflex.

The neonatal lamb has a higher cardiac output, which may be related to its high oxygen

consumption (Lister, Walter, Versmold et al,1919), and a greater myocarclial contractile

function than fetal or adult sheep (Fisher, 1983). During hypoxia increased adrenergic

tone to the heart results in tachycardia and enhanced myocardial conractility, with a

resultant rise in cardiac output (Fisher, 1983). In neonatal lambs, 'Walker and his

colleagues (1979) found a marked tachycardia, due to a combination of reduced vagal

tone and increased sympathetic stimulation, with no significant change in MAP. Sidi and

co-workers (Sidi, Kuipers, Teitel et al, 1983) and Koehler et a/ (Koehler, Traystman and

Jones, 1985) also described a tachycardia in hypoxaemic neonates and a transient, or

slight, rise in MAP, responses which were similar to those observed in adult sheep.

Lambs less than 11 d old, unlike the fetus, responded to hypoxaemia with a fall in ABP

and reduced systemic vascular resistance (Stahlman, Gray, Young and Shepard,1967).

Unlike the parasympathetic nervous system, the sympathetic nervous system may not

mature fully before birth (Lebowitz, Novick and Rudolph, 1912; Vapaavouri,

Shinebourne, Williams et o;l. L973; Assali, Brinkman, Woods et aL, 1977). The various

hormonal vasoactive systems, such as AVP (Drummond, Rudolph, Keil et al, 1980) and

the renin-angiotensin-aldosterone system (Iwamoto and Rudolph, 1981a) may therefore

be relatively more important in the maintenance of ca¡diovascular homeostasis.

In 1954, Reynolds (1954b) described a fall in HR, with a subsecluent rise, during

umbilical cord occlusion in fetal sheep with cardiac denervation. Adrenalectomy showed

the importance of the adrenal gland in stimulating this secondary rise. Comline, Silver

and Silver (1965) later demonstrated increased output of adrenaline and noradrenaline

from the adrenal gland of hypoxaemic fetal sheep, by measuring adrenal effluent

catecholamine concentrations. A reversal of HR from bradycardia to tachycardia was

also reported by Jones and Robinson (1975), and occurred in fetuses having plasma
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levels of catecholamines above 8 ng/ml, while lower catecholamine levels were observed

in those fetuses with persistent bradycardia. The rise in fetal catecholamine levels, in the

studies of Comline, Silver and Silver (1965) and Jones and Ritchie (1983), strggested a

role for these hormones in the cardiovascular response to hypoxaenia. An involvement

of ad¡enal catecholamines, as well as sympathetic nerves, was also hypothesized by

Iwamoto and co-workers (Iwamoto, Rudolph, Mirkin and Keil, 1983) in a study of

responses to hypoxaemia in fetuses treated with the neurotoxin 6-OH-dopamine.

Hypoxaemia in these fetuses resulted in an initial fall in HR, which was not prolonged,

and a maintenance of control levels of MAP, suggesting that the rise in MAP in intact

fetuses was due to sympathetic nervous system effects while adrenal medullary hormones

could play some role in the HR response. Other factors could also be involved, since it

has been shown more recentty that reduction of uterine blood flow can result in increased

fetal plasma catecholamine levels, the magnitude of which is unrelated to the coincident

HR changes (Gu, Jones and Parer, 1985).

Enhanced sympathetic neural and ad¡enal medullary activity can enhance plasma renin

activity (PRA) by a beta-adrenergic receptor-mediated effect (Lumbers and Lee Lewes,

1979), with the product of renin activity, angiotensin, having pressor effects (for review

see Reid, Morris and Ganon g, 1978). Since levels of PRA have been reported to rise in

the hypoxaemic fetus (Robillard, Weitzman, Burmeister and Smith, 1981) and neonate

(Alward, Hook, Helmrath and Bailie, 1978), the renin-angiotensin-aldosterone system

may also contribute to the cardiovascular changes seen during hypoxaemia, such as the

redistribution of btood flow (Iwamoto and Rudolph, 1981a; W'eismann, Herrig,

Mcúeeny and Robillard, 1983). V/hether enhanced PRA is primarily involved in

affecting renal haemodynamics rather than cardiovascular function during hypoxaemia,

however, is yet to be determined (Robillard and Nakamura, 1988).

Another hormone to be implicated in the response to hypoxaemia, is arginine vasopressin

(AVP). Although it was in 1929 that Krogh first suggested that a factor produced by

either the posterior pituitary, or the intermediate lobe, 'increas(ed) the contractile tonus of
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capillaries' (1929, Lecture VII), it was much later that research interest was focussed on

the vasopressor, rather than the antidiuretic, properties of this peptide (Szczepanska-

Sadowska, 1972). In 1962, Sha¡e and Levy showed that receptors in both the carotid and

aortic sinus regions were involved in the regulation of AVP release. And in 1966 they

demonstrated, by perfusion of the isolated carotid sinus in anaesthetized dogs,

chemoreceptor-mediated AVP release. This AVP release was, however, inhibited by the

baroreceptor reflex unless btood pressure was prevented from rising (Share and Levy,

1966). Subsequently, Yamashita (1976) demonstrated that spontaneous activity in

hypothalamic supraoptic nucleus neurons producing AVP was increased with stimulation

of the carotid chemoreceptors.

Increased plasma levels of AVP during fetal hypoxaemia, with accompanying acidaemia,

were described by Alexander and co-workers (Alexander, Forsling, Martin et al, 1.972),

with concentrations reaching those observed during severe haemorrhage. In addition,

they found that ACTH levels also rose, which is interesting in view of the current

speculation about the role of AVP as a corticotropin releasing factor in the fetus

(Levidiotis, Oldfield and Wintour, 1987). The potent effects of low PaO2 and pH on

AVP release in the fetus were also described by Rurak (1978) who, in a subsequent study

(Rurak and Gruber, 1984) using infusions of exogenous AVP, suggested a role for

endogenous AVP in maintaining PaO2 under conditions of reduced oxygen supply. High

levels of AVP increase the proportion of cardiac output going to the placenta (Iwamoto,

Rudolph, Keil and Heymann, 1979), and may enhance umbilical blood flow while, at the

same time, decreasing fractional oxygen extraction by fetal tissues. Thus the reduction of

o*yjen supply from the placenta during maternal hypoxia would be minimized by the

action of AVP, and oxygen would be conserved for use by the vital organs (Rurak and

Gruber, 1984). In the neonate also, plasma concentrations of AVP rise during hypoxic

hypoxia (Weismann and Clarke, 1981). A specific effect of AVP, in vitro, to caLrse

dilatation of the canine basilar artery (cf vasoconst¡iction of femoral artery) has been

demonstrated (Katusic, Shepherd and Vanhoutte, 1984) indicating a capacity of the
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peptide to enhance cerebral blood flow directly. In the fetus, administration of an AVP

antagonist results in reduced cerebral blood flow (Llanos and Parer, personal

communication). Irr the hypoxic animal, therefore, the effect of sympathetically

mediated vasoconstriction during 
.hypoxaemia may be supplemented by the effects of

raised AVP levels, in directing blood flow away from non-essential a¡eas and towards the

brain and heart.

The cardiovascular changes which accompany acute hypoxaemia presumably enhance

the ability of the immature animal to survive the threat to homeostasis provided by the

decreasing PaO2. These changes are regulated, in part, by reflexes involving the

peripheral chemoreceptors and their afferents, with the efferent pathways including both

autonomic neural and humoral elements. Hormonal systems may represent a more

primitive mechanism for maintaining homeostasis than the nervous system, and may

therefore be of particular importance in adaptation to stress in the immature animal

(Mott, 1973). The humoral factors which are rapidly released during hypoxaemia, the

acute effects of low PaO2 on cardiovascular function, and the regulation and integration

of these responses in the perinatal animal provide the general theme for the investigations

reported in this thesis.
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CHAPTBR 2 General methocls

Choice of experimental animal

The sheep is the most commonly used experimental animal for fetal research. There are

many reasons for this, which include:

(1) The docile disposition of the maternal animal, which permits holding in metabolic

cages for prolonged periods of time, and procedures such as the taking of samples

from catheters, with apparent minimal stress to the animal.

(2) The large size of the sheep fetus relative to that of, for example, dogs, cats,

rodents, pigs, making vascular catheterization easier and also allowing greater

sampling volumes without prejudicing blood volume unduly.

(3) The thin musculature of the ovine uterus is relatively insensitive when

manipulated at operation, reducing the likelihood of strong uterine contractions

which could result in fetal hypoxia. Also the polycotyledonous nature of the

placenta allows for hysterotomy of an area of the uterine wall which is free of

placental tissue, thus minimizing the possibility of compromising the fetus

(Rudolph and Heyman, 1985).

(4) The sheep, in South Australia at least, is relatively cheap and easily available,

compared with other large laboratory animals.
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Catheters

F etal vascular catheters

A 19 gauge hypodermic needle, with the bevel removed, and a 3-way tap (DiscofixR-3,

Braun Melsungen AG, West Germany) attached, was fitted into an inner catheter of clea¡

polyvinyl tubing (Dural Plastics and Engineering, New South 'Wales, Australia). This

catheter had an intemal diameter of 0.86 rnm, an outer diameter of I.27 mm, and was cut

to a length of 130 cm. An outer sheath of polyvinyl tubing, with an inner diameter of 1.5

mm and outer diameter of 2.5 mm, was sleeved over the inner catheter and covered all

but the distal 15 cm of the inner catheter for hindlimb vessels, or 7 cm for carotid and

jugular vessels. The unsleeved section was used for catheterizing the blood vessel.

Amniotic fluid c atheter

A 16 gauge hypodermic needle, with the bevel removed and a 3-way tap attached, was

fitted into a l25cm length of the clear polyvinyl tubing used for the outer sleeve of the

fetal catheters (see above). The distal 20 cm of the catheter were fenestrated to allow

free communication with the amniotic fluid regardless of fetal position in the uterus.

F etal tracheal catheter

This catheter was identical to the fetal ca¡otid vascular catheters.

N e onatal v as cular c atheters

These catheters were similar to the fetal vascular catheters except that the length of the

sleeved section was only 30 cm and the unsleeved section of catheter was 20 cm in

length.

M ater nal v as cul ar c at lrcters

These catheters were simila.r to the amniotic fluid catheters, but without the fenestrations.
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Anaesthetization of ewes

Epidural anaesthesia

Ewes were fasted for at least 24 hr prior to operation. For sedation and analgesia, 10 mg

Xylazine hydrochloride (Rompu¡R, Bayer, Germany) was injected intramuscularly 30

min before ad,ministration of 5 nl 2Vo lignocaine hydrochloride (XylocaineR, Astra

Pharmaceuticals, New South Wales, Australia) plus 5 rnl057o bupivicaine hydrochloride

(Ma¡cainR, Astra Pharmaceuticals, New South Vy'ales, Australia) by lumbo-sacral

epidural injection (Nathanielsz, Abel, Bass ¿t a|,7978).

General anaesthesia (for animals reported in Chapter 7)

The ewe was fasted for at least 24 hr prior to surgery. Anaesthesia was induced by

intravenous injection of sodium thiopentone (PentothalR sodium, Abbott, Sydney,

Australia). After intubation with a cuffed endotracheal tube (Magill No. 9) halothane

(ZVo) was administered with nitrous oxide and oxygen (60:407o).

Catheter placement and maintenance

Catheterization of fetus and ewe

Ewes were fasted for at least 24 hr prior to surgery. Standard aseptic procedures were

used. After shaving, thorough cleansing and bathing of the skin with antiseptic solution

(BetadineR, F.H. Faulding, Adelaide, Australia) the uterus was exposed via a paramedian

incision in the anterior abdominal wall of the ewe. The catheters to be used were passed

into the abdominal cavity via a stab wound in the flank.

For catheterization of the fetal abdominal aorta and vena cava, the hindlimb was

delivered through a small hysterotomy, with amnion and uterine wall clamped around the

limb with Allis forceps to prevent loss of amniotic fluid. Fetal surgery was conducted
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under local anaesthesia (XylocaineR¡. Catheters were inserted into the abdominal vessels

via the tibial artery and saphenous vein. If the trachea, carotid artery or jugular vein was

to be catheterized the structures were exposed via a window prepa-ration, using Allis

forceps to hold uterine wall, amnion and fetal skin closely opposed. Sleeved clea¡

polyvinyl catheters were inserted into the vessels and held in place by way of sutures

passing through adjacent fetal tissue and tied around the distal, sleeved part of the

catheter. Skin incisions were closed with silk sutures. The amniotic fluid cathetelwas

sutured to the fetat hindlimb or neck. After closure of the uterine and abdominal wall

incisions a catheter was tunneled under the matemal skin and placed into the abdominal

aorta by way of a small side branch of the femoral afiery in the groin. Purse-string

sutures were used to close the maternal incision in the flank around the catheters. The

dead space of all vascula¡ catheters was filled with sterile heparin solution (heparin

sodium [mucous], Commonwealth Serum Laboratories, Melbourne, Australia; 500

units/ml). The amniotic fluid catheter was filled with heparin-ampicillin-saline solution

(10 units of heparin per ml of sterile 0.97o NaCl plus 1 mg sodium ampicillin). A1l

catheters were stitched to the back of the ewe, with the 3-way tap ports protected by

sterile plastic caps (Luer-lokR caps, Becton-Dickinson, Massachusetts, U.S.A.).

Antibiotic cover was provided by intramuscular administration of 500 mg sodium

ampicillin (AustrapenR, Commonwealth Serum Laboratories, Melbourne, Australia) to

the ewe 3 times daily on the day of surgery and for 3 days thereafter, and also 500 mg

sodium ampicillin plus 500 mg kanamycin (KanasigR, 5itttra, victoria, Australia) into

the amniotic cavity daily for the same period. Animals were held in mobile cages post-

operätively in a room with other ewes, and were fed lucerne chaff, oats and water ad

libitum. No experiments were performed within 7 days of operation, since postoperative

physiological stability is not attained before this time (Mellor, 1985).
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V ascular catheter maintenance

Catheters were not flushed between experiments and, although some catheter blockages

occurred, this method resulted in fewer losses due to infection than occurred with

frequent flushing of catheters. At the time of experiment the concentrated heparin

solution filling the dead space of the catheter was withd¡awn, discarded and replaced

with the sterile heparin-ampicillin-saline solution .

Catheterization of neonate

Catheterization of neonatal abdominal aorta and vena cava was carried out via the

hindlimb vessels as for fetuses, under standard aseptic conditions. The catheterization

was performed under local anaesthesia (XylocaineR¡ after sedation and analgesia with

RompunR (0.2 mg,/kg body weight). Following closure of the skin incision the dead

space of the catheters was filled with heparin and bandaged firmly to the hindlimb

allowing free mobility of the neonate. After recovery from sedation the lambs were

returned to the animal house, where they were housed in pens with their mothers. Since

general anaesthesia was not used for the neonates, experiments were, on some occasions,

undertaken 24 h after operation. As for the fetuses, no maintenance of catheters between

experiments was undertaken.

Protocol for hypoxia experiments

Pregnant ewes were moved in their mobile cages from the animal house to the laboratory

by 09:00 hr on the day of experiment, and were allowed to adapt in the laboratory

environment until commencement of the experiment at about 14:00 hr. To minimize

disturbing effects of isolation from other sheep, a mirror was fixed to the laboratory wall

in such a position that the ewe could see her own reflection, a procedure which appe;red

to be effective in reducing overt signs of distress. For experiments on neonates, the

animals were carried to the laboratory where they were held in an upright posture, lightly
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restrained in a sling during the study period. Neonates often slept during this time, but on

occasions experiments had to be discontinued due to activity or apparent distress of the

lamb. Data from these aborted experiments were discarded.

The protocol for induction of hypoxia was similar to that of \ffalker, Cannata, Dowling er

al (1.979). For a 30 minute normoxia period for ewes and their fetuses (20 min for

neonates) air was delivered at a rate of 25 fmin to the maternal ewe (10 l/min for

neonates) by way of a loose-fitting, vented, polythene head bag. Hypoxaemia was

induced in ewes and their fetuses with a 50Vo reduction in inspired 02 for a further 30

min by reducing air flow to 12 Vmin with the addition of IVo CO2 and 12llmin Nz; i.e.

l\Vo Oz. For production of neonatal hypoxaemia 5 Vmin air with 0.5 l/min COz and 5

l/min N2 was used for a 20 min period. In the recovery period air flow was returned to

control conditions for a further 30-60 min for ewes and 20 min for neonates. The

efficacy of the gas delivery system before and during hypoxia was checked in pilot

studies by the use of an Imed 825 oxygen monitor (IMED Corporation, San Diego,

California, USA).

In order to reduce the total number of animals used in these studies, experiments were

performed on some animals on more than one occasion. However, additional hypoxia

experiments were never undertaken on the same animal before one week had elapsed.

Measurement of blood pressure and heart rate

Arteäal blood pressure and amniotic fluid pressure were measured, by way of the

relevant catheters, using Statham P23Dc strain gauge transducers'and were recorded

continuously using a Grass model 78 polygraph. Amniotic fluid pressure values were

subtracted from ABP readings. Pulsatile a¡terial blood pressure provided the input to a

Grass cardiotachometer (Model 7P4D, Grass Instrument Co.) for measurement of heart

rate.
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Data for HR and ABP were recorded as the average over the 2 min period prior to the

taking of the relevant blood sample. Episodes of bradycardia during hypoxia were

defined as a decrease in HR below the control value, occurring within 10 min of

commencement of administration.of the l}Vo oxygen mixture, and of at least 2 min

duration. The nadir, duration and area (measured by planimetry) of the bradycardia were

recorded.

Processing of blood samples

After discarding the heparin filling the dead-space of the catheter, 5 ml of blood was

withdrawn and retained for injection (flushed in with heparin-ampicillin-saline) after the

taking of the blood sample. 0.5 ml of arterial blood for analysis of POz, PCOz and pH

was collected anaerobically into chilled heparinized syringes and measured within 15

min from collection using a Corning blood gas analyser (Model 168), with results

corrected to 39.5oC for fetuses and ewes, and to rectal temperature for neonates. Blood

(8.5 ml) for hormone assay was collected into chilled sterile Eppendorf tubes containing

heparin (4 IU/ml of blood) and centrifuged immediately at 15,600 rpm. for 1 min

(Eppendorf Microfuge). Plasma was stored until assay at -20oC for studies undertaken

before September, L986, and at -80oC thereafter. For fetuses or neonates the red blood

cells were resuspênded in sterile 0.97o NaCl and returned to the animal after taking the

next blood sample, thus reducing possible effects of blood loss on the results.

Plasma sample analysis

Measurement of plasma osmolariry, and sodium and potassium concentrations

plasma osmolarity was measured by the freezing-point depression method (Knauer

osmometer, Berlin, West Germany), and plasma sodium and potassium concentrations
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were determined by flame photometry (Instrumentation Laboratory Model 143 Digital

Flame Photometer, Lexington, Massachusetts, U.S.A.).

A r g í nine v as opr e s s in (ts s aY

AVP was measured by radioimmunoassay following extraction of the peptide from

plasma by cation exchange chromatography using Amberlite CG50 (Sigma, St Louis,

U.S.A.) according ro the method of Sved, Imaizumi, Talman and Reis (1985) with the

assay buffer modified by inclusion of neomycin sulfate, e-aminocaproic acid and L-

cystine for enzyme inhibition (Brunner, Burnier and Brunner (1983). The standard used

in the assay was [Argr]-vasopressin purchased from Peninsula Laboratories (California).

The antiserum ro AVP was kindly provided by Prof. C.I. Johnston (University of

Melbourne, Australia) and had cross-reactivity with lysine vasopressin of I07o and with

oxyrocin of <0.0017o. Iodinated AVP was purchased from Austin Biomedical Services,

Malvern, Victoria, Australia, and used as the tracer. Known amounts of AVP were added

to aliquots of ovine plasma (quality control samples, QC), and were extracted and

assayed with the unknown samples to provide recoveries for correction of sample values.

Assay of plasma renin activíty (PRA)

PRA was measured as the rate of generation of angiotensin I at 37oC and pH 7.4 fot 60

min (ng/ml/hr) by standard techniques. Angiotensin I concentration was determined by

radioimmunoassay using the method of Johnston and co-workers (Johnston, Mendelsohn

and Casley, 1969; Johnston, Matthews, Davis and Morgan, 1975). Synthetic [Aspt-

llssl4ngiotensin I (Sigma, St Louis, U.S.A.) was used as the standard for the assay. The

antiserum, which was used at a final dilution of 1:9000, had been raised in rabbits against

[Aspr-I]eslangiotensin I and had cross-reactivity of <0.}lVo with [Aspt-]leslangiotensin II

and of <0.0057o with [Sarr-Alaa]angiotensin II and angiotensin III. l25-I-angiotensin I

was obtained from Austin Biomedical Services, Malvern, Victoria, Australia. Phosphate-

saline-casein buffer, p]f.7.4, was used as the diluent. Quality control samples of pooled
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fetal sheep plasma ('high QC') and pooled pregnant adult sheep plasma ('low QC') were

added to each assay run to assess reproducibility of results within and between assays.

Assay of plasma catecholamine levels

Plasma samples for catecholamine assay were subjected to an initial solvent extraction

step and \ilere then assayed using reverse phase high performance liquid chromatography

and electrochemical detection (HPLC-ECD), a method based on that of Smedes, Kraak

and Poppe (1982) with modifications of Kapoor and Chalmers (1986). The extraction

step ìwas further modified for use with ovine plasma as follows. 500 pl of plasma

containing 1000 pg of dihydroxybenzylamine (internal standard) were exracted by

shaking (manually for 2 min) with 250 pl of 2M NH4OH-NH¿CI buffer (pH 8.5)

containing 0.27o (w/v) diphenylborate-ethanolamine and0.5Vo (w/v) EDTA, and 1.2 mI

of heptane containing 0.25Vo (w/v) tetraoctylammonium bromide and lVo (vlv) n-octanol.

After centrifugation at 1200 g for 5 min the organic phase was transferred to a test tube

containing 100 ¡r.l of 0.16 M acetic acid and 500 ¡rl of n-octanol, shaken by hand for 2

min and then centrifuged at 600 g for 5 min. The aqueous phase was then washed twice

by adding 500 pl of the heptane solution plus n-octanol (2:1), shaken by hand, and then

centrifuged for 2 min at 600 g. A 50 pl aliquot of the aqueous phase \tras then injected

into the TIPLC-ECD system which comprised a Rheodyne 7125 injector, a Kortec K25M

pump (ETP Kortec, Australia), a 5pm C18 Spherisorb ODSII column and a privately

made electrochemical detector used in conjunction with a glassy carbon electrode (BAS,

USA) maintained at 0.65V vs a Ag/AgCl reference electrode. The mobile phase was a

watef-merhanol mixture (9:1 v/v) containing 7.4Vo (w/v) potassium dihydrogen

phosphate, 0.01Vo (Øv) EDT A, 0.027o (w/v) sodium octane sulfonic acid (final pH 3.5

using glacial acetic acid) and was delivered at a flow rate of 0.4 ml/nin.
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CHAPTER 3 Responses of fetal, neonatal and

pregnant adult sheep to
hypoxaemia

Introduction

The ca¡diovascular and endocrine effects of hypoxaemia vary, both quantitatively and

qualitatively, with respect to the developmental stage of the hypoxic animal, i.e. fetal,

neonatal or adult (see Chapter 1). In addition, the nature and extent of the responses to

hypoxaemia can depend on the experimental protocol used to reduce the PaO2 of the

experimental animal.

Fetal hypoxaemia can be induced by occlusion of the umbilical cord (e.g. Lewis and

Sadeghi, 1987), with a resultant fall in HR and rise in ABP, however this method results

not only in hypoxaemia, but also in accumulation of CO2 in the fetal blood and a fall in

pH, through effects on feto-placental perfusion. Occlusion of the uterine artery (Yaffe,

Parer, Block and Llanos, 1987), maternal common internal iliac artery (Skillman,

Plessinger, Woods and Clark, 1985) or maternal abdominal aorta (Cohn, Jackson,

Piasecki et al, L985; Paulick, Schwab, Kastendieck and 'Wernze, 1988) have also been

used recently to produce fetal hypoxaemia without direct effects on the fetal circulation,

resulting in bradycardia and raised ABP, accompanied by acidosis.

The most commonly used method for achieving fetal hypoxaemia involves the

production of hypoxic hypoxia in the maternal ewe by altering the gas composition of the

inspired air. This has been achieved by passing gas mixtures into a plastic tent covering

the sheep's pen (Drummond and Lindheimer, 1982), into a perspex chamber enclosing
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the ewe's head and front of the metabolism cage (Challis, Richardson, Rurak et al,1986),

through a maternal tracheal catheter (Cleed, Poore, Figueroa and Nathanielsz, 1986;

Towell, Figueroa, Markowitz et al, 1987) or, more usually, into a loose plastic hood

placed over the ewe's head. This.latter procedure has also been used for neonates. By

this method it is possible to prevent the occurrence of hypercapnea and acidosis, although

hyperventilation can result in hypocapnea unless COz is added in adecluate quantities to

the hypoxic gas mixture.

Many authors do not report the use of the gas delivery system for a control period of air-

breathing immediately prior to induction of hypoxia, but rather take 'baseline'

measurements and then begin administration of the hypoxic gas mixture coincident with

positioning of the hood (e.g. Reuss and Rudolph, 1980; Robillard, Weitzmann,

Burmeister and Smith, 1981; Daniel, Stark, Zubrow et al, 1983; 'Weismann, Herrig,

McWeeny et al, 1983; Jones and Ritchie, 1983; Schuijers, Walker, Browne and

Thorburn, i986). Some authors do, however, describe the use of a separate control study,

in which room air was delivered to the maternal ewe, via the hood, for a period

equivalent to that of the entire experimental protocol, and have reported no significant

changes in various fetal parameters (Jones and Robinson, 1975; Jones, 1977; Rurak,

I978: Stark, Wardlaw, Daniel et aI,1982). The procedure used in the present studies was

based on that of Walker and co-workers (Walker, Dowling, Cannata et al, 1919), in

which air was delivered during the control period to the maternal ewe or neonate by way

of a plastic hood, with hypoxic hypoxia being induced by decreasing the inspired gas

composition from 2IVo Ozto about IOTo f.or 30 min (20 min in neonates). This protocol

was ilesigned in an attempt to hold PaCOz and pH constant, while decreasing PaO2 by

about 507o, thus allowing observation of the effects of hypoxaemia alone. Also, this

protocol should. minimize the confounding effects of stress additional to that of hypoxia,

which could be introduced by omission of a true control period in which animals can

adapt to the gas delivery system. It was decided to adopt the position, in these studies,

that the experimental and control periods should differ in respect of one variable only, i.e.
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the composition of the inspired gas mixture, rather than two variables, i.e. the inspired

gas composition and its method of delivery.

In this chapter the levels of various variables before, during and after acute hypoxia in

chronically catheterized sheep of various ages will be described and related to the

changes in PaO2 occurring during the experimental procedure. The variables examined

were HR, ABP, AVP, PRA, and the catecholamines ad¡enaline and noradrenaline. The

data used were pooled from the chronically cathetenzed, but otherwise normal, animals

used in the various hypoxia studies reported in this thesis.

PaOz, rather than arterial oxygen content, was selected as the independent variable in

these studies since both groups of peripheral arterial chemoreceptors (the carotid and

aortic bodies) appear to respond to the former, whereas only the aortic chemoreceptors

appear to respond to the latter (Lahiri, Muiligan, Nishino et al, 1981). One of the

paÍicular interests pursued in the studies described in this thesis was peripheral

chemoreceptor involvement in the various responses measured. Chemoreceptor reflex

stimulation results in increased impulse traffic in the afferent neryes with a linearizable

relationship between PaO2 and frequency of nerve impulses (e.g. illustrated in Hanson,

1986b). A linear relationship between stimulus and response has also been described for

the ba¡oreceptor reflex (Smyth, Sleight and Pickering, 1969; Dawes, Johnston and

Walker, 1980). The finding of a linear relationship in plots of PaO2 with various

dependent variables has therefore been used, in the present studies, as an indication of a

peripheral chemoreceptor refl ex-mediated re spon se.

Also in this chapter, the results of the hypoxia experiments are compared and contrasted

with those from other research groups. Summaries of data from'studies in which a

similar protocol for control and hypoxia periods was used, and which are thus more

directly comparable with the data from the present experiments, are also included. Since

general anaesthesia has confounding effects on chemoreceptor reflex cardiovascular

responses (Cohn, Jackson,'Piasecki et al,1985), only results from those studies in which
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the chronically catheterized sheep preparation was used will be compared with the results

of the present experiments.

Methods

The procedures for measuring blood gases, HR, ABP, plasma osmolarity and hormone

levels, and the protocols for the hypoxia experiments are described in Chapter 2.

Animals were allocated to 5 age groups, namely: fetuses <130 d (range 116 - 129 d) or

>130 d (range 130 - 146 d), neonates <8 d (range 2 -7 d) or >8 d (range 10 - 15 d), and

adult (pregnant) ewes. Levels of the measured variables are reported as mean + SEM,

with the change in the levels of variables at the end of the hypoxia period being

calculated as a percentage of normoxia level. The data presented in this chapter were

gathered in several different experiments, with the numbers of animals varying both

between age groups and, on occasions, for the individual variables measured. The aim of

this study was largely to describe, rather than to analyse statistically, the effects of the

hypoxia protocol. Therefore, statistical analysis was undertaken only within, rather than

between, age groups, for significance of differences between levels of variables at the

end of the hypoxia period and levels at the end of the preceding normoxia period,

normalized as percentages of the normoxia value (Wilcoxon's matched pairs signed

ranks test; SPSSx, 1986). For the purpose of describing the extent of the bradycardia

response, the a¡ea of the polygraph heart rate trace below a line d¡awn at the level of the

nornaoxia HR was used as a summary measure. This variable had been used previously

(Scroop, Marker and Martin, 1986), and is similar to the 'deceleration a-rea' used by

Jensen and co-workers (Jensen, Kunzel and Kastendieck, 1987) in their study of the

effects of sympathetic activity in fetal asphyxia.

To examine the possible interactions of blood gases with cardiovascular and endocrine

variables, values for HR, MAP, AVP, PRA, adrenaline and norad¡enaline (the latter four
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variables all log transformed for greater linearity) were plotted against simultaneously

measured PaO2, PaCOz and pH obtained before, during and after hypoxia, Pearson's

correlation coefficients 'were calculated, and the scatte¡plots visually inspected for

evidence of relationships. Similarly, the absolute change in variables from normoxia

levels were analysed for significant correlations and plotted as scattergrams. Signihcant

correlations which, on visual inspection of the scatterplots, appeared to be due to one or

two influential points were disregarded. Scattergrams of the change in the pairs of

variables a¡e included when the correlation was significant, otherwise the scattergtams of

significantly correlated pairs of absolute data are presented. Significant correlations of

variables with PaO2, although not ecluivalent to the method of analysis of chemoreceptor

reflex effects in individual animals, as used by Hanson (1986b), were considered

evidence of a clear linea¡ stimulus-response relationship between the variables suggestive

of chemoreceptor-mediated reflex involvement. An increase in the level of a variable

during the hypoxia period in the absence of a linear relationship with PaO2 was

considered to indicate intervention of other factors in the stimulus response relationship.

For example, stimulation of sympathetic nervous system activity as a result of a

generalized central nervous defence reaction during hypoxaemia could result in a

response of enhanced PRA, the level of which would not necessarily be linearly related

to the level of the original stimulus (PaOz).

In addition, control experiments were performed on three pregnant ewes, the fetus of one

of these ewes, and two neonatal lambs (one of which was studied on two occasions). The

ewe or neonate breathed room air delivered through the plastic hood for the entire period

(120'min for adults, and fetus, or 60 min for neonates), with blood samples being taken at

the same time points as for the hypoxia experiments. Thus any changes in levels of the

measured variables which were due to handling of the animals, to blood sampling per se,
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or to the prolonged presence of the gas delivery System, could be observed.

All statistical analyses were performed by the use of the statistical package SPSSx

(1e86).

Results

The average gestational age at btth of the lambs used in these studies was 149 + 2 d

(mean + SD; n = 22). Comparison of gestational age and body weight at birth between

lambs catheterized as fetuses and those which were not, showed that the former group

were 150 + 1 d and 5.0 + 0.7 kg (n = 13) andthe latter I49 +2 d and 5.4 + 0.9 kg (n = 9).

The results of the control experiment are shown in Table 3.1. No consistent effects of

experimental procedures on the measured variables were observed.

Arterial blood gases and pH

During hypoxia, PaO2 (Table 3.2, Fig 3.1) generally fell significantly by about 35 - 40Vo

in fetuses, by about 5l - 537o in neonates, and by about 46Vo in ewes. There were,

however, 5 fetuses in which PaO2 failed to fall below 17 mmHg during the hypoxic

period. The PaOz of the maternal ewe fell below 60 mmHg in2 of. these fetuses, did not

fall below 70 mmHg in 2 others, and in one was not measured. Since this is a study of

the effects of hypoxia, it was decided to exclude data for these fetuses, and their maternal

ewes, from the data analysis, since they were clearly different, in terms of their response

to thä hypoxia protocol, from the majority of the fetuses studied.

Despite attempts to maintain PaCOz at control levels, by addition of COz to the hypoxic

gas mixture, a significant degree of hypocapnea was observed in pregnant ewes and their

fetuses, while neonatal PaCOz was successfully held constant (Table 3.3, Fig 3.2). No

significant change in a¡terial pH was observed in any group during hypoxia (Table 3.4).
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Heart rate and blood pressure

An episode of bradycardia occurred in 14 of the 19 younger fetuses during hypoxia and

in 15 of the 22 older fetuses (Table 3.5; for example see Fig 3.3). However, HR tended

to rise before the end of the hypoxia period, to levels ecluivalent to (for younger fetuses),

or significantly above (for older fetuses), those during normoxia. In the other fetuses HR

only rose during hypoxia (eg see Fig 3.a). In both groups of neonates, and in the ewes,

HR invariably rose during hypoxia, to reach levels significantly above those during

normoxia (Table 3.6 and Fig 3.5). HR was negatively related to PaO2 in both younger

and older (r = - 0.533, p<0.001) age groups of neonates and in the pregnant ewes, with

the rise in HR being correlated with the fall in PaO2 only in the younger neonates (r = -

0.52I, p<0.05) and adults (r = - 0.670, p<0.01; see Figs 3.6 - 3.8), but no relationship

between these two variables was apparent for fetuses. PaCOz and pH appeared unrelated

to HR in any group.

The data for systolic blood pressure (SBP), diastolic blood pressure (DBP) and MAP are

summarized in Table 3.7 . By the end of the period of hypoxia, MAP had risen in 9 of 18

younger fetuses and in 11 of 22 older fetuses, but the mean levels for the tlvo groups

were not signifrcantly different from those during normoxia. In the younger neonates,

MAP declined significantly during hypoxia, while it did not change in the older neonates

or in rhe ewes (Table 3.7 , Fig 3.9). The only relationship between MAP and blood gases

or pH apparent from scatterplots of these variables was in the group of younger fetuses,

in which the change in MAP was significantly correlated with that in pH (r = - 0.603,

p<0.05; Fig 3.10).

AVP and plasma osmolariry

plasma levels of AVP rose significantly during hypoxia in both older and younger

fetuses, but did not change in neonates or adults (Tabte 3.8, Fig 3.11). Scatterplots of
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plasma concentrations of AVP (log transformed) suggested a negative relationship

between logAVP and PaO2 in both younger (r = - 0.642, p<0.001) and older age groups

of fetuses, with the rise in AVP being significantly correlated with the fall in PaO2 in the

latter group (r = - 0.617, p<0.01; 'see Figs 3.12 - 3.13), but not in any other groups of

sheep. Plasma AVP concentrations seemed to be unrelated to PaCOz and pH in all age

gïoups. However, one neonate (no.2006, 11 d of age), in which inspired CO2 was

excessively high, had a fall in pH from 7 .359 to 7 .239 during hypoxia and a concomitant

rise in plasma AVP concentration from 6 to 77 pg/ml. Interestingly, at the same time the

HR of this neonate fell from 220 to 140 bpm. Plasma osmolarity in fetuses and neonates

during the control period averaged 280 + 3 mosmÄ (n = 8) and 29I + 2 mosm/l (n = 15)

respectively. No significant change in osmolarity was observed in either group during

hypoxia, and no relationship between osmolarity and simultaneous AVP concenÍation

was observed.

Plasma renin activíty

PRA by the end of hypoxia was higher than normoxia levels in older fetuses, younger

neonates and in adults, with no change from normoxia levels being apparent in the other

two age groups of sheep (Table 3.9, Fig 3.14). No relationships between PRA and blood

gases or pH were àpparent on inspection of scatterplots for each age group.

Catecholamínes

Concentrations of ad¡enaline rose during hypoxia in younger and older fetuses, did not

change significantly in neonates, and fell significantly in the adult ewes (Table 3.10, Fig

3.15). Scatterplots of plasma adrenaline levels against blood gases and pH indicated a

negative relationship between adrenaline and pH in the older neonates (r = - 0.612,

p<0.01; Fig 3.16), but no other relationships could be identified. Increased noradrenaline
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levels during the hypoxic period were found in both age groups of fetuses and in the

younger neonates, with levels falling in 8 of the 11 ewes without the mean level for the

group being significantly lowered in comparison with that in normoxia (Table 3.11, Fig

3.17). Changes in the level of norâdrenaline were correlated with the fall in PaO2 in the

older fetuses (r - - 0.548, p<0.05; Fig 3.18), but no other relationships between

noradrenaline and blood gases or pH were seen in the scatterplots for each age group.

Discussion

Control experiment

During the control experiment one neonate (no.1041, at 10d) had a fall in PaO2 and a rise

in HR at the end of the experimental period, but no other animals showed signs of

reduced blood oxygenation. Levels of AVP did not rise during the sampling period,

suggesting that the blood volume was adequately maintained throughout. Plasma

catecholamine levels did not suggest a gradually increasing level of sÍess during the time

the gas delivery hood was in position, although in neonate no.1041 levels were high

throughout the first experiment, and high AVP levels were also observed at the start of

the second experiment, possibly indicating some degree of preexistent stress. It is

obvious from the results that levels of the hormonal factors varied widely within the same

animal, and between different animals over time (e.g. the noradrenaline levels in the three

ewes), but that the cause of these variations could not be atEibuted to any pafiicular

aspeçt of the experimental procedure.

Blood gases andpH

During the normoxia period, blood gases and pH of the fetal, neonatal and adult sheep

were no(nal when compared with the data from recent studies using a simila¡ protocol
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(Cohn, Sacks, Heymann and Rudolph, 1974 Walker, Cannata, Dowling et al, 1979;

Cohn, Piasecki and Jackson, 1980; Zugaib, Forsythe, Nuwayhid et al,1980; Parer, 1980

and 1984; De Vane, Naden, Porter and Rosenfeld, 1982; Koehler, Traystman and Jones,

1985). The failure of a small group of fetuses to respond to the hypoxia protocol with a

PaO2 less than 17 mmHg was not investigated, other than to establish that the gas

delivery system was functioning normally. Differences in the haemoglobin of the

maternal ewe, from that of the majority of the sheep used in the study, could, perhaps,

have been a contributory factor (Dawson and Evans, 1966).

Heart rate and blood pressure

HR during baseline and control periods was, in the younger group of fetuses, within the

range of values reported by others for fetuses over the last 5 - 35 d of gestation, i.e. 161 -

184 bpm (e.g. Cohn, Piasecki and Jackson, 1980; Reuss and Rudolph, 1980; Parer, 1980

and 1984; Reuss, Parer, Haris and Krueger, 1982; Brace and Cheung, 1987; Ma¡tinez,

Padbury, Shames et al 1988). However, the HR in the older fetuses was rather low in

contrast to reports of over 160 bpm for fetuses in a similar age range (e.g. Robillard et al,

1981; DeVane, Naden, Porter and Rosenfeld, 1982). Baseline and control MAP in the

fetuses was similar to that described by some authors reporting levels ranging from a

mean of 41 to 47 mmHg (e.g. Reuss and Rudolph, 1980; DeVane et al, 1982; Reuss et al,

1982; Daniel et al, 1983; Jones and Ritchie, 1983; Schuijers, Walker, Browne and

Thorburn, 1986; Brace and Cheung, 1987). Others, however, described basal fetal MAP

of over 50 mmHg (e.g. Cohn et al, 1980; Parer, 1980 and 1984). Sympathetic nervous

system activation, such as occurs during stress, can increase HR andMAP; the data from

the present studies suggest there is no evidence of acute sympathetic stimulation of these

cardiovascula¡ variables during the control period in the groups of fetuses.

As described in Chapter 1, the generally accepted response of the fetus to acute

hypoxaemia is bradycardia with an elevation of arterial blood pressure. In the present
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study, however, although the majority of fetuses did demonstrate a slowing of the heart

by about 40 bpm, this was a transient phenomenon, and at the time of taking of the blood

sample at the end of the 30 min hypoxia period, HR had risen to, or above, normoxia

levels. The decrement in fetal HR was rather less than that described by some other

authors (see Table 3.12). An inconsistent bradycardia response has been described in

feruses in which PaOz did not decline below 13 mmHg (Adamson, Patrick and Challis,

1984); this was about the average level of PaO2 reached during hypoxaemia in the

present study. Further analysis of the HR response to hypoxaemia is presented in

Chapter 4.

MAP during hypoxia rose in only about 507o of the fetuses, and mean levels were not

different from those during the normoxia period. This result differs from the generally

accepted response of raised ABP described in Chapter 1. Examination of the data

summa¡ized in Table 3.12, suggest that fetuses in the studies by Cohn and co-workers

(1914) also did not show a significant increase in MAP with hypoxia alone. In those

experiments, however, fetuses with concurrent acidaemia and hypoxaemia did

demonstrate rises in MAP, as was also seen in the group of younger fetuses in the present

study. Although an increase in MAP during hypoxaemia without acidaemia was

observed by Walker et aI (1979), 6 of the 14 fetuses studied failed to show a significant

rise, showing that increased MAP in response to hypoxaemia is not a universal

phenomenon. AS previously mentioned with respect to the HR response, the relative

mildness of the hypoxaemia in the present studies, compared with others, and the

tendency for pH to be maintained at nonnoxia levels rather than to fall, may have

contiibuted to the difference in MAP responses. Peeters and co-workers (Peeters,

Sheldon, Jones et al, 1979) have shown a linear relationship between falling a¡terial

oxygen content and ABP, with great variability of slopes between fetuses. These authors

also noted a difference in blood flow responses in some tissues at different levels of

hypoxaemia. Flow to abdominal viscera and the carcass, for example, during 'moderate

hypoxia' increased, presumably by local vasodilatory mechanisms, while flow to these
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regions decreased during 'severe hypoxia', due to systemic (neural and endocrine)

vasoconstrictor mechanisms. No appreciable change in either HR or ABP may occur in

'mild hypoxia' (Battaglia and Meschia, 1986), while Rudolph (1984) has described

bradycardia with unchanged ABP i.n 'milder degrees of hypoxaemia'. Thus, the direction

of the changes in total peripheral resistance, and therefore of ABP, will reflect the

relative contribution of local vasodilator and systemic vasoconstrictor mechanisms at

different levels of hypoxia. Another factor contributing to the absence of raised ABP in

response to moderate stimulation of the chemoreceptors could be attenuation of

chemoreceptor reflex effects on vasomotor tone by the baroreceptor feflex, which will

tend to resist changes in ABP. Intense chemoreceptor reflex activity, on the other hand,

is accompanied by activation of the defence areas of the brain and by depression of the

baroreceptor reflex (Marshall, 1981; Hilton and Marshall, 1982). The presence of a

significant hypocapnea in the fetuses in the present study could also be a factor in the

maintenance of MAP at nonnoxia levels, since the combination of hypocapnea and

hypoxaemia has been shown, in adult dogs, to attenuate chemoreceptor reflex-mediated

vasoconstriction (Daly and Ungar, 1966; Koehler, McDonald and Krasney, 1980)'

However, nonnocapnea was also associated, in the study by Cohn et aI (1974), with no

rise in MAP. Interestingly, in the studies by Parer (1980 and 1984), both hypocapnea and

acidaemia were described in fetuses while, at the same time, the maternal ewes were

hypocapneic and relatively alkalotic. In this situation the apparent metabolic acidosis of

the fetuses may have counteracted the modifying effect of the hypocapnea on peripheral

resistance, resulting in a net rise in MAP. In the fetuses subjected to the hypoxia protocol

used,in the present studies, regulatory mechanisms may have acted to maintain ABP

rather than to increase it above normoxia levels.

In some other studies, the failure to use a true control period, with utilization of the gas

delivery system subsequently used for the hypoxic gas mixture, could contribute to a rise

in fetal ABP due to effects of maternal stress (additional to that due to hypoxaemia) on

utero-placental blood flow. Decreased perfusion could result in the release of placental
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factors which could affect fetal cardiovascular function (Jones, 1987), or in reduced

placental clearance of fetal vasoactive factors (Gu and Jones, 1986). Raised plasma

levels of AVP, catecholamines and renin activity can accompany reduced uteroplacental

perfusion (Zubrow, Daniel, Sta¡k et al, 1988).

Normoxia HR in the younger neonates was similar to that reported by others as averaging

198 - 205 bpm for this age group, while MAP was rather higher, averaging 66 - 74

mmHg (Berman and Musselman, 1979; Sidi, Kuipers, Teitel et al, 1983). The older

group of neonates in this study had a mean control HR no higher than that reported by

other authors (Berman and Musselman, 1979; Fisher, 1983 and 1984; see also Table

3.12), with the average MAP being higher than that in l-2 week old neonates reported by

Fisher (1933 and 1984) and lower than that reported in lambs 2 - zld by Walker et al

(1979; see Table 3.12). During hypoxia, HR rose significantly in both groups of

neonates, as has been reported by others, while MAP fell in the younger, and did not

change in the older neonates. This contrasts with the rise in MAP described by some

other authors, but is in support of the data of Walker and co-workers (1979; see also

Table 3.I2). The failure of MAP to rise in hypoxic neonates has been described as being

due to reduced peripheral resistance (Sidi ¿r aI, 1983; Fisher, 1984). The rise in HR and

unchanged MAP observed during hypoxia in the adult sheep is supported by the data of

others (Cohn et al, 1974; Drummond and Lindheimer, 1982), while Koehler and co-

workers (Koehler, Traystrnan and Jones, 1935) described a significant rise in both HR

and MAP in hypoxic ewes, however the degree of hypoxia was greater than that in the

present study.

AVP and plasma osmolariry

The plasma concentration of AVP recorded in the fetuses tended to be rather higher than

the <2 pglml reported by the majority of authors (e.g. Drummond, Rudolph,Keil et al,

1980; V/iriyathian, Porter, Naden and Rosenfeld, 1983; Stark, Daniel, Husain et al,1984;
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RosS, Ervin, Leake et al, 1986; Zubrow et al, 1988), lower than those reported by

DeVane et at (1982; see Table 3.13) and similar to those of Rose, Meis and Morris (3.6

+ 1.3 pg/ml; 1981). Plasma total solute concentration in the fetuses in the present study

was lower than that reported by. many other authors of >290 mosffig H2O (e.g.

Robillard et al,l98l; Daniel et al,1983 and 1984), which could suggest the possibility of

a relationship with raised plasma AVP concenrrations. Robillard, Gomez, Meernik et al

(1982) have, on the other hand, described a similar level of plasma osmolality (281 + 1

mosm/kg) in an apparently normal group of fetuses. No apparent linear relationship

between AVP and plasma osmolarity was observed; other authors have also reported

absence of a linea¡ relationship between fetal plasma AVP levels and osmolality of

plasma (Daniel et al,1983) or urine (Robillard et al,I98I). In the neonates, control AVP

levels were higher than those described by others, as ranging from 1.8 pglml (Rose,

Morris and Meis, l9S2) to 5.9 pglml (Daniel et al,1984; see Table 3.13). As for the fetal

group, neonatal plasma osmolarity was apparently lower than that reported by others (e.g.

295 + 9 mosmlkg, 'Weismann and Clarke, 1981; 297.6 + 4.59 mosm/kg, Daniel et al,

1984) and might, hypothetically, be related to the high plasma level of AVP, although no

appa-rent linear relationship between the two variables was observed. Reported adult

AVP concentrations are generally similar to those in fetuses, viz. <2 pg/ml (e.g. Stegner,

Leake, Palmer et al, 1984; Stark et al, 1984; Zubrow et a|,1988), and are also lower than

the levels recorded in the present study which were, in turn, lower than those reported by

DeVane et al (1982).

Some variation in the level of hydration, and hence of AVP levels, of the animals used in

the present studies could be suspected from these data, although ca¡eful attention 'was

paid to adequate provision of water. An alternative source of variation between the

present studies and those of other authors could be differences in assay procedures (for

further discussion of this point see Appendix 1.1). High AVP levels are also reported

during stress, which can be indirectly monitored by measuring urine osmolarity

('Wintour, Bell, Congiu et al, 1985). In the present study urine osmolarity was not
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measured, and therefore cannot be used as an index of stress. The normal resting levels

of blood gases and pH (which are also often used as indicators of fetal well-being) in the

animals used in this study do, however, preclude inadequate oxygenation as indicating, or

acting as a source of, stress.

In agreement with the present data, signihcant increases in fetal plasma AVP levels have

been reported during hypoxaemia by numerous authors (e.g. Rurak, 1978; Jones,

Roebuck, V/alker and Johnston, 1988; see also Table 3.13). A significant rise in fetal

plasma osmolality has also been reported by other authors, a finding not confirmed in the

cuffent study. This could have been due to the more moderate level of hypoxaemia than

in that, for example, by Daniel and co-workers (1984), or to a lower plasma level of

catecholamines resulting in a lesser reduction in renal blood flow than in the study by

Robillard et al (1981).

The apparent rise in AVP in the neonates during hypoxia was not statistically significant,

nor was there a rise in plasma osmolarity, in contrast to the increases reported by, for

example, Stark ¿r al (1982), Weismann et al (1983) and Daniel et al (1984). The

disparity in the latter results from those of the present study might be explained by the

increased stress in their neonates during hypoxia, due to the absence of a control period

with the gas delivery system in place, with a resultant enhancement of AVP release and,

hence, of renal \ilater reabsorption.

The absence of an effect on AVP in adult sheep of the level of hypoxia used in the

presenr study is supported by data from several other groups (see Table 3.13). This result

supp'orts the hypothesis that a 50Vo reduction in PaO2 is a more potent stimulus to AVP

release in fetal than in neonatal or adult sheep.

In support of the scatterplot data for AVP with PaOz, other authors have described

significant negative correlations between plasma AVP concentrations and PaO2 in fetuses

(Rurak, 1978 Stark er al, 1982; Daniel et al, 1983), with falling pH contributing to the

rise in AVP levels during hypoxia in some studies (Rurak, 1978; DeVane et al, 1982;
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Daniel et al, 1983). Stark and co-workers (1982) have also reported a negûtive

correlation between AVP and PaO2 for neonates; close inspection of their illustrated data,

however, suggests no actual relationship until the PaO2 falls below about 30 mmHg,

which was reached by few of the neonates in the present studies. These results can be

interpreted as supporting a role for the peripheral chemoreceptor reflex in stimulating

AVP release in the fetus, but not in the postnatal animal. AVP levels may, however, rise

in more severe stress, such as more extreme hypoxia or when hypoxia is accompanied

with acidosis, in postnatal animals.

Plasma renin activity

Basal levels of PRA reported in the recent literature for fetal sheep range from <1

ngl¡nyh in young fetuses (Drummond and Lindheimer,1982) to 12.6 + 2.5 ng/rnllh in

older fetuses (Siegel and. Fisher, 1980), with levels for fetuses in the present study lying

between these two extremes. However PRA is generally reported by other authors at

about 3 - 6 nglmVh (Lumbers and Lee Lewes, L979; Robillard, Gomez, Van Orden and

Smith 1982; Zubrow et aI, 1988). The levels in the fetuses in the present study were

rather higher than this. Reported basal PRA in neonates ranges from 4.3 + 1.7

(Weismann and V/illiamson, 1981) to 2L5 + 2 ng/mUh (Siegel and Fisher, 1980) with the

neonatal level in the present study lying between these two extremes. The pregnant ewes

had lower PRA than fetuses and neonates, and levels were similar to those reported by

some authors (Robillard et al, 1982; Drummond and Lindheimer, 1982; Zubtow et al,

1988), while being lower than those reported by others (Lumbers and Lee Lewes, 1979;

Siegel and Fisher, 1980). The acceptably low levels of PRA recorded in the pregnant

sheep in this study suggest that the high levels found in the fetuses were not due to a

problem with the assay method, nor to inadequate hydration of the animals, but may

rather be ascribed to individual va¡iation as is evident in the high variability of PRA in

this group. PRA is reported to rise during fetal and neonatal hypoxia (see Table 3.14), a
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finding also supported by the data from older fetuses and younger neonates in the present

study. An increase in PRA in pregnant ewes was also observed, although no change in

PRA had been reported in hypoxic adults by Drummond and Lindheimer (1982).

However, no evidence of direct chémoreceptor reflex involvement in control of PRA was

apparent, suggesting that enhancement of PRA during hypoxia may be due to other

factors, such as increased sympathetic nerve activity (Bunag, Page and McCubbin, 1966)

as part of the generalized sfess response or, in the postnatal animal, to psychological

factors (Clamage, Sanford, Vander and Mouw, 1976).

Adrenalíne

Plasma concentrations of ad¡enaline in fetal sheep after 120 d gestation of <60 pdml

have also been shown by other workers (Eliot, Klein, Glatz et al l98I; Jones and Ritchie,

1983; Palmer, Oakes, Lam et al 1984; Martinez et al, 1988), although higher levels than

this have been reported (Schuijers et al,1986; Lewis and Sadeghi, 1987). Adult levels of

adrenaline have been reported to range from non-detectable (Jones and Robinson, 1975;

Gu and Jones, 1986) through 50 + 11 pglrnl (Eliot et al, 1981) to 130 + 33 pglnn (Palmer

et al, 1984), with the levels recorded from pregnant ewes in the present study falling

within this range. The data for neonates indicate levels of adrenaline intermediate

between those of fetuses and adults.

During hypoxia adrenaline concentrations rose significantly in the fetuses, a result

supported by many other authors (Jones and Ritchie, 1983; Schuijers et al, 1986;

Martinez et al, 1988; Jones et al, 1983). Some authors have described a negative

relationship between fetal plasma adrenaline levels and PaO2 (Comline, Silver, Silver,

1965; Lewis, Evans and Sischo L982; Cohen, Piasecki and Jackson 1982), although no

such relationship was found from the present data, possibly reflecting the relatively mild

nature of the hypoxaemia in this study, with relatively mild stimulation of ad¡enaline

release. The study by Cohen and co-workers (1982) demonstrated that little stimulation
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of adrenaline release occurs in fetuses at a PaO2 of about 10 mmHg or greater, which is

equivalent to the level during hypoxaemia in the present studies (see also Comline and

Silver, 1966).

Neonatal ad¡enaline levels ,were not elevated during hypoxia in the present study, in

contrasr to rhat of 'Weismann et al (1983). Those authors did not report actual

concentrations of catecholamines, however the average adrenaline levels appear, from

their graphs, to be about 5000 pg/ml during hypoxaemia. This very high concentration

might be explained by a greater fall in PaO2 than was attained in the present study or,

more likely, by the failure to use a control period with the gas-delivery hood in place,

thus compounding the stress on the neonate in the hypoxia period. Neonates with

relatively lower pH during hypoxia in the present study did, however, tend to have

elevated plasma ad¡enaline concentrations.

Other authors have not reported plasma catecholamines of the maternal ewes during

hypoxia experiments on their fetuses, and no confirmation of the decline in adrenaline

levels during hypoxia in this group can therefore be made. Use of analysis of variance

for repeated measures identified significantly lower adrenaline levels at the end of

hypoxia in comparison with the mean level of control and baseline values (Table 3.15),

while levels during recovery were not significantly different from the pre-hypoxia

concentrations. It would certainly appear that there was no adrenal stimulation due to

hypoxia in these animals.

Noradrenaline

In fetuses, basal levels of noradrenaline have been reported to be as low as 173 + 57

pglml (Jones and Ritchie, 1983) and as high as 901 + 100 (Schuij ers et al,1986) with the

majority of studies giving values of 200 - 500 pg/ml (Eliot et al, 1981; Palmer et al,

1984; Lewis and Sadeghi,1987; Martinez et al,1988). The fetal data from the present
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study, therefore, are in good agreement with these previous reports, the majority of which

also confirm the extreme variability of noradrenaline levels observed between animals

even in the 'resting' state.

During hypoxia, levels of noradrenaline in fetuses rose signif,rcantly, but to levels lower

than those reported in the one other study using the same method for induction of

hypoxia (Cohen et al, 1982). Their catecholamine levels, however, were reported for a

'moderate' level of hypoxaemia of 7 - 14 mmHg, which was lower than that reached in

the present fetal hypoxia experiments. They also showed a negative curvilinear

exponential relationship between catecholamines and PaO2 which suggested that only

mild stimulation of norad¡enaline release would be experienced by many of the fetuses in

the present studies. A negative relationship between the change in noradrenaline levels

and the extent of the fall in PaO2 during hypoxia was observed in older fetuses in the

present studies, suggesting direct involvement of the chemoreceptor reflex in this

response. Stimulation of noradrenaline release during fetal hypoxia may be exacerbated

by coincident acidaemia (Jones and Robinson, 1975; Lewis et aI, 1982; Lewis and

Sadeghi, 1987), although rema¡kable stimulation of catecholamine release was reported

in moderately hypoxaemic, hypocapneic, non-acidaemic fetuses in a study by Robillard

and co-workers (1981). The only apparent difference from the present study was in the

absence of a true control period in theirs. They did not report maternal catecholamine

levels during thè experiment, and so possible effects of maternal catecholamines on

uterine blood flow, and thus on the fetus, cannot be assessed. (See also discussion

regarding effects on blood pressure, above, and Appendix 2.1).

In the neonates in this study, noradrenaline levels during the control period were much

higher than those of the fetuses. Levels rose signif,rcantly during hypoxia only in the

younger neonates, a result similar to that reported by Weismann and co-workers (1983)

for neonates at 4 - 37d. As described for adrenaline levels, above, noradrenaline

appeared to rise to a higher level than in the present study, due either to gleater stress or

lower PaOz, or both. The absence, in the present study, of an increase in noradrenaline
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concenrations during hypoxia in older neonates suggests greater sympathetic nerve

stimulation in response to hypoxia in the younger animals.

As is the case for adrenaline concentrations, few reports of basal levels of noradrenaline

in adult sheep are available. Jones and Robinson (1975) described undetectable levels in

6 of 7 ewes, while Gu and Jones (1986) reported plasma noradrenaline concentrations of

about 150 pglml, with Palmer et aI (1984) reporting levels of 320 + 40 pg/ml. All these

reports suggest noradrenaline levels much lower than the mean described by the present

data. Noradrenaline concenrrations in plasma of mature animals can be considered an

indicator of sympathetic nervous system activity (Lake, Ziegler Kopin, 1976), while

adrenaline levels are an indicator of adrenal medullary activity, thus the present data are

strongly suggestive of a degree of sympathetic nervous activation, in at least some of the

ewes prior to the initiation of hypoxia. As was the case for plasma adrenaline

concenÍations, analysis of variance showed a significant decline in noradrenaline levels

during hypoxia (Table 3.16), with normoxia and recovery levels being not signif,rcantly

different. These results suggest enhancement of sympathetic nervous and adrenal

medullary activity during air-breathing in these ewes, with reduced activity during

hypoxia. It is possible that, during the administration of the hypoxic gas mixture, the ewe

became less alert and had reduced responsiveness to extraneous stimulation, like sudden

noises or movement in the laboratory, which could cause sympathetic stimulation in

some particularly sensitive animals during normoxia. This would seem to be unlikely

since chemoreceptor stimulation is reported to enhance alertness (Marshall, 1981);

however, reticular system activation in response to hypoxaemia may have no cortical

ettecis when accompanied by hypocapnea (Hugelin, Bonvallet and Dell, 1959), which

occurred in the present experiments. The tendency for plasmà concentrations of

catecholamines to fall during the control experiment in two ewes suggests that

familiarization to the gas delivery system may have been a factor in producing the

decline in levels. Certainly, as catecholamine levels tended to decrease during

hypoxaemia in the maternal ewes, there can be no question, in these studies, of raised
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maternal catecholamines having, of themselves, an effect on fetal responses to reduced

PaOz.

In summary, the data described in this chapter show that the experimental protocol for

inducing hypoxaemia without changing PaCOz or pH \ryas successful in neonates, but ied

to hypocapnea in pregnant ewes and their fetuses. The level of hypoxaemia attained was

mild in comparison with that in some other studies, however significant changes in levels

of hormonal factors acutely released during hypoxaemia did occur, along with transient

fetal bradycardia, tachycardia in neonates and adults, and no significant change in ABP,

except in younger neonates. This protocol therefore allowed a study of the effects of

hypoxaemia on HR and the levels of acutely released hormonal factors with minimal

complication with hypercapnea and acidaemia (which can have effects by way of central,

as well as peripheral, chemoreceptors) or blood pressure changes (which have effects by

way of baroreceptor reflexes). The focus could thus be placed on peripheral

chemoreceptor effects on HR and the various hormonal factors, finding evidence for

chemoreceptor reflex control of plasma AVP and noradrenaline concenEations in the

fetus, and of HR in the postnatal animal.



TABLE 3.1 Results of cont¡ol experiments on three ewes, the fetus (F) of one of these ewes, and two

neonates (N; one on two occasions), in terms of blood gases (mmHg), pH, HR (bpm),

MAP (mmHg), plasma concentralions of AVP (pdml), ad¡enaline (Adr, pglml) and

norad¡enaline (Nor, pglml) and PRA (ng Al/ml¡h). Time of taking sample expressed as

min from stårt of experimenl n.d. = non-detectâble.

No. Age Time PaO, PaCØ pH HR MAP AVP PRA Adr Nor

1650 Adult

1969 Adult

2089 Adult

2089 Ft27

1041

lMl Nl0

rr2.0 36.1 7.467

3.0
4.6
3.6
4.6
4.9

:--

56
56
54
55
52

84
88
85
82
68
82
82
88

88
85
85
85

235
230
240
235

N2

0
30
45
60
90

r20

0
30
45
60
90

120

30
45
60
90

r20

30
45
60
90

120

20
30
40
60
20
30
40
60

20
30
40
60

99.6
105.1

101.9
108.7
100.ó
96.7

rr5.7
115.1

1r9.5
r20.5
111.4

23.7
23.t
22.6
22.7
23.4

93.6
87.r

101.3
93.r

10r.0
98.3
99.4
92.6

100.5
rM.2
97.r
98.8

35.5
31.9
33.5
32.3
34.t
34.0

7.432
7.433
7.4t4
7.42r
7.42r
7.4t7

7.470
7.444
7.449
7.439
7.389

7.33r
7.34r
7.334
7.340
7.344

7.3U
7.308
7.264
7.308
7.360
7.347
7.342
7.366

7.279
7.297
7.3r2
7.307

t14
105

tt4
t17
tt4
tt4

3.7
4.3
4.0
3.2
4.0
7.1

n.d.
4.1
n.d.
3.4
3.2
4.9

2.2
2.2
4.8
2.0
2.7

2.1

2.5
2.5

n.d.
1.7

9.6
9.0

16.6
11.3
54.6
2t.r
13.3
18.5

35.7
37.4
33.5
35.7
40.7

53.1
52.8

52.3

53.5
51.3

36.5
39.2
37.3
35.0
v.9
40.7

39.3
37.4

32.3
3r.7
33.4
32.6

t&
180
t&
t&
r60

t70
185

175
215
180
145
145
240

r.0
1.1

r.0
1.2
1.1

12.2
10.6
12.7
14.0
4.8
5.3

io.q
9.9

5.0
6.1

4.8
5.3

99 118

96 119

93 rt7
93 119

93 r15
93 118

115

tt4
100

r0l
100

95

128

133

72
67
65
46

134
43
37

n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d-

n.d.
n.d.
n.d.
n.d.
n.d.

r684
1816
2366
1596
638
6æ
776
67r

225
356
400
434

2627
1810

1020

948
710
4r3

1354
1 178

779

363
851

386

46
885

975
1055

&2

89

37

103

90

146

2229
2439
3783
2230
3528
4626
5910
5113

1223
I l5l
1032
1549

tr82 N2 13.1

11.1

8.2
7.6



KEY TO TABLES 3.2 - 3.11

In the following tables, data for blood gases, HR, ABP and hormone levels a¡e

summarized for the different age groups of sheep. Variables were sampled with animals

in the basal state i.e. before the sta¡t of the hypoxia protocol (B), at the end of the

normoxia period (N), during the h¡poxia period (H1, H2), and during recovery (R1, R2)

and are reported as mean + SEM; n = number of animals in each age group.



TABLE 32 PaO, (mmHC)

I

Sample Fetuses Neonates Ewes

<130d >130d <8d >8d

B

N

H1

H2

R1

R2

20.7

20.6

13.3

13.4

20.4

20.7

+ 0.6

+ 0.6

+ 0.6

+ 0.7

+ 0.6

+ 0.7

22.0

20.0

12.6

12.2

r9.1

19.9

0.8

0.5

0.7

0.4'

0.5

0.6

109.7

99.4

54.5

53.5

1ù1.6

105.8

+ 3.1

+ 1.3

+ 4.1

+ 3.3

+ 1.6

+ 2.0

+

+

+

+

+

+

89.3 + 1.5

35.7 + 2.2

43.2 + 3.0

90.0 + 1.8

90.1 + 1.5

39.0 + 1.1

43.0 + 2.3

92.6 + 1.4

n r9 22 2l r6 15

l

i

t'
t1

i

I

I

t.

I

I



TABLE 33 PaCO, (mmHg)

Sample Fetuses Neonates Ewes

<130d >130d <8d >8d

B

N

H1

H2

R1

R2

48.6 + 0.9

47.8 + 0.9

45.2 + 1.1

43.9 + 1.2

45.6 + 0.9

47.0 + 0.8

+ 0.7

+ 1.3

+ 1.3

+ 1.1

+ l.l

+ 1.2

+ 1.2

+ 1.2

+ 0.9

+ 0.6

+ 0.8

+ L.2

46.2

47.3

M.3

M.t

46.0

47.2

32.0

33.2

30.7

30.0

30.9

30.5

n t9 22 2l t6 15



TABLE 3.4 pH

Sample Fetuses Neonates Ewes

<130d >130d <8d >8d

B

N

H1

rf2

R1

R2

7.33

7.33

7.35

7.33

7.32

7.33

+ 0.01

+ 0.01

+ 0.01

+ 0.01

+ 0.01

+ 0.01

7.44

7.45

7.46

7.47

7.46

7.44

+ 0.01

+ 0.01

+ 0.01

+ 0.01

+ 0.0f

+ 0.01

7.35 + 0.00

7.35 + 0.01

7.37 + 0.01

7.35 + 0.01

7.35 + 0.01

7.34 + 0.0r

n 19 22 2t r6 r5



TABLE 3.5 Bradycardia response to hypoxia in fetal sheep

Age n Decrement

(bpm)

Duration

(min)

A¡ea

(beats)

<130 d

>130 d

t4 -43+6
-39 + 4

10+2

11 +2

2ll + 70

215 + 53r5



TABLE 3.6 HeartRate (bpm)

Sample Fetuses Neonates Ewes

<130d >130d <8d >8d

B

N

H1

H2

R1

R2

162+5

L67+3

160+5

l7l + 5

170+3

174+5

150+ 6

150+ 4

142+9

162+5

749+3

144+4

199+7

29L+8

261+8

207+7

180+9

265 + 17

231 + 16

179 + 12

107+4

104+3

128+6

125+5

106+3

l0¿t+5

t4n 19 22 2l r6



TABLE 3.7 Arterial Blood Pressu¡e (mmHg)

Sample Fetuses

<130d >130d

Neonates Ewes

<8d >8d

ll7+4
75+3
89+4

68+4
37+3
47+3

4
3

3

l2l +
75+
90+

ll9+4
69+3
86+ 3

+
+
+

r04
&
79

118+5
73+5
88+5

118+5
74+4
89+ 4

119+4
75+4
90+ 4

118+4
69+3
85+3

5
4
4

3

2
2

10¿l + 3

57+2
72+2

102+4
62+3
76+3

56+ 2
33+ I
40+ I

58+ I
33+ 1

42+ I

B

N

H1

RI

SBP
DBP
MAP

SBP
DBP
MAP

SBP
DBP
MAP

SBP
DBP
MAP

SBP
DBP
MAP

SBP
DBP
MAP

118+7
6l+ 5
80+ 6

110+ 6
54+3
72+ 4

118+5
67+3
84+3

ll5 +
75+
87+

7l+3
39+2
5l+2

58+3
32+ I
4l+2

67+2
37+l
49+1

70+4
37+3
50+ 3

7I+3
38+2
51 +2

60+3
35+ I
44+2

72+3
40+2
52+2

59+2
lt+1
42+ I

59+2
32+ I
40+ I

tr2

R2

n 18 22 2t l6 13



TABLE 3.8 Plasma Concentration of Arginine Vasopressin (pglml)

Sample Fetuses Neonates Ewes

<130d >130d <8d >8d

B

N

HI

tr2

RI

R2

3.4

4.8

40.1

73.8

18.8

11.2

+ 0.4

+ 0.7

+ L2.3

+ 20.1

+ 4.6

+ 3.0

3.9 + 1.0

14.4 + 5.5

58.7 + 28.0

80.7 + 33.4

19.5 + 6.2

5.5 + 1.0

8.5 + 1.2

12.0 + 4.4

ll.4 + 3.3

16.4 + 3.0

5.2 + 1.7

5.2 + 0.9

4.7 + 0.7

4.3 + 0.1

4.7 + 0.6

5.0 + 0.9

n t7 22 2t l6 L4



TABLE 3.9 PlasmaRenin Activity (ng Al/ml/h)

Sample Fetuses Neonates Ewes

<130d >130d <8d >8d

B

N

HI

H2

R1

R2

9.1 + 3.7

10.4 + 2.4

10.7 + 3.2

12.5 + 3.1

10.2 + 1.9

L2.8 + 3.4

8.2 + 4.0

7.8 + 1.5

9.8 + 3.2

11.3 + 2.3

8.2 + 1.4

5.6 + 1.6

10.8 + l.ó

ll.2 + 3.8

13.8 + 2.6

14.2 + 2.5

4.2 + 0.7

3.7 + 0.7

5.0 + 0.7

1.0 + 0.2

1.4 + 0.2

1.3 + 0.2

1.8 + 0.2

1.6 + 0.3

1.2 + 0.1

n t4 18 16 l1 10



TABLE 3.10 Plasma Concenration of Adrenaline (pglml)

Sample Fetuses Neonates Ewes

<130d >130d <8d >8d

B

N

H1

r12

R1

R2

40+ 12

7l+42

85+ 49

106 + 42

65+31

35+7

23+5

35+13

68+32

95+39

35+15

28+ 10

ll2 + 45

107 + 54

232 + 103

400 + 266

10ó + 4l

316 + 200

L23 + 47

84+22

108 + 45

240 + 177

8l+34 60+ 18

n l0 19 t2 7 l0



TABLE 3.11 Plasma Concentration of Norad¡enaline (pg/ml)

Sample Fetuses Neonates Ewes

<130d >130d <8d >8d

B

N

H1

TT2

RI

R2

501 + 111

627 + 2t0

957 x 282

816 + 2L7

631 + 200

456 + 132

+ 159

+99

+ 377

+ 231

+ 107

+ 119

2069 + 518

l2l7 + 287

1660 + 484

1474 + 358

+ 771

+ 454

+ 913

+ 123

+ 176

+ 466

384

481

1027

937

507

457

1555 + 405 1008 + 2I9

t682

1355

r780

&6

768

1267

n 13 l9 10 6 1l



KEY TO TABLES 3.12 .3.I4

These tables summarize data from studies by other authors in which the method and

protocol for the hypoxia experiments were similar to those used in this thesis. The values

Írre reported as mean + SEM, unless otherwise indicated, for levels during normoxia (N)

and h¡ryoxia (H), with a significant difference from the normoxia level being indicated as

'*'. The age $oups of sheep a¡e indicated as : F (fetuses), N (neonates), A (adults), with

the numters in parentheses being age in days.

I

I



TABLE 3.12 Heart Rate (bpm) and Mean A¡terial Pressu¡e (mmHg).

Reference Age group HR (bpm) VÍAP(mmHg)

NHN H

(1)

(2)*

(3) **

(4)

(5) s*

(6)

F (t2Z-r42)
A

F (120 - term)
N (2-28)

F (116 - 140)

F (130 - 140)

F (114 - l4l)

181 + 28

166+ 4

l7l + 30

134 + 7r'
266+7

146 + 2l*

144 + 12*

137 + 19*

54+9

47+2

55+5

6l + 10*

53+ 4*

62+9*

+
+

+4
+6

tg
106

168

r89

l1
8

203+6
83+9

65+4
104 + 15

57+5
99+9

122 + 4*
129 + 23

66+2*
109+l

58+2
110+4

12)N(s
A

78 + 3r'
109 + 4*

74+2
101 +3

8t'
17*

+
+

284
r42

References:
(1) Cohn, Sacks, Heymann and Rudolph, 1974

Ø Walker, Cannata, Dowling et al,1979
(3) Parer,1980
(4) De Vane, Naden, Porter and Rosenfeld, 1982

(5) Parer,1984
(6) Koehler, Traystman and Jones, 1985

MAP in cm HzO
mean + SD

#:
##



TABLE 3.13 Plasma AVP Concent¡ation (pglml)

Reference Age group AVP

N H

# (l)

#Q)

(3)

(4)

(5)

F (130
A

F (131 - 141)

F (118 - 128)
F (133 - 139)

N (<8)
A

F (118 - 13Ð

F (<125)
N (2-Ð

1.6 + 0.3

7.3 + 0.3
7.0 + 0.8

1.3 + 0.3
2.4 + 1.2

3.9 + 0.7
1.1 + 0.2

54 + 8.6'r'

25.5 + 6.5*
no change

31.9 + 8.9{'

46.4 + 4.7*
50.2 + 26.7*

I40)

32
109

10.5

1.6

8.7
32.6*
5.8{'
0.5

+
+
+
+

2.2 + 0.9

1.3 + 0.5
5.9 + 2.8

References:
(1) Robillard, Weitzmann, Burmeister and Smith, 1981

(2) De Vane, Naden, Porter and Rosenfeld, 1982

(3) Stark,Wa¡dlaw,Daniel et al,l982
(4) Daniel, Stark, Zubrow et aI,1983
(5) Daniel, Stark, Husain et aI,1984

#: Daø originally expressed as pU/ml; here converted to pg/ml using the approximate conversion

facor l¡rU =25P9.



TABLE 3.14 Plasma Renin Activity (ng AI/mLh).

Reference Age group PRA-

N H

(1)

Q)

(3)

(4)

F (lll - 144)

F (131 - 141)

N (s- l0)

16+5

3.7 + 1.1

4.3 + 1.7

0.26 + 0.05
2.4 + l.l

1l-F(1
A

r2a

22.8

6.9

6.5

7.6
no

+6

+ 2.3*

+ 3.0{'

+ 2.8*
change

Referencesz
(l) Broughon Pipkin, Lumbers and Mott, 1974

Ø Robillard, Weiemann, Burmeister and Smith, 1981

(3) Weismannand'Williamson, 1981

(4) DrummondandLindheime\L9&2



TABLE 3.15 Univariate F-test resuls of within subjecs analysis (MANOVA) for log adrenaline, with

1,6 df.

Conrast

BNvsH

Hypothesis SS

0.539

Enor SS

0.297

Hypothesis MS Enor MS

0.539 0.049

F

r0.9

Sig of F

0.0r6

BN vs H: contrast between mean of baseline (0 min) plus normoxia (30 min) values and hypoxia (60 min)
values.



TABLE 3.16 Univariate F-test results of within subjects analysis (MANOVA) for log noradrenâline,

with 1,6 df.

Contrast

BNvsH

Hypothesis SS

0.u4

H¡'pothesis MS Enor MS

0.u4 0.036

Enor SS

0.2t4

F Sig of F

0.0406.85

BN vs H: contast between mean of baseline (0 min) plus normoxia (30 min) values and hypoxia (60 min)
values.
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Fig 3.11 Change in plasma concentration of AVP by the end of the hypoxia period, as a

percentage of normoxia level, in fetal, neonatal and pregnant adult sheep (for key see Fig

3.1). *.**. p<0.001.
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CHAPTER 4 Humoral factors in the control
of heart rate in normoxaemic
and hypoxaemic fetal, neonatal

and adult sheep

4.1 Relationship of plasma renin activity, arginine yasopressin, and

catecholamine levels to the heart rate response in hypoxaemia

Introduction

Previous studies of the cardiovascular response to hypoxaemia in the perinatal sheep

have demonstrated differences between the fetus and the neonate, particularly in regard

to the heart rate (HR) response, with bradycardia being typical of the fetus (Boddy,

Dawes, Fisher et al, 1.914; Cohn, Sacks, Heymann and Rudolph, 1974; Jones and

Robinson, L975) and tachycardia being typical of the neonate (Koehler, Traystman and

Jones, 1985; Walker, Cannata, Dowling et al,1978; Weismann, Herrig, Mc'Weeney and

Robillard, 1983). Adult sheep also develop tachycardia in response to hypoxaemia

(Cohn et al,1974: Koehler et al, 1985). The difference in HR response before and after

birth is thought to be related to antagonism of the primary cardiovascular chemoreflex

response by a pulmonary inflation reflex in the postnatal animal (Walker, Cannata,

Dowling et al, L979). In contrast to the situation in the neonate or adult, the fetal

respiratory cenffe has been shown to cease activity during hypoxaemia (Maloney,

Adamson, Brodecky et al, 1975) allowing the primary chemoreceptor reflex response of

bradycardia to become manifest. The decrease in HR of the hypoxaemic fetus is

abolished by treatment with atopine (Walker et al, 1979; Cohn, Piasecki and Jackson,

1980; Lewis, Donovan and Platzker, 1980), suggesting that the vagus nerve is the
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efferent limb of the reflex, with augmented vagal activity as the basis for the bradycardia.

In the neonate, on the other hand, Walker and co-workers (1979) have shown that

hypoxaemia causes diminished vagal activity which, combined with increased

sympathetic tone, results in tachycárdia.

The baroreceptor reflex has also been implicated as an indirect cause of the fetal

bradycardia, since increased ABP is reported also to occur during hypoxaemia

(Robinson, Jones and Thorbum,1977). From studies using alpha-adrenoceptor blocking

agents this rise in ABP is thought to result from humoral and/or neural stimulation of

adrenergic alpha-receptors (Lewis et a\,1980; Reuss, Parer, Harris and Krueger, 1982)

with some possible conribution to increased peripheral resistance from AVP (Reuss er

al, L982; Rurak, 1978). Since PRA also increases during fetal hypoxaemia (Robillard,

Weitzman, Burmeister and Smith, 1981) the resultant increased plasma levels of

angiotensin II may contribute to the hypertension and subsequent reflex HR (Scroop,

Marker, Stankewytsch-Janusch and Seamark, 1 9 86).

The period of bradycardia during hypoxaemia in normal fetuses has been reported by

some authors to be transient, with a subsequent rise in HR occurring before the end of

the hypoxaemic episode (Boddy et al, 1974; Cohn et al, 1974; Robinson et al, 1977).

This later positive chronotropic response may depend on the extent of adrenai

catecholamine release during hypoxaemia (Jones and Robinson, 1915; Iwamoto,

Rudolph, Mirkin and Keil, 1983; Jones and Ritchie' 1983).

Since changes in levels of humoral factors may be involved, either directly or by way of

baroreceptor reflex effects, in the cardiovascular response to fetal hypoxaemia, it was

decided to investigate the relationship of plasma levels of adrenaline,'noradrenaline, AVP

and pRA to HR in the normoxaemic and hypoxaemic fetus and to compare these

relationships with those in neonatal and adult sheep. V/hile many studies of factors

influencing control of HR have made use of blocking drugs, this method has an inherent

disadvantage, namely that results of such experiments not only show the effects of
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antagonism of a particula¡ variable but also the compensatory responses of the organism

to the loss of that variable to the control system as a whole (Reuss et al, 1982). An

additional problem is the uncertain specificity of blocking agents. For example, the

alpha-receptor antagonist phenoxybenzamine may also act to inhibit AVP release (Paller

and Linas, 1984). It was therefore decided to use an alternative method to drug

treatment, that of statistically analysing the simultaneous contribution of several variables

to the regulation of HR by the use of multiple regression techniques.

Methods

Animal Preparation

The fetuses of twelve Dorset-Merino ewes with dated pregnancies were catheterized as

described in Chapter 2. In brief, maternal surgery was performed under epidural

anaesthesia between 110 - 125 days gestation. Catheters were inserted into the

abdominal aorta and inferior vena cava of the fetus via the tibial arteries and saphenous

veins of both hindlimbs, into the amniotic cavity, and into a branch of the femoral artery

of the ewe. No experiments were conducted within 7 days of surgery. Twelve neonates

were similarly cathetenzed, under local anaesthesia, within 3 days of birth. The twelve

fetuses were studied on 24 occasions between 116 - 146 days, and 22 expenments'were

performed on the twelve neonates between 2 - 15 days after birth. Seven maternal ewes

were studied on a total of 14 occasions at the same time as their fetuses and, as no age-

depe¡dent trends were anticipated in the adults, the results for each animal were averaged

before analysis.

Experimental Protocol

Hypoxia periods of 30 min for ewes (and their fetuses), and 20 min for neonates, were

induced by reducing the oxygen concentration in the inspired air to I}Vo, as described in

Chapter 2. A 30 min normoxia period (20 min for neonates) of room air administration
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preceded the hypoxia period, which was followed by a recovery period during which air

flow was returned to normoxia conditions for a funher 30 - 60 min for ewes and 20 min

for neonates. HR and ABP were recorded continuously, with amniotic fluid pressure

values being subtracted from ABP readings. Data for HR and ABP were recorded as the

average over the 2 min period preceding the taking of the relevant blood sample.

Blood samples for blood gas and hormone analysis were taken at 30, 60, 90 min for

fetuses and ewes, and at 20,40,60 min for neonates. In some animals additional samples

were taken at intermediate time points. After separation of the plasma, the red blood

cells were resuspended in sterile 0.97o NaCI and returned to the fetus after taking the next

blood sample, thus reducing possible effects of blood loss on the results.

Procedures for hormone assay are described in Chapter 2. AVP was measured by

radioimmunoassay following extraction of plasma samples. Mean recovery for 7 assays

was 95.7 +7.47o. Aliquots of assay buffer were exftacted and assayed in each assay run,

but these blank values were not subtracted from sample values. Mean blank level for 7

assays was 1.8 + 2.2pg/nn. The least detectable dose of AVP was 1.6 pgltube; the intra-

and interassay coefficients of variation were 9.jVo and I2.7Vo respectively. PRA was

measured as the rate of generation of angiotensin I at 31oC for 60 min (ng/ml.hr). The

least detectable dose of angiotensin I was I.7 pg, and the intra- and interassay

coefficients of variation were 5.4Vo and Il.\Vo respectively. Plasma samples for

catecholamine assay were subjected to an initial solvent ex[action step and were then

assayed using reverse phase high performance liquid chromatography and

elect¡ochemical detection. Recovery was calculated using an internal standard and was

approximately 1007o. The intra- and interassay coeff,rcients of variation were less than

57o and the sensitivities for ad¡enaline and noradrenaline were 3 pg and 2 pg

respectively.
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Data Analysis

Levels of each variable at times 30, 60, 90 min for fetuses and aduits and 20, 40, 60 min

for neonates were expressed as mean + 1 standard deviation (SD). For the purpose of

statistical analysis, plasma samples having undetectable levels of a hormone were

recorded as having a level equivalent to the least detectable dose of that pafiicular

hormone. Changes in levels of variables with hypoxia were calculated as percentages of

the normoxia value, and significance of these changes from normoxia was determined

using Wilcoxon's matched-pairs signed-ranks test. The Mann-Whitney U test was used

to assess differences between group means. Selection of variables having most influence

on HR was achieved for multiple regression analysis by the backward method (Kerlinger

and Pedhazur, 1973), l.e. all variables were initially entered in the equation, then

v¿niables were deleted one at a time as long as their deletion did not result in a significant

loss to the squared multiple correlation coefficient (Rz). Adequacy of the multiple linear

regtession model rüas assessed by examination of plots of residuals against both the

independent variables and the estimated Y values (Chatterjee and Price, 1985; Norusis,

1985). Identifîcation of an outlying point having an apparent influence to inflate the

regression coefficient led to rejection of that independent variable from the equation.

Since plasma hormone level data tended not to be normally distributed, correlation and

multiple regression analysis were conducted following logarithmic transformation. All

statistical tests wère performed using the statistical package SPSSx (1986). Results were

described as significant if the probability of their occurring by chance was less than 5Vo.

Results

As can be seen from Table 4.1.1, the period of hypoxia resulted in significant falls in

arterial PO2, to levels which averaged 63Vo, 46Vo and 53Vo of normoxia values in fetal,

neonatal and adult sheep respectively. This hypoxaemia was accompanied by

hypocapnia, due to matemal hyperventilation, in fetuses and ewes, but no signif,rcant
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change in mean PaCOz was observed in the neonatal group. In the adult group arterial

pH rose during hypoxaemia, but the two younger groups showed no change from

normoxia levels. From Table 4.I.2 it can be seen that mean plasma concentrations of

adrenaline, noradrenaline, AVP and PRA increased during hypoxaemia in the fetuses

while only noradrenaline increased significantly in the group of neonates. No significant

change in mean hormone levels was observed in the adult sheep.

By the end of the period of hypoxia, tachycardia was observed in all 3 groups, while

systolic and diastolic blood pressures (SBP, DBP) did not alter (Table 4.1.3). However, 9

of the 12 fetuses displayed some degree of bradycardia, usually transient, commencing

from 5 - 10 minutes after initiation of maternal hypoxia. The mean nadir of the HR

response was 40 + 12 beats/min below the level at the end of the normoxia period and the

mean duration of the episode of bradycardia was Il + 7 min. The area of the bradycardia

response was measured by planimetry and was found to average 120 + 38 beats

(beats/min x min). No evidence of decreased HR in response to hypoxia was found in the

neonatal or adult sheep.

Correlations of HR with all other variables were performed for each age group using

pooled data obtained before, during and after hypoxia. Multiple regression analysis was

performed using HR as the dependent variable and age (expressed as days from

conception), blood gas, blood pressure and hormone levels as the independent variables,

and showed that age and PRA were the major determinants of fetal HR (HR = 330 -

l5.5(logPRA) - 1.17(age), p<0.0001) and contributed 227o of the variance (i.e. Rz =

0.22\. In the fetus arterial oxygen tension was not related to HR whereas PaO2 was

significantly correlated with neonatal HR (Fig. 4.1.1) with 6LVo of the variance being

provided by PaO2, PaCOz, AVP, PRA and SBP (HR = 437 - 0.90(PaOz) - 1.63(PaCOz) -

2g.2(logAVP) + z9.2(logPRA) - 1.03(SBP), p<0.0001). Thus PRA was signif,rcantly

related to HR in both fetal and neonatal groups, but with a negative correlation in the

former and a positive correlation in the latter (Fig. 4.I.2). Also, while AVP was a

negative correlate of HR in the neonates, no relationship was observed between these two
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variables in the group of fetuses. In the adult group, the small number of observations

precluded the use of the multiple regression technique used for the two younger groups

however, since a significant correlation of adult HR was found with both PaO2 (Fig.

4.1.1), and plasma adrenaline levels (Fig. a.1.3), these variables were included in

calculation of a multiple regtession relationship, with the resultant ecluation : HR = 113 -

0.42(PaOù + 14.7(logAdrenaline), (p<0.0001, Rz = 65qo).

Area of the fetal bradycardia response to hypoxia was found to correlate with plasma

levels of AVP, adrenaline and norad¡enaline, and multiple regression analysis ìwas

performed using these as independent variables. Plasma adrenaline concentration was

identified as the only variable contributing significantly to the variance in the area of the

bradycardia response in the resulting equation: bradycardi a = 12.6 + 81.0(logAdrenaline),

(p<0.05, Rz = 0.23; see also Fig.4.1.a). To analyse further the characteristics of fetuses

responding to hypoxaemia with a fall in HR, comparison of blood gas, blood pressure

and hormone level data of the group of fetuses displaying bradycardia (Group 2) with the

goup in which bradycardia did not occur (Group 1) was performed using the Mann-

Whitney U test (see Table 4.I.4). The PaO2 during hypoxia fell to a lower level in Group

2 fetuses, although there was no significant difference in the initial level of oxygenation

of the two groups. Mean arterial pressure was significantly higher in the Group 1 fetuses

at the end of the normoxia period. Normoxia levels of AVP and PRA were greater in the

Group 2 fetuses, with the level of AVP and PRA during hypoxia also being significantly

higher in Group 2. There was a significant rise in plasma catecholamine levels during

hypoxia only in Group 2.

Discussion

Reflex regulation of HR in fetuses over 120 days gestation is known to involve both

ba¡o- and chemoreceptors (Dawes, Duncan, Lewis, Merlet et al, L969; Shinebourne,

Vapaavouri, Williams et al, 1972; Purves, 1981; Itskovitz, LaGamma and Rudolph,
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1983; Yardley, Bowes, Wilkinson et al, 1983). During this period, vagal influence on

basal HR is thought to increase while sympathetic tone may be slightly reduced (Walker,

Cannata, Dowling et al, 1978) thus resulting in the well known pattern of declining HR

in late gestation. The multiple fegression data give confirmation of the age-related

reduction in fetal HR.

Resting HR of the neonatal lamb has been shown also to decrease with advancing age

('Woods, Dandavino, Muramaya et al, 1977) to reach adult levels by about the 8th week

of postnatal tife. A negative correlation between neonatal HR and age was found, but

age did not emerge as a significant determinant of HR in the regression analysis. Since

there was a signihcant increase in systolic blood pressure with neonatal age (r = 0.6,

p<0.001) it would appear that this relationship could be the basis of the apparent age-

related decline in heart rate. Woods and co-workers (1977), however, have suggested

that the progressive slowing of the neonatal HR with age is due to changes intrinsic to the

heart rather than to neurohumoral factors. The data showing tachycardia in the response

of neonatal and adult sheep to hypoxaemia are supported by the work of others (Cohn er

al, 1974; Koehler et al, 1985; 'Weismann et al, 1983; Walker et al, 1979; Sidi, Kuipers,

Teitel et al, 1983). This rise in HR is thought to be due to counteraction of the primary

chemoreceptor reflex HR response by the stimulated pulmonary inflation reflex @alker

et al, 1979). This hypothesis was supported by the multiple regression data showing that

the tachycardia was related to decreased PaO2level, and also to PaCOz, which fell in 6 of

the neonates due to hyperventilation.

In cqntrast, bradycardia is generally accepted as the typical response to an acute episode

of hypoxaemia in the unanaesthetized sheep fetus over 120 days gestation. However, the

results of these experiments show that this is not always the case. Fetal HR fell in some,

but not all, fetuses and when bradycardia did occur it was usually fansitory and was

followed by tachycardia. Some workers have also described a transient fall in HR during

the period of hypoxaemia (Boddy et al, 1974; Cohn et al, 1974; Robinson et al, 1977)

while others reported prolonged bradycardia during the entire hypoxic episode (Jones and
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Ritchie, 1983). Court, Parer, Block and Llanos (1984), described a 'mild' bradycardia

(their term) in hypoxaemic fetuses, and the failure to achieve statistical significance was

explained by a tachycardia in one of the five fetuses. Longo and co-workers (Longo,

Wyatt, Hewitt and Gilbert, 1978) observed a bradycardia in four of eight fetuses during a

fall in PaO2 by about 227o of. control values, while the other four had a tachycardia. In

the present study, three of the twelve fetuses showed no evidence of bradycardia during

hypoxaemia and only one of the other nine had a continuous bradycardia. From analysis

of the differences between the group means, the degree of hypoxaemia would appear to

be an important determinant of cardiodeceleration. PaO2 fell to an average of only 73Vo

of the normoxia level in fetuses not showing bradycardia (p<0.05) as opposed to 59Vo in

those that did (p<0.001). However, no significant correlation was found between the

extent of bradycardia and the degree of hypoxaemia. Itskovitz and co-workers have

shown that pre-existent hypoxaemia can enhance late deceleration of fetal HR (Itskovitz,

Goetzman and Rudolph, 1982). They also described tluee phases of the bradycardia

response during fetal hypoxaemia: the f,rrst due to chemoreceptor reflex effects, the

second to baroreceptor effects, and the third to direct myocardial depression. Since, in

the present study, MAP did not rise, and since PaO2 did not fall to such a level as to cause

direct effects on HR (about 9 mmHg, Itskovitz et a\.1982), this suggests that bradycardia

occurred in these fetuses as a response only to peripheral chemoreceptor stimulation.

The absence of a clear relationship between the level of PaO2 and the extent of

bradycardia suggests the influence of other intervening factors on the stimulus-response

relationship.

Athóugh no difference in normoxia levels of HR was found between the two groups of

fetuses with and without bradycardia, a rapid baseline HR (>160 bpm) has been

associated with subsequent development of a hypoxic bradycardia (Mann, Prichard and

Symmes, 1970). Ir is interesting to note (see Chapter 3) that the average HR of fetuses

over 130d gestation was higher in reports from other research groups than in the present
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study, suggesting the possibility that this relatively raised 'resting' HR might, at least in

pa.rt, be relevant to the general hnding of bradycardia in the experiments of others.

The differences in normoxia levels of AVP and PRA, and the lower mean arterial

pressure, in the Group 2 fetuses might suggest disturbance of normal physiology in these

fetuses prior to the period of hypoxaemia dgspite their apparently normal arterial blood

gas and pH data. Reported values for average fetal mean arterial pressure range from 42

(Reuss et al, 1982) to 57 mmHg (Cohn et al, 197 4) thus some of the Group 2 fetuses with

values at the lower end of the range of 35 - 57 mmHg could be considered to be

hypotensive, with consequent effects on leveis of hormones such as AVP and PRA,

although no significant correlation was found between fetal arterial blood pressure and

plasma levels of AVP and PRA. Mean resting AVP levels have been reported to range

from 1.7 (Stark, Wardlaw, Daniel et al, 1982) to 4.5 pglml (Iwamoto, Rudolph, Mirkin

and Keil, 1983). Some of the fetuses in Group 2 (range nd - 102.4) are clearly above

these levels. Similarly a range of PRA from 5.4 - 30.1 ng AI/mVhr includes some

fetuses which are above the level reported by, for example, Broughton Pipkin, Lumbers

and Mott (1974) of 4.1 - 23.4 ng/ml/h (mean = 9.8). The level of adrenal catecholamines

was also high in some of the Group 2 fetuses, with adrenaline ranging to 566 pg/ml and

noradrenaline to 2990 pg/ml. Other authors have reported mean plasma adrenaline

concentrations of 30 (Robillard et a|,1981) to 59 pglml (Jones and Robinson, 1983), and

noradrenaline of 173 (Jones and Ritchie, 1983) to 470 pglml (Robillard et a1.,1981).

Fetal plasma catecholamines have been known for some time to rise during hypoxaemia

(Conaline, Silver and Silver, 1965; Jones and Robinson, 1975; Robillard et al, 1981;

Cohen, Piasecki andJackson, 1982; Jones and Ritchie, 1983) and have been implicated

as an important factor in the fall in HR in the hypoxaemic fetus. Jones and Ritchie

(1978), using infusions of ad¡enaline in fetal sheep, demonstrated a transient fall in HR

which was followed by a tachycardia. Noradrenaline, on the other hand, produced a

slight rise in HR. The biphasic response to adrenaline was explained in terms of an

initial baroreceptor reflex slowing of the hea¡t in response to increased peripheral
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resistance and blood pressure (alpha-receptor effect) followed by beta-stimulation of the

HR sufficient to overcome the reflex bradycardia. The similarity was noted between

these results and those of Boddy and co-workers (1974) in which a biphasic HR response

was described during fetal hypoxaemia. The fetal HR response to a fall in PaO2 may

therefore depend on the balance between vagal inhibition and sympathetic stimulation

(V/alker et al, 1979; Jones and Ritchie, 1983). More recently however Gu, Jones and

Parer (1985) have described a lack of relationship between HR and plasma catecholamine

levels during periods of reduced uterine blood flow in sheep, and suggested that

hypercapnea due to fetal asphyxia may cause reversal of the HR response to a

tachycardia by way of reduced vagal inhibition of the heart. The data from the present

study showed no relationship of PaCOz to fetal HR and, although a significant rise in

adrenaline and noradrenaline in hypoxaemia was observed, neither was a significant

determinant of fetal HR in the regression analysis. However, both adrenaline and

noradrenaline levels increased significantly above normoxia levels in the group of fetuses

demonstrating bradycardia during hypoxia, and regression analysis showed a positive

correlation of plasma adrenaline concenÍation with the extent of the generally transient

fetal bradycardia thus supporting the role of this catecholamine in determining the nature

of the HR response as described by Jones and Ritchie (1978). Since ABP did not change

significantly during hypoxaemia, however, it seems unlikely that the relationship

between ad¡enaline concentration and bradycardia could be mediated by baroreceptor

reflex effects of the former on HR. An alternative explanation would be that adrenaline

levels were raised in the more highly sEessed fetuses, such as those with a greater degree

of hy¡loxaemia or higher levels of AVP or PRA, which ars more likely to respond with a

bradycardia (see above).

Hormones other than the catecholamines can affect HR but have been given little

consideration with regard to the response to hypoxaemia. AVP, for example, has been

hypothesized to influence HR by both direct and indirect means. A direct

cardiodepressant effect of vasopressin in rabbits has been reported by Elliott and his
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colleagues (Elliott, 'West and Chalmers, 1985) but this view was not supported by the

work of Courtice and co-workers (Courtice, Kwong, Lumbers and Potter, 1984) who

ascribed the negative chronotropic effect of intravenous injections of AVP to a direct

central action on cardiodepressor pathways. AVP acts as a potent vasoconstrictor (Altura

and Altura, 1977; Monos, Cox and Peterson, 1981) but the potential pressor effect of the

resultant increase in peripheral resistance is counteracted by the AVP-mediated increase

in the gain of the baroreceptor reflex (Cowley, Monos and Guyton, I974; Courlice et al,

1984). The multiple regression analysis of pooled data suggested that AVP had the

expected negative correlation with HR in neonates, but was not an important correlate in

feruses despite AVP tevels being significantly raised in this group during hypoxia.

Although fetuses developing a bradycardia during hypoxaemia tended to have higher

AVP levets than those which did not, the raised AVP and bradycardia may not be

causally linked, but may rather represent the manifestations of a response to the stress of

falling PaOz.

Although Broughton Pipkin et al. (1974) have reported unchanged PRA in hypoxaemic

fetuses their study was complicated by coincident reductions in blood volume. On the

other hand, PRA has been shown by Robillard and co-workers (1981) to increase during

fetal hypoxaemia. PRA has also been reported to rise during hypoxaemia in neonatal

lambs (Weismann and Clarke, 1981), but a significant rise was observed only in the fetal

group in the present study. Raised PRA could influence HR during hypoxaemia by an

angiotensin-mediated rise in ABP with consequent stimulation of the baroreceptor reflex.

Robillard et al (1981), however, did not find a significant relationship of change in PRA

with'change in mean arterial pressure, in fetuses over 130 days of gestation, although

both PRA and ABP rose while HR fell. A positive chronotropic effect of angiotensin II

infused into fetal sheep has been demonstrated (Iwamoto and Rudolph, 1981b; Robillard,

Gomez, Van Orden and Smith, 1982). Similarly, inravenous angiotensin II has been

shown by Lumbers, McCloskey and Potter (1979) to have an inhibitory effect on cardiac

vagal discharge. Thus PRA may have, by way of increased angiotensin II production, an
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effect on HR which is opposite in direction to that produced by AVP. This view is

supported by the regression analysis data from the neonatal group, in which HR was

positively correlated with PRA and negatively with AVP. In the group of fetuses,

however, although no change in ABP was observed during hypoxaemia, multiple

regression analysis showed that PRA (along with age) had a slight, but statistically

significant, negative relationship with HR. Also, PRA was higher in the group of fetuses

which responded to hypoxaemia with bradycardia compared with the non-bradycardic

group, thus supporting the hypothesis of PRA involvement in cardiodeceleration during

hypoxaemia. It is possible that raised PRA during hypoxaemia has different effects on

HR in fetuses as opposed to neonates, leading to bradycardia in the former and

tachycardia in the latter. However, previous work from this laboratory demonstrated

bradycardia in response to angiotensin II injection in both fetal and neonatal sheep

(Scroop, Marker, Stankewytsch-Janusch and Seamark, 1986).

The use of pooled data for correlation and regression analysis as used in the present

experiments has been in general use in developmental physiology in the recent past, and

appears in published papers from this laboratory (Scroop, Marker, Stankewytsch-Janusch

and Seama¡k, 1986; Martin, Kapoor and Scroop, 1987) and also by many other research

groups (e.g. Jones,1977; Rurak, l9l8; Daniel, Stark, Husain et al,1984; 'Wintour, Bell,

Congiu et al,1985; Jensen, Kunzel and Kastendieck, 1987). However, this method has

recently been criticised by Feldman (1988) and termed 'Naively Pooled Data'. In some

cases it was shown to increase the chance of inferential errors (Types I and II). More

sophisticated methods for perfonning similar analyses have recently been described

(Feldman, 1988; Slinker and Glantz, 19SS) and should perhaps be considered for use by

developmental physiologists in the future.

In this study it was found that a significant contribution to the variance in fetal and

neonatal HR during hypoxaemia could be ascribed to the humoral factors AVP and renin,

with adrenaline being significantly correlated with adult HR. Investigation of the

hormonal correlates of bradycardia in the fetal response to hypoxaemia showed that
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levels of PRA, AVP and adrenaline were important in determining the occurrence and

extent of a bradycardia response. The characteristic tachycardia in neonates was found to

be positively correlated with PRA and to be negatively correlated with AVP, and was

enhanced by a coincident fall in ABP presumably by way of the baroreceptor reflex.

Plasma adrenaline levels were positively correlated with HR in adults, demonstrating

ad¡enal medullary involvement in the tachycardia in the more mature animals. Although

no causal effects can be assumed from the results of correlation analysis, the data support

the hypothesis that endocrine factors may play a part, along with the autonomic nervous

system, in the regulation of HR in the nonnoxaemic and hypoxaemic state. A significant

linea¡ relationship between HR and PaO2, indicating a direct chemoreceptor reflex

involvement in the regulation of the HR response was apparent only in neonates and

adults. The hypothalamus coordinates responses of the mammalian organism to a stress,

such as hypoxaemia, by modulating autonomic and endocrine function, with specific

effects on, for example, sympathetic nerye activation, HR, adrenal medullary secretion

and posterior pituitary gland release of AVP (Swanson and Sawchenko, 1983). The

changes in the levels of the different variables measured in this study thus represent

components of the integrated response to a challenge to homeostasis, and demonstrate

that the strategies for meeting that challenge are different at different stages of

development.



TABLE 4.1.1 The effect of a 30 min period of hypoxia on a¡terial blood gas tensions and pH.

Group Normoxia Hypoxia Recovery

rr.7
(8.7

PaO2
(mmHg)

7)
4.6
58.

+49.4
(38.5

F

N

M

F

N

M

F

N

M

20.6 + 2.1

(17.3 - 2s.6)

89.0 + 9.3
(60.0 - 103.s)

98.0 + 5.5
(88.8 - r0/.2)

39.8 + 4.1
(30.e - 4s.e)

33.8 + 3.2

Qes - 38.3)

7.35 + 0.03
(7.31 - 7.47)

7.39 + 0.04

Q.32 - 7.4e)

7.46 + 0.02

Q.42 - 7.4e)

+ 1.9 **{.

- r4.7)

40.1 + 10.1 *{.{.

(26.0 - 5e.1)

51.5 + 12.5*
(36.r - 6.2)

4.3 + 5.8 **r.

(30.0 - ss.l)

39.6 + 5.9
(32.7 - 53.0)

30.4 + 2.5*
(28.7 - 36.0)

7.35 + 0.04
(7.20 - 7.41)

7.39 + 0.07

Q.27 - 7.4e)

7.49 + 0.02 *
(7.45 - 1.st)

19.7 + 2.6
(15.4 - 2s.0)

87.0 + r0.8
(s3.5 - 102.1)

104.3 + 3.7
(99.1 - 110.6)

46.8 + 5.3
(33.7 - ss.9)

32.4 + 2.4

Qg.r - 36.4)

7.34 + 0.03
(7.26 - 7.40)

7.39 + 0.05
(7.29 - 7.51)

7.47 + 0.02
(7.44 - 7.50)

PaCOz
(mmHg)

pH

5.2
48.3)

+38.8
(33.4

F: feøl gtotp (24 observations), N: neonatal group (21 observations), M: maternal group (7 observations).

Results are expressed as meân I SD (ranges in parentheses) of obsewations at 30, 60, 90 min in fetuses and

ewes, and 20,40,60 min in neonates. p values for comparison of hypoxia with normoxia values by
'Wilcoxon's matched-pairs signed-ranks test: * <0.05, **1'<0.001 (2-øiled).



TABLE 4.1.2 The effect of a 30 min period of hypoxia on plasma hormone levels.

Group Normoxia Hypoxia Recovery

AVP
(pglml)

PRA
(ngAl/mVh¡)

Ad¡enaline
(pe/ml)

Noradrenaline F
(pelml)

ll.2 + 22.5
(nd - 102.4)

15.5 + 11.8
(4.4 - 38.8)

7.3 + 3.7
(4.3 - r3.7)

(0.8

15.2 + 11.8

Q.8 - 48.4)

2.0 + 1.0

(0.6 - 3.8)

52 + 111
(nd - 566)

114 + 208
(nd - 924)

481 + 811

Q0 - 2286)

472 + 572
(nd - 2990)

1313 + 995
(101 - 3403)

1429 + 1278

Q44 - 382r)

7L.2 + 124.3¿t*4.
(nd - 620.0)

25.8 + 42.2
(4.1 - 175.0)

5.5 + 2.3
(3.6 - e.8)

14.7 + 9.9 *
(0.7 - 40.7)

20.2 + 16.0
(2.0 - s2.2)

2.4 + 0.8
(r.2 - 3.7)

I34 + 189 **
(nd - 687)

321
1035)

l29I + 1075 **{.
(31s - 4667)

2020 + 1694*
(300 - 7143)

8.7 + 28.4
(2.r - 120.5)

46.0 + 111.7
(4.6 - 52s.0)

10.4 + 6.0

Q.2 - zt.e)

17.8 + 15.5
(3.0 - 52.4\

1

F

N

M

F

N

M

F

N

M

5.3
(3.5

+ 2.2
e.5)

0.9
3.e)

8.2
30.7)

+0.7

+2.3
(1.3

54 + 102
(nd - 434)

2,48
(nd

r09
Q0

+

+
)

155 + 237
(nd - 94r)

153 + l&
QO - 4es)

N

M

79
234

467
1459)

+835
(3e0

616 + 627
(nd - 2873\

1227 + 853
(r29 - 34s2)

840 + 560

Q30 - 1s0e)

F: feøl group (Z observations), N: neonatal group (21 observations), M: maternal group (7 observations).

Results are expressed as mean + SD (ranges in parentheses) of observations at 30, 60, 90 min in fetuses and

ewes, and 20, 40,60 min in neonates. n.d = non-detectable. p values for comparison of hypoxia with
normoxia values by V/ilcoxon's matched-pairs signed-ranks tesu * <0.05, ** <0.01, **t' <0.001 (2-tailed).



TABLE 4.13 The effects of a 30 min period of hypoxia on ca¡diovascular variables.

Group Normoxia Hypoxia Recovery

18

200)
152 +

(12?1 -
HR
(beas/min)

SBP
(mmHg)

DBP
(mmHg)

63+8
(4s - 7s)

161
(108

+

2T+
(140 -

ll8 +
(102 -

63+
(48 -

&+11
(42 - 85)

35+5
Qs - 47)

2g*
220)

51 ***
320)

20*
155)

10
e0)

F

N

M

F

N

M

F

N

M

162
(r28

+ 28
2û)

187 + 36
(135 - 26s)

100+ 9
(81 - 10Ð

113 + 14
(e3 - 14Ð

67+9(ss e0)

111 + 16

(e0 - 15s)

132+5
(115 - 141)

185 + 29
(130 - 260)

113 + 16
(88 - 145)

130 + 13

(1ls - 146)

37+5
(30 - 47)

68+ 12
(48 - e0)

105+7
(99 - 117)

65+10
(47 - 82)

129 + l0
(115 - t44)

+3
- 40)

36

Q8

83+10
Q3 - 103)

F: fetal group (2/l observations), N: neonatal group (21 observations),M: maternal group (7 observations).

Resuls are expressed as mean A SD (ranges in parentheses) of observations at 30, 60, 90 min in fetuses and

ewes, and 20, 40,60 min in neonâtes. p values for comparison of hypoxia with normoxia values by
'Wilcoxon's matched-pairs signed-ranks test: * <0.05, 'r"'{' <0.001 (2-tailed).

9
e6)

+84
(73

+8
- e4)

u
(73



TABLE 4.1.4 Comparison of blood gas, cardiovascula¡ and hormone level daø at the end of conEol

and hypoxia periods in 3 fetuses wNch did not demonstrate bradycardia during hypoxia

(Group 1) and 9 fetuses which did (Group 2).

GROUPl(n=8)
Control HyPoxia

GROUP 2(n= 16)
Control Hypoxia

pH

PaO, (mmHB)

PaCOz (mmHg)

HR (bpm)

vtAP (mmHg)

AvP (pelml)

PRA (ng/mVtu)

Ad¡enaline
(Pglml)

Noradrenaline
(pelml)

21.t + 1.5

(18.4 - 23.4)

50.0 + 4.9
(38.5 s4.0)

7.34 + 0.02

Q.3r - 7.38)

15.3 + 3.7 *
(r1.4 - 14.1)

47.t + 5.7 *
(36.7 - s7.6)

7.35 + 0.02
(7.31 - 7.37)

168 + l8*
(tsz - 200)

51 +8
(42 - 67)

19.8 + 2.7
(r7.3 - 2s.6)

47.8 + 6.7
(40.6 - 58.7)

7.35 + 0.02

Q.3t - 7.40)

t57 + 2l
(t24 - 200)

11.5 + 
'3***rt#(8.7 - 16.0)

43.1 + 6.4 ***
(30.0 - ss.l)

7.34 + 0.01
(7.20 - 7.41)

168 + 25
(120 - 220)

91.5 + 152.3**#
(nd - 620.0)

17.0 + 11.0##
(3.e - 40.7)

l2l2 + 1170{'*
Q33 - 46É'7)

r50 + 10

(140 - 164)

49+4
(43 - s7>

45+5#
(35 - s7)

I
62)

+46
(3s

*205
687)

2.4 + 2.9
(nd - 7.8)

33+51
(nd - 143)

331 + 327
(nd - 1002)

5.9 + 4.r
(0.7 - 13.6)

532 + 325
(4s5 - ll34)

r9.4 + 28.7 #
(nd - 102.4)

13.6 + 7.6##
(s.4 - 30.7)

70 + 150
(nd - 566)

715 + 7&
(160 - 2990)

13.0
(3.3 5s.7)

+

r52
(nd

103

2e9)
+59

(nd

18.0 *

2.4
7.3)

+3.9
(0.8

+

Resuls are expressed as mean + SD (ranges in parentheses). n.d = non-detectable. Within-groups

comparison of control vs. hypoxia was by Wilcoxon's matched-pairs signed-ranks æSq 2-Þiled p values :

* : <0.05, ** : <0.01, ** : <0.001. Comparison between Groups I and,2 of cont¡ol and of hypoxia was by

Mann-V/hir¡ey U-test; 2-øtlú p values : # <0.05; ## <0.01. n = number of experiments.
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fetuses, 20 min for neonates). Both correlations were significant, but the relationship was

negative in fetal sheep (R = - 0.L62, p<0.05) and positive in neonates (r = 0.410,

p<0.001).
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4.2 Plasma levels of the prostacyclin tnetabolite 6'keto'PGF1u and

the response to hypoxaemia of perinatal and adult sheep

Introduction

Prostacyclin (PGIz) is the major arachidonic acid derivative with vasoactive properties

formed in vascular tissue, and produces vasodilatation in both systemic and pulmonary

vascular beds (for review see Hyman, Mathe, Lippton and Kadowitz, 1981). This

hypotensive effect is accompanied by a tachycardia in rats and rabbits (Armstrong,

Latimer, Moncada and Vane, 1978), and bradycardia in dogs (Chapple, Dusting, Hughes

and Vane, 1980; Hintze, Panzenbeck, Messina and Kaley, 1981) and some humans

(Pickles and O'Grady, 1982). Injection of PGI2 into perinatal sheep has previously been

shown in this laboratory to result in hypotension in both fetuses and neonates, with a

vagally mediated bradycardia in the former but a tachycardia in the latter (Scroop,

Marker and Martin, 1986). Heart rate during hypoxaemia also tends to decrease in

fetuses, due to increased vagal activity, and to increase in neonates (Walker, Cannata,

Dowling et al,1978). Since PGI2 release has been reported to increase in response to low

POz (Serneri, Masotti, Poggesi and Galanti, 1980; Busse, Forstermann, Matsuda and

Pohl, 1984) and since PGI2 production may be stimulated by angiotensin II, AVP and

noradrenaline (Hassid and Williams, 1983; Axelrod, Minnich and Ryan, 1985), all of

which have been reported to rise during fetal hypoxaemia (see Chapter 3), it was decided

to teçr the hypothesis that circulating levels of PGIz may rise during hypoxaemia, with

levels being correlated with the concomitant HR response.

PGI2 is unstable at physiological pH, being rapidly hydrolysed to 6-keto-PGFro, which is

the major metabolite of PGIz in the sheep (Olson, Lye and Challis, 1986). A

radioimmunoassay for 6-keto-PGF16 in sheep plasma was developed in this laboratory
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and was utilized to give an indication of PG12 levels in fetal, neonatal and pregnant adult

sheep before, during and after hypoxaemia.

Methods

Hypoxia Experiments

The techniques used for animal preparation and induction of hypoxaemia are described in

detail in Chapter 2. In brief, 11 fetal (110 - 120 d), 7 neonatal (2 - 5 d) and 4 pregnant

adult sheep were chronically catheterized. An additional 4 fetuses which had carotid

afiery catheters in place for another study were used on one occasion each. Hypoxaemia

was induced by reducing to about 70Vo the PO2 of the inspired air to ewe (for 30 min) or

neonate (for 20 min). One fetus was studied on two occasions, another on three, and the

remaining fetuses, and all neonates and adults, were studied on only one occasion. Of the

neonatal group, 4 animals had been previously studied as fetuses. Blood samples for

hormone assay were taken from the arterial or venous catheter, or from both

simultaneously, before, and at the end of, the period of hypoxaemia. Blood \vas taken

into heparinized syringes and 1 ml aliquots were quickly placed in ice-cold Eppendorff

tubes containing heparin (4 IU/ml) and centrifuged immediately at 15,600 rpm for 1 min

(Eppendorff Microfuge), the plasma was separated and stored at - 20oC until assay.

Arterial blood was also sampled for blood gas analysis.

P G I 2 i nfus í o n exp erime nt

One additional chronically catheterized fetus was given infusions of different doses of

PGI2 dissolved in glycine buffer (pH = 10.5) while h"urt ,ute was monitored

continuously. Intravenous infusion of PGI2 was preceded by an infusion of glycine

buffer alone. Infusions were given at a rate of 0.1 mVmin for 10 min, with doses of 25,

100, 150 Ltg/ml, separated by intervals of 30 min. Blood samples were taken before and

after administration of each dose for assay of 6-keto-PGFro.
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The development and validation of a direct radioimmunoassay for 6-keto-PGF1o (without

prior extraction steps) is described in detail in Appendix 1.2. The least-detectable dose of

6-keto-PGF1û by this method was 37 + 5 pglml, the recovery of 6-keto-PGF1o added to

pooled maternal plasma averaged 85 - 90Vo, and the intra- and interassay coefficients of

variation were I3.4Vo and 1.4.3Vo respectively. No correction for recovery was made.

Samples having undetectable levels of 6-keto-PGF16 were recorded as containing 0

Pglml.

Statistical Methods

Data for mean values are expressed as mean + S.E.M. Comparisons between goups

were performed by Student's t-tests with a result being accepted as significant when

p<0.05 (SPSSx, 1986).

Results

P G I 2 í nfus i o n exp erime nt

Results of the infusion of PGI2 at increasing doses can be seen in Ftg 4.2.1. The level of

6-keto-PGF16 rneâsurod in plasma rose during the infusions, and concomitant falls in HR

were observed. A l3-fold rise in 6-keto-PGF16¡ above control levels (i.e. from 300 to

4000 pglml) resulted in a fall in HR by 8 bpm, while a rise from 4000 - 12000 pg/ml

resuited in a fall in HR by 28 bpm. Between each infusion HR rose to, or above, control

levels despite the persistence of high plasma 6-keto-PGF16¿ concentrations.

Hypoxia experiments

Reduction of inspired PO2 resulted in significant decreases in PaOz (see Table 4.2.1) in

fetuses, neonates and adults, with PaCO2 decreasing in the fetal group and remaining
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unchanged in the neonatal and adult groups. No change in pH occurred with hypoxia in

any group. HR rose significantly in fetuses and neonates by the end of the hypoxia

period, however a transient bradycardia was observed early in hypoxia in one fetus on

three occasions, in another fetus on one of two occasions, and in 2 other fetuses on the

single occasion of study. The area of the bradycardia response averaged I20 + 65 beats,

with the mean fall in HR being 19 + 8 bpm (range = 12 - 34) and the mean duration of

the response being 5.6 + 2.4 min (range = 2 - I0). MAP did not change in any $oup

during hypoxia.

Levels of 6-keto-PGF1c in the three groups before and during hypoxia are summarized in

Table 4.2.2. No significant differences were detected between 6-keto-PGF¡o plasma

levels with respect to age group, sampling site or response to hypoxia. Of the 4 fetuses

subsequently examined as neonates, 6-keto-PGFl6levels rose with age in one, and fell in

the remaining 3. In 9 fetuses blood samples \ilere taken simultaneously from abdominal

aorta and inferior vena cava catheters before and during hypoxia. 6-keto-PGF1o levels

were found not to be signihcantly different (V/ilcoxon's matched pairs signed ¡anks test;

SPSSx, 1986), being 94 + 5l pglml (mean + SD) in the arterial samples and 108 + 51

pglml in the venous.

Comparison of 6-keto-PGF1o levels in those fetuses developing a bradycardia during

hypoxaemia, as opposed to those which did not, showed no statistically significant

difference, the levels being 130 + 36pg/ml in the former, and 81 + 13 pg/ml in the latter.

In fact, for the fetus which was tested twice, 6-keto-PGF1o levels fell during hypoxia on

both occasions, while bradycardia was observed on only one.

Discussion

6-keto-PGF1,, is the major metabolite of PGI2 found in the plasma of fetal and neonatal

sheep (Leffler and Hessler, 1981; Green and Leffler, 1984) but there are few reports of
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plasma concentrations in this animal. Mitchell (1978) reported levels of 25 + 7 pglml in

adult sheep, which are simila¡ to those recorded in the present study. Mean levels of 105

+ 20 pg/rnt in maternal arterial blood and 435 + 92 pg/nn in fetal pulmonary arterial

blood have been described by Leffler, Hessler and Green (1982). Clozel, Clyman, Soifer

and Heymann (1985) reported levels of 305.9 + 45.3 pdml in fetal ascending aortic

plasma. The fetal levels reported in these papers would seem to be significantly higher

than those in the present study, viz. 89 + 13 pg/ml (range 20-165) in abdominal aorta

plasma. Whether this discrepancy in measured levels results from their use of prior

extraction steps, different sampling sites or from sheep breed differences is difficult to

determine.

Use of prior exffaction steps can inffoduce cross-reacting material which interferes in the

subsequent radioimmunoassay (for more detailed discussion of this point see Appendix

1.2). Leffler and co-workers (1982) found a 'blank' value of 40 pg '6-keto-PGF1o' which

could have inflated their results, however they validated their method by comparing with

results using gas chromatography-electron capture detection and found identical levels by

the two procedures. In a subsequent paper this research group (Leffler and Busija, 1985)

described the use of a radioimmunoassay for 6-keto-PGF1o in unextracted samples of

neonatal porcine plasma and found no difference in results compared with those obtained

using prior extraction steps (corrected for recovery). Thus it would appear that the higher

levels reported by Leffler's group were not due to the presence of interfering material

introduced during plasma extraction procedures. The possibility therefore a¡ises that the

assay used in the present studies was detecting only a fraction of the 6-keto-PGF1"
i

present in the plasma samples. However, by the use of QC samples in each assay it was

determined that recovery of known amounts of 6-keto-PGF1,, from plasma averaged 85 -

9O7o. Thus, despite the fact that measured values were not corrected for recovery, this

could not explain the 3- to 4-fold difference in recorded levels from those of Leffler's

group. Another possible explanation for these discrepant results could be that plasma

samples were stored at - 20oC until assay, while those of Leffler's group were kept at
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- 60oC. The possibility that there was degradation of the prostaglandin during storage

would, however, seem to be unlikely, since no decrease in the levels of the QC samples

was observed over time, despite their being stored with the plasma samples. Clozel and

co-workers (1985) stored their plásma samples at - 20oC and assayed 6-keto-PGF1¿ in

fetal lamb ascending aorta plasma following extraction, and recorded levels 3 times

higher than those in the present study. They did not report blank values or recovery data.

Different levels of 6-keto-PGF1o in samples from different blood vessels have been

reported by various authors. Leffler, Hessler and Green (1984) found a non-signihcant

reduction in PGI2 concentrations in samples from fetal pulmonary veins (309 + 67 pglnn

of blood) as opposed to pulmonary arterial blood (447 + Il7 pg/ml), while newborn

lambs demonstrated signif,rcantly higher levels in pulmonary veins than in pulmonary

arteries immediately after birth. These authors have not published levels of 6-keto-PGFr"

in plasma from systemic vessels in fetal sheep. However, Morin (1986) has reported 6-

keto-PGF16¡ concentrations in the abdominal aorta of newborn lambs (1 - 3 d old) ranging

from 69 - 314 pg/ml (median = I49 pglml) in contrast to pulmonary artery samples

(range 96 - 344 pglml, median = 177; p<0.05). The latter study was also performed using

an assay without prior extraction on plasma stored at - 20oC. However theirs was an

acute study using anaesthetized animals as opposed to the chronically catheterized,

unanaesthetized animals used in the present experiments. This could explain the lower

neonatal levels recorded in the present study Q7 pg/m\ of abdominal aorta plasma, range

n.d. - 150 pglrnl) since it has been shown, in fetal sheep, that pulmona.ry vessel PGI2

levels are elevated during surgery (Leffler et al, 1982). In the present study no

significant effect of sampling site on 6-keto-PGF1a levels was observed, but only the

systemic circulation was sampled (inferior vena cava, abdominal aorta or carotid artery).

Production of 6-keto-PGF1a has been reported to be higher in aortic tissue than inferior

vena caval in fetal sheep (Skidgel, Friedman and Printz, 1984), however no difference in

levels in plasma sampled from these two sites in the present study.
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Although higher levels of 6-keto-PGF1o have been reported in immature than in mature

humans (Kaapa, Viinikka and Ylikorkala, 1982) and in pulmonary vessels of fetal than

neonatal and adult pregnant sheep (Leffler et al, 1984), no evidence was found in the

present experiments of signihcant'differences in systemic 6-keto-PGF1s concentrations

between the three age-groups studied.

Despite a significant reduction in PaOz in fetuses, neonates and adults during the period

of hypoxia, no change in systemic 6-keto-PGF1o levels was observed. Hypoxaemia has

been reported to stimulate PGI2 synthesis in neonatal (Green and Leffler, 1984) and adult

(Voelkel, Gerber, McMurtry et al, l98l) lungs, in human forearm (Serneri et al, L980)

and in the coronary vasculature of dogs (Prosdocimi, Finesso, Gorio, et al, 1985).

Increased production of PGI2-like material from perfused umbilical vessels at low

oxygen tension (5Vo) has also been reported (Bjoro, Haugen and Stray-Pedersen, 1981),

however unchanged levels of 6-keto-PGF1o from perfused human fetal placenta during

hypoxia have also been reported (Ekbtad, Erkkola and Uotila, 1987). As preferential

distribution of umbilical venous blood to the upper body occurs during hypoxaemia

(Reuss and Rudolph, 1980), it could be anticipated that any increase in PGI2 production

by the umbilical vasculature might be detected in carotid artery blood samples. No

significant difference between fetal carotid artery levels of 6-keto-PGF1¡¡ and those from

the abdominal aorta or inferior vena cava either before or during hypoxia was, however,

found in the present study.

However, Leffler and Busija (1935) have reported no rise in systemic 6-keto-PGF1" in

neonatal piglets during ventilation with l\Vo 02, despite significantly increased levels in

cerebrospinal fluid. The possibility therefore arises that PGI2 may be released locally in

hypoxic tissues without systemic levels changing, a suggestion supported by the evidence

of Prosdocimi et a/ (1985) in which myocardial ischaemia produced elevation of 6-keto-

PGF16 in coronary veins but not in systemic blood.
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Alternatively, the level of hypoxia attained may have been insufficient to stimulate PGI2

release. In other experiments in which release of PGIz has occurred, the level of hypoxia

has ranged from0To 02 in perfusing fluid (Setty,'Walenga and Stuart, 1984) to 30Vo of

control PO2 (Green and Leffler, 1984), in contrast to the 50-607o of normoxic levels used

in the present study.

Since bradycardia during hypoxaemia was observed in 7 fetal experiments without

increase in plasma 6-keto-PGF1o levels, it is concluded that systemic PGI2 cannot be

implicated in the bradycardia of fetal hypoxaemia, however it is possible that increased

local release of PGI2 from the hypoxic hea::t may affect heart rate. Support for this

hypothesis comes from the work of Hintze and Kaley (1984) who have described a

vagally mediated bradycardia in dogs, resulting from intracardiac production of

prostaglandins, with stimulation of chemosensitive receptors located in the left ventricle.

From the PGIz infusion study it would appear that the systemic levels of PGIz necessary

to cause a fall in fetal HR are substantially higher than those measured during the present

hypoxaemia experiments. No evidence, however, was found in this study to suppoil the

hypothesis that PGI2 is a circulating hormone released during hypoxaemia in the fetal,

neonatal or adult sheep.



TABLE 4.2.1 Levels of blood gas and cardiovascular variables in feml, neonatal and adult sheep before

(normoxia) and afær 30 min. hypoxia. Results are expressed as mean + S.E.M.

Group Va¡iable Normoxia Hypoxia

Fetuses

Neonates

Adults

PaO, (mmHg)

PaCOz (mmHg)

pH

HR (b.p.m.)

MAP (mmHg)

PaOz (mmHg)

PaCOz (mmHg)

pH

HR (b.p.m.)

MAP (mmHg)

PaO2 (mmHg)

PaCOz(mmHg)

pH

HR (b.p.m.)

vtAP (mmHg)

20.9 + 0.5

47.9 + 2.9

7.34 + 0.02

15915
42+2

79-5 + 4-3

38.7 + 1.2

7.38 + 0.O2

231 + 10

85+4

102.9 + O.7

33.8 + 3.5

7.43 + 0.M

96+2
82+4

38.9 + 3.8{.t '1.

39.3 + 1.8

7.38 + 0.02

?ß7 + 4**

81 +5

61.6 + 3.5*r'

28.8 + 1.1

7.47 + 0.02

104+6
80+ 4

15.6

4.6
7.34

180

42

0.7{.¡.*

4.4***

0.03

6**

2

+

+

+

+

+

** ! p ( 0.01; *** : p < 0.001 by paired Student's t-tesl



TABLE4.2.2 Plasma levels of 6-keoPGFlo in fetal, neonatal and adult sheep before (control) and

after 30 min. hypoxia.

Group Sampling

siæ

n 6-ketoPGFlo þg/ml)

Cont¡ol Hypoxia

Fetuses

Neonates

I.V.C.

Aorta

Ca¡otid

LV.C.

Aorta

120 + l7

(nd - 290)

89+ 12

Q0 - 16Ð

53+ 18

(nd - 90)

93+33
(nd - 140)

77+32
(nd - 150)

45+2I
(nd - 100)

145 +

(2s -

90+
(nd -

90+
(nd -

25

340)

t4

190)

t4

r?2)

108 + 11

(8s - 130)

51+31
(nd - r20)

3l+23
(nd - 95)

14

4

r3

4

4

Adults Aorø

I.V.C.:inferior vena cava; aorta : aMominal aorta; n : number of experiments. Results are expressed as

mean ! S.E.M. with ranges appearing in parentheses); nd: nondetectable.

4
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Fig 4.2.1 The HR response to infusion of glycine buffer alone (0 p/rnl PGI) and of

different doses of PGI2 (25, 100, 150 pglml) into a fetal sheep at 130 d gestation. The

resultant levels of the PGIZ metabolite, 6-keto-PGFl6¡, âre also given.
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CHAPTER 5 AVP and the response to

hypoxaemia in perinatal sheep

General Introduction

Hypoxaemia in the fetus has been shown to cause increased plasma concentrations of

AVP (see Chapter 3; Alexander, Forsling, Martin, et al, 1972; Rurak, 1978; Robillard,

'Weitzman, Burmeister and Smith, 1981; Stark, Wardlaw, Daniel et al, L982: Stegner,

Leake, Palmer et al, 1984). Levels of noradrenaline and adrenaline are also raised (see

Chapter 3; Comline, Silver and Silver, 1965 Jones and Robinson, 1975; Robillard et al,

1981; Cohen, Piasecki, Jackson, 1982) while PRA is suppressed (Broughton-Pipkin,

Lumbers, Mott, 1974) or enhanced (see Chapter 3; Robillard et al, 1981; Drummond and

Lindheimer, 1982). In the adult sheep, administration of exogenous AVP enhances

baroreceptor reflex sensitivity such that the tendency for the peptide to increase ABP by

its vasoconstrictor effect is counteracted by a decrease in cardiac output (Courtice,

Kwong, Lumbers, Potter, 1984). In the fetus, on the other hand, AVP infusion results in

a larger rise in ABP than occurs in the adult (Rurak, 1978) suggesting reduced capacity

of the peptide to increase baroreceptor reflex gain in the immature animal. AVP

increases blood pressure acutely by way of its vasoconstrictor action (Monos, Cox and

Pete{son, 1981). Potentiation by AVP of the pressor action of catecholamines has also

been described in adults from a range of species (Bartelstone and Nasmyth, 1965). While

the vasoconstrictor action of AVP released into the systemic circulation in response to

fetal hypoxaemia may, in conjunction with sympathetic nerve activity and increased

catecholamine levels, cause the redirection of blood flow from peripheral vascular beds

to the heart, adrenal glands and brain (Rurak, 1978; Iwamoto, Rudolph, Keil and

Heymann, 1979; Drummond and Lindheimer, 1982; Reuss, Parer, Harris and Krueger,
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1982), AVP may also be involved in the modulation of endocrine and neural responses to

hypoxaemia. For example, renin secretion has been shown, in dogs, rats and humans, to

be inhibited by raised plasma levels of AVP following infusion of exogenous peptide or

release of endogenous AVP (for Íeview see Reid, Schwartz, Ben el al, 1983), and a

decrease in PRA has been observed in fetal sheep during infusion of exogenous AVP

(Robillard and Weitzman, 1980; Tomita, Brace, Cheung and Longo, 1985). A central

nervous system role has also been postulated for AVP, as a neurotransmitter or

neuromodulator, in a¡eas of the brainstem involved in chemoreceptor reflex regulation of

the cardiovascular system (Sofroniew, 1983; Swanson and Sawchenko, 1983) with the

potential to affect sympathetic and parasympathetic responses to changes in blood gases.

In this Chapter, the response to hypoxaemia of the perinatal animal in terms of plasma

levels of AVP will be further investigated. Firstly, the possibility of developmental

changes in the extent of the AVP response will be analysed. Then the effects of AVP on

other va¡iables in the fetal response to hypoxaemia will be examined indirectly, from the

results of experiments using an antagonist to the pressor action of AVP. Finally, the

direct effects of administration of exogenous AVP to the fetus will be described.

5.L Developmental change in the arginine vasopressin response of

the perinatal sheep to hypoxaemia

Introduction

Concentrations of AVP rise in the plasma of the fetus and the neonate in response to

hypoxaemia (Rurak, 1978; Stark, Wardlaw, Daniel et al, 1982) and may exert an

important adaptive influence on the ca¡diovascular system of the immature animal faced
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with falling PaO2 (Pohjavuori and Fyhrquist, 1980). Hormonal factors may be relatively

more important than the nervous system in producing appropriate ca¡diovascular

responses to a stress such as hypoxaemia in the immature, as opposed to the mature,

animal (Mott, 1973). Drummond ánd co-workers have postulated a greater role for AVP

in circulatory homeostasis in the fetus, which may have a relatively immature autonomic

nervous system in comparison with the adult (Drummond, Rudolph, Keil et al, 1980).

Stark and co-workers (1982) have described developmental changes in the release of

AVP with hypoxia through fetal and neonatal life. In this study these developmental

changes have been examined but, unlike Stark et al, the same animals were followed

from young fetus to older neonate under the same experimental conditions, in testing the

hypothesis that the increment in plasma AVP concentration with hypoxaemia is greater in

younger, than in older, animals.

Methods

The fetuses of 4 ewes were catheterized between ll0 - 122d gestation as described in

Chapter 2, and were re-catheterized after birth by the age of 3d. The standard

experimental protocol for hypoxia experiments in fetuses and neonates was followed (see

Chapter 2) with a control period of compressed air delivery to the maternal ewe or

neonate, and a hypoxia period of I}Vo oxygen mixture delivery. Blood gas levels and

plasma AVP concentrations before and during hypoxia were recorded at approximately

equivalent time points for the pre- and postnatal animals, viz control values at 30 min for

fetuses and 20 min for neonates, with hypoxia values being recorded at 45 min for fetuses

and 40 min for neonates. By these times AVP had achieved stable levels. Experiments

were performed on four occasions, at <130d (range = 118 - 126 d) and >130d (133 - 143

d) gestational age, and at <7d (2 - 4 d) and >9d (1I - 14 d) postnatal age.

Values are reported as mean + SEM. The AVP response of each animal to hypoxaemia
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on each occasion was calculated as :

AVP respo¡15s = (logAvP)tr - (logAVP)ç / (PaOts - (PaOz)fr

(with the subscripts referring to hyþoxia (h) and control (c) values).

Analysis of data across the age ranges was performed by the use of Pearson's cor¡elation

and analysis of variance for repeated measures, using the statistical package SPSSx

(1986). The multivariate analysis of variance (MANOVA) approach was adopted to

avoid problems with the sphericity assumption for repeated measures analyses (O'Brien

and Kaiser, 1985). The multivariate test of significance used was Pillai's face, as this

statistic has been reported to be both powerful and robust (Norusis, 1985). Following a

significant result from this test, univariate tests were used to locate the source of

significance across the age groupings.

Results

Of the chronically catheterized lambs, one \ilas a singleton born at the equivalent of 152d

gestation with a birth weight of 6 kg, 2 were from separate pairs of twins, born at 148d

(birth weight: a.8 kg) and 150d (bi¡th weight: 5 kg) respectively, and one was from

triplets born at 145d (birth weight: 3.25 kg). Average duration of gestation was 149 + 1.5

d, with an average birth weight of 4.8 + 0.1 kg.

The hypoxia protocol resulted in falls of PaO2 on each of the 4 occasions, giving a mean

level73Vo,66Vo,55Vo and 507o of control values, from younger fetus to older neonate,

respectively (see also Table 5.1.1). PaCOz fell in all fetal experiments, in 2 animals as

younger neonates and in 2 neonates when older, and rose in one younger and one older

neonate. pH rose during hypoxaemia in the fetal experiments, or remained at a level

similar to that in the normoxia period. In 2 neonates pH either rose on both occasions or

fell on both occasions, while the other 2 neonates showed a rise on the first occasion and

a fall on the second, with the fall being marked in one of those neonates.



7I

Plasma concentrations of AVP rose in all 4 animals in both fetal experiments, by an

average of 277Vo in younger fetuses and by 5127o older fetuses, with a rise also being

observed in older neonates, by 72lVo, while the level in the younger neonates averaged

95Vo of control values, with only one animal showing a rise in AVP at this age (see also

Table 5.1.1). Since the extent of hypoxaemia varied from animal to animal, and within

animals in different experiments, the AVP response was normalized with respect to the

decrement in PaO2 on each occasion. The average AVP response (change in AVP per

unit fall in PaOz) appeared to be greater in the older than in the younger fetal age ranges,

but the difference was not significant (MANOVA), nor was the response in the older

neonates different from the combined fetal responses, while the response at the younger

neonatal ages was signif,rcantly lower than that of both fetal and the older neonatal ages

combined (Table 5.1.2). While there was no significant developmental trend in the

averages for the 4 experiments, a scatterplot of individual AVP responses with post-

conceptional age as the independent variable, showed a signif,rcant negative relationship

(r = - 0.488, p<0.05, n = 16). Inspection of the plot showed an extreme value in the older

fetal age range; omission of this influential data point from the correlation analysis gave a

greater level of significance (r = - 0.723, p<0.01), suggesting that 52Vo of the variance in

the AVP response may be contributed by age (see also Fig 5.1.1).

Discussion

In this study, control levels of AVP in fetal life were shown to be similar to those in the

second week of postnatal life, while those in younger neonates were rather higher. This

has been noted previously by Stark and co-workers (1982). The results also show that

plasma concentrations of AVP rose in fetuses and in older neonates during the hypoxia

period, however the increment was much lower than that observed by other groups in

fetuses and neonates (Rurak, 1978 Weismann and Clarke, 1981; Robillard,'Weitzman,

Burmeister and Smith, 1981; Daniel, Stark, Husain, et aI 1984) due, possibly, to a less

severe degree of hypoxaemia in the present study, or to different experimental protocols

(see discussion in Chapter 3). It was demonstrated that, while there was an increase in
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the plasma concentration of AVP during hypoxaemia in animals during fetal life and

after the first postnatal week, AVP levels did not increase in hypoxaemic neonates within

the first week. Although Stark ¿r al (1982) did report a significant increase in AVP

during hypoxaemia in the first postnatal week, it was substantially less than that observed

in their fetuses, showing that a greater decline in PaO2 was required at this age to produce

an AVP level equivalent to that in the fetus, a result confirmed by data from individual

neonates in the present study. The neonates of Stark and co-workers (1982) had

noticeablylowerPaOzbothbefore (7I.6+ 6.6mmHg) andduringhypoxia (27.0+2.9

mmHg) than did those in the present study, and the proportional fall in PaO2 was greater,

thus the neonates in their study would have had more intense stimulation of AVP release.

They did not study the response of older neonates to the same degree of hypoxia,

choosing to use 57o PO2 in the inspired air, rather than the 107o used in their younger

neonates, and used in the present study at all age ranges; a comparison of results from

older neonates in the two studies is therefore not possible. Interestingly, they observed

extremely high AVP levels in an older neonate which was acidotic, and subsequently

died. In the present study high AVP levels in association with low pH were observed in

one animal in the older neonatal age range which, however, survived. Although no linear

relationship ,was found in neonates between AVP and pH (see Chapter 3; Stark ¿r

al,l982), there may be a threshold of pH below which AVP release is enhanced. The

higher average AVP response at the older neonatal age could be postulated to have

resulted from the low pH in 2 of the animals. However, in one of these neonates, pH fell

in both neonatal experiments, with AVP levels actually falling at the younger age while

increasing at the older. It is apparent from the correlation data that, despite the increase

in pH at fetal ages and the decrease in pH in some animals as neonates (with only the

latter enhancing AVP secretion) there was a signihcant decline in the AVP response with

age.

This decline in the AVP response was observed as age of the animals from conception

advanced, tending to support the hypothesis that AVP may be relatively more important
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in the response to hypoxaemia of the immature animal than the more mature; however

the response in younger neonates tended to be lower than when the same animals were

studied about 1 week later. On the other hand, Sta¡k and co-workers (1982), although

also reporting a developmental change in release of AVP with hypoxaemia, found higher

levels in fetuses close to parturition, and in young neonates, than were found in younger

fetuses. The apparent discrepancy between the results from the two groups may be

explained by differences in experimental design. In the study by Stark and colleagues,

while appatently comparing responses in the same fetuses at two different ages, the

statistical test used was an unpaired t-test with group sizes of 7 and 4; and although some

of their neonates had been used in the fetal experiments, others were twins of

catheterized fetuses which did not survive to become neonates. The mean birth weight of

the surviving catheterized lambs in their study was 2.7 + 0.3 kg, which seems rather low

in comparison with that of the full-term lambs in the present study (cf also data for birth

weight of the premature lambs in Chapter 6). They do not provide information on the

normal duration of gestation in their flock and whether the duration of gestation of their

experimental animals (L4L + 3.5 d) was low. If their neonates were relatively immature

their responses to hypoxaemia may have been exaggerated, as was observed in the work

on prematurely delivered neonates reported in Chapter 6 of this thesis.

In the present study, although the number of animals was small, the same animals were

followed from young fetal through to older neonatal life, allowing the use of analysis of

variance for repeated measures. The AVP response was expressed as a function of the

extent of the hypoxaemia, thus making responses within and across ages more directly

comparable than with the use of absolute AVP levels, or incremental change data. In this

way it has been demonstrated that the AVP response to hypoxaeinia in the younger

neonate is less, per unit fall in PaO2, than in fetal life or in the second week after birth,

suggesting that the sensitivity of the mechanism for hypoxic AVP release may be

reduced at this time. Resetting of caroúd and aortic chemoreceptor reflexes occurs in the

first week after birth (Hanson, 1986a; Kumar and Hanson, 1988), and thus may impair
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the capacity of the young neonate to respond to hypoxaemia with AVP release. Although

caution should be exercised in drawing conclusions from a study involving only 4

animals, these results do support the hypothesis that hypoxaemia is a more potent

stimulus to AVP release in the less mature animal during the perinatal period.



TABLE 5.1.1 Blood gases and pH, and plasma concent¡ations of AVP (mean + SEM) in four lambs in

late fetal and early neonatal life at the end of a period of normoxia (N) and at tl¡e end of a

period of hypoxia (II).

Age:
(d)

Fetal Neonatal
<130 >130 <7 >9

N

H

N

H

N

H

PaO,
(mmHg)

PaCOz

(mmHg)

AVP N

(pelml) H

21.7 + 0.7

15.8 + 1.1

46.2 + 1.4

42.4 + 2.2

7.34 + 0.01

7.35 + 0.0r

4.8 + 1.7

13.3 + 2.3

20.8 + 1.6

13.7 + 0.7

46.4 + 0.8

42.9 + 0.6

7.36 + 0.01

7.38 + 0.01

4.1 + 1.5

21.2 + 5.3

91.1 + 1.2

50.2 + 8.8

38.3 + 0.4

37.5 + 1.1

7.35 + 0.01

7.35 + 0.02

6.0 + 2.0

5.7 + 2.4

91.8 + 5.8

45.5 + 4.9

36.9 + 2.6

36.9 + 1.7

7.40 + 0.02

7.35 + 0.04

3.3 + l.l
23.8 + 17.8

pH



TABLE 5.1.2 Results of MANOVA within subjects analysis for AVP response.

AGE

Contrast

F1,F2,N2 vsNl

Hypothasis SS

20710

Error SS

4460

Pillai's
Trace

0.999 22226

F Hypoth df E¡ror df Sig of F

0.005

Hypothesis MS Error MS

20710 1487

3 I

F

t3.9

Sig of F

0.034

F1,F2,N2 vs Nl: contrast between the mean of the levels at both feøl plus older neonatal ages and the early
neonatal value.
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5.2 The effect of an antagonist of the vasopressor effect of AVP on

the fetal response to hypoxaemia

Introduction

In the fetal sheep, blocking of the pressor effect of AVP with a V1-vasopressinergic

receptor antagonist has been shown to result in a greater fall in blood pressure, and

diminished catecholamine release, in response to haemorrhage than in saline-treated

controls (Kelly, Rose, Meis, et al, 1983; Rose, Jones, Kelly et al, 1983). Since

hypoxaemia, like haemorrhage, is a stimulus for fetal ad¡enal catecholamine release, it

was decided to investigate the possible role of AVP in mediating this response and, at the

same time, to study the relationship of AVP to PRA, HR and ABP during fetal

hypoxaemia.

Methods

Hypoxia experíments

The fetuses of Dorset-Merino ewes with dated pregnancies were catheterized between

110 - 125 days gestation as described in Chapter 2. The protocol for the hypoxia

experiments was also as described in Chapter 2, with 30 min control, hypoxia and

recovery periods. HR, ABP and amniotic fluid pressure were recorded continuously.

In 8 fetuses an antagonist of the vasoconstrictor action of vasopressin, 1-(B-mercapto-p,

p-cyclopenramethylene propionic acid) 2-(O-methyt) tyrosine arginine8 vasopressin

(d(CHz)sTyr(Me)AVP; kindly supplied by Dr Maurice Manning) was dissolvedin 0.9Vo

saline solution and administered as a lml bolus intravenous injection of 30 ftg/kg

(estimated body weight; Barcroft, 1946, Fig 1) 15 min after commencement of the
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norrnoxia period, followed by an infusion of 1 ¡rglmin for the next 30 min (antiAVP

group). Another 8 fetuses were treated with saline alone (control group). Arterial blood

samples were taken at 30, 45, 60, 90 min for both groups, and also at 0 min in the

antiAVP group (to give pre-antagonist treatment values for the measured variables). 0.5

ml aliquots of arterial blood were collected anaerobically for analysis of PO2, PCOz and

pH and a further 8.5 rnl of blood were used for hormone assay. The possible effect of

blood loss on the results was minimized by resuspending the red blood cells in sterile

0.97o NaCl, and returning to the fetus via the venous catheter soon after taking the blood

sample.

In the control group some studies were repeated at one week intervals, once in 4 fetuses

and twice in 2 fetuses, and the results averaged. The remaining control fetuses, and all

those in the antiAVP group, were studied on only one occasion.

Effect of AVP antagonist on MAP response to exogenous AVP

The effectiveness of the AVP antagonist in the fetal sheep was tested by monitoring

blood pressure responses to doses of l, 2, 5, 10, 20, 50, 100 mU of AVP (Pinessin,

Parke-Davis, Caringbah, NSW, Ausralia) in 1 ml of 0.9Vo normal saline, before and after

antagonist Eeatment. A total of 10 fetuses from 120 - 140 d gestation were given iv

bolus injections of AVP at different doses while monitoring MAP. Successive doses

were given only after return of MAP to baseline level. The AVP antagonist was

administered, as above, at least 30 min after return to baseline following the last dose of

AVP, and the same doses of AVP were repeated. In addition, the plasma level of AVP

following administration of 2 - I00 mU of AVP (Pitressin) was measured in 2 fetuses.

Hormone assays

The methods for the va¡ious hormone assays are described in detail in Chapter 2. In the

AVP assay, the average recovery was 95.7 + 7.4Vo (SD; n = 7). Aliquots of assay buffer

were also extracted and assayed in each assay run, and the mean blank level for 7 assays



t7

was calculated as 1.8 +2.2 pglml (SD). The blank value was not subtracted from sample

values. The least detectable dose of AVP was 1.6 pg/tube; the intra- and interassay

coefficients of variation were 9.07o and 12.7Vo respectively. PRA was measured as the

amount of angiotensin I generated in 60 min. The least detectable dose of AI by this

method was 1.7 pg, and the intra- and interassay coefhcients of variation were 5.4Vo and

ll.8Vo respectively. Catecholamine concentrations were analysed using reverse phase

high perforrnance liquid chromatography and electrochemical detection (HPLC-ECD),

with the least detectable dose for adrenaline being 3 pg, and for noradrenaline 2 pg.

Data Analysis

Levels of each va¡iable were expressed as mean + standard error of the mean (SEM).

Changes in levels of variables during the hypoxia period were calculated as percentages

of the normoxia value, and significance of these changes was determined using

'Wilcoxon's matched-pairs signed-ranks test. Differences between groups, and within

gïoups over time, were analysed using Student's t-test or analysis of variance for

repeated measures (using MANOVA), with Pillai's trace as the multivariate test of

significance. Correlations, linear regressions and most other statistical tests were

performed using the statistical package SPSSx (1986). The program 1R in the BMDP

statistical package (1985) was used for comparison of regression lines. Logarithmic

transformation of absolute hormone levels was used prior to the use of parametric

statistical tests owing to heterogeneity of variances as determined by Box's M test.

Results were described as significant if the probability of their occurring by chance was

less than 57o.

Results

The AVP antagonist significantly attenuated the MAP response of fetal sheep to all given

doses of exogenous AVP, with the effect of 20 mU AVP and less being completely
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abolished (see Fig 5.2.I). However, the antagonist was without effect on the baseline

levels (0 time) of MAP, HR and the hormones assayed in the antagonist-treated

experimental group of fetuses (Table 5.2.1), indicating no intrinsic effect of the

antagonist on these variables.

Blood gases

Administration of the AVP antagonist had no effect on blood gases or pH during the

normoxia period (Table 5.2.I). The 30 min period of maternal hypoxia resulted in

significant falls in PaO2 and PaCOz in both control and antiAVP fetuses (Table 5.2.2)

with no statistical difference being apparent between the two groups with regard to the

change in these variables from levels during the normoxia period. There was a

significant rise in plasma pH above that during normoxia in both groups. All blood gases

had returned to normoxia levels by the end of the recovery period.

Heart rate and blood pressure:

The AVP antagonist had no effect on HR or ABP during the normoxia period (Table

5.2.1). HR at the end of the period of hypoxia showed no differences, either within or

between gïoups (Table 5.2.3), although a transient episode of bradycardia early in the

period of hypoxia was observed in 5 of the 8 fetuses in both the control and the antiAVP

groups. HR fell by an average of 39 + 7 bpm in the control group and by 42 + 4 bpm in

the antiAVP group, while the duration of the bradycardia averaged 6.5 + 3 min in the

former group and 28 + 5.5 min in the latter. The area of this bradycardia response,

measured by planimetry, averaged 115 + 33 beats (beats/min x min) in the control fetuses

and320 + lI7 beats in the antiAVP fetuses, with the apparent difference between the two

means being non-significant. No difference in blood pressure was observed between the

two groups before, during, or after hypoxia (Table 5.2.3).
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Plasma hormone levels

AVP levels during the hypoxia period rose by an average of 34.I + 22.6 pg/ml over

normoxia levels in the control group and returned to normoxia levels after 30 min of

recovery (Table 5.2.4), with a significant relationship between AVP and PaO2 being

apparent (r = - 0.5, p<0.01, n = 24). The highest level of AVP reached during hypoxia

was 194 pglml which was above the plasma concentration reached following injection of

20 mU AVP into 2 other fetuses (107 pglml and I25 pg/ml), and below that reached

following 50 mU AYP (244 pglml and 426 pglml). There was no significant difference

between levels of AVP in the control fetuses at 30 min and in the baseline sample of the

antiAVP fetuses (7.0 + 4.I pg/m\ and 8.5 + 4.7 pglmt respectively). No measurement of

plasma AVP levels following antagonist administration was possible due to interference

by the antagonist in the assay (see Fig 5.2.2).

In the antiAVP group the level of PRA did not change following antagonist

administration during the normoxia period (Table 5.2.I>. During hypoxia, levels of PRA

were raised in some fetuses in both groups, with the average incremental difference in

PRA being 2.4 + I.4ng Al/ml/h in the control group and 1.1 + 0.6 ng AVrnl/h in the

antiAVP group. The mean PRA during hypoxia was, however, not signifrcantly raised

above the normoxia level (Table 5.2.4). Individual PRA data are illustrated in Fig 5.2.3,

from which it can be seen that 6 of the 8 fetuses in both the control and the antiAVP

goups showed an increase in PRA during hypoxia. Levels of PRA during the recovery

period were above normoxia levels in 4 of the control and one of the antiAVP fetuses.

Multivariate analysis of variance detected a significant difference between groups, with

no effect of period on PRA and no interaction of group with time (see Table 5.2.5).

There was no relationship between PRA and PaO2 on correlation analysis of pooled data

from animals before, during and after the hypoxia period.

The level of adrenaline was not detectable in the antiAVP group before or after

antagonist treatment, and noradrenaline levels did not change on administration of the
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AVP antagonist during the eontrol period (see Table 5.2.1). During the hypoxia period,

ad¡enaline levels rose in only 2 of the control fetuses (by 50 and 155 pglml) with the

other 6 fetuses showing no change from normoxia levels. None of the antiAVP fetuses

showed an increase in adrenaline lêvels above the limit of detection of the assay during

hypoxia. No statistical tests were performed on these data, since the levels were

generally not detectable.

Noradrenaline levels rose significantly in both groups during the hypoxia period (Table

5.2.4) by an average of 401 + 88 pglml above normoxia levels in the controls, andby 278

+ 47 pg/nn in the antiAVP fetuses. From Fig 5.2.4 it can be seen that noradrenaline

levels rose in all fetuses during hypoxia, with levels falling during recovery in 6 control

and 4 antiAVP fetuses. No statistical difference in the mean increment in noradrenaline

levels was apparent between the two goups. Multivariate analysis of variance detected

no significant difference between the two groups, but there was a significant difference in

noradrenaline levels between time periods. No interaction of group with period was

apparent (see Table 5.2.6). A significant relationship between plasma noradrenaline

concentration and PaO2 was found in both groups, using pooled data obtained before,

during and after hypoxia. There was a significant difference in the regression lines

between the two $oups (Figs 5.2.5 - 5.2.6; p<0.05).

Discussion

The results of this study confirm that fetal hypoxaemia stimulates the release of AVP

(Rurak, 1978; Robillard, Weitzman, Burmeister and Smith, 1981; Stegner, Leake, Palmer

et al, 1984). This peptide has been implicated in the fetal cardiovascular response to

hypoxaemia, which is generally reported to include raised ABP and bradycardia (Cohn,

Sacks, Heymann and Rudolph, 1974;, Reuss and Rudolph, 1980). Infusion of AVP has

been shown to result in similar responses to those observed during hypoxaemia, namely

an increase in MAP due to vasoconstriction in mesenteric and peripheral vascular beds
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and a decrease in HR (Iwamoto, Rudolph, Keil and Heymann, 1979). Injection of

different doses of AVP into fetuses in this study demonstrated the capacity of the peptide

to cause a rise in MAP, which was accompanied by a decrease in HR (results not shown).

Despite a reduction in PaO2 in the.control animals comparable to that reported in other

fetal hypoxaemia studies, and a signif,rcant rise in plasma AVP levels, blood pressure was

not affected and heart rate fell only transiently. Possible reasons for discrepancies in the

ABP and HR responses between studies have been discussed in Chapter 3, and include

the relatively mild degree of hypoxaemia in the fetuses in the present study, the

coincident fall in PaCO2 during hypoxaemia, and differences in experimental protocol.

The development of long-acting antagonists to the pressor action of AVP, such as

d(CHz)sTyr(Me)AVP (Kruszynski, Lammek, Manning et al, 1980; Pang and Leighton,

1981), has provided a tool for the investigation of the role of AVP in cardiovascular

control. It has been shown in these studies that, although the AVP antagonist

d(CHz)sTyr(Me)AVP prevents or reduces the pressor effect of exogenous AVP in the

sheep fetus, it had no effect to decrease ABP before or during hypoxaemia, despite levels

of endogenous AVP being significantly raised when PaO2 was low. Walker (1986)

demonstrated no effect of d(CHz)sTyr(Me)AVP on the cardiovascular responses of rats

subjected to hypocapneic hypoxia (such as occuûed in the present study), while the

antagonist was effective in reducing ABP during iso- and hypercapneic hypoxia. Llanos,

Parer and colleagues have also described partial reversal, by the same V1-receptor

antagonist, of the hypertension observed in fetal hypoxaemia accompanied by a

significant metabolic acidosis (personal communication). These findings suggest that

¡,Vp does make a contribution to the increase in ABP which occurs during hypoxaemia

accompanied by raised PaCOz or acidosis. It could be hypothesized that the role of the

raised AVP levels during hypoxaemia in the present studies may have been to maintain,

rather than to increase, MAP in the face of local vasodilatation in some hypoxic tissue

beds (Peeters, Sheldon, Jones et al, 1979), thus preventing reduction of umbilical blood

flow (Rurak and Gruber, 1984). The data, however, suggest no such role for AVP since
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ABP did not fall during V1-receptor antagonist treatment, before or during hypoxaemia.

Maintenance of MAP despite inactivation of one or two of the three pressor systems

(alpha-adrenergic, renin-angiotensin-aldosterone system, AVP) has been reported in the

rat (Paller and Linas, 1984). No riée in either PRA or noradrenaline levels above those in

control animals was observed to suggest increased activity in compensation for the

absence of the pressor effect of AVP in the antagonist-treated group. Such a

compensatory rise in the level of vasoactive factors following surgical and

pharmacological disturbance of one or more ABP regulating systems has been shown, for

example by Gavras and co-workers in the rat (Gavras, Hatznikolaou, North et al. 1982).

Despite the known cardio-deceleratory effect of AVP, the results of the present study

show that there is no role for AVP, by way of Vt receptors at least, in producing the

bradycardia seen during fetal hypoxaemia, since the fall in HR in the antagonist-treated

group tended to be as great, if not gleater, than that in the control group. Harper and

Rose (1987) have shown that the fall in HR in response to AVP in the fetus is not

dependent on the AVP-mediated increase in ABP, since bradyca¡dia still occurred during

AVP infusion when ABP was maintained constant with the use of the Vr receptor

antagonist. On the other hand, partial blockade of the blood pressure response to

hypoxaemia in the fetus has been shown by Llanos, Parer and co-workers (personal

communication) to be associated with a partial reversal of the coincident bradycardia.

This result suggests that a component of the bradycardia in their fetuses was mediated by

baroreceptor reflex responses to the rise in ABP consequent on increased levels of AVP.

No direct effect of AVP on the fetal heart was demonstrated in studies using exogenous

AVP in vagotomized and cervical spinal cord transected fetuses (see section 5.3).

Similarly, a direct negative chronotropic role for AVP in the adult sheep has been

discounted by Courtice and her colleagues in a study using combined beta-adrenergic and

musca¡inic blockade (Courtice, Kwong, Lumbers and Potter, 1984). Involvement of V2

receptors accessible from the blood may be involved in modulation by AVP of
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baroreceptor reflex sensitivity (Unger, Rohmeiss, Demmert et al, 1986) and so further

studies of the effect of AVP on HR should include the use of a V2-receptor antagonist.

Unfortunately, by chance, PRA in the antiAVP group was signif,rcantly lower than that in

the control group even before administration of the antagonist, and remained at lower

levels throughout. There was no evidence in either group of a significant stimulation of

PRA during hypoxaemia, in contrast to the significant increase that has been described

previously (Robillard, Weitzman, Burmeister and Smith, 1981; Drummond and

Lindheimer,1982; see also Chapter 3). Since previous studies have indicated that AVP

infusion reduces PRA in fetal sheep (Robillard and 'Weitzman, 1980; Tomita, Brace,

Cheung and Longo, 1985), blocking of the effect of AVP would be expected to result in

enhancement of PRA. The AVP antagonist d(CHz)sTyr(Me)AVP is effective in

abolishing the AVP-mediated suppression of renin release in dogs (Schwartz and Reid,

1981), however no increase in PRA during hypoxaemia was found with blocking of V1-

receptors in the present study. There are several possible explanations for this result.

Firstly, since the level of hypoxaemia was insufficient to cause significant stimulation of

PRA, no suppressive effect of AVP might be apparent. Secondly, the AVP receptors

which mediate the effect on PRA may be immature in the fetus, as has been shown with

regard to free water reabsorption following AVP infusion in the studies by Robillard and

Weitzman (1980), and could therefore be less affected by AVP and the antagonist than

those in the adult dogs used by Schwartz and Reid (1981). Thirdly, the AVP receptors

mediating the effect of AVP to suppress PRA in fetal sheep may not be of the V1 type,

and therefore would not be affected by the pafiicular antagonist used in this study.

Although, in the present study, plasma levels of noradrenaline rose during hypoxaemia in

both conrol and antiAVP groups, there was no statistically signihcant change in

adrenaline levels, in contrast to the increase in levels of both catecholamines reported by

others (Comline and Silver, 196I; Jones and Robinson, 1975; Robilla¡d et al, I98I;

Cohen, Piasecki, Jackson, 1982). This could have been due to a lower level of ad¡enal
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medullary stimulation, in this study, during hypoxaemia which was accompanied by

hypocapnea and raised pH (see also Chapter 3).

There is evidence that AVP affects sympathetic nerve function and adrenal medullary

catecholamine release, and could thus have indirect effects on cardiovascular function by

these means. Imaizumi and Thames (1986) have shown reduced renal sympathetic nerve

traffic in rabbits given AVP intravenously, even following cervical spinal cord

transection, suggesting a spinal cord or ganglionic effect. Sympathetic ganglionic

transmission has been shown to be depressed by AVP flMali, 1984; Kiraly, Tribollet,

Dolivo and Dreifuss, 1987), and the presence of V1 receptors in the adrenal medulla

(Antoni, 1984) suggests a role for AVP with regard to adrenal chromaffin cell function.

In contrast to the inhibitory effects on sympathetic outflow reported for inuavenously

administered AVP in studies on rats and rabbits, evidence that raised plasma AVP levels

in the fetal sheep may enhance a coincident catecholamine response has been reported by

Rose and co-workers (Rose, Jones, Kelly et al, 1983), who showed almost complete

abolition of the rise in catecholamine levels following haemorrhage in animals treated

with d(CH2)5Tyr(Me)AVP. This result might suggest species or developmental

differences, and should be further investigated.

Another possible explanation for the results of Rose's group is that plasma AVP may

have direct effectS on the central nervous system cardiovascular confrol areas by way of

the area postrema, which has a deficient blood-brain barrier and could thus be accessible

from the blood stream (Undesser, Hasser, Haywood et al" 1985; Unger, Rohmeiss,

Demmert et al, 1986). Stimulatory effects on cardiovascular function of AVP

administered into the cerebral ventricles have been reported in rats, with tachycardia and

increased blood pressure being mediated by activation of sympathetic cardiac and

vasomotor pathways (Unger et al,1986). These effects could normally be mediated by

vasopressinergic neurons, which are known to project from the hypothalamus to the

brainstem (Sofroniew, 1983; Swanson and Sawchenko, 1983) and could thus exert an

influence on cardiovascular control centres such as the nucleus tractus solitarius
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(Matsuguchi, Sharabi, Gordon et al.1982) or the locus coeruleus (Berecek and Mitchum,

1986). Vasopressin-containing neurons also pass to the region of the spinal cord from

which sympathetic preganglionic axons arise (Gutman, Ciriello and Mogenson, 1985),

and could thus affect HR and ABP by this route.

Rose's group has also described (Kelly, Rose, Meis ¿r al, 1983) a f,rve-fold increase in

AVP levels following haemorrhage (from about 15 pg/ml to about 75 pglml), which is a

simila¡ proportional rise to that found in the present study during hypoxaemia, although

the absolute levels in fetuses were lower both in the control and in the experimental

periods. It is interesting to note that, despite the use, in the present study, of a similar

dose of antagonist to that employed by Rose and co-workers, no marked inhibition of

noradrenaline release such as they observed during haemorrhage (Rose et al,1983) was

observed. That some depression of norad¡enaline release did occur with V1-receptor

antagonism was, however, suggested by the significant difference between the

noradrenaline vs PaO2 regression lines of the control and antagonist-treated goups.

Examination of the results illustrated in the paper by Rose and co-workers (Rose er ø/,

1983) shows that pre-existent adrenal medullary stimulation was present in at least some

of their fetuses, since mean ad¡enaline levels in the control period were very high

(approximately 200 pglml). The AVP antagonist in their study may therefore have

blocked release of both adrenaline and norad¡enaline from a stimulated ad¡enal medulla.

In the present study, on the other hand, ad¡enaline levels were not raised, suggesting no

adrenal medullary stimulation either before or during hypoxaemia. On the other hand, a

rise ,in noradrenaline levels with hypoxia was observed, and could have followed

stimulated release from sympathetic nerve endings, or from extra-adrenal chromaffin

tissue (Philippe, 1983), both of which are major sources of plasma noradrenaline in the

fetus (Slotkin and Seidler, 1988). The raised levels of endogenous AVP may normally

enhance this effect, since treatment with the AVP antagonist resulted in some attenuation

of the norad¡enaline response to hypoxaemia. Should Llanos and co-workers publish

catecholamine levels from their experiments, the results will be interesting. It is possible
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that their data may reflect, to some extent, inhibition of sympathetic nervous system

effects rather than only the results of antagonism of the direct action of AVP on MAP

and organ blood flow.

Considering the absence of marked effects of the AVP antagonist in the present study,

the possibility must be entertained that the dose of antagonist used was insufficien[ to

block maximally the effects of raised AVP in these fetuses. From the dose-response

curye, it would appeil that the dose used (30 pdkg plus an infusion of 1 ¡tg/min) should

significantly have blocked the vasoconstrictor effects of the levels of endogenous AVP

achieved in the experiment. The resea¡ch groups of Rose and Llanos (see above) did not

report any dose-response data, but used a similar dose to that used in the present study.

In the work of Harper and Rose (1987), however, a higher dose, rather vaguely described

as '30 to 175 Ltglkg' was used. It should be noted that a dose of 10 pglkg has been

remarkably effective in a range of experiments on rats (V/alker, 1986), rabbits (Imaizumi

and Thames, 1986), dogs (Schwartz and Reid, 1981) and humans (Gavras, Ribeiro,

Kohlman et al,1984). The possibility arises that d(CH2)5Tyr(Me)AVP is less effective in

the fetus than in the adult, or in the sheep in comparison to other animals; further

investigation of the nature of AVP receptors in the fetal sheep should therefore be

undertaken.

The results of this study showed that, although plasma AVP levels were significantly

increased during fetal hypoxaemia, inhibition of the action of the peptide on V1 receptors

had no effect to decrease blood pressure, or increase heart rate or PRA, while there was

some evidence of attenuation of the noradrenaline response to hypoxaemia. The role of

raised levels of AVP during hypocapneic hypoxaemia may include enhancement of

release of noradrenaline from sympathetic neryes or from extra-adrenal chromaffin

tissue. Doubts about the efficacy of d(CH2)5Tyr(Me)AVP in the fetal sheep should,

however, be considered when interpreting these data.



TABLE 5.2.1 Blood gas, cardiovascular and endocrine variables in the antiAVP group (n=9) before

(baseline levels) and afær (normoxia levels) administration of the A\y'P antagonisl

V4lues expressed as mean + SEM.

Baseline G antiAVP) Normoxia (+ antiAVP)

Systolic blood
pressure (mmHg)

Diastolic blood
pressure (mmHg)

PRA (ngAVml/hr)

Adrenaline
(pelml)

Norad¡enaline

Oe/ml)

21.5 + 0.6

47.3 + 1.1

7.35 + 0.00

161 +8

66+6

36+3

4,5 + 0.8

nd

306 + 109

21.3 + 0.8

48.6 + r.6

7.34 + 0.01

172 + 12

66+4

36+2

4.1 + 0.8

nd

364 + ll2



TABLE 5.2.2 Levels of blood gases and pH before, during and after a period of hypoxia between time

poins 30 - 60 min in 8 control (C) and 8 antiAVP (A) fetuses (mean + SEM).

HYPOXIA
Time: 30 45 60 90

PaO2 C

(mmHg) A

PaCO2 C

(mmHg) A

20.3 + 0.8

21.4 + 0.9

50.2 + 2.1

48.6 + 1.6

7.34 + 0.01

7.34 + 0.01

12.8 + 1.3*{'

13.3 + 0.9**

49.1 + 2.4

43.4 + 0.8*{'

7.37 + 0.01**

7.37 + 0.02*{'

12.7 + 0.7**

12.0 + 0.7**

46.2 + 1.9**

43.6 + 0.7**

7.34 + 0.01

7.36 + 0.01**

19.2 + 0.9

20.9 + 0.8

47.9 + 1.9

45.7 + 1.2

7.34 + 0.01

7.34 + 0.01

c

A

pH

** ! p < 0.01 by Wilcoxon's matched-pairs signed-ranks test between normoxia (30 min) and hypoxia

values within groups.



TABLE 5.23 Levels of cardiovascula¡ variables before, during and after a period of hypoxia between

time poins 30 - 60 min in 8 conrol (C) and I antiAVP (A) fetuses (mean + SEM).

FTTPOXIA

Time: 30 45 @ 90

HR

Opm)

SBP

(mmHg)

DBP C

(mmHg) A

MAP C

(mmHg) A

155+5

172 + 12

62+3

67+5

36+ I

36+2

48+2
46+3

143 + 18

156 + 1l

63+6

68+7

A+1
35+4

46+4

46+5

L73+8

156 + 1l

63+4

70+4

35+ I

38+3

47+3

49+3

155+5

L57+9

62+3

69+4

36+2

39+3

46+3

49+3

c

A

c

A



TABLE 5.2.4. Levels of AVP (pglml), PRA (ng AIlmVh), adrenaline (Adr, pg,/ml) and noradrenline

(Nor, pglml) before, during and after a period of hypoxia between time points 30 - 60

min in 8 control (C) and 8 antiAVP (A) fetuses. Values expressed as mean + SEM with

ranges in parentheses.

HTPOXIA

Time: 30 45 60 90

AVP C

PRA C

Adr C

Nor C

7.0 + 4.L

(1.6 - 3s.o)

39.1 + 32.1*

(2.s - 13s.3)

15.1 + 3.3

(e.3 - 23.0)

5.2 + 1.4

(2.s - 9.7)

38+ 17

(nd - 87)

nd

(nd - 91)

1263 + 358*

(64s - 2173\

623 + 1679

(e0 - t67e)

40.9 + 22.1*

(3.3 - 193.8)

10.7 + 3.2

(0.7 - 25.r)

5.2 + 1.0

(1.1 - e.4)

57+35
(nd - 299')

nd

(nd - 87)

846 + 144*

(487 - ts2s)

642 + 118**

Q96 - 1363)

12.6 + 8.1

(2.r - 68.8)

I0.2 + 2.2

(2.2 - 18.9)

3.9 + 1.0

(0.1 - 7.s>

53+35
(nd - 29s)

nd

(nd)

618 + lL4

Qt4 - 1066)

560 + 226

(90 - 1767)

8.5 + 2.0

(0.8 - t6.e)

4.1 + 0.8

(0.9 - 7.7)

A

A

A

31+17
(nd - r43)

nd

(nd - 39)

548 + 130

(r27 - 1183)

364 + ll2
Qs - e3e)

* , ** . p < 0.05 and 0.01 by'Wilcoxon's matched-pairs signed-ranks test between normoxia (30 min) and

hypoxia úalues within groups. nd = non-detectable.

Note: AVP levels were not assayed at these times in the antiAVP group.



TABLE 5.2.5 MANOVA results of between and within subjects analysis for log PRA.

Between
Subjects

GROUP

ERROR

Fdf

I

t4

ss

2.08

5.r0

MS

2.08

0.36

5.71

Sig of F

0.031

Within
Subjects

PERIOD

Contrast

Nvs H

Pillai's
Trace

0.362

F Hlpoth df Error df Sig of F

0.0543.68 132

Hypothesis SS

0.tø

Enor SS

0.399

Hlpothesis MS Error MS

0.164 0.029

F

5.75

Sig of F

0.031

N vs H: contrast between normoxia and hypoxia values



TABLE 5.2.6 MANOVA results of between and within subjecs analysis for log noradrenaline

concentrations.

Between
Subjects

GROUP

ERROR

SS

0.32

3.26

F

LN

df

I

t3

MS

0.32

o.25

Sig of F

0.281

li

j-

i':
I

I
I

I

ì

I
I

I

Within
Subjects

PERIOD

Contrast

NvsH

Pillai's
Trace

0.734

Hypothesis SS

0.717

Enor SS

0.494

Hypothesis MS

0.717

EnorMS

0.038

Sig of F

0.001

122

F

16.6

Hpoth df Error df Sig of F

0.000

F

r8.9

N vs H: conm$ between normoxia and hypoxia values



Control

- - 
Antagonist

1
E
x
o)
T
EçÈ/
o-

400

200

a
a

a
a

a
ot

a
a

a

o

a

o
at
a

o

t.¿1
.t¿4

ooo

a
a
o

I
-F--þr

.¡
<térO
10 20 50 100

DoSE (rU)

Fig 5.2.1 The integrated change in MAP in response to different doses of AVp in fetal

sheep with (o, Antagonist,) and without (o, Control), AVP antagonist treatment. The

figure shows values for individual animals with the lines .onnr.,ing the mean values

obtained for each group at each dose of AVp.

1 52



60

40

20

o

O AVP

O Antagonist

!,
c,
2
oo
a

o

10 100 1000 1 0000

nmoles of peptide

Fig 5.2.2 Comparison of the immunoreactivity of AVP itself and the AVP antagonist

d(CHZ)STyr(Me)AVP in the assay system QogÂogit plot). The regression equation for
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5.3 The effect of exogenous vasopressin in fetal sheep

Introduction

In the previous section, evidence was described from other research groups suggesting a

role for AVP in reducing PRA and in stimulating sympathetic outflow. By the use of an

AVP antagonist it was indirectly demonstrated that raised endogenous levels of AVP

during hypoxaemia did not reduce PRA, while the noradrenaline response was enhanced.

In this section results of a study of the effects of exogenous AVP on PRA and plasma

catecholamine levels in fetal sheep are presented. Since exogenous AVP causes

peripheral vasoconstriction and bradycardia in fetal sheep (Iwamoto, Rudolph, Keil and

Heymann, 1979), the possibility that the mechanisms for the HR effect may involve

modulation of autonomic control of the heart was also examined.

Methods

AVP infusíons

AVP (Pitressin; Parke Davis, Caringbah, New South Wales, Australia) in 0.9Vo saline

was infused by way of a hindlimb venous catheter, at the doses of 0.4, I,4,12 mU/min

into 2 chronically catheterized fetal sheep (fetus no.303 was L22d gestation and fetus

no.358 was 129d). The infusions continued at the rate of 0.1 mVmin for 20 min at each

dose, while HR and MAP were continuously monitored by way of an arterial catheter.

Succêssive infusions commenced after HR and MAP had returned to preinfusion levels.

Blood samples were taken at the end of the periods of infusion fof analysis of plasma

osmolarity, adrenaline and noradrenaline concentrations, and for PRA. The changes in

HR (^HR) and MAP (AMAP) were calculated as the difference between the level at the

nadir or peak of the response and the pre-infusion level.
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Bolus injections of AVP

AVP (Pitressin) was injected intravenously into 5 chronically catheterized fetal sheep

used for the experiments described in Chapter 7. 2 of these fetuses had been

vagotomized (Vx), t had high cervical spinal cord transection (Cx), and2 had combined

vagotomy plus cervical cord transection (CxVx). The doses of AVP used were 5,10,20,

50 mU in 1 ml of 0.9Vo saline, and were given successively after HR and MAP had

returned to pre-injection levels. The changes in HR (AHR) and MAP (AMAP) were

calculated as the difference between the level at the nadir or peak of the response and the

pre-infusion level.

Methods of catheterizatioî and analysis of plasma samples a¡e described in Chapter 2.

Other operative procedures are described in Chapter 7.

Results

From Table 5.3.1, it can be seen that AVP infusion resulted in falls in HR and rises in

MAP in both fetuses. PRA tended to fall in both animals while plasma catecholamine

concentrations showed no consistent trend. No apparent change in plasma osmolarity

was observed. Following bolus injection of AVP, MAP tended to rise in all fetuses,

while HR fell only in the Cx fetus (see Table 5.3.2). An example of the effect of AVP on

ABP and HR in a CxVx fetus can be seen in Fig 5.3.1.

Discussion

Administration of AVP into the 2 fetuses used in the infusion study resulted in increased

MAP and bradycardia, confirming the results of many other authors (Rurak, 1978;

Iwamoto et al, 1979; Robillard and Weitzmann, 1980; 'Wiryathian, Porter, Naden and

Rosenfeld, 1983; Tomita, Brace, Cheung and Longo, 1985; Towstoless, Congiu,

Coughlan and Wintour, 1987). Unfortunately plasma vasopressin levels were not

measured but, from data presented by Iwamoto and co-workers (1979), one could

anricipate that the levels following the 3 lower doses (0.4, I and 4 mU/min) would have
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reached approximately 60 - 80 pg/ml, i.e. about the level achieved during fetal

hypoxaemia in the present studies (see Chapter 3, Table 3.8).

The results of the AVP injection experiments demonstrate that the effect of AVP in

causing a rise in MAP is not dependent on the vagus nerves, nor on an intact connection

between the brainstem and the spinal cord, since MAP rose in all 5 fetuses, whether Cx,

Vx or combined CxVx. Since AVP has been widely reported to have a direct

vasoconstrictor effect (Monos, Cox and Peterson, 1981; Altura and Altura, 1984), this

result is hardly surprising. The fact that a bradycardia was observed only in the Cx fetus

suggests that this effect of AVP on HR does depend on intact vagus neryes. The vagi

could, in this regard, be acting both as afferent and efferent pathways in a cardio-

inhibitory reflex. This finding does not support the hypothesis that AVP can have a

direct negative chronoropic effect on the heart (Varma, Jaju, Barghava, 1969; Elliott,

West, Chalmers, 1985; Tomita et al, 1985; Boyle and Segel, 1986) since vagotomy

would therefore have been ineffective in preventing the bradycardia; but, rather, this

supports an action of AVP on ca¡diodepressor pathways (Courtice, Kwong, Lumbers and

Potter, 1984). The effect of AVP on HR cannot be explained as due to a reflex decrease

in sympathetic outflow to the heart (eg in response to raised ABP) with the vagus acting

only as the afferent limb, since both Vx and CxVx fetuses showed no evidence of a

bradycardia, in contrast to the fetuses with Cx alone, which did. In the latter case, the

brainstem centres at which the vagus acts (eg the nucleus tractus solitarius) are

disconnected from the thoracic spinal cord, the site of sympathetic outflow to the heart.

Although the number of osmolarity measurements was small, there was no evidence of

decreased plasma osmolarity in response to infusion of fluid in general, or to AVP

infusion in particular. This has also been shown by others (Iwamoto, Rudolph, Keil and

Heymann, 1979; Robillard and Weitzmann, 1980; Tomita et al, 1985; Towstoless et al,

1987). Leake and co-workers (Leake, Stegner, Palmer et al, 1983) seem to be the only

authors to have described a fall in plasma osmolarity with infusions of AVP (at doses in

the lower range of those used in the present study).



TABLE 53.1 Results of ttre infusion of different doses of AVP (mU/min) in nvo feøl sheep.

Dose: 0 0.4 4I t2
No.

AHR
(bpm)

AMAP
(mmHg)

PRA
(ng AVmllh)

Ad¡enaline
(pglml)

Noradrenaline 303
(pglml) 358

Osmolarity
(mosm/l)

519
1346

926

310
285

303
358

303
358

303
358

303
3s8

5.2

588
540

20
M

15.6

r92

765

77
275

19.8
4t.2

-16
-20

+3
+19

+7
+7

36.9
8.8

24.2

295
109

310

-8
+32

-40
-20

+4
+8

23.2
4.2

19.3

+10
+12

62
27t

l

l

I

I

I

31

319

281
624

n5
280

438
534

280
285

303
358



TABLE 5.3.2 Resuls of bolus injections of AVP into two vagotomized (Vx), one cervical spinal

cord transected (Cx), and two combined CxVx fetuses.

Dose AHR (bpm)

Yx2 Cx CxVxl CxVx2
^MAP 

(mmHg)

Yx2 Cx CxVxl CxVx2Vxl Vxl

5

10

20

50

0

20

u
60

0

00 0

0

0

0 +6

+3

+5

+11

+8

+14

+15

+3

+10

+15

00

0

0

0

+6

+10

+8

+L2
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The hypothesis that AVP can increase sympathetic activity in the fetal sheep @ose,

Jones, Kelly et al, 1983) was not supported by the results of the present study, as plasma

adrenaline and norad¡enaline levels did not rise during the AVP infusions. Neither was a

consistent fall apparent, which would have been predicted from the work of those authors

who have described decreased sympathetic nervous activity following intravenous

administration of exogenous AVP (eg Imaizumi and Thames, 1986).

The fall in PRA as plasma AVP levels rose has been described in the studies by Robillard

and Weitzmann (1980) and Tomita and co-workers (1985). In the latter study PRA was

inhibited by AVP only when the initial PRA exceededZ.2 ng/ml/h. PRA in the studies

by Robillard and Weitzmann, and those in this laboratory did exceed this level. In fact,

before the infusions commenced, the levels of PRA in both fetuses were elevated

compared with the normal fetal range of 1 - 12 ng Avml¡h (see Chapter 3). The fact that

fetus no.358 had a low 'resting' PaO2 of 16 mmHg and high plasma catecholamine

levels, and that the maternal ewe for fetus no.303 was showing signs of twin pregnancy

toxaemia suggests that both fetuses were stressed prior to the experiment, which could

have been the cause of the high PRA. The data suggest, therefore, that raised levels of

AVP do attenuate stimulation of PRA.

General Discussion

The results reported in this Chapter show that there is a tendency for the plasma AVP

response to hypoxaemia to decline in magnitude as development proceeds, with a period

of diminished sensitivity of the reflex release of AVP in the first week of postnatal life.

rilhile there was no evidence of involvement of AVP in the biadyca¡dia of fetal

hypoxaemia, administration of exogenous AVP caused slowing of HR by a reflex in

which the vagus contributed the afferent and,/or efferent limbs. The results from the AVP

antagonist experiments support the hypothesis that increased plasma levels of AVP can

raise plasma levels of norad¡enaline. No suppression of PRA was evident in the antiAVP
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study. In attempting to elucidate further the role of raised levels of AVP in the

hypoxaemic fetus, administration of exogenous AVP was found to result in a reduction of

PRA from its initially high level in the 2 fetuses used, without any effect on plasma

noradrenaline concentrations being apparent. A possible interpretation of these results is

that, when PRA and noradrenaline release are stimulated, coincidentally raised levels of

endogenous AVP cause an attenuation of the former and enhancement of the latter. In

contrast, unstimulated PRA (as in the hypoxia experiment) and noradrenaline release (as

in the infusion experiment) are unaffected.
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CHAPTER 6 Responses of full-term and
premature neonatal sheep to
acute hypoxia

Introduction

Ventilatory and cardiovascular responses to hypoxia in term and premature neonates

have been documented (Walker, 1984; Hanson, 1986a), but little information regarding

the endocrine changes in premature as opposed to term neonates is available. Heart ¡ate

(HR) in neonatal sheep increases during hypoxia due to combined sympathetic

stimulation and withdrawal of parasympathetic tone (V/alker, Cannata, Dowling et al

1979) with adrenal gland secretions playing a dominant paft in the concurent positive

inotropic response (Downing and Lee, 1983). In term neonates blood pressure has been

reported to rise (Downing and Rocamora, 1968; Z:ugaib, Forsythe, Nuwayhid et a|,1980;

Koehler, Traystman and Jones, 1985) or to fall (Stahlman, Gray, Young and Shepherd,

1967) during acute hypoxia. Other authors have described a non-significant decrease in

mean arterial pressure (MAP) during hypoxia in neonates (V/alker et al, 1979; Sidi,

Kuipers, Teitel et al, 1983; Fisher, 1984), although peripheral resistance may fall

significantly (Sidi et al, 1983; Fisher, 1984). Plasma levels of the vasoactive hormones

AVP, catecholamines and of PRA have been reported to rise gignificantly during

neonatal hypoxia (Weismann and Clarke, 1981; Stark, Wardlaw, Daniel et al, 1982;

Weismann, Herrig, McWeeny et al, 1983), and may play a role in the cardiovascular

response of the neonate to hypoxia. These studies rwere, however, conducted on full-term

neonates, and since premature neonates may have reduced sensitivity to hypoxia

(Hanson, 1986b) it was decided to examine neonatal HR, blood pressure and hormonal
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responses to determine whether there is diminished responsiveness of the premature

neonate to hypoxia in terms of these variables.

Methods

Animal management

The 14 lambs used in this study were born to Dorset-Merino ewes, with dated

pregnancies, in the Adelaide Medical School animal house, and were housed with, and

fed by, their mothers in individual pens. The ewes were fed lucerne chaff, oats and water

ad libitum. Normal term delivery in these animals is 149 + 2 d gestation (mean * SD, n =

22), with the day of mating being taken as day 0. 7 lambs born by normal vaginal

delivery were included in the term group. 4 of these had been catheterized as fetuses and

used in other studies, t had been sham catheterized as a fetus, and the remaining 2 had

not been operated on prior to delivery. The 7 lambs in the premature group included 2

which had been catheterized as fetuses and had been born spontaneously premature at

136d and 139d respectively. The other 5 lambs were born following administration of

adrenocorticotrophic hormone (ACTH; SynacthenR, Ciba-Geigy, New South Wales,

Australia; 250 ¡tg/24 h by iv infusion) to the catheterized fetus between 132 - 134 d

gestation. This infusion induced premature labour after'7 + 2 d. Fetal catheters were not

salvaged at parturition and therefore re-catheterization of the neonate ìwas necessary (for

method see Chapter 2).

Experímental protocol

Ilypoxia eiperiments were undertaken on two occasions, once during the hrst week of

postnatal life and again during the second. The procedure used for the hypoxia

experiments has been described previously (Chapter 2). The protocol included a 20 min

control period of breathing room air via a plastic hood, a 20 min hypoxia period of

breathing a l0 Vo oxygen mixture and, finally, a20 min recovery period. Arterial blood
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samples were taken at 20,40 and 60 min for blood gas and hormone analysis by methods

describedin detailin Chapter2. 'lhe recoveryof AVP was 76 + l97o (mean * S.D., n =

9), the least detectable dose was 1.6 pgltube and the intra- and interassay coefficients of

variation werc 6.87o and l7.0Vo.respectively. PRA was measured as the rate of

generation of angiotensin I (AI) in 60 min. The least detectable dose of AI by this

method was 1.8 pg; the intra- and interassay coefficients of variation were 5.87o and

l2.7%o respectively. Plasma levels of catecholamines were measured by HPLC-ECD,

with recovery averaging 97.5 + 16.47o (SD) and the least detectable dose for adrenaline

being 30 pglml, and for noradrenaline 20 pglrnl. The intra- and interassay coefficients of

va¡iation were less than 5Vo.

Data analysís

Results are expressed as mean + SEM (unless otherwise indicated). Differences within

and between goups were analysed by Student''s t-tests, paired or unpaired as appropriate

(SPSSx, 1986), with application of the Bonferroni correction (V/allenstein, Zucker and

Fleiss, 1980). Peripheral chemoreceptor effects on HR were assessed using the summary

measures ÂHR (change from normoxia level of HR) and ÀPaO, (change from normoxia

level of PaOÐ. Regression analysis was performed by the least-squares method, and

differences betrween regression lines were assessed using the BMDP 1R program

(BMDP, 1985).

Results

Lambs in the term group were delivered at a gestational age of 150'+ 2 d (mean + SD)

and a birth weight of 5.1 t 0.6 kg. Premature lambs delivered following infusion of

ACTH were 139 + 2 d of gestation at birth and 3.8 + 1.0 kg body weight, while the 2

spontaneously premature lambs were born at 136 d and 139 d, with body weights of 3.0

kg and 3.5 kg respectively. Since experiments were performed on the 2 groups of lambs
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at about the same postnatal age, the premature lambs were, on each occasion,

significantly younger, in terms of post-conceptional age, than the term lambs (142 + | d

and 153 + 1 d respectively at the younger age, p<0.001, and 150 + 1 d and 163 + 1 d at

the older; p<0.001).

V/ith respect to blood gases, the only statistically significant difference observed was

between the term and premature neonates in the younger age group during normoxia,

where the PaO2 of the premature animals was 72.0 + 4.4 mmHg with 91.1 + 4.0 mmHg

in the term neonates (see Fig 6.1). In the older neonates, PaO2 averaged 85.1 + 4.7 and

89.5 + 1.8 mmHg in premature and term groups respectively. The hypoxia protocol

resulted in a fall in PaO2 to 48 - 497o of normoxia levels in both goups of neonates in

both age groups. Normoxia values for PaCO2 averaged 38.3 + 1.7 mmHg with pH

averaging 7.39 + 0.01; there was no significant change in either PaCOz or pH during the

hypoxia and recovery periods.

'When the data for all animals during the normoxia period were pooled, HR was found,

by Pearson's correlation analysis, to decrease with increasing postnatal (r = - 0.5093, p =

0.005) and post-conceptional age (r = - 0.592, p = 0.001), while MAP increased with

post-conceptional age (r = 0.498, p = 0.006) but not signifrcantly with postnatal age (r =

0.316, p = 0.062). As can be seen from the data for group means illustrated in Fig 6.1,

no difference in normoxia HR was observed between the term and premature neonates at

the younger age, but HR was significantly lower in term than premature neonates at the

older age. HR rose significantly during hypoxia only in the term group. The changes in

HR and PaO2 from normoxia levels (^HR and ÂPaOr) were significantly correlated in

both age groups of premature neonates and in the younger term, neonates, with the

increment in HR being greater the greater the decrement in PaOz. Least squares

regression analysis gave the following equations:-
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Premature neonates <6 d: ÀHR = -45 - 2.O(ÀPaOr), r = - 0.884, p<0.05

Premature neonates >6 d: ÂHR = -78 - 2.4(LPaOr), r = - 0.905, p<0.05

Term neonates <6 d: AHR = -I24 - 3.5(ÀPaOz),r = - 0.918, p<0.01

The apparent difference between the intercepts and slopes of these three equations was

not significant, and so the data were pooled (see Fig 6.2) with the following regression

equation:

ÂHR = -69 - 2:4(LPaO2), r = - 0.856, p<0.0001

i.e.74Vo of the variance in AHR could be explained by this relationship. On the other

hand there was no signihcant relationship between ÂHR and ÂPaO, in the older term

neonates (t = 0.312, p = 0.253; Fig 6.3). A similar analysis had been performed on data

from adult sheep used in other hypoxia studies described in this thesis, and a significant

relationshiphadbeenfound:ÂHR=-14-0.79(ÀPaOr),r=-0.670,p<0.01 (seeChapter

3, Fig 3.8).

MAP was lower during normoxia in the young premature neonates when compared to the

terrn neonates at the same postnatal age, and tended to fall slightly (but not signihcantly)

with hypoxia in both $oups of neonates during the first week of age. No significant

difference in MAP was observed between or within groups in the second week.

Correlation analysis of hormone levels during normoxia with age showed a signif,rcant

relationship only for PRA, which fell significantly with post-conceptional, but not

postriatal, age (r = - 0.458, p<0.05). Comparison of hormone levels before, during and

after hypoxia are illustrated in Fig 6.4. Plasma concentrations of AVP were significantly

higher during the first postnatal week in premature neonates before, during and after

hypoxia than in term neonates of the same postnatal age, with no difference being

detected between the two goups in the second week. Hypoxia in both younger and older

premature lambs resulted in rising AVP levels which attained statistical signihcance in
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the recovery period, while levels in the term group did not change. PRA levels in the

younger animals were similar for premature and term groups and rose significantly

during hypoxia in both groups, remaining elevated during the recovery period. No

change in PRA with hypoxia occurred in either group at the older age, and PRA was

observed to be significantly higher in premature lambs at all time points in this age goup

when compared with the terrn neonates. Plasma catecholamine levels were very variable

throughout the experiments, and the only significant difference observed before, during

or after hypoxia was in the premature neonates at the older age, in which noradrenaline

levels rose during the hypoxia period.

Multiple regtession analysis of dependent variables having a significant relationship with

HR produced the following equation by the 'backward' selection method: HR = 541 -

(PaOÐ - 34(logAVP) - l.4(gestational age), R =0.645, d.f. = 3,55, p<0.0001.

Discussion

During early neonatal development resting HR decreases with advancing age, while

systemic blood pressure increases (Assali, Brinkman, 'Woods et al, 1977; Sidi et al,

1983). In support of this, a significant negative correlation between HR and age, and a

positive correlation between MAP and post-conceptional age, were found in neonatal

sheep. Resting HR in premature human infants is reported to be higher than that of term

newborns (Nudel and Gootman, 1983) but in the present study this was found to be so in

prerqature lambs only during the second week after birth. This absence of a decline in

resting HR in the premature group at this time may reflect delayed postnatal maturation

of hea¡t rate control in the premature group, and is in agreement with the data showing

that post-conceptional age is a better correlate with HR than postnatal age.

In this study no assessment of sleep state was made, since sleep has been reported to have

no effect on the neonatal cardiovascular response to hypoxia (Fewell, Williams and Hill,
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1984). However, behavioural state does have a significant influence on cardiovascular

function in normoxic neonatal sheep (Fewell et al, 1984; Sibley, Walker and Maloney,

1982), and could therefore have contributed to the variance in the ca¡diovascular

variables measured in this study.

In the neonate the primary chemoreceptor reflex response of bradycardia is modihed by

the lung-inflation reflex and tachycardia results (V/alker et al, 1979; Daly, Angell-James

and Elsner, 1979; Zugaib et al, 1980). Koehler and co-workers (1985) used carbon

monoxide hypoxia (COH) in neonatal sheep to identify aoftic chemoreceptor-mediated

effects, since the carotid bodies are generally quite insensitive to COH (Lahiri, Mulligan,

Nishino et al,l98I). Little contribution of the carotid chemoreceptors to the tachycardia

observed in hypoxaemia was demonstrated, although a small rise in MAP could be

attributed to ca¡otid chemoreceptor effects. Previously Daly and Scott (1964) had shown,

in adult dogs, that the increase in HR during hypoxia was enhanced by withdrawing the

drive to the carotid chemoreceptors while the rise in peripheral resistance was reversed.

This suggests a role for the aortic chemoreceptor reflex in mediating the tachycardia

response to hypoxia, and in moderating the vasoconstrictor effects of the carotid

chemoreceptor reflex by, for example, producing cutaneous vasodilatation (Koehler et al,

1985). However, Daly and Scott (1964) claimed the tachycardia in freely ventilating

dogs to be secondary to hyperpnea (see also Kato, Menon and Slutsky, 1988), which

Daly and co-workers have subsequently shown tends also to counteract the

vasoconstricting influence of the carotid chemoreceptor reflex by way of reducing

sympathetic activity to the systemic vasculature (Daly, V/ard and'Wood, 1986). In the

aduli the stimulation of ventilation in response to hypoxia is, in turn, more the province

of the carotid, than the aortic, chemoreceptors (Daly and Ungar, 1966). In the study by

Koehler and co-workers (1985) lung inflation effects were minimizedby the use of COH

as the stimulus to the aortic chemoreceptors.

Thus it would appear that of the peripheral chemoreceptors, the aortic group may be

more effective, in the neonatal sheep, in mediating the cardiac output changes seen
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during hypoxaemia than is the carotid group, and may tend to counteract the MAP-

elevating effect of the latter. The results of the present study, showing tachycardia with

no increase in MAP would tend to support a predominant role for aortic chemoreceptors

in mediating early neonatal cardiovascular responses to hypoxaemia. The possible

contribution of the lung inflation reflex must not be ignored, but is more likely to be

effective 7 - 10 d after birth, when the full ventilatory response to hypoxia becomes

manifest (Belenky, Standaert and Woodrum, 1979; Carroll and Bureau, 1987).

Although increased carotid chemoreceptor activity in response to falling PaO2 has been

detected in fetal carotid sinus nerves immediately prior to birth, the carotid

chemoreceptors have been reported to be quiescent on the first postnatal day (Blanco,

Dawes, Hanson and McCooke, 1984). The ventilatory response to carotid chemoreceptor

activation is sluggish in newborns on the first day after birth as compared with those after

about 7 d. During this time central, nonchemical neurogenic d¡ive may be the major

controller of respiration (Caroll and Bureau, 1987) while the chemoreceptor reflex resets

in response to the increasing PaOz of early neonatal life (Bureau and Begin, 1982; Blanco

et aI, 1984). Postnatal resetting of aortic chemoreceptors has also been reported (Kumar

and Hanson, 1987).

Peripheral chemoreceptors have been described to be more active in preterm, than in full-

term, human infants (Aizad, Bondani, Cates et al, 1984), however the premature infants

in their study were 6 d older than the term infants, and so postnatal maturational factors

could have confounded these results. On the other hand, sensitivity to hypoxaemia in

preterm lambs delivered about 7 d premature has been reported to be signifrcantly lower

than in term lambs, with respect to carotid chemoreceptor discharge (Hanson, 1986b;

Blanco, Hanson, McCooke and V/illiams, 1987). Nevertheless, there was no significant

difference between the two groups with respect to the steady state ventilatory response to

hypoxia (Hanson, 1986b). No equivalent study of aortic chemoreceptor sensitivity in

premature lambs has been published to date.
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The significant linear relationship between ÀHR and ÂPaO, in the present study suggests

a clear stimulus-response relationship involving the peripheral chemoreceptors.

Although some evidence was found of a gradually increasing effect of hypoxaemia

during early postnatal life with íegard to the slope of the AHR response to APaO2,

suggesting increasing sensitivity of the reflex, there were no signif,rcant differences

between the two age groups of premature and the younger term lambs. Although no

evidence was found of diminished sensitivity of premature neonates to hypoxaemia, only

the steady state HR response in different animals was recorded. No assessment of

chemoreceptor reflex sensitivity in each individual animal was made by a method

equivalent to that reported by Hanson (1986b). The mean level of HR reached during

hypoxia was, however, significantly higher than normoxia levels in the terrn neonates but

not in the premature group. On the other hand, the multiple regression analysis of factors

correlating with HR in general (i.e. not only during hypoxia) suggested that PaOz had less

of an effect on HR as post-conceptional age increased. This can be explained by noting

that the rise in HR in terrn neonates in the second postnatal week was not linearly related

to the fall in ÂPaOr.

This absence of a linea¡ relationship between ÀHR and ÂPaO, in 2 week old term

neonates is puzzling, especially since HR rose signif,rcantly during hypoxia in these

animals, and also since there was a significant correlation between AHR and ÂPaO2 in

adult sheep. This result prompts the hypothesis that, at this time in development, other

inputs to the reflex arc linking the hypoxic stimulus to the tachycardia response may be

intervening, with resultant disruption of the linear relationship. As mentioned above, the

tachycardia in hypoxic, freely ventilating mature animals may be secondary to the

resultant hyperpnoea in response to carotid chemoreceptor stimulation (Daly and Scott,

1964). Since the carotid body reflex is still developing with respect to control of

ventilation between the first and ninth postnatal days, it may be the aortic chemoreceptor

reflex that controls HR during hypoxaemia at this time, as is the case in prenatal life. At

the same time central controls of respiration may predominate until the carotid



chemoreceptor reflex matures (Belenky, Standaert and Woodrum, 1979;

Bureau, 1987). If these central controls also affect regulation of HR, loss of the

relationship between ÂHR and ÂPaO2 during the second week of postnatal life may

represent a period of dominance of central mechanisms over aortic chemoreceptor reflex

control. Return of the relationship between ÀHR and APaO2 may occur with the

weakening of the central, non-chemical drive once maturation of the carotid

chemoreceptor reflex control of ventilation has occurred. The fact that there was no loss

of the linear relationship between ÂHR and LPaO2 in the premature lambs in the second

week may, in conjunction with the data showing no decline in resting HR at this time, be

further evidence of their immaturity with respect to HR control.

A surge in the plasma concentration of adrenaline and noradrenaline has been observed

in plasma of newborn lambs (Eliot, Klein, Glatz et al, l98l) and humans (Lagercrantz

and Bistoletri, 1977) at delivery, with levels in premature neonates reported to be higher

(Padbury, Polk, Newnham and Lam, 1985) or lower (Lagercrantz and Bistoletti, 1977;

Greenough, Lagercrantz, Pool and Dahlin, 1987) than in full-term neonates. Studies on

neonatal piglets (Moss, Runold, Dahlin et al, 1987) showed that plasma catecholamine

concentrations rose during hypoxia, with young neonates having higher levels than older

animals. In the present study no differences in plasma adrenaline levels between term

and premature neonates were found throughout the experiments, with no change in mean

levels occurring during hypoxia. This may be a reflection of the moderate degree of

hypoxaemia produced since, in the fetal sheep, ad¡enaline release from the adrenal

medulla does not occur until PaO2 falls to substantially lower levels than that necessary

to provoke norad¡enaline release (Comline and Silver, 1966). Noradrenaline levels rose

during hypoxia only in the premature neonates at the older age. This increase was not

correlated with the significant change in PaOz or to any other measured variable, and

may represent a non-specific stress response in this group of neonates. In a larger group

of full-term neonates a signihcant rise in plasma levels of norad¡enaline during hypoxia

was observed in the first postnatal week (see Chapter 3, Fig 3.I7), however there was
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great individual va¡iability about the group mean level, as was also noted in the current

study.

AVP is released in massive amounts at birth in human infants (Pohjavuori and Fyhrquist,

1980), particularly if there is a period of asphyxiation (Speer, Gorman, Kaplan and

Rudolph, 1984), and also in lambs (Leffler, Crofton, Brooks et al, 1985). Levels tend to

fall rapidly in the first 24 hr and reach the normal neonatal range within 7 d (Rees,

Forsling and Brook, 1980). In the neonates in the present study, however, levels were

above normal (2-5 pglml; Stark et al, 1982; Weismann et al, 1983) throughout the two

weeks of the study. Plasma AVP concentrations in premature human infants are reported

to be no different from those of term infants (Mclntosh and Smith, 1985; Hadeed, Leake,

'Weitzman and Fisher, 1979), but levels in the present group of premature neonates were

significantly higher than those in term neonates during the first week. Hypoxia has been

shown to result in increased plasma concentrations of AVP in lambs (Weismann and

Clarke, 1981; Stark et al, 1982; Weismann et al, 1983) and the data from the premature

neonates in the present study support this. However the level of hypoxia must be severe

for this to occur. The failure of AVP to rise during hypoxia in early neonatal life was

described in Chapter 5.1, where only one of four lambs demonstrated a rise in AVP with

hypoxia in the first week after birth, while all four had increased AVP levels during

hypoxia after 9 d of age. The data from the large group of neonates reported in Chapter 3

(see Table 3.8 and Fig 3.11) also show that AVP concentrations during hypoxia were not

increased to the same extent in younger neonates as in older neonates; the levels lvere,

however, variable, and the change from normoxia level did not achieve significance in

either age group of neonates. These data, taken together, suggest that there may be a

period of diminished sensitivity of the AVP response to hypoxia in ihe term, but not the

premature, neonate during the first week of postnatal life. Premature lambs may, in

contrast, have an enhanced sensitivity of AVP release mechanisms to hypoxaemia simila¡

to that of the fetus (Stark et al, 1982). The fact that the rise in AVP in the premature

group was significant only in recovery suggests an inability to regulate AVP
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concentration rapidly and precisely with respect to its release, metabolism and/or

clearance, as has been reported for vasoactive factors in the fetus (Zubrow, Daniel, Stark

et al, 1988).

The absence of a linear relationship between PaO2 and AVP level for any age group can

be interpreted to imply that AVP release during hypoxia is not mediated directly by the

chemoreceptor reflex in the neonate (cf the fetus, see Figs 3.\2,3.13), and may indicate

modulation by other inputs to the reflex arc or, perhaps, may represent a less specific

defence response, which could also explain the individual variability observed (Marshall,

198 1).

It has been suggested that the negative chronotropic effect of AVP may be more

pronounced in immature neonates (Rose, Morris and Meis, 1982), and the significant

negative correlation of AVP and post-conceptional age with HR supports this hypothesis.

PRA is high in the neonate as compared with the fetus or adult (Mott, L973; Kotchen,

Strickland, Rice and Walters, 1972; Siegel and Fisher, 1980) and may assist in

maintenance of blood pressure by way of angiotensin II production (Siegel and Fisher,

1979). By the use of an angiotensin converting enzyme (ACE) inhibitor, Weismann and

co-workers have shown that products of ACE activity are important in causing

splanchnic vasoconstriction during hypoxaemia, when PRA has been shown to rise

(Weismann and Clarke, 1981; 'Weismann et al, 1983). An increase in PRA during

hypoxaemia was confirmed by the data for both groups of younger neonates in the

present study and could act to ameliorate the tendency for MAP to fall. After one week

of postnatal life, however, no rise in PRA was apparent during hypoxia, although levels

were significantly higher in the premature lambs at all times in thè experiment. PRA

during normoxia was shown to decline with increasing post-conceptional, but not

postnatal, age. High levels of PRA have also been shown in premature human infants in

whom PRA, although no different from term infants in the first postnatal week, was

significantly higher in the second to sixth weeks (Sulyok, Nemeth, Tenyi et o,l" L979). At
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the same time, these infants were in negative sodium balance, due to relatively high renal

sodium loss. The infants in the study were, however, fed with cow's milk formula rather

than by their mothers, which may have contributed to their condition. On the other hand,

neonatal lambs fed on lamb formula, with controlled sodium intake, are reported to have

lower PRA than those suckled by their mothers (Wilson, Kaiser, V/right et ø1, 1981)

suggesting that the sodium intake of lambs fed by the maternal ewe may be deficient

early in neonatal life. In the present study plasma sodium was not measured, and so this

possibility cannot be investigated, however the high resting levels of AVP in the

premature neonates at both ages might also be suggestive of inaccurate regulation of

extracellular fluid and ion balance.

Consideration must be given to the possibility that initiation of parturition by the use of

ACTH infusion may have contributed to any differences observed between the premature

and term groups, particularly in the first week. Plasma growth hormone concentrations

prior to birth in prematurely delivered lambs treated with ACTH have been shown to be

different from those in lambs delivered spontaneously at term (Lowe, Gluckman, Jansen

and Nathanielsz, 1986). However, no evidence rwas given regarding the hormonal status

of lambs born spontaneously premature for comparison with those in which parturition

was induced.

From the results of this experiment it can be concluded that lambs delivered prematurely

after induction of parturition with ACTH infusion have increased plasma levels of AVP

in response to hypoxia, while no AVP response to a similar fall in PaOZ occurs in term

lambs. It has also been shown that PRA is heightened during hypoxia in the early

neonatal period both in premature and full term lambs. No significant evidence was

found of reduced sensitivity of the HR response to hypoxia in the premature lambs,

although those with concomitant higher AVP levels tended to have lower HR. However,

a period of diminished sensitivity of the HR response to hypoxia was identified in the
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term, but not the premature, lambs after the first postnatal week suggesting that an

alteration of central control mechanisms in the normally maturing lamb may occur at this

time.
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CHAPTER 7 Effects of vagotomy and cervical
spinal cord transection on

responses to hypoxaemia in fetal
sheep

Introduction

Fetal hypoxaemia arising from acute maternal hypoxic hypoxia is associated with

circulatory responses which include redistribution of blood flow and changes in arterial

blood pressure and heart rate, most commonly hypertension and bradycardia (for review

see Rudolph, 1984). Plasma renin activity may increase (see Chapter 3; Robillard,

Weitzmann, Burmeister and Smith, 1981), and increased plasma levels of AVP (see

Chapter 3; Rurak, 1978) and catecholamines (see Chapter 3; Comline, Silver, Silver,

1965; Cohen, Piasecki and Jackson, 1982) are reported. These changes occurring in

response to lowered PaO2 are at least partly mediated by aortic chemoreceptors, with the

extent of contribution by the carotid chemoreceptors being uncertain. Central

chemoreceptors may also be involved, particularly when hypoxaemia is accompanied by

increased PaCOz and acidosis (for review see Walker, 1984).

t

Afferent fibres of the glossopharyngeal and vagus nerves, from the carotid and aortic

chemoreceptors respectively, terminate in the region of the nucleus'tractus solitarius of

the medulla oblongata. Central control of vasomotor function involves groups of

medullary adrenergic (C1 group) and noradrenergic (41 group) neurons, with the latter

also having projections to the supraoptic nucleus of the hypothalamus, the magnocellular

neurons of which produce AVP for secretion into the systemic blood stream in the
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posterior pituitary gland (Bruce and Cherniak, 1987). Thus chemoreceptor stimulation

can activate neuronal secretion of AVP (Harris, 1979), which can occur following

generalized activation of the forebrain through actions at the brainstem defence areas,

also resulting in sympathetically.mediated enhancement of vasomotor tone (Harris,

Ferguson and Banks, 1984). Descending projections from the medullary cardiovascular

centres pass to spinal areas affecting preganglionic sympathetic neuronal outflow (for

review see Feldman and Ellenberger, 1988) which, in turn, affects HR, vasomotor tone,

adrenal medullary secretion and renin release from the juxtaglomerular apparatus of the

kidney (for review see Reid, Morris and Ganong, 1978).

In this study vagotomy and cervical spinal cord transection have been used, singly and in

combination, to further elucidate the role of the vagus nerve and brainstem-spinal cord

pathways in effecting heart rate responses and changes in AVP, PRA and catecholamine

levels during fetal hypoxaemia. The vagus nerye is not only the afferent pathway from

aortic chemoreceptors to the brainstem but is also the efferent pathway of

patasympathetic fibres from the brainstem to the heart. Vagotomy has been shown to

prevent bradycardia and to reduce the AVP response during fetal hypoxaemia (Rurak,

1978). Vagotomy was used in the present studies to help identify, indirectly, the

importance of the aortic chemoreceptor reflex in regulating the HR and hormonal

responses to fetal hypoxaemia. In experiments with cervical spinal cord transected

fetuses the ad¡enal catecholamine response to hypoxaemia has been reported to result

from a direct effect of decreased PaOz on the adrenal medulla and also to spinal reflexes

(Comline et al, 1965). Cervical spinal cord transection was used to investigate the
¡

importance of descending pathways from the brainstem not only on ad¡enal medullary

secretion during hypoxaemia, but also on the HR and PRA responsesl
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Methods

Animal Preparation

The fetuses of 27 Dorset-Merino êwes with dated pregnancies were used in the study.

Maternal surgery was performed between 95-120 d gestation after fastin g for 24 hr, using

epidural anaesthesia for animals requiring vagotomy and/or catheterization only, and

general anaesthesia for cord transected fetuses. Surgical procedures were as described in

Chapter 2. Bilateral vagotomy was performed in 5 fetuses (Vx group), high cervical

spinal cord transection in 6 (Cx group), and combined vagotomy and cord transection in

a further 5 fetuses (CxVx group). A catheter was inserted into the trachea of the first Cx

fetus (by the method of Dawes, Fox, Leduc et al, 7972), and the absence of fetal

breathing movements in this fetus indicated that the method of cord transection was

indeed 'high', i.e. at a level sufficient to prevent phrenic nerve stimulation of the

diaphragm (phrenic nerye roots issue from spinal levels C3, 4, 5). Vascular catheters

were inserted into the fetal hindlimbs and advanced into the abdominal aorta and inferior

vena cava, or into the carotid artery and jugular vein in the neck (in two Cx, one Vx, and

two CxVx fetuses). The latter procedure was used when it was necessary to reduce the

time taken for surgery, which was lengthened if both neck and hindlimb of the fetus were

exposed. The intact group included 11 fetuses which were chronically catheterized only.

E xp e rime ntal P r o c e dur e

The protocol for the hypoxia experiments was as described in Chapter 2, with 30 min

norr4oxia, hypoxia and recovery periods. 0.5 rnl aliquots of blood for blood gas analysis,

and a further 8.5 ml for estimation of plasma osmolarity, sodium, potassium and hormone

levels, were collected at 30, 60, 90 min.

ABP, MAP and HR were recorded continuously and amniotic fluid pressure values were

subtracted from all ABP readings. Since HR and ABP were to be correlated with plasma
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hormone levels, they were recorded as the average over the 2 min period preceding the

taking of the relevant blood sample.

In the Cx, Vx and CxVx groups studies were performed once between lI4 - 126 d and

repeated between I33 - I43 d in order, firstly, to assess possible residual effects of

surgical procedures on the measured variables at the time of the first experiment, and,

secondly, to allow for analysis of age-related differences in responses. The intact fetuses

were studied on one occasion, 6 fetuses at age Il4 - L26 d and 5 at 133 - I43 d.

Analytical Methods

Plasma osmolarity was measured by the freezing-point depression method (Knauer

osmometer, Berlin, 'West Germany) and plasma sodium and potassium concentrations

were determined by flame photometry flnstrumentation Laboratory Model 143 Digital

Flame Photometer, Lexington, Massachusetts, U.S.A.). Assays for AVP and PRA were

performed as described in Chapter 2. The recovery of AVP was 76 + l9Vo (mean + S.D.,

n = 9), the least detectable dose was 1.6 pgltube and the intra- and interassay coefficients

of variation were 6.87o and l7.0Vo respectively. PRA was measured as the rate of

generation of angiotensin I (AI) in 60 min. The least detectable dose of AI by this

method was 1.8pg; the intra- and interassay coefficients of variation were 5.8Vo and

I2.7Vo respectively.

Due to a change of staff in the laboratory, plasma samples for catecholamine assay were

analysed by either of two methods. Samples from all intact animals, 3 Vx and 4 CxVx

fetuqes were analysed, following a solvent extraction step, by high performance liquid

chromatography and electrochemical detection (HPLC-ECD), as described in Chapter 2.

Recovery averaged 97.5 + l6.4Vo (SD) and the least detectable dose for adrenaline was

30 pg/ml, and for noradrenaline 20 pglml. The intra- and interassay coefhcients of

variation were less than 57o. On the otherhand, samples from2 Vx, I CxVx and 6 Cx

fetuses were analysed (in the laboratory of Dr. D. B. Frewin, Department of Clinical and

Experimental Pharmacology, University of Adelaide) by the radioenzymatic method of
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Da Prada and Zurcher (1976). Recovery averaged 60Vo, wirh the least detectable dose

being 18 pglml for ad¡enaline and 17 pg/ml for noradrenaline. The intraassay coefficient

of variation ranged from IlVo at low concentrations to 57o at moderate to high

concentrations. Despite the differences in least detectable dose between the two

methods, examination of the results for baseline samples showed that, for samples having

detectable levels of catecholamines, there was no significant difference between the two

methods, adrenaline levels being l4l + 54 pglml (mean + SD, n = 22) by the first

method, and 61 + 36 pglrnl (n = 16) by the second, while noradrenaline levels averaged

295 + 283 pglÍn, and298 + 249 pglml respectively.

Data Analysís

Levels of each variable rwere expressed as mean + SEM. For instances in which hormone

levels were below the sensitivity of the assay, calculation of mean levels was performed

by allocating to such samples a value equal to the least detectable dose. Differences

between means of group data before, during and after hypoxia were analysed using

multivariate analysis of variance for repeated measures (MANOVA; SPSSx, 1986)

followed by Student-Newman-Keuls test where appropriate, to identify differences

between groups at a pafiicular time period, and Student's paired t-test to identify within-

group differences from normoxia levels. Correlations, least squa.res linear regressions

and most other statistical tests were performed using the statistical package SPSSx

(1986). Logarithmic transformation of hormone levels was used prior to analysis owing

to heterogeneity of variances as determined by Box's M test. Comparison of regression

lineg was performed using the statistical package BMDP (1985). Results were described

as significant if the probability of their occurring by chance was less than 5Vo.
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Results

Comparison of data for the younger (<130 d) and older age group (>130 d) fetuses with

regard to the levels of all variables, before and during hypoxia, showed significant

differences only in the intact group during normoxia. HR in the younger intact animals

was 168 + 14 bpm and in the older animals was 146 + 9 while MAP was higher in the

older animals (49 + 5 mm Hg as compared with 41 + 4). Plasma AVP levels were higher

in the younger intact animals during normoxia than in the older group (4.9 + 2.0 pg/ml

and 1.9 + 0.6 respectively). Since no age-related differences were apparent in the other

groups it was assumed that there was little residual effect of the surgical procedures by

this time. The data for the different age groups were therefore pooled in the subsequent

statistical analyses, and gestational age was used as an independent variable in the

reglession analysis.

Disturbance of cardiovascular control in the CxVx fetuses was apparent from comparison

of the polygraph traces from these animals and those of normal fetuses (see Figs 7 .1.,3.3,

3.4). Episodes of rapidly developing tachycardia accompanied by, and apparently

coincident with, markedly increased ABP, were observed at irregula¡ intervals and lasted

for 30 - 90 seconds, while the variability of ABP and HR in the intervening periods was

noticeably less than normal. Sampling of blood for hormone analysis was avoided at the

times of cardiovascular instability.

From Table 7.1 it can be seen that the 30 min period of maternal hypoxia produced a

significant fatl in fetal PaO2 by 40 - 45Vo in all four groups of animals, with no

differences being observed between the groups, and a return to normoxia levels after 30

min of recovery. PaCOz fell, due to maternal hyperventilation during hypoxia, in only

the intact group, and the average PaCOz during hypoxia was significantly higher in the

CxVx fetuses than in the other three groups. During recovery PaCOz was lower than

normoxia levels in all but the CxVx group, in which a return to the normoxia level was

observed. pH during normoxia was lower in Cx, Vx, and CxVx animals than in the intact
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group, while CxVx fetuses had a lower pH during hypoxaemia and recovery than the

other 3 groups. There was no statistically significant change in pH within the groups

during hypoxia although a significant fall was observed in the intact fetuses during

recovery (see Table 7.1). Plasma levels of sodium and potassium, and of plasma

osmolarity were not different either within or between goups before and during hypoxia.

Sodium concentrations averaged 144 + 2 mmolÄ before hypoxia and 145 + 4 mmolÄ

during hypoxia, potassium concentrations were 4.0 + 0.1 mmolÂ before and 4.4 + 0.4

mmolÂ after, and osmolarity was 283 + 6 mosmÂ before and 285 + 5 mosml after

hypoxia. No correlation of plasma osmolarity with levels of AVP or PRA was observed.

HR during normoxia was similar in all 4 groups (see Table 7.1), but 6 of 11 intact fetuses

and all Cx fetuses developed a bradycardia during the hypoxia period. The area of the

bradycardia averaged 58.2 + 24.6 beats in the intact animals, and 567 + 146 beats in the

Cx (signifrcantly different, p<0.01). In the intact animals the duration of the bradycardia

ranged from 3 - 9 min, with the maximal HR decrease in individual fetuses ranging from

16 - 60 bpm. Duration of the bradycardia in the Cx animals ranged from 3.5 - 45 min

(i.e. in some fetuses was prolonged into the recovery period), with the maximal decrease

being 8 - 80 bpm. HR in the Cx group was significantly lower than normoxia levels after

30 min of hypoxia, and was significantly below the hypoxia levels of the other 3 groups.

On the other hand, HR rose signihcantly above normoxia levels in the Vx and CxVx

group by the end of the period of hypoxia, while no signifrcant change was observed in

the intact group. There was no difference between recovery and normoxia HR in any of

the groups. Significant relationships between HR and other variables were determined

by c'orrelation analysis and examination of scatterplots of pooled data (before, during and

after hypoxia), followed by regression analysis (see Table 7.2). By these means AVP

was found to be a strong correlate in the intact group (Fig 7.2), AVP and PaO2 in Cx

fetuses (Figs 7.3, 7.4), PRA and PaO2 in Vx (Figs 7.5, 7.6), aqd catecholamines and

PaCO2 in the CxVx group (Figs 7.7 - 7.9). Age was a significant negative conelate with

HR in all but the intact group. The area of the bradycardia response was significantly
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correlated with plasma adrenaline concentration in the intact fetuses (Fig 7.10), and with

AVP in the Cx fetuses (Fig 7.11).

MAP did not change significantly with hypoxia, and no differences between the groups

were apparent (see Table 7.1). In 4 of the 6 intact animals exhibiting a bradycardia, SBP

rose during hypoxaemia by 2 - 3 mmHg while DBP tended to fall by an equivalent

amount. No change in ABP could be observed in the other 2 fetuses. ABP rose in 2 of

the intact fetuses in which no fall in HR occurred during hypoxaemia. In 8 of the 10 Cx

fetuses ABP fell early in hypoxaemia but rose again after 5 - 10 min, with a tendency for

a rise above control levels early in the recovery period. No relationship between MAP

and HR was observed.

Severing of the vagi or cervical spinal cord had no effect on norrnoxia levels of the

hormonal factors measured, from compa¡ison with the levels in the intact goup (Table

7.3). During hypoxia AVP rose significantly in intact, Cx and Vx fetuses and was still

significantly elevated at the end of the recovery period. There was an apparent rise in

mean AVP concentration also in the CxVx group but the variability was such that no

statistically signifrcant difference was detected from normoxia level. No differences

between groups were apparent. Plasma AVP concentrations were significantly related to

PaO2 in rhe intact, Cx and Vx groups (Figs 7.12 -7.14), with the intercept and slope of

the relationship being significantly different in the Vx, as compared with the intact,

fetuses (p<0.05). PRA contributed significantly to the variance in AVP in the Vx group,

and plasma noradrenaline was a significant correlate in the CxVx group (Table 7.2). pH

was,significantly correlated with AVP in the CxVx group (Fig 7.15, and see also Table

7.2).

PRA was significantly elevated above normoxia levels in the Cx, Vx and CxVx animals

after 30 min of hypoxia and failed to return to norrnoxia levels in the latter two groups

during recovery. No significant changes in PRA were observed in the intact group, and
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no differences between groups were detected (see Table 7.2). PRA was significantly

correlated only with PaOz in the Cx group (Fig 7.16).

Adrenaline levels were very variable in all4 groups, and no differences were identified in

mean levels within or between the groups during, or after, hypoxia (see Table 7.2).

However adrenaline levels did rise in CxVx fetuses which became hypercapneic (Fig

7.17). Plasma noradrenaline concentrations were also variable, particularly in the CxVx

animals, but statistically significant rises above normoxia levels were observed in the

intact and Cx groups, with no significant change occurring in the Vx and CxVx $oups.

The level reached in the Cx group was apparently lower, but not significantly, than that

in the intact and CxVx groups. After 30 min of recovery the noradrenaline levels, in all 4

groups, were not significantly different from those observed during normoxia (see Table

7.2). Plasma concenffations of norad¡enaline were significantly correlated with PaO2 in

the intact group (Fig 7.18), and with both PaO2 and PaCOz in the CxVx group (Figs 7.19,

7.20). In the intact group both PaO2 and PaCO2 contributed to the variance in

noradrenaline levels, while in the CxVx group only PaCO2, along with plasma AVP

concentrations, was a si gnific ant contributor (T able 7 .2).

Discussion

The tendency for mean PaO2 to be rather lower in the intact group than in the surgically

treated groups was due to the use of the carotid afiery as a site for blood sampling in

some of the latter animals. There is higher oxygen saturation in the ascending, than in

the descending, aorta due to the effect on the latter of preferential. passage of superior

vena caval (deoxygenated) blood through the ductus arteriosus (Rudolph, 1984). Also,

oxygenation of ca¡otid artery blood is better maintained during hypoxaemia than is that

of descending aorta blood, due to preferential streaming of oxygenated blood through the

foramen ovale into the left heart (Reuss and Rudolph, 1980). However, there were no

significant differences in PaO2 between the groups at any of the time points, and so it can
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be assumed that the use of different blood sampling site was of linle consequence in

affecting the outcome of the experiment.

Despite the attempted prevention of maternal hypocapnia during hypoxia-induced

hyperventilation, intact animals demonstrated reduced PaCO2 both during and after

hypoxia. This relative hypocapnia was not apparent in the other three $oups during

hypoxia, despite an identical protocol, with PaCO2 being maintained at normoxia levels

although, during recovery, a delayed fall was seen in the Cx and Vx fetuses. Also, pH

was lower before hypoxia in Cx, Vx and CxVx animals than in the group of intact

fetuses, but the differences during and after hypoxia reached statistical significance only

in the CxVx $oup. These data suggest that acid-base balance during hypoxaemia was

disturbed in fetuses without aortic chemoreceptor afferents or cerebral neural control of

sympathetic vasoconstrictor pathways. The tendency for PaCOz to rise, and pH to fall,

was particularly apparent in the CxVx fetuses, in which both chemoreceptor and

brainstem controls were disrupted. This could result from a failure of normal blood flow

redistribution away from anaerobically metabolising tissues, allowing acidosis to

develop. Alpha-adrenergic receptor blockade in fetuses during eucapneic hypoxia has

also been reported to result in a fall in pH (Reuss, Parer, Harris and Krueger, 1982),

although no effect on pH was reported in another similar study (Jones and Ritchie, 1983),

and combined adrenal demedullation and chemical sympathectomy has been reported to

result in a relative acidosis during fetal hypoxaemia (Jones, Roebuck, Walker and

Johnston, 1988).

Fetal sheep tend to respond to hypoxaemia with a bradycardia, which is vagally mediated

(Rurak, I978; Cohn, Piasecki and Jackson, 1980; Rudolph, 1984;), although the direction

of the HR response is dependent upon the relative predominance of parasympathetic and

sympathetic influences (Walker, Cannata, Dowling, et al 1979), and tachycardia has been

observed in fetuses less than 125 d old (Drummond and Lindheimer, 1982). In the

present study a transient fall in HR was observed in some, but not all, intact fetuses,

while Vx animals showed a significant tachycardia as PaO2 fell and Cx fetuses a
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consistent bradycardia, due to the unmodulated effects of sympathetic, and

parasympathetic mechanisms, respectively. That both sympathetic and parasympathetic

outflows to the heart are stimulated during fetal hypoxaemia, as described by Walker and

co-workers (1979) is supported by these results. The hypothesis of vagal mediation of

the bradycardia is also supported by these results, since no fall in HR occurred in

vagotomized fetuses. In the intact fetuses with transient bradycardia the early effect of

vagal stimulation was apparently overcome, later in the hypoxia period, by increased

sympathetic stimulation. The area of the bradycardia response was greater in intact

animals with higher adrenaline levels, a relationship which has also been reported by

Jensen and co-workers (Jensen, Kunzel and Kastendieck, 1987; see also Chapter 4). This

result supports the suggestion that the bradycardia in response to hypoxaemia is greater

in fetuses which are more snessed before or during the hypoxic period (see Chapter 4).

Further evidence for this is provided by the results for the Cx group, in which adrenaline

levels were barely detectable, but in which AVP, another 'stress hormone' (Wintour,

Bell, Congiu et al, 1985), correlated with the area of the bradycardia instead of

adrenaline. The significant correlation of AVP with HR in both the Cx and intact fetuses

cannot be explained as a causal relationship, especially since it was positive in the first

instance and negative in the second, and also since, in another $oup of fetuses (see

Chapter 4), PRA tended to be a more significant correlate with HR than was plasma AVP

level. The data in this study therefore suggest the presence of a common, unidentified

factor which affected both HR and plasma concentrations of AVP. The linear

relationship between HR and PaO2 in the Vx fetuses shows that carotid chemoreceptor

refle¡ control of HR must be functional before birth, as has also been demonstrated by

Itskovitz and Rudolph (1987).

Although the cardiovascular responses of fetal sheep to hypoxaemia are usually

described as including raised MAP (Rudolph, 1984), the changes in blood gases during

the present experiments had no consistent or statistically significant effects on arterial

blood pressure in any of the groups, with responses, particularly in the CxVx group,
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being very variable. The possible reasons for the unchanged ABP in the hypoxia studies

described in this thesis have been discussed at length in Chapter 3. The lack of effect of

the surgical treatments on MAP indicate adequate control of blood pressure by

mechanisms involving ca-rotid ba¡o- or chemoreceptor afferents and/or spinal reflexes

and local blood flow regulation. Jones, Roebuck, Walker et al (1987) demonsrated

maintenance of ABP and HR in normoxic fetuses despite adrenal demedullation and

chemical sympathectomy, while Iwamoto and co-workers have described maintenance of

blood pressure at, or above, normal levels in hypoxaemic fetuses sympathectomized by

treatment with 6-OH dopamine (Iwamoto, Rudolph, Mirkin and Keil, 1983). These data

indicate that the sympathetic nervous system is not required for blood pressure regulation

in the fetus at rest or during hypoxia.

Although, in general, HR and BP were maintained within normal limits in the CxVx

fetuses, there were episodes of instability as evidenced by sudden, short-lived rises in

ABP and HR. Jones and co-workers (1987) have also described 'cardiovascular crises'

in fetuses sympathetically denervated with guanethidine. However, the episodes they

describe were complex, and involved a period of slowing of the heart and falling ABP

preceding a rise in the latter. They also found coincident increases in plasma AVP and

catecholamine levels. Unfortunately the taking of blood samples was avoided during

these episodes in the present study, in an attempt to reduce uncontrolled va¡iation, and so

no hormonal data are available to compare with thei¡s. Sudden changes in hormone

levels, which would have been more prolonged than the cardiovascular responses, could

have contributed to the large variability of the data in the CxVx fetuses. In spinal man

i

the syndrome of autonomic dysreflexia is described (Mathias and Frankel, 1988), in

which stimulation of afferent nerves from, for example, skin, urinary bladder or skeletal

muscle, causes prompt and marked elevation of blood pressure due to a generalized

activation of the sympathetic neryous system. This is accompanied by a rise in

noradrenaline in the plasma and also a tachycardia, but increased vagal activity in

response to the rise in ABP soon causes HR to fall. The pattern of cardiovascular
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changes observed in the fetuses in these studies may represent a similar response to such

stimulation. However, the frequency of occurrence of these episodes, although not

regular, averaged about 14 - 16 per hour and may better be explained as attempts to

maintain cardiovascular stability in the absence of a hnely controlled sympathetic

nervous system by the coarser mechanisms of spinal reflexes and hormonal factors (Jones

et al, 1987).

AVP release during hypoxaemia has been shown in adult dogs to be chemoreceptor-

mediated (Hanley, Wilson, Feldman and Traystman, 1988). In the present study, mean

levels of AVP were not significantly affected, at any stage of the experiment, by severing

the afferent pathway from the aortic chemoreceptors, however there was a significantly

reduced slope of the relationship between AVP and PaO2 in the Vx group as compared

with the intact animals. This suggests that the carotid chemoreceptor reflex arc alone

was less sensitive to hypoxaemia in contrast to the situation when both aortic and carotid

chemoreceptor arcs were intact (ie in the intact and Cx fetuses). In partial support of

these results, Rurak (1978) reported a decreased AVP response of vagotomized fetal

sheep to hypoxaemia, but the apparent change was not statistically significant. He did,

however, describe an altered relationship of blood gases to AVP levels, with both PaO2

and pH being significant correlates in intact fetuses, but only pH being significant in

those which had been vagotomized. In contrast to the fetuses in Rurak's study, those in

the present study showed no fall in pH thus, not surprisingly, no relationship between

AVP and pH in Vx was found. In the combined CxVx fetuses, however, pH during

hypoxaemia did tend to fall, and a relationship between AVP and pH was then apparent.

In this situation, raised levels of noradrenaline also correlated significantly with plasma

AVP levels, however this is unlikely to be a causal relationship, sinie Cheung and Brace

have recently reported (1988) no effect of plasma noradrenaline levels similar to those

recorded in the present study, on AVP in intact fetal sheep. They did, however, observe a

significant positive relationship between raised PRA and AVP levels. Such a

relationship rüas supported by regression analysis in the Vx fetuses in the present study,
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but not in the intact animals, in which PRA did not change significantly. Plasma

angiotensin II is the physiologically active product of renin activity, and has been shown

to act at the subfornical organ to increase activation of AVP-secreting neurons in rats

(Ferguson and Renaud, 1986). Fúrther to this point, the enhanced release of PRA in the

Cx group, as opposed to the intact fetuses, might explain the increased AVP response per

unit fall in PaO2, in contrast to the intact fetuses. However, the possible role of systemic

angiotensin II in affecting AVP release under physiological conditions is controversial

(Share, 1988).

Mean PRA increased during hypoxaemia in all groups, but in the intact group the rise

was not statistically significant although, in a larger group of fetuses, PRA had been

shown to be elevated during fetal hypoxaemia (Chapter 3; see also Drummond and

Lindheime4 1982; Robilla¡d et al, 1981). In the current study PRA was significantly

correlated with PaO2 only in the Cx group. This result suggests that brainstem

involvement in renal nerve stimulation of renin release is not required in the PRA

response to hypoxaemia, and may imply a role for spinal reflexes or a direct effect of

lowered PaO2 on the juxtaglomerular apparatus. Renal blood flow has been shown by

Robillard and co-workers (1981) to decrease during fetal hypoxaemia and to be

correlated with changes in PRA, with possible effects on blood flow of a coincident rise

in plasma catecholamine levels. An effect of elevated catecholamine levels on PRA

would seem to be discounted by the results for the Vx fetuses, in which a highly

significant rise in PRA occurred despite no increase in noradrenaline or ad¡enaline.

Conversely, a significant rise in noradrenaline levels in intact fetuses was not associated
t

with a signifrcant rise in PRA. No other significant relationships of PRA with the

measured variables could be identihed, leaving the matter of the controls of PRA during

fetal hypoxaemia u ndetermined.

While two different methods for analysis of catecholamine levels were used in this study

the results would not have been significantly affected. Although the least detectable dose

was lower in the radioenzymatic method, results for samples with levels above the assay
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limits were not different between the two methods. Other authors have also described

excellent agreement between the radioenzymatic and HPLC-ECD techniques for

measurement of plasma catecholamines (Goldstein, Feuerstein, Izzo et al, 1981;

Hjemdahl, Daleskog, and Kahan, t979).

Average adrenaline levels in all four groups did not rise significantly during hypoxia.

Plasma concentrations of adrenaline did, however, rise in those CxVx fetuses with high

PaCO2, showing that ad¡enaline release was possible in these animals despite absence of

brainstem-mediated chemoreceptor reflex efferent pathways. V/hether this was the result

of a direct effect of hypercapnea on the adrenal medulla or of a spinal reflex cannot be

determined from the present study. Comline and Silver (1961) have demonstrated, also

in fetuses with cervical spinal cord transection, that important control of adrenal

medullary secretion is exercised at the spinal level. They also found an effect of PaCO2

on catecholamine secretion at very high levels of hypercapnea. Possible mechanisms for

this effect include increased adrenal blood flow due to raised levels of PaCOz (Longo,

Wyatt, Hewitt and Gilbert, 1978), and enhanced sympathetic nervous system activity

following the lowering of arterial blood oxygen saturation as a result of acidaemia (Lewis

and Sadeghi,1987; Jensen et al, 1987).

Plasma levels of noradrenaline rose significantly during hypoxaemia in the intact and Cx

groups, and were significantly correlated with PaO2 in the intact fetuses. Since average

adrenaline concentrations were unchanged, this noradrenaline release would largely have

been from sympathetic nerve endings or from extra-adrenal chromaffin tissue (Philippe,

1983; Jones et al, 7987), both of which are sources of this catecholamine (rather than

adrenaline). The failure of hypoxaemia to cause an elevation of norad¡enaline levels in

vagotomized fetuses suggests an important role for the aortic chemoreceptor reflex in this

response. In the CxVx group, the enhanced release of noradrenaline in some fetuses, as

with adrenaline, was related more strongly to raised PaCOz than to decreased PaOz. In

this group, the positive correlation of norad¡enaline and AVP levels is interesting since it

supports the finding, in Chapler 5.2, of an enhancing role of AVP on release of
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noradrenaline. Since brainstem control of sympathetic outflow was interrupted in these

fetuses, this effect of AVP must be exerted at the spinal cord, sympathetic neuronal or

tissue level rather than at the cardiovascular control centres in the medulla oblongata. In

the Vx group this effect would have been reduced, since AVP release in response to

hypoxaemia was attenuated, thus contributing to the lack of significant stimulation of

noradrenaline release in these fetuses. Although noradrenaline concentrations did rise

above normoxia levels in the Cx group during hypoxaemia, as was shown previously by

Comline and Silver (1961), the general picture was of reduced noradrenaline release at all

times, suggesting that neural control by the brainstem does contribute to regulation of

noradrenaline levels in the fetus.

The results of this study demonstrate the remarkable capacity of the resting fetal sheep to

maintain relatively normal cardiovascula¡ function despite absence of an intact aortic

chemoreceptor reflex and intem¡ption of neural connections between the cerebrum and

the spinal cord. When, however, there was threatened disturbance of homeostasis, ie

during hypoxaemia, the adaptive capacity of the surgically treated fetuses was impaired.

Ability to maintain acid-base balance was reduced, and sympathetic nerye and

ca¡diovascular functions were less finely controlled. These experiments also

demonstrated that the carotid chemoreceptor reflex is functional in controlling HR during

hypoxaemia in the fetus, but may be less sensitive than the aortic reflex, which is also

important in regulating AVP responses to low levels of PaO2. In addition, further

evidence suggestive of stimulatory actions of AVP on noradrenaline release, and of the

renin-angiotensin-aldosterone system on AVP release was provided by these studies.



TABLE 7.1 Blood gases, pH, heart rate and blood pressure after 30 min of normoxia (N), after 30

min of hypoxia (þ and after 30 min recovery (R).

Group: Intâct Cx Vx CxVx

PaO,
(mmHg)

N

H

R

N

H

R

N

H

R

N

H

R

N

H

R

20.5 + 0.6

12.4 + 0.8

19.9 + 0.7

***

1.5
i.{.

l.9a
{r{.

l.4a

22.3 + 1.0

14.6 + 0.6

22.2 + 0.8

23.3 + 1.1

15.5 + 1.1

22.4 + 1.2

2L.0 + 2.3

ll.7 + 1.9

21.4 + 2.3

**{.

*:1.

{.*¡1.

*:1.

:trß{.

PaCOz
(mmHg)

pH

MAP
(mmHg)

7.35 + 0.01¿5s

7.35 + 0.01a*

7.4 + 0.00a

158+5

173 + 4a

161 +5

45+2

47+3

45+3

50.8 + 1.0

51.6 + 1.3U

48.5 + 1.2

7.31 + 0.01a

7.29 + 0.016

7.30 + 0.016

153+3
¡1.

124 + l0abc

155+3

48+3

43+2

51 +3

48.1 + 1.1

47.I + l.2c

46.2 + l.lU

7.32 + 0.016

7.33 + 0.01c

7.32 + 0.01c

145+4
:1.

170 + 9¡

149+3

44+2

44+2

51 +5

50.8 + L.4

60.2 + 5.2abc

52.6 + 2.226

7.32 + 0.01ç

7.18 t 0.07¿6ç

7.16 + 0.09¿¡ç

146+7
*

186 + 18c

155+8

43+2

40+5

49+4

48.6 +

44.3 +

46.6 +

HR
(bpm)

HR: heart rate, MAP: mean arterial pressure. Values are mean + SEM. * : p<0.05, ** : p<0.01, t** :

p<0.001, signif,rcantly different from normoxia values (t-æst). a,b,c : means having the same subscript are

significantly different from each other by Student-Newman-Keuls test, p<0.05.



TABLE 7.2 Significant relationships between blood gases and plasma hormone levels (multiple

regression analysis).

Regression equation * g") p

Intact (n = 54)

HR = 142 + 19.7(log AVP)

logAVP = 5.6 - 0.08(PaOz) - 0.03(Age)

logNor -- 5.7 - 0.07(PaOz) + 0.05(PaCØ) - 0.03(Age)

Cx (n = 69)

HR = 268 + 1.9@aO2) - l2.S(logAVP) - 1.1(Age)

logAVP = 3.1 - 0.1 l(PaOz)

logPRA=1.6-0.03(PaØ)

Vx (n = 65)

HR = 257 + l9.l(logPRA) - 1.5@aO2) - 0.7(Age)

logAVP = - 2.3 - 0.03(PaOÐ + O.54(logPRA) + 0.02(Age)

CxVx (n = 54)

HR = I 12 + r.2@aCOz) + 33(logAd¡) + 22(logNor) - (Age)

logAVP =9.9 - 1.5(pÐ + O.82(logNor)

logNor = 0.84 + 0.350ogAVP) + 0.02(PaCOz)

lqgAdr =0.12 + 0.03(PaCO¡)

34 <0.0001

<0.0001

<0.0001

<0.0001

<0.001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

47

<0.000147

59

46

2t

39

42

70

63

66

53



TABLE 73. Hormone levels after 30 min of normoxia (N), afær 30 min of hypoxia (Ð, and after 30 min

recovery (R).

Group: Intact Cx Vx CxVx

AVP
(pelml)

PRA
1ng,/mVï)

(pglml)

Nor
(pglml)

3.1 + 0.6

54.0 + 16.7

15.8 + 5.8

10.3 + 2.9

125 + 3.5

10.6 + 2.1

69+50

88+50

60+ 38

&7 + 253

910 + 238

703 + 233

3.6 + 0.7

155 + 55

14.4 + 3.3

ri

9.3 + 1.7

L4.7 + 2.1

9.8 + 1.5

{.

37+r0

35+ 10

28+4

?ß7 + 92
{.

450 + ll7

255+&

8.6 + 3.0

16.2 + 4.5

13.2 + 4.8

7.7 + 1.7

11.0 + 1.7

9.5 + 1.9

20.0 + 15.5

129 + 92

lL2 + 81

4.9 + 1.7

12.5 + 4.4

Ll.1 + 4.9

N

H

R

N

H

R

N

H

R

N

H

R

:1.

*

*t

{. *

l.

{.{.

**

¡1.

l.

Adr 89 + 232

83 + 20-

101 + 28

547 + 185

556 + 95

511 + 160

4+12

122 + 79

36+7

429 + 170

1462 + 642

670 + 186

Ad¡ : adrenaline, Nor : noradrenaline. Values afe mean + SEM. * : p<0.05, ** : p<0.01' signihcant

difference from normoxia values þaired t-test). Statistical tests were performed on log-transformed data.



TABLE 7.4 MANOVAresuls: PaO,

Between
Subjects

GROUP

ERROR

ss

1ó5

t262

F

1.53

df

3

35

MS

55.0

36.1

Sig of F

PERTOD

Contrast

NvsH

Pillai's
Trace

09t2 175.6

F Hypoth df Error df Sig of F

0.000v2

Hypothesis SS

1676

Enor SS

165.8

Hlpothesis MS

t676

EnorMS

4.74

F

353.8

Sig ofF

0.000

N vs H: contrast between normoxia and hypoxia



TABLE 7.5 MANOVA results: PaCO,

Between
Subjects

GROUP

ERROR

SS

1085

2,498

5.07

Sig of F

0.005

FMSdf

3

35

361.6

7r.4

Within
Subjects

PERIOD

Contfast

NvsR

Pillai's
Trace

0.435 13.08

F Hypoth df Error df Sig of F

0.000v2

Hypothesis SS

23.6

Enor SS

148.8

Hypothesis MS

23.6

Enor MS

4.25

Sig of F

0.024

F

5.55

Within
Subjects

Contrast

Nvs H

NvsR

Pillai's
T¡ace

F Hypoth df Error df Sig of F

70 0.002GROUP X PERIOD 0.493 3.82 6

Hypothasis SS

4ø.1.2

. 47.4

Error SS

836.2

148.8

Hypothesis MS

t47.L

15.78

Error MS

23.89

4.25

Sig of F

0.002

0.020

F

ó.15

3.7r

N vs H: contrastbetween normoxia and hypoxia
N vs R: contÍast between normoxia and recovery



TABLE 7.6 MANOVAresults: PH

Between
Subjects

GROUP

ERROR

0.2/t

0.48

FMSSS df

5.76

Sig of F

0.0033

35

0.08

0.01

Within
Subjects

PERIOD

Contrast

NvsH

N vsR

Pillai's
Trace

0.r40 2.77

F Hypoth df Error df Sig of F

0.08342

Hypothesis SS

0.004

0.034

Enor SS

0.078

0.213

Hypothesis MS

0.004

0.034

Error MS F

0.001

0.006

Sig of F

0.055

0.023

3.93

s.63

Within
Subjects

Contrast

NvsH

NvsR

Pillai's
Trace

F Hypoth df Error df Sig of F

0.018GROUP X PERIOD 0.382 2.75 706

Hypothesis SS

.. 0.017

0.073

Enor SS

0.038

0.2r3

Hypothesis MS

0.006

0.024

Enor MS

0.00r

0.006

Sig of F

0.004

0.0r5

F

5.38

4.00

N vs H: cbntrast between normoxia ând hypoxia
N vs R: contrast bet\veen normoxia and recovery



TLBLE7.7 MANOVAresults: HR

Between
Subjects

GROUP

ERROR

SS

7351

25765

F

3.33

df

3

35

MS

2450

736

Sig of F

0.031

Within
Subjects

PERIOD

Cont¡a.st

Nvs H

Pillai's
Trace

0.149

Hypothesis SS

2962

Hypothesis MS

2962

Error Sig of F

0.064

Enor MS

654 4.53

F Hypoth

2.98 342

Enor SS

22876

F Sig of F

0.or0

Within
Subjects

Connast

NvsH

Pillai's
Trace

Hypothesis SS

r5712

3.09

Enor SS

22876

6

Hypothesis MS

5237

70

Error MS

654

Sig of F

0.000

F Hypoth df Error df Sig of F

0.010GROUP X PERIOD 0419

F

8.01

N vs H: conEast between normoxia and hypoxia



TABLE 7.8 MANOVAresults: MAP

Between
Subjects

GROUP

ERROR

SS

2t4

6001

FMSdf

3

34

0.40

Sig of F

0.7517t-4

t77

\Mithin
Subjects

PERTOD

Contrast

NvsH

N vsR

Pillai's
Trace

0.n0

F H¡ryoth df Enor df Sig of F

0.0066.09 332

Hypothesis SS

316

269

Error SS

1501

1674

Hypothesis MS

316

269

EnorMS

M.2

49.2

Sig of F

0.011

0.025

F

7.15

5.47

N vs H: contrastbetween normoxia and hypoxia
N vs R: contrastbetween normoxia and recovery



TABLE 7.9 MANOVA results: log AVP

Between
Subjects

GROUP

ERROR

SS

1.01

17.3

F

0.v

df

3

35

MS

0.49

0.68

Sig of F

0.569

Within
Subjects

PERIOD

Contrast

NvsH

N vsR

Pillai's
Trace

0.580

F Hypoth df Error df Sig of F

0.00023.4 342

Hypothesis SS

7.59

3.52

Enor SS

5.54

5.00

Hypothesis MS

7.59

3.52

Error MS

0.158

0.143

Sig of F

0.000

0.000

F

47.9

24.7

IVithin
Subjects

NvsH

Pillai's
Trace

F Hypoth df Error df Sig of F

0.031GROUPXPERIOD 0.352

ConEast

2.49 706

Hypothesis SS

2.42

Enor SS

5.54

Hypothesis MS

0.807

EnorMS

0.158

Sig of F

0.005

F

5.09

N vs H: contrastbetween normoxia and hypoxia
N vs R: conEast between normoxia and recovery
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TABLE 7.10 MANOVA results: log PRA

Between
Subjects

GROUP

ERROR

ss

0.45

11.98

Fdf

3

34

MS

0.15

0.35

0.43

Sig of F

0.735

\Mithin
Subjects

PERTOD

Contrast

Nvs H

NvsR

Pillai's
Trace

0.565

F Hypoth df Enor df Sig of F

33 0.00021.4 2

Hypothesis SS

0.829

0.354

Enor SS

0.u7

0.622

H1çothesis MS

0.829

0.354

Error MS

0.025

0.18

Sig of F

0.000

0.000

F

33.3

19.4

N vs H: conEast between normoxia and hypoxia
N vs R: contrast between normoxia and recovery



TÀDLE 7.11 MANOVA results: logNoradrenaline

Between
Subjects

GROI.'P

ERROR

ss

r.82

14.4

Fdf

3

34

MS

0.61

0.42

Sig of F

t.43 0.251

Within
Subjects

PERIOD

Connast

NvsH

Pillai's
Trace

0.416

F Hypoth df Enor df Sig of F

0.000tr.7 332

Hypothæis SS

2.M

Enor SS

2.92

Hypothesis MS

2.M

EnorMS

0.085

Sig of F

0.000

F

23.8

N vs H: contrast between normoxia and hypoxia
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Fig 7.1 Representative polygraph trace from a CxVx fetus (no.0140, 126 d), showing

transient episodes of tachycardia and raised blood pressure.
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= 92.3 + 2.81(x) with r = 0.584 (p<0.0001).
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lo
gA

V
P

]\)
G

)
-¡ a

o
J

a

a a a
a

a
o

O
a 3

a
ao lo aa
'

o
a

a
o

a

a

oa
a a

a a o a a o

a
a

a
a a

a

a
a

@ o) N o) N

T
'

D o ]u 3̂ 3 I (o v

'l 
F

l 
rd

ã'
 Ë

 d
ã'

"l 
ä"

ì
ãã

N
vr

C
D

2-
 

o.
ôv

È

ã 
Ë

'ã
€ 

å'
ã

ä 
iä

É
 

äå
.J

 
v'

U
ilõ

E
sr

A
{

È
"ã

 $
rO C
:É F
Ë

 "ð
E

Ë
 

P

îä
Ë

ll 
¡r

ã
åH

F
o

sl
g

O
H

.õ
o

E
E

rÞ a8
.s

.â
ê

gH
t

õÈ
9

O
^)

5È
io

' 
î 

)'+
t

!> xÉ (D I F
F

'

J



lo
gA

V
P

-.
¡

o
J

l\)
G

)

a

O

aaa

a

o
a

a

o a

a

O
o a

a a t a t

a
a a

a
a

a
a

a oo
t

a t aa
o

o
a a

aa a

oo ¡o
o a

o

a

a

-¡@ o) lu Þ o)

T
'

A
) o l\) 3̂ =J J- (o \,

ã 
F

*5
99

g0
a

g,
%

-¡
9.

H
i-

ol
¡t

¡ (D
(a

o.
'.Ô

vÞ
t

E
 Ë

.f
g'

9ä
{ 

äg
ä 

E
- 

Þ
'

r 
dE

'
ïs

;
bã

 
g

r'j e 
? 

s
H

ã.
5

O
'5

qo
e¡

ú
A

B
 

ð
{À

N äå
B

ts
rE

È
ll 

cr
'6

',r
Ë

-
P

O
2

o\
5i

l
O

O
'J

Þ
H

I
¿

c)

E
E

 å
gä

Ë
vH

l
.lU

tt 9s Þ Ë
z

P
ÌJ J8 CD

oc

IÞ



3

2
a

aaaa
a

a

o

aa a

o aa
ao

fL

o)
o

1

0

a

aa

aa
a

aa

¡
oa

O

a

oo
a

a
a-

a

oa

aa

a

1

32
PaO 2(mmHg)
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Fig 7.20 The relationship between PaCOz and plasma concentration of norad¡enaline

(1og transformed) in CxVx fetuses before, during and after a 30 min period of

hypoxaemia. The regression equation was: y = 0.123 + 0.046(x) with r = 0.756

(p<0.0001).
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CHAPTER 8 Concluding remarks

In this thesis cardiovascular and endocrine responses to acute hypoxaemia have been

investigated in the perinatal sheep. To this end a protocol was devised which resulted in

reduction in PaO2 without concomitant elevation of PaCOz or decline in pH. Care was

also taken, in the case of fetal experiments, to ensure that maternal stress was not a

confounding factor in the interpretation of results. Although in some cases there was a

decline in PaCO2 due to hyperventilation, this would act to diminish chemoreceptor

stimulation thus minimizing the effects of hypoxaemia. Therefore in these studies, unlike

those of many other authors, it has been possible to examine responses to mild

hypoxaemia alone.

Since the peripheral chemoreceptors are the organs which are specialized for detection of

changes in aterial blood oxygenation, the role of peripheral chemoreceptor reflexes in

controlling the responses of interest could be studied by examining the relationship

between PaO2 and the dependent variable. A linear relationship was taken as evidence of

chemoreceptor reflex involvement. Absence of such a relationship, despite occurrence of

a significant change in levels of the variable during the hypoxic period, was taken to

signify involvement of other factors in the control of the response.

One of the factors which can make important input to the hypoxaemic response is stress.

Hypoxaemia is a challenge to homeostasis and, apart from the specihc responses to

decreased PaO2, more general\zed responses to chemoreceptor stimulation can result as

part of the defence reaction. The more intense the chemoreceptor stimulation, the more

likely is it that elements of the defence reaction will intervene (Hilton and Marshall,
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1982). In the studies described in this thesis it was shown that hypoxaemia without

hypercapnea and acidosis does not result in elevation of a¡terial blood pressure in fetuses,

maternal ewes or neonates. This result confirms the report of Marshall (1981) that mild

stimulation of the peripheral chemoreceptors results in responses which can be

modulated by the baroreceptor reflex. That is, any tendency for blood pressure to rise as

a result of increased vasoconstriction, in the process of redirection of blood flow to the

vital areas of the body, will be opposed by the counteracting responses to baroreceptor

stimulation. Intense stimulation of the peripheral chemoreceptors, on the other hand,

results in inhibition of the baroreceptor reflex, and elevation of blood pressure occurs as

part of the defence reaction (Djojosugito, Folkow, Kylstra and Tuttle, 1970). This latter

response is characteristic of many of the studies of the response to hypoxaemia in which

there was a large decrease in PaO2, the period of hypoxaemia was prolonged (more than

30 min), hypercapnea and acidosis supervened, or additional stress on the experimental

animal was not minimized.

Despite the absence of a hypertensive component in the response to hypoxaemia in these

studies, slowing of the hea¡t was observed in many fetuses. This change in HR was

therefore not a response to baroreceptor stimulation, which had been the explanation

accepted by some authors previously. However, by the criterion of a linear relationship

between dependent variable and PaO2, the bradyca¡dia of these fetuses was not a

chemoreceptor reflex response. It was shown in Chapters 4 and 7 that this HR response

was, rather, a result of some other factor(s) which could be classed as 'stress-related'.

For example, in intact fetuses the extent of the bradycardia was correlated with the

plasina level of adrenaline. The change in adrenaline levels rùvas not correlated with the

change in PaO2 and thus may be considered a more general response of the ad¡enal

medulla to the stess of the hypoxaemia, rather than specifically to the level of PaO2

itself. In fetuses with the cervical spinal cord severed, in which adrenaline levels were

extremely low, AVP was found to be a significant correlate with the extent of the

bradycardia. AVP is, like adrenaline, released in response to stress in general, not only to
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hypoxaemic stress. Thus the fetal bradycardia and the elevation of ad¡enaline and AVP

levels could all be classed as elements of a stress response provoked by the hypoxaemia.

In the fetus the significant chemoreceptor reflex responses were found to be elevation of

plasma levels of AVP and noradrenaline. Evidence was found of predominance of aortic

chemoreceptors over the carotid in mediating these responses. The AVP response was

found to decline in magnitude throughout the last 30 days of gestation. No significant

role for AVP in the maintenance of ABP during fetal hypoxaemia was identified, while

evidence of an enhancement of the noradrenaline response was found. In the neonate,

although elevation of AVP levels occurred during hypoxaemia in the less mature lambs,

no linea¡ relationship was identified benveen any of the humoral factors studied and

PaO2. The increment in HR was, however, significantly correlated with the decrement in

PaO2 in premature and one week-old neonates and in adult sheep. A change in the

control of HR in response to hypoxaemia was suggested by the data from full-term

neonates at about two weeks of age.

In these studies direct peripheral chemoreceptor reflex (non-ventilatory) effects were

identified as being endocrine in the fetus and cardiac in the neonate. Increased plasma

levels of AVP and noradrenaline in the fetus may act synergistically in the redirection of

blood flow away from the less vital areas, with blood pressure being maintained at

normoxia levels rather than increased. PRA may also be involved in this process at all

ages, but not by direct peripheral chemoreceptor reflex effects. Both PRA and ad¡enaiine

may represent components of the general stress response triggered by the hypoxaemia.

In the neonate, and adult, faced with a 50Vo reduction in PaO2 the absolute decrease in

oxygenation is less severe than in fetuses exposed to the same degree of hypoxaemia.

Nevertheless, the postnatal animal responds with a signihcant elevation of HR. Changes

in hormone levels are comparatively minor. These data support the hypothesis that the

fetus responds to acute hypoxaemia more with oxygen conserving responses, while the

strategies of the neonate tend rather to enhance oxygen delivery.
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The studies reported in this thesis have demonstrated that acute, mild hypoxaemia can,

per se, produce significant endocrine and cardiovascular effects during the perinatal

period. The use of a mild, relatively uncomplicated hypoxaemic stimulus may, however,

reduce the likelihood of finding statistically significant effects since there is considerable

individual variation in the response to mild stimulation of the defence areas of the brain

(Marshall, 1981; Smelik, 1987). This problem is less apparent when a severe

hypoxaemic stimulus is coupled with other stimuli such as acidosis and stress generated

by experimental procedures. However, such a strategy is not really addressing the

question: V/hat are the responses to decreased PaO2?

The use of a mild hypoxaemia with the attendant individual variability in the responses

may, in fact, be advantageous. For example, the study of HR responses in Chapter 4

identified some fetuses which failed to respond to hypoxaemia with a bradycardia.

Rather than ignoring such apparent variants of the accepted norrn it was considered

important to investigate this phenomenon further, thus identifying the importance of

stress (rather than low PaO2 alone) in the incidence of the bradycardia. Although

statistically inconvenient, individual variation in the nature and extent of the response to

a particular stimulus may, in fact, hold the key to the understanding of various disorders.

For example, the answer to the question of how and why does sudden infant death

syndrome (SIDS) occur may be found by an examination of the range of responses to an

almost imperceptible stimulus, rather than by a concentration on the average response to

extreme stimulation. The study of responses to mild, as opposed to extreme, hypoxaemia

may be relevant to an understanding of the aetiology of SIDS since the differences

between susceptible and non-susceptible individuals are obviously subtle, or they would

surely have been identified by now. Mild hypoxia has been posìulated as the 'core

deficit' with which other risk factors interact to increase the likelihood of precipitation of

a life-threatening event in a vulnerable infant (Hoppenbrouwers and Hodgman, 1982).

Among the many putative risk factors for SIDS is pollution of the ambient air. Maternal

cigarette smoking can, for example, affect the fetus or neonate by the production of
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carbon monoxide which interacts with haemoglobin and, in turn, interferes with tissue

oxygenation. Even low concentrations of carboxyhaemoglobin (4 - 5Vo) may have

deleterious effects, particularly on the fetus (Longo, 1977). A future direction for this

a¡ea of research could be an examination of the effects of acute-on-chronic mild

hypoxaemia. Continuing studies of the responses to mild hypoxaemia will be important

not only for their intrinsic interest and the further undersmnding of developmental

physiology, but also for their possible clinical implications.
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Appendix L Validation of hormone assays.

1.1 AVP assay

Although the method used in these studies for assay of AVP in plasma (see Sved,

Imaizumi,Talman and Reis, 1985) has been used for work in rabbits (Blessing, Sved and

Reis, 1982) and in rats (Willoughby, Jervois, Menadue and Blessing, 1987) it has not

been used previously for work in sheep. It was therefore validated for use on ovine

plasma.

Recovery

Aliquots of the standa¡ds used in the AVP assay (in assay buffer) were subjected to the

extraction procedure, and then assayed. The relationship between the amount of AVP in

the initial sample (x) and the measured level of AVP in the extracted sample (y) was

represented by the following equation: y = 1.04 + 0.79(x), r = 0.973, p<0.0001 (linear

regression analysis by BMDP program 1R), suggesting a 797o recovery. By the use in

each assay of quality control samples, in which known amounts of AVP were added to

plasma, the recovery for each assay run could be calculated and used to correct the values

obtained in the assay. Recovery was found to vary between 76Vo and967o.

Parallelism

Parallelism between the standard curve and plasma containing known amounts of AVP

was assessed following log/logit transformation (for example see Fig 1) using the

statistical package BMDP program 1R, with no statistical difference being found between

the two regression lines. Also, extracted serial dilutions of plasma samples in assay



r29

buffer, were assessed for linearity of the relationship between measured AVP level and

the dilution of the plasma sample (for example see Fig 2).

Comparison with another assüy method

Seven samples of ovine plasma were assayed at about the same time in this laboratory

(AAM) and that of Dr E.M. Wintour (EMW; Department of Physiology, Howard Florey

Institute of Experimental Physiology and Medicine, University of Melbourne, Parkville,

Victoria, Australia) where the method used was that reported in V/intour, Congiu, Hardy

and Hennessy (1982). The samples assayed were taken from sheep nos. 1078, 1650,

3131 and 8492, and also included pooled sheep plasma (PSP), PSP plus 10 pg standard

AVP (Peninsula Laboratories, California) and PSP plus 60 pg AVP. The results obtained

by the two methods, with AVP levels being expressed as pglml, a¡e summarized in Table

1.

These results indicate that the assay used by this author recorded higher values for AVP

than did the assay performed in Dr. Wintour's laboratory. It is possible that the

extraction step in the former method introduced an interfering substance which inflated

the resultant measured AVP levels, however two saline and two buffer blanks had, on the

occasion of analysing these samples, undetectable levels of AVP. No reports of blank

values are available for Dr. lVintour's assay. The low levels of AVP recorded by Dr.

Vy'intour's method, in samples containing at least 10 and 60 pglml suggests loss of

peptide during the extraction procedure. Reported average recovery for Dr. Wintour's

assay is somewhat lower, at 65 + 7.3Vo (Wintour et al, 1984), than that used by this

authtr, at 76 + L9Vo. However, conection for recovery was made by both groups. The

reported intra-assay coefficients of variation for the two methods are similar, Dr.

Wintour's being 5.7Vo as compared to 6.87o for the author's. The reason for the

discrepancy in results from the two methods is thus not immediately apparent, and there

seems to be no cause to doubt the validity of the method used in the present studies for

measurement of plasma AVP concentrations.
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there seems to be no cause to doubt the validity of the method used in the present studies

for measurement of plasma AVP concentrations.

TABLE 1 Comparison of two different extraction and assay procedures.

Sample Method: AAM EMW

1078

1650

3L3L

8492

PSP

PSP+10

PSP+60

5.6

11.5

5.6

7.2

6.0

12.6

59.0

2.5

4.0

t.3

1.9

3.0

4.5

20.0
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1.2 6-keto-PGFr" assay

Methods

Extractions

The efficacy of various plasma extraction procedures prior to assay was assessed and

results compared with direct assay of plasma samples.

(a) Ethyl acetate extraction

2 ml of plasma spiked with approximately 300 cpm 3H-6-keto-PcFro (Amersham, U.K.)

was acidified to pH 3.5 using lN HCI and shaken with 5 ml of ethyl acetate. The

resultant extract was d¡ied under a stream of N2.

(b) Octadecytsilyl extraction

Acidified plasma was passed through Sep-Pak (lvlillipore, U.S.A.) cartridges using the

method of Leffler, Hessler and Green (1982) and the resultant extract dried under a

stream of N2.

(c) High performance liquid chromatography (HPLC) separation

The extracted sample from (a) or (b) was reconstituted in 75 pl of mobile phase

(acetonitrile/water/acetic âcid 33:67:0.1), 50 pl of which was injected into the HPLC

system (Rheodyne 7125 injector, E.T.P. Kortec [Australia] K25M ppmp, and 5 pm C18

Spherisorb ODS II column). The flow rate was I ml/min. and 1 min. fractions were

collected. Those fractions containing the labelled 6-keto-PGF16¡ wers combined, and the

aqueous phase extracted with ethyl acetate and dried under N2.
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Assay procedure

Extracted samples were reconstituted in 150 pl assay buffer (0.57Vo NqHPOa.2H2O,

0.372Vo Na2EDTA, 0.0lVo neomycin sulphate, 0.097o NaCl, 0.0787o NaHzPO¿.2H2O,4Vo

bovine serum albumin [BSA, Sigma, Australia], pIJ7.$ and 100 pl used for assay. The

antiserum was kindly provided by Prof G.C. Liggins (Postgraduate School of Obstetrics

and Gynaecology, University of Auckland, New Tsaland) and was used at a final

concentration of 1:25,000. (For cross-reactivity characteristics of this antibody see Table

1). 100 pl of unknown plasma sample, quality control sample, reconstituted extract, or

standard 6-keto-PGF1o (Cayman Chemical, U.S.A.) in assay buffer, was mixed with 50

pl antiserum and 200 ¡rl assay buffer in polystyrene test tubes, and incubated at 4oC for

L6 - 24 hr. 50 pl of 3g-6-keto-PGF1o (approximately 3,000 cpm) was added, and

incubation continued at 4oC for 40 - 48 hr before adding 100 pl double antibody solution

(107o goat anti-rabbit gamma-globulin [Sigma, Australia] plus 2Vo norrnalrabbitplasma).

After incubation for a further 16 - 24 hr (4oC) and centrifugation for 30 min. (4oC), 300

pl of the supernatant was added to 5 ml scintillant (Beckman) and counted to 95.5Vo

confidence limit with a Beckman 2800 beta counter.

Valídatton of assay

To confirm that measurement of 6-keto-PGF1o reflects levels of PGI2 in sheep plasma,

known amounts of PGI2 in pregnant ewe plasma were incubated at 37oC for 30 min., and

then assayed for 6-keto-PGF1r, concentration. Production of 6-keto-PGF1o from PGI2 in

vivo was demonstrated by infusion of different doses of PGI2 into a chronically

catheterized fetal sheep with blood samples being taken at intervals for assay of 6-keto-

PGF16¡.
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Statistical Methods

Data for mean values are expressed as mean + SD. Linear regression analysis of standard

curve data was performed following log/logit transformation. Calculation of regression

lines and assessment of parallelism was performed using the statistical package BMDP.

Results

Extraction procedures

Recovery of 3H-6-keto-PGF1,, following ethyl acetate + HPLC exrracrion averaged 49 +

l07o (range = 33 - 77Vo; n - 48), and following Sep-Pak + HPLC exraction averaged 54

+ lZVo (range = 30 - 7l7o; n = 26). Distilled water blank values ranged from 0 - 115

pg/rnl for the former extraction procedure, and from 23 - 118 pg/ml for the latter.

Extraction of different volumes of plasma by either procedure failed to give proportionate

levels of 6-keto-PGF1a at assay.

V alí datí o n of r adioimmuno as s ay

Standard curves in charcoal-stripped ovine plasma had slopes which were not

significantly different from those using assay buffer (p>0.05, see Fig 1) therefore, for

convenience, samples were assayed using 4Vo BSA buffer. (For examples of standard

curves see Fig 2). Incubation of known amounts of PGI2 in ovine plasma at 37oC gave

similar amounts of 6-keto-PGF1" (Fig 3) at assay. Generation of 6-keto-PGF1o in sheep

plasma was also demonstrated ín vivo following infusion of PGI2 into a chronically

catheær:zed ovine fetus (data presented in Chapter 4.2, seeFig 4.2.1). Serial dilutions of

plasma samples high in 6-keto-PGF1¿ wero assayed and found not to differ in slope or

intercept from the standard curye in assay buffer (p<0.05). Each assay included quality

control (QC) samples of pooled maternal plasma alone (low QC), or with added 6-keto-

PGF¡¿ (300 pglml = medium QC, 2000 pg/rnl = high QC). The 6-keto-PGF¡,¡

concentration in the low QC samples was at the lower limit of the assay, in which the

least detectable dose averaged 37 + 5 pglml (n = 14). The medium QC averaged 259 +
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13 pglrnl 6-keto-PGFlo (recovery of 907o) and the high QC averaged 1630 + 109 pglml

(recovery of 85Vo). No decrement in 6-keto-PGF1o levels was observed during storage of

QC samples at -20oC. The intra- and interassay coefficients of variation were 13.4 and

14.37o respectively (n = 9).

Discussion

The validity of using a direct assay for 6-keto-PGF1o in ovine plasma has been

demonstrated. Extraction of plasma samples prior to assay proved unreliable, producing

high 'blank' Values and non-parallelism of serial dilutions of plasma samples with the

assay standard curye. Problems with extraction of samples prior to 6-keto-PGF1¿ âSSâ]

have been described by other authors and include high blank values (Leffler et a\,7982;

Prosdocimi, Finesso, Gorio et al, 1985) and elevated apparent levels due to the presence

of cross-reacting material(s) (Hutton and Chow, 1982). Greaves and Preston (1982) also

described nonspecific interference in their 6-keto-PGF1o assay following organic

extraction of plasma followed by silicic acid chromatography, and claimed this could be

rectified by the use of an additional HPLC step. On the other hand, interference in 6-

keto-PGF1o assays by non-esterified fatty acids (NEFA) was reported by Gold and Edgar

(1978), who claimed that binding of NEFA to albumin in plasma prevented their binding

to added 6-keto-PGF1o antibody, and that extraction involving a silicic acid step was

necessary to prevent NEFA interference in the assay; they did not report the necessity of

an I{PLC step. Results from the present studies suggest that, at least for ovine plasma,

these extraction methods are not successful in giving accurate, reproducible results. This

problem was therefore addressed by adopting a direct assay method for unextracted

plasma, using a relative excess of buffer containing a high concentration of BSA (47o) to

avoid problems with NEFA interference. Other authors have reported the use of direct

assay of 6-keto-PGF16¡ to measure levels in the plasma of cats (Machleidt, Forstermann,

Anhut and Hertting, 1981), dogs (Prosdocimi et al, 1985), wallabies (Lewis, Fletcher and

Renfree, 1986), human infants (Rennie, Doyle and Cooke, 1986), neonatal pigs (Leffler

and Busija, 1985) and in newborn lambs (Morin, 1986).



TABLE 1. Antibody cross-reactivities with prostaglandins, or prosraglandin meøbolites, at 507o

binding.

Prostaglandin/meaboli æ 7o Cross-reactivity

13-14 dihydroxy l5-keto-PGF1c:

13-14 dihydroxy l5-keto-PGEl

l5-keo-PGE1

l5-keo-PGF16¡

PGFz,,

PGE2

PGFIa

t'6Frg

13-14 dihydroxy PGFI¿

PGF2p

0.06

0.06

0.06

0.06

0.10

0.38

2.50

2.20

2.80

5.00
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Appendix2.l Plasma noradrenaline levels in pregnant ewes before and

during hypoxia experiments.

I ntro duc t ¡o n and M e thods

The facilities in the Adelaide Medical School at the time of these studies were such that it

was not possible to hold sheep in the laboratory, nor to perform experiments in the sheep-

holding area. It was therefore necessary to transport the pregnant ewes, in their mobile

metabolic cages, from the Animal House to the laboratory (involving travel in two lifts

and across a walk-way between two adjacent buildings). Since this procedure was

potentially stressful, it was important to establish its effect on the animals. This was

achieved by measuring plasma catecholamine concentrations (by HPLC - ECD, see

Chapter 2) in two ewes before leaving the Animal House, on arrival in the laboratory,

after 3 h familiarisation in the laboratory prior to cornmencement of the hypoxia

experiment, and during the hypoxia protocol itself (for outline of procedure see Chapter

2). The study was repeated one week later in one of the ewes (no. 1650).

Results and Discussion

Plasma adrenaline concentration in sheep no. 8492 changed very little throughout the

study period, the lowest level being aZ pg/nl and the highest 68 pglrnl. In sheep no.

1650 ad¡enaline levels were not detectable throughout the study on the first occasion, and

ranged from the highest concentration of 310 pglml on arrival in the laboratory to the

lowest level of 128 pglml3 h later.

Noradrenaline levels, which provide an index of sympathetic nerve activity, are given in

Table 1. It can be seen that levels were va¡iable within animals throughout the period of

study, and between different animals. For example, sheep no. 1650 had a high plasma

noradrenaline concentration on arival in the laboratory on the second occasion, but not

on the first, with levels gradually falling to a low level by the end of the hypoxia
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experiment. On the second occasion, however, there was a high noradrenaline level only

after the 3 h familiarisation period in the laboratory, with levels during the hypoxia

experiment being low until the first recovery sample, which was rather higher than the

preceding samples. Sheep no.8492 had a similar noradrenaline profile to the latter.

The lability of noradrenaline levels within and between animals in this study indicates

how difficult it is to produce a true 'baseline' condition in unanaesthetized sheep. These

results show that the necessity of having to move animals to the laboratory may, on some

occasions, have produced elevated noradrenaline concentrations, however levels could

also be increased by the taking of a blood sample after a period of 'rest', a procedure

which is not specific to the experimental situation in this laboratory. It would thus appear

that the methods used in the present studies were unlikely to be any more stressful than

those of the majority of other workers performing experiments in their animal holding

areas. It was, however, thought important to assess the effects of variations in maternal

plasma concentrations of endogenous catecholamines on the fetus (see Appendix 2.2).
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TABLE I Plasma concentrations of noradrenaline (pg/ml) in two pregnant ewes (one on

two occasions) before, during and after hypoxia.

Sheep number: 8492 16s0(1) 16s0(2)

In Animal House

On arrival in laboratory

3 h later

30 min normoxia

15 min hypoxia

30 min hypoxia

30 min recovery

60 min recovery

478

676

1 189

305

301

352

6s0

866

3932

2627

1810

1020

948

710

4t3

362

1685

571

330

343

833

507
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Appendix 2.2 Effect of changes in maternal plasma endogenous

catecholamine concentrations on the fetus.

Inffoduction

Intravenous infusion of adrenaline into the pregnant ewe reduces uterine blood flow

without affecting umbilical blood flow (Gu and Jones, 1986). Although placental oxygen

consumption was reduced and lactate production increased by this procedure, there was

no indication of reduced fetal oxygen consumption since fetal PaO2, PaCOz and pH did

not change significantly. However a significant elevation of fetal heart rate was observed

along with an increase in fetal plasma noradrenaline, but not adrenaline, levels from 10

min after commencement of the maternal adrenaline infusion. The concentration of

adrenaline achieved in the maternal circulation during the infusion was about 3 nglml, a

level which was approached in some ewes at times during the experiments (see Table

3.10).

It therefore seemed important to ascertain if any changes in fetal heart rate or

catecholamine levels in these experiments could be attributed to effects proceeding from

raised maternal c atecholamines.

Methods

Data from 10 chronically catheterized ewes and their fetuses, from experiments using the

standard hypoxia protocol as outlined in Chapter 2, were included in this study. In

addiiion data from a ewe and its fetus from a control (no hypoxia) study were used.

Blood samples were taken simultaneously from ewes and their fetuses at 0, 30,45,60, 90

and 120 min, with the hypoxia period lasting from 30 - 60 min. Fetal HR, MAP and

plasma levels of AVP, PRA, adrenaline and norad¡enaline (log transformed) were

correlated with maternal levels of catecholamines in samples taken (1) simultaneously

with those of the fetus (2) at the sampling period preceding that of the fetal sample.
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Results

Data from the control experiment, in which maternal and fetal oxygenation were not

reduced, showed that variations in most variables were minor, with fetal PaO2 averaging

23.1 + 0.5 mmHg (mean + SD), HR being 166 + 6 bpm; adrenaline levels were

undetectable throughout and norad¡enaline concentration averaged 93 + 39 pglml.

During the study period, maternal adrenaline levels were undetectable while

noradrenaline averaged 805 + 245 pglrnl; no apparent correlation between maternal

noradrenaline concentration and the small changes in fetal HR and noradrenaline levels

could be observed.

In the hypoxia experiment fetal PaOz fell from 21.9 + 0.8 (mean + SEM) to 14.5 + 1.0

mmHg, the HR rose from 147 + 8 bpm in normoxia to 163 + 5 bpm by the end of the 30

min of hypoxia with an intervening episode of bradycardia being observed in 8 of the

fetuses. Fetal plasma adrenaline concentrations were 40 + 12 pg/ml before hypoxia and

105 + a9 pg/ml during hypoxia, and noradrenaline levels were 379 + 116 and 715 + 249

pøml. Maternal adrenaline levels before hypoxia were 215 + 96pg/rnl and during

hypoxia averaged 85 + 23 pg/ml, while maternal noradrenaline levels were very variable

before the hypoxia period, ranging from 66 - 6083 pglml (average: 238I + 888 pg/ntl)

and were 834 + Iaz pglml (see also Figs 1 and 2). The marked variations in maternal

noradrenaline levels were not correlated with any of the measured fetal variables.

Discussion

It hEs been known for some time that elevation of maternal plasma catecholamine

concentrations can reduce uterine blood flow (Martin and Young, 1960; Rosenfeld,

Barton and Meschia,1976). Reductions in uterine blood flow in turn can, of course, have

consequences on fetal well-being, and even mild reductions in flow (e.g. to 70 - 90 Vo of

conrrol) have been shown to reduce fetal PaO2 and raise fetal plasma norad¡enaline levels

(Gu, Jones, Parer, 1985). In a related study (Gu and Jones, 1986), infusion of adrenaline

into the maternal ewe was found to cause a rise in fetal HR and noradrenaline levels.



140

This increase in fetal noradrenaline could be due to reduced placental clearance of

catecholamines during the experimental procedure or to release of some substance(s) into

the umbilical circulation by the placenta. Putative candidates for such placental factors

are the ACTH-related peptides (e.g pro- and met-enkephalin) which can have

ca¡diovascular effects (Jones, 1987). Although some of the ewes in the present study had

elevated plasma levels of noradrenaline, the results of the correlation analysis showed no

relationship between maternal catecholamines and fetal levels of HR and catecholamines.

The absence of a linear relationship does not, of course, preclude the possibility of an

effect. It is still conceivable that, if the maternal ewe has raised catecholamine levels due

to stress immediately prior to induction of hypoxia, the fetal responses will be different

from those obtained with a hypoxic, but otherwise unstressed, ewe. These data show that

a period of adaptation to the gas administration system may be requiied by the ewe

before introduction of the hypoxic gas mixture, in order to isolate the effects of hypoxia

from effects of other unspecified stressors.
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