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LIST OF ABBREVIATIONS

ACTH adrenocorticotropic hormone

A/R EDF absent or reversed end diastolic flow in the umbilical artery
ANP atrial natriuretic peptide

ARF acute renal failure

BE base excess

BP blood pressure

CaBF carotid artery blood flow

CaVR carotid artery vascular resistance
CBF cerebral blood flow

CICr creatinine clearance

CNS central nervous system

CVO combined ventricular output

DAB diaminobenzidine tetrahydrochloride
DEX dexamethasone

ECG electrocardiogram

EEG electroencephalogram

EMG electromyogram

FE\, fractional excretion of sodium

FE¢ fractional excretion of potassium
FBF femoral artery blood flow

FHR fetal heart rate

FHRV fetal heart rate variability

FVR femoral artery vascular resistance
GA gestational age

GFR glomerular filtration rate

H&E haematoxylin and eosin stain

HPA hypothalamic-pituitary-adrenal axis
I/R ischemia / reperfusion

MAP mean arterial pressure

MVP mean venous pressure

Na,K-ATPase sodium-potassium adenosine-triphosphate,

(enzyme part of the cell membrane sodium-potassium pump)
NEC necrotising enterocolitis
NICU neonatal intensive care unit
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NO
OR

Pa0,
PaCO,
pH
PRA

RBF
RIA
RVR

SMA
SMABF
SMAVR
SNS

TUNEL

uo

nitric oxide
Odds Ratio

arterial partial pressure of oxygen
arterial partial pressure of carbon dioxide

plasma renin activity

renal artery blood flow
radioimmunoassay
renal artery vascular resistance

superior mesenteric artery

superior mesenteric artery blood flow
superior mesenteric artery vascular resistance
sympathetic nervous system

terminal deoxynucleotidyl transferase-mediated dUTP-biotin
in situ nick end labelling

urine output
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General Introduction

THE PRETERM INFANT

Five to ten percent of all births in the western world occur before term (37 weeks gestation) (1, 2).
Although by definition prematurely born infants represent only a relatively small percentage of births,
they represent 70% of all neonatal mortality and about 75% of neonatal morbidity. The majority of
these complications occur in the most premature infants, at less than 32 weeks gestation (3).

Preterm birth can be caused by a multitude of factors leading to either spontaneous labour (50%),
premature rupture of membranes (30%) or iatrogenic delivery due to maternal or fetal distress (20%).
There seems to be a poorly defined association with intrauterine infection in some cases (4, 5).
Currently there is no effective treatment to prevent or stop impending premature delivery, and thus
treatment must be directed at minimising morbidity and mortality associated with prematurity. The
only effective preventative therapeutic intervention at present is the administration of corticosteroids;
acute complications are treated as they arise.

Advances in neonatal care have seen the survival of the most vulnerable low birth weight babies
improve significantly over the last two decades. Unfortunately, there has not been a cotresponding
improvement in age specific morbidity. Indeed, the increasing success of newborn intensive care has
actually been associated with a moderate rise in the childhood prevalence of cerebral palsy (6). In the
USA, the direct costs of caring for premature infants were estimated in 1992 to be 7.4 billion
USD/year, double the direct costs of AIDS (7), and acute and chronic costs remain substantial (8, 9).

COMPLICATIONS OF PREMATURITY

Although much recent research has been focused on neurodevelopmental disability, the major issues that
confront premature infants and their carers immediately after birth are primarily related to systemic
complications, which, as well as respiratory distress syndrome, include frequent early gastrointestinal
dysfunction, with an increased risk of later severe complications such as necrotising enterocolitis (NEC),
and renal impairment, including acute renal failure (10). In turn adverse neurodevelopmental outcomes
are highly associated with systemic complications including NEC (11, 12). Acute renal failure (ARF) is
estimated to occur in 8-24% of neonates that spend time in neonatal intensive care units (NICU) (13, 14).
Gastrointestinal dysfunction is very common in premature infants and subsequent NEC occurs in up to
10 % of all premature infants, with incidence inversely related to gestational age and birth weight (15).
The premature infant may be more vulnerable to these diseases simply due to immaturity, such as
incomplete structural or functional development of organ systems. However, impaired perfusion seems to
be a key factor that links many petrinatal events such as exposure to hypoxia (low oxygen levels) around
the time of birth, growth retardation, exposure to prostaglandin inhibitors and postnatal surgery, with early
gastrointestinal and renal dysfunction in prematurely born infants (16-21). A further complicating factor
is antenatal treatment with synthetic glucocorticoids such as dexamethasone and betamethasone which
have many systemic effects, including an acute increase in vascular resistance as discussed below. Although
a single course of these agents shows a consistent dose related reduction in perinatal morbidity and
improved long-term development (22), there is now some experimental and clinical evidence that
prophylactic treatment with glucocorticoids may have long-term cardiovascular consequences such as
increased blood pressure (23), although others have not found this (24). At present, there is little
information on the specific mechanisms that control gut and renal perfusion in the very immature fetus
and newborn. Surprisingly, the majority of studies on the effects of glucocorticoids have used experimental
models that best represent a relatively mature stage of development, equivalent to the term human.
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chapter 1
HYPOXIA AND PREMATURE BIRTH

Asphyxia, derived from two Greek words “a” (not) and “sphuxis” (heartbeat), literally means pulseless.
Clinically and experimentally asphyxia is defined as a state of hypoxia and hypercapnia, due to
impaired gaseous exchange, accompanied by an ‘oxygen debt’ as shown by metabolic acidosis (25).
Clinically it can be very difficult to assess with precision whether a fetus or neonate has suffered an
asphyxial insult, as well as it’s timing and depth due to the wide scope of insult severity and differences
in response (26). Currently there are no specific markers to qualify asphyxia. Fetal heart rate variability
during labour, postnatal Apgar score and umbilical cord blood pH and base excess levels lack specificity
and sensitivity, except in severe cases (27). Although there is no precise degree of severity at which
injury can occur, an approximate threshold has been defined by the increased incidence of
complications in infants whose umbilical artery base deficit is 10-12 mmol/L, or higher (28). Perinatal
asphyxia can occur for a number of reasons some of which are shown in Table 1.

Table 1: Some causes of acute severe asphyxia.

Causes of acute asphyxia
Prolapsed umbilical cord
Uterine rupture

Abruptio placentae

Amniotic fluid embolism
Acute neonatal haemorrhage
Acute maternal haemorrhage

Moderate to severe asphyxia is not uncommon at term, occurring in approximately 3/1000 births.
There is strong evidence that hypoxia is much more common in infants born prematurely than at term
(29), and frequently begins before the onset of labour (30). The incidence of such severe hypoxia
(asphyxia) is approximately ten fold higher in preterm deliveries (30), and similarly to term infants is
highly associated with an increased incidence and severity of systemic complications at birth (30, 31).

Further evidence comes from early serial electroencephalographic (EEG) and imaging studies,
which suggest that preterm neural injury occurs in the immediate perinatal period in approximately
two thirds of cases, while up to a third of cases may occur antenatally, and cases in the chronic
postnatal period are the least common (32-34). Further, worse outcomes are strongly associated with
exposure to perinatal hypoxia, active labour, abnormal heart rate traces in labour and subsequent low
Apgar scores (34-37). Thus, antenatal and perinatal hypoxia is a common adverse event in premature
birth.

EXPERIMENTAL MODELS OF THE FETAL RESPONSE TO ASPHYXIA

Experimental models are essential to study the effects of asphyxia on the fetus. The chronically
instrumented fetal sheep is by far the most commonly used experimental approach for fetal studies,
because it allows for the systematic recording of parameters such as heart rate and blood pressure over
time, without the confounding effects of anaesthesia. It also allows parameter measurement during
and after experimental interventions, such as asphyxia (Figure 1).
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General Introduction

Most previous experimental studies have focused on the responses to moderate hypoxemia. These
limited studies suggest that premature fetal sheep at 100 days (0.7) gestation or less show immature
responses to isocapnic hypoxia (38) or haemorrhagic hypotension (39) with no evidence of the
bradycardia and peripheral vasoconstriction that are seen in the mature fetus. Similarly, it is reported
that release of cortisol during moderate hypoxia is greatly attenuated at 100 days and earlier (40).
Furthermore, although the 0.6 gestation fetus was able to increase cerebral blood flow (CBF) during
moderate hypoxia, in contrast to the near-term fetus, this was not sufficient to fully maintain oxygen
availability to the brain. Cerebral oxygen consumption was therefore sustained in part by an increase
in fractional oxygen extraction (41). These data have led to the hypothesis that peripheral vasomotor
control starts to develop at 0.7 gestation, coincident with maturation of neuro-hormonal regulators
and chemoreceptor function, thus, that the premature fetus and newborn are really too ‘immature’ to
defend themselves from hypoxia (42).

However, an important methodological issue for studies of hypoxic stress is that preterm fetuses
have a much greater anaerobic capacity and lower aerobic requirements than at term (43-45), and
thus may actually not experience true hypoxic stress until a much lower partial pressure of oxygen
than at term. These considerations led us to hypothesize that the previous experiments in the preterm
fetus using mild or brief hypoxic insults were misleading because they may not have been sufficient
to elicit appropriate chemoreflex responses, and that responses comparable with those seen in the term
fetus could be elicited by a severe insult. Chapter 2 provides a detailed dissection of how maturity
affects fetal responses to asphyxia.

These considerations led us to use the chronically instrumented fetal sheep model of asphyxia (i.e.
very severe hypoxemia accompanied by progressive metabolic acidosis) for our studies, as a tool to
examine systemic blood flow responses.

Carotid Flow
Probes

Umbilical Cord Occluder

ECoG electrodes
NIRS probes
SMA or renal
artery flow probe

Femoral Flow

Axillary artery Probe

catheters

Femoral
Artery &
Venous Lines

Amniotic

ECG Electrodes Pressure

Figure 1: Schematic drawing of chronically instrumented fetal sheep

15



chapter 1
GUT DYSFUNCTION AFTER PREMATURE BIRTH

By 20 weeks of gestation the human gastrointestinal tract is structurally complete. Functional
development of both digestion and absorption occurs throughout the last third of gestation and
continues for several years after birth (46). Small bowel contractile activity begins to develop at 25
weeks and reaches a mature pattern close to term (47). The transition from intrauterine to extrauterine
life represents a major change for the digestive tract. What is effectively parenteral nutrition from the
placenta through the umbilical vein stops and the gut becomes responsible for nutrient absorption and
digestion. Furthermore, the digestive tract has to function as an immunological barrier for the host of
foreign bodies to which it is exposed to from birth onwards.

Early initiation of enteral feeding facilitates more rapid maturation of intestinal motility patterns in
the preterm infant (48). However, increasing feeding volumes increases the risk of NEC (49), possibly
because food combined with immature motility may increase bacterial overgrowth, in a gut which is
susceptible to bacterial translocation due to immature immune function (50).

Premature birth is associated with a high rate of impaired postnatal intestinal adaptation during the
first days of life, with delay in tolerating enteral feeding and ultimately NEC (51). NEC is the most
common life-threatening gastro-intestinal disease in the neonates (15). Mortality rates can be as high
as 20 to 40% (15, 52). Treatment is limited to conservative management with parenteral feeding and
intravenous antibiotics or surgical removal of necrotic bowel segments, which may result in short
bowel syndrome (53).

The aetiology of NEC is much more complex than that of the earlier symptoms of feeding
intolerance, and involves a triad of hypoperfusion, enteral feeding and bacterial invasion (50, 52, 54)
(Figure 2). The importance of all three factors is highlighted by the consistent observation that 95%

hypoperfusion |« prematurity
motility
digestion
immune system
compromised gut
bacteria > | metabolic demand

Figure 2: Hypothesised pathogenesis of necrotising enterocolitis.
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General Introduction

of preterm infants who develop NEC have received enteral feeding, and it does not develop in utero,
prior to colonization by bacteria (50). Our studies focused on the initiating element, hypoperfusion,
which seems to be the key link between a wide variety of disparate clinical problems and early
gastrointestinal dysfunction (16, 17, 20, 21). Cutrently, there is little information on the specific
mechanisms that control gut perfusion in the perinatal period.

Evidence for hypoperfusion

The histopathologic changes that occur in NEC, such as mucosal oedema, haemorrhage and necrosis,
are strongly suggestive of ischaemic injury. Furthermore, this injury is most often found in the
watershed areas between the superior and inferior mesenteric artery, the ileum and proximal colon.
The timing of this injury has been the subject of considerable debate (55). Postnatally the premature
infant is at higher risk of intestinal hypoperfusion and subsequent mucosal injury compared to the term
infant due to their high incidence of hypotension, peripheral vasoconstriction and thrombosis
particularly in the presence of a patent ductus arteriosus or umbilical artery catheter (52). However,
both epidemiological and clinical evidence points towards at least some cases being triggered by
prenatal and perinatal events, as discussed below.

Epidemiologically, NEC is closely associated with prematurity or low birth weight (56), but also
with a number of other factors including exposure to antenatal glucocorticoids, vaginal delivery, need
for mechanical ventilator support, treatment for patent ductus arteriosus with indomethacin, treatment
for hypotension and low Apgar score at 5 minutes (3, 57-59). In turn, most of these factors imply an
association with either hypoxia or with hypoperfusion — or both.

Clinically, several studies have shown a close association between absent or reversed end diastolic
flow in the umbilical artery (A/R EDF; i.e. reduced uteroplacental perfusion) before birth in low birth
weight infants and subsequent NEC. For example, Bhatt and colleagues found that A/R EDF in infants
born weighing less than 2000 g has a positive predictive value for NEC of 52.6% (RR 30.2; OR 264)
(60), with a subsequent mortality from NEC of 50%. Conversely, when umbilical artery velocimetry
was not reduced, there were no cases of NEC or mortality. This was a highly selected, retrospective
analysis, however, others have also found an increased risk of perinatal complications including NEC
and non specific feeding problems such as delayed meconium passage, abdominal distension, bilious
vomiting and a delay in tolerating enteral feeding in growth restricted infants with impaired uteroplacental
blood flow (20, 61-66). This association appears to be independent of other variables such as degree
of growth retardation and prematurity (20).

Strikingly, fetuses with A/R EDF also had abnormal mesenteric artery pulsatility on Doppler
measurements, which was in turn associated with NEC (66). These prenatal events affect postnatal gut
perfusion, with evidence that low birth weight infants have reduced postprandial gut blood flow. Those
who fail to increase blood flow in response to feeding have a very high risk of feeding intolerance (67, 68).
Further, impaired intestinal blood flow in the neonate is also highly associated with an increased risk
for subsequent necrotising enterocolitis (17).

This intestinal hypoperfusion precedes the development of NEC. Once NEC is present several
groups have reported that mesenteric (gut) blood flow velocity is consistently increased (19, 69).
Interestingly, however, and consistent with the studies above, gut perfusion had been decreased or
non-responsive to feeding in the days before the onset of NEC in several infants whose flow had
coincidentally been measured at that time (19). These clinical studies strongly imply that hypoxia-
related blood flow disturbances precede and contribute to the development of NEC.
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The effect of severe hypoxia on the immature gut

There is some, limited, experimental data on the acute effects of hypoxia or asphyxia on
gastrointestinal blood flow, mostly in term models. In the nearterm sheep fetus studies using
microsphere blood flow measurements reported that gut blood flow is maintained or increased during
moderate hypoxia or asphyxia, whereas during severe asphyxia there is a redistribution of blood flow
away from peripheral organs, such as the gut, in favour of central organs (70-72). In contrast, partial
compression of the umbilical cord did not decrease intestinal blood flow in the mid-gestation sheep
fetus (38), however, as discussed in chapter 2, this may reflect the greater anaerobic capacity of the
preterm fetus. Further, studies in the newborn piglet intestine have shown that sustained reduction
of intestinal blood flow caused a decrease in production of the vasodilator nitric oxide and an increased
response to vasoconstrictors in the 3 day old but not the 35 day old piglet, suggesting the immature
intestine is more vulnerable to secondary hypoperfusion (73, 74). Again it is critical to appreciate that
this represents a mature, term equivalent model. Thus, surprisingly there are no experimental data on
adaptation of gut blood flow during, or after severe hypoxia in the preterm fetus or nhewborn.

Mechanisms of mesenteric hypoperfusion

Some data in the adult suggest that both central and peripheral secondary hypoperfusion after hypoxia-
ischaemia in other organ systems is related to impaired endothelial control of blood flow (75-78), while
others suggest that it is actively mediated, reflecting reduced metabolic requirement (79, 80). Although
there is no specific information in the fetus, several lines of evidence suggest the hypothesis that alpha-
adrenergic sympathetic nervous system (SNS) activity may play a key role in regulating gut perfusion
during recovery after an asphyxial insult. The fetal gut is innervated by the autonomic nervous system
from very early in development (81), and the autonomic nervous system is an important regulator of
intestinal blood flow under a variety of physiological and pathological conditions (82-87). Redistribution
of blood flow away from the peripheral organs such as the gut during hypoxia and asphyxia in utero
is, for example, largely mediated by alpha-adrenergic receptors (83, 88, 89), and sympathectomy in
the sheep fetus results in increased meconium passage (90). This hypothesis was tested in the studies
described in chapter 6.

ACUTE RENAL FAILURE IN PREMATURITY

In acute renal failure (ARF) there is a rapid and sustained reduction in renal function resulting in
oliguria and accumulation of waste products, such as urea, in the body as well as an inability to control
fluid and ion balance (91). In broad terms, there are three types of causes of ARF; prerenal, intrinsic
and post-renal (91). In prerenal cases low glomerular filtration rate (GFR) is secondary to low renal
blood flow due to low mean arterial blood pressure (91). Intrinsic ARF describes complications in the
renal tissue, such as acute tubular necrosis, and post-renal cases are a result of obstruction of the
downstream collecting system (91).

The fetal kidney is structurally complete by 34 weeks of gestation. The fetus produces increasing
amounts of urine throughout gestation thereby supplying most of its amniotic fluid volume. Studies
in fetal sheep have shown that fetal kidneys receive a much lower percentage of cardiac output than
at term (2% vs. 15%) (92). Thus, fetal glomerular filtration rate is low relative to the newborn and
increases with gestational age. While it is well known that preterm infants are at an increased risk of
transient fluid and electrolyte disturbances and of overt ARF compared to term neonates, there is little
direct experimental evidence for the mechanism.

18
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Because GFR is preterm infants is low, and very close to renal blood flow, it has been suggested that
even small reductions in renal blood flow will impair GFR. Largely on these theoretical grounds it has
been proposed that 85% of cases of ARF in premature neonates may be due to prerenal causes (14).
However, this must be contrasted with other studies suggesting that the majority of neonatal renal failure
in both term and preterm infants is associated with perinatal hypoxia/asphyxia (21, 93), and therefore
could be a result of effects of asphyxia in organs other than the kidney, ischaemic renal damage or
because of altered perfusion unrelated to mean arterial blood pressure (13, 94, 95). Consistent with the
hypothesis that intrinsic mechanisms such as ischaemic injury are important, a small long term study
of preterm neonates that suffered ARF shortly after birth showed 9 out of 20 at the age of seven had
worsening glomerular filtration rate (GFR) consistent with impaired renal function (96).

CORTICOSTEROID THERAPY FOR IMPENDING PREMATURITY

The use of antenatal glucocorticoids to prevent or reduce respiratory distress syndrome was originally
reported by Liggins and Howie (97), and has been recommended for all preterm deliveries (98). Recent
meta-analysis has shown that antenatal steroid administration for fetal maturation is also associated
with a reduced incidence of early neonatal mortality, intraventricular haemorrhage and necrotising
enterocolitis and improved postnatal cardiovascular stability (99). These beneficial effects have been
associated with evidence of long-term neurodevelopmental improvement (22).

Recent experimental data raise the troubling possibility that even a short-term course of steroids may
detrimentally alter fetal cardiovascular function. In nearterm fetal sheep glucocorticoids have been shown
to cause a significant reduction in cerebral blood flow (100), sustained elevation of blood pressure (101,
102), increased central and peripheral vascular resistance (100-102), and altered vascular sensitivity to
endothelium-derived factors (103, 104). In late-gestation rats dexamethasone results in altered cardiac
innervation and myosin heavy-chain isoforms (105, 106). Further, there is experimental evidence to show
that there are altered perinatal responses to hypoxia, which potentially could compromise perinatal
adaptation to labour (107-109). It is of concern that there are now data suggesting that infants exposed to
a single course of corticosteroids more than 7 days before birth may have increased perinatal mortality (110).

While these data argue strongly that even a single course of steroids may cause significant, and
potentially harmful, changes in cardiovascular development, interpretation of these studies is
problematic due to a number of methodological considerations; in particular the route of
administration and degree of maturity. Many of the experimental studies, for example, utilised a direct
infusion or injection to the fetus. This direct and constant exposure is quite different from the profile
of clearance seen after maternal administration (111-113). Several studies have shown that the route
of administration critically affects how the fetus responds to glucocorticoids. Organ maturation is
significantly different between maternal and direct administration to the fetus (114) and neonatal
blood pressure changes after antenatal treatment have been shown to be both route and dose-
dependent (115). Maternal administration of dexamethasone in late gestation induced only transient
cardiovascular effects (111), while a lower dose in preterm sheep had no effect on blood pressure
(116). In contrast, maternal betamethasone in the preterm baboon caused an acute elevation of fetal
blood pressure for at least 24 hours (117), although the subsequent changes are unknown. While there
may be differences related to the type of steroid used, these and other data (118) suggest that maturity
at the time of exposure is also important and this is supported by clinical observations (119).

In summary, the cardiovascular effects of treatment with synthetic glucocorticoids on the preterm
fetus remain highly controversial.
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EXPERIMENTAL AIMS

In conclusion, perinatal asphyxia is not uncommon for the preterm neonate and there is increasing
clinical data to suggest that it results in an extended period of decreased blood flow to the organ beds.
This reduction in flow is hypothesized to contribute to the high risk of systemic complications and in
particular NEC and acute renal failure (21). Furthermore, paradoxically, the only effective treatment
for prematurely delivered infants, prophylactic administration of systemic glucocorticoids, has also
been suggested to cause increased blood pressure and reduced blood flow in many organs, which
might further complicate the infant’s course, and lead to long-term cardiovascular abnormalities. The
mechanism of this increase in vascular resistance is speculated to be mediated primarily via
sympathetic nervous release of noradrenalin at alpha-1 adrenergic receptors (120). However, there
have been no studies to date that have directly measured the changes in vascular resistance or blood
flow pre-, during and after- asphyxia.

Thus, the experimental goal of this thesis was to systematically dissect how hypoxia and
corticosteroids affect the cardiovascular system and organ blood flow in the preterm fetus. By
understanding the underlying processes that are involved in the fetal system, a more educated
interpretation can be made of the pathogenesis of systemic complications in the preterm neonate.

Chapter 2 will explore in more depth the complex, paradoxical relationship between maturation
and fetal responses to asphyxia which is briefly touched on above. Chapter 3 describes the validation
of the specific system used to examine the development of intestinal injury in the experimental study
reported in subsequent chapters. Chapters 4 to 7 report the results of specific experiments, which are
discussed in detail in Chapter 8.
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ABSTRACT

Traditionally it has been believed that the cardiovascular and hormonal responses to asphyxia in
preterm fetuses are immature, and that this contributes to their apparent vulnerability to neural injury.
These data however were derived from studies using relatively mild insults, which did not allow for
the greater cardiac glycogen reserves and anerobic capacity of the brain near mid-gestation. In the
present article we review the maturation of the cardiovascular and cerebrovascular and cerebral
responses to asphyxia and how these relate to the apparent vulnerability of the premature brain. Most
such studies have been performed in the chronically instrumented fetal sheep. Recent studies have
demonstrated that the premature fetus has highly adaptive, and relatively mature responses to
asphyxia, and that in absolute terms the preterm brain is very resistant to asphyxial injury. These data
suggest that the premature fetus is able to survive much more prolonged periods of asphyxia than the

near-term fetus, but that paradoxically such survival is associated with exposure to prolonged periods

of hypotension and hypoperfusion and consequently greater risk of severe neural damage.




The Premature Fetus

THE IMPORTANCE OF FETAL HYPOXIA

Neural injury of the preterm fetus and infant continues to be a significant problem. As recently
reviewed, it is now clear that more than 70% of cerebral palsy is related to prepartum events, much
of which occurs in the mid-gestational period [1]. Further, the improved care of very premature infants
in intensive care units has led to a progressive improvement in survival that has not been matched by
a corresponding improvement in age specific morbidity. Thus the number of premature infants
surviving with neurodevelopmental impairment has increased [2]. [n many premature infants, the very
early development of cerebral lesions after birth implicates a prenatal insult [3].

Periventricular white matter injury (‘periventricular leucomalacia’ or PVL) and hemorrhage into
white matter (periventricular-intraventricular hemorrhage) are the major contributors to mortality and
neurodevelopmental impairment in premature infants [4]. Such white matter damage is strongly
associated with impairment of cortical development [5]. Established clinical associations include
evidence of hypoxic-ischemic insults such as asphyxia, hypotension or hypocarbia (which causes
cerebral vasoconstriction) and exposure to chorioamnionitis [4].The current paradigm of neural injury
in the premature infant may be termed ‘the vulnerable fetus’, as illustrated in Figure 1. In this
paradigm, the fetus is exposed to potential adverse events at a critical period of cardiovascular and
cellular immaturity [4;6].

The present review will highlight recent data that suggest an alternative view of the role of the
fetal responses. We hypothesize that the premature fetus has both high cardiac and neural tolerance
to asphyxia but that these adaptations permit the fetus to survive extra-ordinarily prolonged insults,
which result in exposure to severe hypotension and hypoperfusion, and that it is the increased
duration of the resulting hypoxia-ischemia which is the significant link with an increased risk of
neural injury.

MATURATIONAL CHANGES IN FETAL RESPONSES TO ASPHYXIA

Limited previous data have suggested that there are maturational differences in the fetal responses to
hypoxia; however the insults used in early studies was relatively moderate. In the premature fetal
sheep before 100 days (0.7) gestation isocapnic hypoxia [7] and hemorrhagic hypotension [8] are not
associated with the hypertension, bradycardia and peripheral vasoconstriction which are seen in the
near-term fetus. Similarly, hypoxic release of cortisol also appears to be greatly reduced before 100
days [9]. Furthermore, although the 0.6 gestation fetus was able to increase cerebral blood flow (CBF)
during moderate hypoxia, in contrast to the near-term fetus this was not sufficient to fully maintain
oxygen availability to the brain. Cerebral oxygen consumption was therefore sustained in part by an
increase in fractional oxygen extraction [10]. The mechanisms mediating this blunted hypoxic
vasodilatation in immature fetuses are not known.

Based on these data, it has been suggested that peripheral vasomotor control starts to develop at
0.7 gestation, coincident with maturation of neurohormonal regulators and chemoreceptor function
[11;12]. However, when interpreting these results it is important to consider that the premature brain
has both reduced basal oxygen consumption [13], as well as a much greater capacity to maintain
cellular energy requirements through anaerobic metabolism [14]. It is likely that the degree of hypoxia
attained in these earlier studies did not reduce tissue oxygen availability below the critical threshold
for this developmental stage.

The responses to asphyxia depend on the severity of the insult. During moderate asphyxia the near-
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term fetus responds with redistribution of blood flow away from the periphery, to essential organs such
as the brain and the heart [15]. During profound asphyxia however, corresponding with a severe
reduction of uterine (or umbilical) blood flow to less than 25%, the cardiovascular responses of the
normal fetus are substantially different. Bradycardia is sustained and there is a generalized vasoconsttiction
involving essentially all organs [15]. Under these conditions, CBF does not increase or may even fall
despite initially increased fetal blood pressure. This restriction of CBF is due to a significant increase
in cerebral vasoconstriction [15;16]. This is accompanied by redistribution of blood flow within the
brain, towards the brainstem, which speculatively may help maintain autonomic function at the
expense of the cerebrum [12]. As asphyxia continues, the initial rise in blood pressure is followed by
hypotension, with a parallel fall in CBE The combination of impaired CBF and very low oxygen
content severely reduces cerebral oxygen consumption [15].

Survival during profound asphyxia is a function of cardiac glycogen levels which are maximal near
mid-gestation in the fetal sheep (and in man), and decline towards birth [17]. Typically the near-term
fetus will survive 10 to 12 min of severe asphyxia [16]. In contrast, the premature fetus at 0.6 gestation
can survive up to 30 minutes (Figure 2) [18;19]. While the premature fetal response to hypoxia appears

The Vulnerable Fetus

Chorioamnionitis/  Hypoxia / Asphyxia  Hypotension
fetal inflammation ' '
1} 1 ]
\ { 4
v
Pre-oligodendrocytes:
active proliferation &
differentiation

Immature cardiovascular &
neurohormonal responses

Immature antioxidants Fragile capillaries /

developmental end
arterial zones
Critical balance of
cytokines vs

growth factors Loss of cerebral autoregulation

Figure 1. Schematic showing the current ‘vulnerable fetus’ paradigm for the high rate of neural injury in the premature brain.
The fetus is exposed to a number of adverse factors including asphyxia, hypotension, and chorio-amnionitis. Limited
fetal defences and critical developmental events occurring near mid-gestation, such as active proliferation and
differentiation of multipotential cells and pre-oligodendrocytes, in turn are postulated to increase the vulnerability
of the fetus to cerebral damage. Immaturity of the fetal cardiovascular and cerebrovascular responses is believed to
be an important factor compromising the ability of the preterm fetus to maintain oxygen delivery to the brain. We
propose an alternative view of the contribution of these fetal responses to neural injury.
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to be different to that at term, the response to asphyxia was similar to that seen in more mature fetuses,
with sustained bradycardia, accompanied by circulatory centralization, initial hypertension, then a
progressive fall in blood pressure [16;19]. Similarly to the term fetus, there was no initial increase in
blood flow to the brain and again this was due to a significant increase in vascular resistance rather
than to hypotension [19].

As shown in Figure 2, once blood pressure begins to fall below baseline, CaBF falls in parallel,
similarly to the near-term fetus [16;19]. The fall in pressure is partly a function of failure of redistribution
of blood flow at this time with a rise in femoral blood flow (FBF). The mechanisms mediating this loss
of redistribution are unknown, but are likely to relate to profound local peripheral acidosis. In the latter
half of a maximal interval of asphyxia in the preterm fetus, there is progressive failure of CVO, with
a fall in both central and peripheral perfusion. This phase is much less likely to be seen, for any
significant duration, at term as glycogen stores in the term fetus are depleted more quickly [16]. Thus
as a consequence of its extended survival, unlike the term fetus, the preterm fetus is exposed to
profound and prolonged hypotension and hypoperfusion during ongoing asphyxia. This is the major
difference in the responses to asphyxia between the term and preterm fetus.

It may be speculated that during this final phase of asphyxia in the preterm fetus there is a

MAP CaBF & FBF
50 - Asphyxia 30

Time (min)

Figure 2. The relationship between mean arterial blood pressure (MAP) and carotid and femoral blood flow (CaBF and FBF)
during complete umbilical cord occlusion for 30 min in the 0.6 gestation fetal sheep. The start and end of occlusion
are shown by the shaded area. Note that the CaBF began to fall only when MAP was below baseline levels, and
thereafter paralleled the changes in MAP very closely. It is interesting that this rapid decline in CaBF also
corresponded with failure of peripheral vasoconstriction (shown by the secondary rise in FBF during occlusion) [19].
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catastrophic failure of redistribution of blood flow within the fetal brain which places previously
protected areas of the brain such as the brainstem at risk of injury. This hypothesis is consistent with
clinical reports showing a pattern of subcortical injury after asphyxia in the preterm fetus [20]. Post-
asphyxia, a brief period of arterial hypertension and hyperperfusion is followed by a prolonged period
of hypoperfusion, despite normalization of blood pressure. This secondary fall in carotid blood flow is
paralleled by a reduction in total blood volume, as indicated by near-infrared spectroscopic measurements.
Furthermore there is a transient reduction in cerebral oxygenation, indicating a true reduction in
perfusion relative to cerebral requirements [19]. This post-asphyxial hypoperfusion and impaired
cerebral oxygenation may contribute further to cerebral injury.

CELLULAR MATURATION, AND SENSITIVITY TO INJURY.

Surprisingly little work has been done to closely define the precise effect of maturation on sensitivity
to injury. The immaturity of oligodendrocytes and their precursors has been highlighted by many
commentators since the period of greatest risk for periventricular leucomalacia in premature infants is
at a time when oligodendrocyte precursors are actively proliferating and differentiating [4]. in vitro
studies have suggested that developing oligodendroglia are particularly vulnerable to free radical
toxicity, because of a developmental lack of antioxidant enzymes to mediate oxidative stress [21;22].
However, although this might affect the differential sensitivity between cell types, in isolation such
data do not prove that the premature brain is necessarily more vulnerable to injury than near term or
postnatally.

Indeed the reverse appears to be the case in short term studies of defined hypoxic-ischemic insults.
The near-term fetal sheep develops severe selective hippocampal neuronal loss after just 10 min of
umbilical cord occlusion [23]. In contrast, after 10 or even 20 min of cord occlusion at 0.6 gestation
there was rapid recovery of EEG activity and no neuronal (or glial) loss [18;23]. However when
asphyxia was continued for 30 min at 0.6 gestation, there was prolonged suppression of the EEG [19],
and on preliminary analysis, selective neuronal and white matter injury in subcortical structures, but
sparing of the cortex [24].

These differences are primarily related to neural maturation since a similar relationship is seen with
pure ischemic insults, with greatly reduced neural injury in the preterm fetus after short periods of
ischemia [25;26]. At 0.65 gestation, a maturation approximately equivalent to the 28 week infant, 30
minutes of cerebral ischemia led to the development of subcortical infarction involving the deeper
layers (V & VI) of the cortex, and underlying white matter tracts [26]. In contrast, the same insult in
the near-term fetal sheep leads to severe neuronal loss which is greatest in the superficial layers (II, II
& IV) of the cortex [25]. This difference is consistent with the stages of anatomical maturation. As
neurons migrate into the cortex during development the deeper layers are populated first and thus
mature first, while the superficial layers include immature, migrating neurons which are less
metabolically active and are still using primarily anerobic pathways [27], and have less mature receptors
for excitatory neurotransmitters [28].

LONG-TERM CONSEQUENCES.

The studies discussed above examined relatively short term outcomes, typically 72 hours after
asphyxia. There are only limited data on the long-term consequences of different insults. Clinically,
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apparently isolated PVL in premature infants is associated with markedly reduced grey matter volume
at term [5]. It is likely that the impact of asphyxial insults near midgestation may be further amplified
if, for example, immature and multipotential cell lines that can still divide are either lost, or undergo
premature differentiation, or if the development of neuronal connections is affected. Consistent with
this, moderate hypoxia near mid-gestation in the fetal sheep not only reduced neuronal numbers in
the hippocampus and cerebellum after 35 days recovery but also reduced numbers of neural processes
in regions that were still immature at the time of hypoxia, such as the cerebellum [29].

CONCLUSIONS.

There appears to be a paradoxical relationship between the vulnerability of the fetus to asphyxia, and
neural injury. The data discussed above suggest that even the near-mid-gestation fetus demonstrates
relatively mature and effective cardiovascular defences against asphyxia, and is able to survive much
longer insults than is possible near-term, and furthermore the premature brain is surprisingly resistant
to defined ischemic or asphyxial insults. However, the greater cardiac glycogen reserves of preterm
fetuses means that they are able to survive much longer periods of profound asphyxia. This ability to
survive prolonged exposure to severe asphyxia with secondary cerebral hypoperfusion may
paradoxically increase the risk of grey or white matter injury. It is critical that future studies examine
the long-term impact of well defined prenatal insults on neural growth and development.
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An evaluation of methods for grading histologic injury

INTRODUCTION

Intestinal injury following ischemia and reperfusion (I/R) of the gut is a common clinical complication
that is most often assessed by histologic evaluation of standard hematoxylin and eosin (H&E) stained
tissue sections. For this purpose, many different grading systems for bowel injury have been described in
the literature. Unfortunately, there is no consensus on how this injury should be graded. Instead, most
studies have used their own systems, which often amount to qualitative or semiquantitative descriptions.
Thus, it is difficult to compare the results of studies that were evaluated using different grading systems.
However, quantitative comparison of results is essential for the development of an understanding of the
mechanisms of I/R injury and the development of treatment strategies.

The overall goal of this preliminary study was to determine whether it is possible to recommend a
standard histologic grading system that would be broadly suitable for use in typical experimental
studies of I/R of the gut. The specific aims of this study were first to identify the histologic grading
systems available for assessment of intestinal I/R injury; and second, to examine the validity, reliability,
and ease of use of the most commonly used or representative grading systems using tissue sections
from a study of I/R of the rat small bowel.

MATERIALS AND METHODS

Literature Study

Using MEDLINE (Ovid Technologies, NY) from 1966 to the present, we searched the literature for
articles reporting on histologic intestinal I/R injury. A large number and variety of grading systems
were identified. In many of these studies, however, histologic damage was either just described, with
or without semiquantitative grades attached to this description, or the authors developed entirely new
grading systems to suit their needs. From this literature we selected three systems that were most
representative of the different types of grading systems. These were the systems developed by Parks !,
Sonnino?, Chiu3 and Park.* These systems are described briefly below and in Table 1.

Parks’ system scores mucosal injury in intestinal villi and in crypts separately from grade O to 4,
according to the number of villi and crypts affected by epithelial necrosis. ! Sonnino’s system also
grades only mucosal injury using a large number of different, cumulative criteria, each of which are
scored O for a normal or 1 for an abnormal finding.2 The system developed by Park encompasses a
system that was earlier developed by Chiu and scores by progression of intestinal injury from the tips
of the villi into the deeper layers of the gut wall in 8 grades.3 The present study refers to this system
as the Park/Chiu system to avoid any confusion due to the names of the authors.

Experimental Procedures

Using the three selected grading systems, we reevaluated histologic damage in tissue sections from a
previous study of I/R of the rat small intestine.> This study compared two groups of adult male Lewis
rats. The first group of rats (n = 10) was subjected to 30 minutes of total warm ischemia of the small
bowel by occlusion of the superior and inferior mesenteric arteries, followed by 60 minutes of
reperfusion, as previously described.® The second group (n = 11) received sham occlusion. At the end
of the reperfusion period the rats were sacrificed and the terminal ileum was removed and processed
for histological analysis. The tissues were processed using standard histologic techniques including
formalin fixation, dehydration and paraffin embedding, then cut in 4-um sections and stained with
H&E.® The sections of both groups were coded, and evaluation was carried out by two independent,
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Table 1.

Description of Scoring Systems

Parks

Sonnino

Park/Chiu

Villus epithelial cell inflammation
and necrosis
0. No damage
1. Occasional tips affected
2. Majority of tips affected
3. Majority of tips and some
villi affected
4. Tips, mid- and lower
portions of majority of
villi affected

Crypt epithelial cell inflammation
and necrosis:
0. No damage
1. Occasional crypts affected
2. Scattered crypts affected
3. Many crypts affected
4. Majority of crypts affected

0 for normal, 1 for abnormal findings:
Villi
Present/absent
Normal/abnormal
long, short, narrow, wide
Epithelium
Normal/abnormal cell loss, complete
denudation, edema
Connective tissue
Normal/abnormal edema, intra- or
extravascular infiltrate
Lacteals
Present/absent
Normal/abnormal dilated, occluded
Crypts
Present/absent
Normal/abnormal degeneration
disorganization
Regeneration: present/absent
Lamina propria
Present/absent
Normal/abnormal edema, MMN or
PMN infiltrate, intravascular stasis,
hemorrhage
Muscularis mucosae
Present/absent
Normal/abnormal intravascular stasis,
hemorrhage
Bacteria
Present/absent

Chiu
0. Normal mucosa
. Subepithelial space at villus tips
2. Extension of subepithelial space
with moderate lifting
3. Massive lifting down sides of villi,
some denuded tips
4. Denuded villi, dilated capillaries
. Disintegration of lamina
propria
Park
6. Crypt layer injury
7. Transmucosal infarction
8. Transmural infarction

N

Ul

experienced observers blinded to the treatment groups. The correlation coefficients between the scores
of the independent observers were calculated separately for each of the three grading systems. The
mean of the scores for each section obtained by the two observers were used to compare the three

systems together.

RESULTS

The literature search identified 60 papers in which intestinal damage caused by I/R of the gut was
assessed using histologic evaluation. A full listing of these references is available on request. In 18
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Figure 1. Relationship between the differences between the scores by the two masked observers, and the mean scores for the
Park/Chiu, Parks, and Sonnino systems of grading injury, in 21 sections of the small intestine of rats subjected to
either sham ischemia or 30 minutes of warm ischemia, followed by 60 minutes of reperfusion. The mean differences
are shown by solid lines and the 1 SD ranges by dotted lines.

(30%) of these papers intestinal injury was described without grading. Park’s system was used in 5
papers (8% of all papers); Sonnino’s system in 2 (3%); Chiu’s system in 13 (22%), and the system of
Park/Chiu was used in 7 (12%). The remaining 15 papers used other grading systems, usually reported
only by one research group.

The evaluation of intestinal injury in the two experimental rat groups by the two independent
observers using the three selected systems demonstrated that the Park/Chiu system had the best
correlation between the two observers (7%= .86). Parks’s system produced a relatively good correlation
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for the grading of villus damage (r 2 = .74); however, the crypt scores showed much greater
discrepancies (2 = .26). Finally, Sonnino’s system showed the least overall correlation between the
observers (r2=.41). To better examine the pattern of differences in scoring, we related the differences
between scores to the mean scores as shown in Fig 1.7 The systems by Park/Chiu and Parks showed
relatively greater variation between the observers at moderate levels of damage than in the sections
with little damage or those with severe damage; however, the overall differences between the observers
were linear. The mean + SD differences were 0.64 + 1.03 for the Park/Chiu and 0.52 =+ 1.0 for the
Parks system for villi. The Sonnino system showed much greater discrepancies, particularly in the sham
control sections, with a mean difference of 4.14 + 3.1.

When the results of the Park/Chiu system were correlated with the other two systems, it was
apparent that Soninno’s system, as used by the two experienced observers, suggested that there were
significant levels of damage in sham control sections. These were scored as zero with either of the
other systems (Fig 2). The correlation between the Park/Chiu and Parks (villi) systems was excellent
(r2=.99), whereas the correlation with the Sonnino system was weaker (72 = .83).

DISCUSSION

I[/R of the small intestine is a common clinical problem, seen for example in neonatal necrotizing
enterocolitis and small bowel transplantation, and is thus the subject of considerable ongoing research.
The degree of injury caused by intestinal I/R is routinely assessed by histologic evaluation. A commonly
used and readily available process for tissue preparation is formalin fixation, dehydration and paraffin
embedding, after which sections of 4 um thickness are cut and stained with H&E. Intestinal damage
may be assessed either by choosing the most affected area for grading or by averaging the scores from
sections at standard areas.

Ideally, to allow comparisons between different studies of [/R of the bowel, the tissue damage would
be quantified using a single standard system, applied to sections that are prepared using this standard
method. Our literature search has demonstrated that currently there is no consensus on such a
standard grading system making comparisons between studies difficult. Yet comparison between
studies that is quantitative as well as qualitative is essential for the determination of potential
mechanisms underlying injury and for the development of treatment strategies.

An ideal standard grading system should include the following features. The grades should parallel
the morphologic appearance of injury with increasing severity of the insult, and be reliable, producing
consistent results within and between observers. Biological validity in this context implies that this
hypothetical system should assess both the extent of overall damage to the architectural elements of
the bowel wall, including the villi and crypts, as well as more detailed evidence of mucosal and
submucosal damage, such as epithelial lifting and mucosal cell debris in the lumen. Typically, ischemic
injury leads to progression of damage from the villus tips after the briefest or mildest periods of
ischemia, extending to the crypts only after much longer periods of ischemia.3 Of equal importance is
that an ideal grading system should be logically presented, easy to learn, and use and have a low inter-
observer variability.

From our literature search we concluded that the Park/Chiu system is the closest to meeting these
criteria. This combined system grades the progression of morphologic injury from mild to severe. The
grades encompass both architectural and more detailed damage and are well defined, which leads to
a low inter-observer variability. The Parks system was equally reliable in the present study; however,
it does not include injury beyond the mucosa and its structure, which separates villus and crypt
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damage, made it more cumbersome to use and interpret. In the present study of [/R-induced intestinal
injury in the rat, damage was primarily seen in the villi, and thus there was excellent agreement
between the Parks (villi) scores and those of the Park/Chiu system. With a significantly more severe
insult, we would have anticipated increasing damage to the crypts which would be linearly reflected
in the Park/Chiu system, but would require assessment of two scores with the Parks system.

In many grading systems only one aspect of I/R damage is singled out and graded according to
severity. An example of this is the system by Parks, which only assesses the extent of the epithelial
cell necrosis. Other systems, like Sonnino’s, are very extensive, scoring a wide range of features;
however, this system does not directly assess the progression of injury along the villi and crypts. This
is demonstrated in Fig 2; although the Sonnino damage scores increased linearly, the most severe
damage scored was still only half of the maximum possible, while the Park/Chiu system had reached
a very severe score of 6 out of 8. Further, the sham control sections were rated as having significant
damage in Sonnino’s system, which was not a feature of the other two scales.

All of the grading systems would have benefited from more clear and precise descriptions of the
grades. This is likely to have contributed to some of the differences between the observers (see Fig 1).
For example, the system used by Parks grades epithelial cell necrosis, but does not describe which
characteristics of necrosis should be assessed. It is not clear whether the system purely grades cytologic
evidence of necrosis, such as rounding of the normally cuboid epithelial cells, or whether epithelial
lifting is also considered to be evidence of epithelial necrosis. Sonnino’s system was the most difficult
to implement for both observers. A large number of different criteria are used to assess intestinal
damage. However, again these criteria are only summarized, and not explained in detail, which leaves
the reader to decide what is actually meant by factors such as intravascular stasis, regeneration, and
disorganization.

In addition to basic morphologic I/R damage, more detailed features of intestinal I/R injury
including leukocyte infiltration, apoptosis, and proliferation are a component of many grading systems
such as Sonnino’s. However, proper evaluation of such detailed objectives is difficult and time
consuming. We propose that it would be more appropriate to assess these objectives separately to the
basic morphologic assessment and that these criteria should not be incorporated in a standard grading
system. Apoptosis and proliferation are better assessed using specialized techniques, such as
immunohistochemical staining and TUNEL.

In conclusion a standard quantitative and qualitative histologic scoring system would make it much
easier to compare of studies of I/R. However, to date no one system has been consistently supported
in the literature. An ideal system should be comprehensive in scope, assessing the evolution of injury
from mild to severe damage. It should also be well described and easy to use to ensure low inter-
observer variability. From our assessment of the literature and the present evaluation of representative
systems, we propose that the combined grading system of Chiu and Park is the most suitable to be
recommended as a standard scoring scale for histological evaluation of intestinal I/R damage. However,
better description of the last grades of this system would further strengthen its suitability.
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ABSTRACT

Background/Purpose: The aim of this study was to determine superior mesenteric artery blood flow
changes during and after an asphyxial insult in ufero in chronically instrumented unanaesthetised
premature fetal sheep.

Methods: Fetal sheep at 0.7 gestation (103 to 104 days) underwent 25 minutes of complete umbilical
cord occlusion (n = 6) or sham occlusion (n = 6). Fetal heart rate, blood pressure, superior mesenteric
artery (SMA) blood flow and vascular resistance, electroencephalographic activity, and nuchal
electromyographic activity were measured from 6 hours before occlusion until 3 days after occlusion.
Fetal gastrointestinal tissue was taken for histological assessment.

Results: During occlusion, cardiovascular response was characterised by 3 phases: initial redistribution
of blood flow away from the gut to maintain vital organ function, subsequently partial failure of this
redistribution, and finally near terminal cardiovascular collapse with profound hypotension and
gastrointestinal hypoperfusion. Postasphyxia there was a secondary period of hypoperfusion that was
mediated by increased vascular resistance, not hypotension. There was no evidence of injury on
standard histological assessment after 3 days of recovery.

Conclusions: SMA blood flow is not only significantly reduced during asphyxia, but also for several
hours after an asphyxial insult. The authors speculate that these perturbations of gastrointestinal blood
flow could compromise gut wall integrity potentially leading to increased vulnerability to n_ecgising
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The effect of asphyxia on superior mesenteric artery blood flow

INTRODUCTION

The Cardiovascular Responses of the nearterm fetus to episodes of reduced oxygen supply have been
well described.!? Gastrointestinal blood flow is maintained during moderate hypoxia and asphyxia,
but there is a marked fall in gastrointestinal blood flow during a severe asphyxial insult.3¢ The changes
in gastrointestinal blood flow during the hours after an asphyxial insult are unknown. Further, little is
known about the blood flow responses of the immature fetal gut to asphyxia. Iwamoto et al” reported
that there was no significant change in gastrointestinal blood flow during graded umbilical cord
occlusion in the 0.6 to 0.7 gestation fetus. This apparent failure to redistribute combined ventricular
output (CVO) at this age traditionally has been attributed to immature cardiovascular development. !,
In contrast, however, we recently have shown that the 0.6 gestation fetus is capable of redistributing
blood flow away from the periphery during asphyxia and that this severe asphyxial insult leads to a
secondary period of significant peripheral hypoperfusion during the first 12 hours after the insult.?

[t was the purpose of this study, therefore, to examine in the premature fetal sheep the hypotheses
that gastrointestinal blood flow is reduced actively during asphyxia and that after this severe asphyxial
insult gastrointestinal blood flow would be significantly perturbed.

MATERIALS AND METHODS

Subjects and Experimental Preparation

All procedures were approved by the Animal Ethics Committee of The University of Auckland. Twelve
singleton Romney/Suffolk fetal sheep were instrumented at 98 to 99 days of gestation (term, 147 days)
under general anaesthesia (2% halothane in O,) using sterile techniques. & Catheters were placed in
the left femoral artery and vein, right axillary artery, and the amniotic sac. A 2S ultrasound blood flow
probe (Transonic Systems Inc, Ithaca, NY) was placed around the superior mesenteric artery to record
gastrointestinal blood flow. Two pairs of electroencephalographic (EEG) electrodes (AS633-5SSE, Cooner
wire Co, Chatsworth, CA) were placed on the dura over the parasagittal parietal cortex (5 mm and 10
mm anterior to bregma and 5 mm lateral) and secured with cyanoacrylate glue. A reference electrode
was sewn over the occiput. Electromyographic (EMG) electrodes were placed in the nhuchal muscle and
electrocardiogram (ECG) electrodes were sewn across the chest to record the fetal ECG. An inflatable
silicone occluder was placed around the umbilical cord of all fetuses (In Vivo Metric, Healdsburg, CA).
All fetal leads were exteriorised through the maternal flank, and a maternal long saphenous vein was
catheterised. Antibiotics (80 mg gentamicin) were administered into the amniotic sac before closure of
the uterus and to the ewes (5 mL of streptopen) intramuscularly before the start of surgery.

After surgery, sheep were housed together in separate metabolic cages with access to water and
food ad libitum. They were kept in a temperature-controlled room (16 + 1°C; humidity, 50 + 10%),
in a 12-hour light-dark cycle. A period of 4 to 6 days postoperative recovery was allowed, during which
time antibiotics were administered daily to the ewe (600 mg crystapen intravenously for 4 days and
80 mg gentamicin, intravenously daily for the first 2 days). Fetal arterial blood was taken daily from
the brachial artery for blood gas analysis for the assessment of fetal health. Catheters were maintained
patent by continuous infusion of heparinised saline (20 U mL! at 0.15 mL h'l).

Experimental Design

Experiments were conducted at 103 to 104 days’ gestation. Fetal mean arterial pressure (MAP),
corrected for maternal movement by subtraction of amniotic fluid pressure, fetal heart rate (FHR),
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Table 1.  Fetal Arterial Data for Control (C) and Occlusion (O) Groups

Control 5 Minutes 20 Minutes

pH C 7.388 £0.0 7.385 £ 0.0 7.380 £ 0.0
0 7.384 £0.0 7.042 £ 0.08§ 6.818 £ 0.0§

PaCO, (mm Hg) C 48.1 + 1.8 469+ 14 48.6 = 1.7
0 470« 13 95.8 + 4.2§ 141.2 £6.18

Pa0, (mm Hg) C 235+1.8 23.7+0.8 23.6 = 0.8
0 249+1.0 6.0 £ 0.48 8.8+ 1.0§

Glucose (mmol/L) C 1.02 £ 0.1 1.02 £0.2 1.02 £ 0.1
0 1.03 £ 0.1 0.36 = 0.1% 0.61 +0.11

Lactate (mmol/L) C 0.81 £ 0.1 0.7 + 0.1 0.83 £0.1
0 0.68 + 0.1 3.95+0.3§ 6.32 + 0.2§

NOTE. Data are mean = SEM.

*P < .05.

tP < .01.

1P < .005.

§P < .001 (between group comparisons, data compared by ANCOVA).

superior mesenteric artery blood flow (SMABF), fetal EEG and nuchal EMG activity were recorded
continuously from 6 hours before occlusion to 72 hours postocclusion. Data were stored to disk by
custom software for off-line analysis (Labview for Windows, National Instruments Ltd, Austin, Texas).

Fetuses were assighed randomly to either the sham occlusion group (n = 6) or the occlusion group
(n = 6). Fetal asphyxia was induced in the occlusion group by rapid inflation of the umbilical cord
occluder for 25 minutes with sterile saline of a defined volume known to completely inflate the occluder.
Successful occlusion was confirmed by observation of a rapid flattening of the EEG.!? The sham group
underwent sham occlusion for 25 minutes. In both groups, fetal arterial blood was taken 15 minutes
before asphyxia; 5 and 20 minutes during asphyxia; and 2, 4, 6, 10, 24, 48, and 72 hours postasphyxia
for pH and blood gas determination (845 blood gas analyzer and co-oximeter; Ciba-Corning Diagnostics,
MA) and for glucose and lactate measurements (YSI model 2300, Yellow Springs, Ohio).

On completion of the experiment at 72 hours the ewe and fetus were killed by an overdose of
pentobarbitone sodium. Samples of the fetal duodenum, jejunum, ileum, and colon were taken for
histological examination. All tissue specimens were fixed in 10% neutral buffered formalin, embedded
in paraffin, sectioned (4 pm) and stained with H&E. The degree of intestinal injury was evaluated by
an observer masked to the experimental groups (JQ) using a grading system that describes development
of necrosis on a scale from O to 8 in which grade 0 means normal mucosa and grade 8 means
transmural infarction.!!

Data Analysis and Statistics

Off-line analysis was performed using an analysis programme written using Labview for Windows
(National Instruments Ltd). Superior mesenteric artery vascular resistance (SMAVR) was calculated
using the formula (mean arterial pressure 2 mean venous pressure)/blood flow (mm Hg min mL1).
Statistical analysis was performed using SPSS for Windows (SPSS, Chicago, IL). Data are presented
as mean + SEM. Statistical significance was accepted when Pwas less than .05. The effect of asphyxia
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30 Minutes Post 2 Hours Post 4 Hours Post 6 Hours Post 10 Hours Post
7.387 £ 0.0 7.389 = 0.0 7.390 = 0.0 7.380 = 0.0 7.382 0.0
7.288 = 0.08 7.335 + 0.0* 7.403 = 0.0 7.425 + 0.0* 7.395+ 0.0

46.7 + 1.4 47.6 + 1.8 489 + 2.3 48.8 + 2.0 49.7 + 1.6
4463 + 1.3 45.42 + 0.8 46.1 + 0.4 433 £ 1.0* 483+ 1.0
23.1+£0.9 23.2 £ 0.1 23.1+1.0 23.4+0.7 23.3+0.9
27.2 +0.88 27.2+1.2* 253+ 1.1 260+ 1.2 27.0+0.8

1.0+0.1 1.08 £ 0.1 1.03+0.0 1.07 £ 0.1 1.19+0.2
1.44 £ 0.2* 1.21 £ 0.1 1.30 £ 0.1 1.32 £ 0.1 1.52 0.2
0.79 0.0 0.86 = 0.1 0.84 + 0.1 0.86 = 0.1 1.14 £ 0.2
443 + 0.4§ 3.90 = 0.7 2.63 +0.5* 1.7+04 2.02+0.4

on the biophysical parameters was determined by 2-way analysis of variance (ANOVA). Time was
treated as a repeated measure to allow for repeated sampling. When statistical significance was found
between groups or between group and time, analysis of covariance (ANCOVA) was used to compare
selected time points, using the baseline period as a covariate. For the analysis of the occlusion and 1
hour postocclusion data, the baseline period was taken as the mean of the hour before occlusion,
whereas for the analysis of the long-term recovery data (1 to 72 hours postocclusion) the baseline
period was taken as the mean of the 6 hours before occlusion.

RESULTS

Blood Composition Measurements

All fetuses had normal blood gas, acid base, and glucose and lactate status, according to the standards
of our laboratory, before each experiment. Values and statistical comparisons for arterial pH, blood
gases, and glucose and lactate levels for the control and occlusion groups up to 10 hours postasphyxia
are presented in Table 1. Between 24 and 72 hours post-asphyxia there were no significant differences
between groups for pH, PaCO,, glucose, and lactate levels. PaO,, however, was significantly elevated
in the occlusion group fetuses at each of the 3 days postasphyxia (P < .05) and at 72 hours was
30.0 = 1.1 mm Hg versus 25.8 + 1.6 mm Hg (P < .05).

Changes Observed During Asphyxia

Fetal MAP, FHR, SMABE, and SMAVR responses during occlusion are shown in Fig 1 (control group
data not shown because there were no significant changes after sham occlusion). Umbilical cord
occlusion led to a pattern of bradycardia with initial hypertension, followed by profound hypotension.
MAP fell to 8.7 = 0.7 mm Hg by 25 minutes of occlusion (v 36 + 1.2 mm Hg in the control group;
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Changes Observed During the 3 Days After Asphyxia

Figure 2 shows the changes in SMABF after sham asphyxia in the control group and asphyxia in the
occlusion group. Postocclusion, SMABF transiently returned to control group values within 3 minutes.
Between 35 and 105 minutes there was a spontaneous secondary fall in SMABF in all fetuses (P< .05).
The nadir of the fall occurred at 74 minutes postocclusion (4.9 + 1.0 mL min! v 15.5 + 3.2 mL min’!
in the control group, P < .05). This period of hypoperfusion was interrupted by a transient rise back
to control values, peaking at 206 minutes postocclusion at 14.2 + 3.1 mL min! (v 13.7 + 2.8 mL min'’!
in the control group). This was followed by a further fall in SMABF in all fetuses. In this second phase
of delayed hypoperfusion, SMABF was significantly lower than control between 5 hours 40 minutes
and 7 hours 20 minutes. The nadir in flow at 6 hours 20 minutes was 7.6 + 1.3 mL min ! (v 14.7 =
3.2 mL min! in the control group, P < .05). Thereafter, SMABF returned to control group values
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Fig 2. This figure shows the time sequence of the changes in superior mesenteric artery blood flow (SMABF) in the control

group (top panel) and occlusion group (bottom panel) before (4 hours) and for 10 hours after either occlusion or
sham occlusion. Data are 1-minute averages, mean + SEM. The arrow denotes when occlusion occurred. The
postocclusion data start with the last minute of occlusion. (x) P < .05 occlusion group versus control group by
ANCOVA. For clarity the significant data points are denoted as P < .05. The horizontal bars show the time periods
over which data had the same significance.

until the end of recordings at 72 hours. Postocclusion there was a significant increase in SMAVR
between 41 minutes and 2 hours, peaking at 66 minutes (P < .01) and again between 5 hours and
40 minutes and 6 hours and 50 minutes (P < .05; data not shown). Thereafter, SMAVR returned to
control group values.

Figure 3 shows the postocclusion changes in nuchal EMG activity, MAP, and FHR in the occlusion
group and control group. MAP returned to control group values by 3 minutes and was significantly
elevated between 35 minutes and 2 hours, peaking at 54 minutes (42.2 + 2.2 mm Hg v36.7 + 1.7
mm Hg in the control group, P< .05). Thereafter, MAP was not significantly different from the control
group. There was a rebound tachycardia between 8 and 14 minutes with FHR peaking at 9 minutes
(231.7 £ 12.7 bpm v 190.0 £ 5.5 bpm; P< .05). FHR also was significantly elevated between 2 hours
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Fig 3. This figure shows time sequence of the changes in nuchal EMG activity, MAP and FHR in the occlusion group (A)
and control group (B) before (4 hours) and for 10 hours after either occlusion or sham occlusion. Data are 1-minute
averages, mean + SEM. The arrow denotes when occlusion occurred. The postocclusion data start with the last
minute of occlusion. (*) P < .05 occlusion group versus control group by ANCOVA. For clarity the significant data
points are denoted as P< .05. The horizontal bars show the time periods over which data had the same significance.
Data are mean + SEM.

30 minutes and 3 hours with FHR peaking at 229.8 + 14.4 bpm (¥ 190.7 5.2 bpm in the control group;
P < .05). Thereafter, FHR was not significantly different from the control group.

EEG activity remained significantly depressed until a mean of 7 hours 45 minutes (P < .005; data
not shown), corresponding with the onset of epileptiform activity in 4 of the 6 occlusion group fetuses.
These epileptiform events were correlated with episodic nuchal EMG activity, and resolved at a mean
of 21 hours 30 minutes. EEG activity subsequently remained significantly depressed for the remainder
of the study (P< .01). No seizures were observed in the control group. Nuchal EMG activity remained
depressed until 40 minutes after occlusion (P < .05). Nuchal EMG activity was transiently depressed
again between a mean of 6 hours 35 minutes and 7 hours 50 minutes (P < .05). Nuchal activity then
returned to control group values.
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Histology

Histological evaluation by light microscopy of the H&E-stained sections did not show intestinal damage
in the asphyxiated or control animals after 3 days of recovery.

DISCUSSION

Results of both animal and clinical studies suggest that the pathogenesis of necrotising enterocolitis
(NEC) involves, in part, exposure of the gastrointestinal tract to hypoperfusion during an hypoxic or
asphyxial insult. 121> Such an asphyxial insult may occur either during labour or, perhaps more likely,
before labour during fetal life. In addition, periods of hypotension or bradycardia during the early
postnatal care of premature hewborns also may have potential to cause gastrointestinal hypoperfusion.
The current study has described the changes in gastrointestinal blood flow during and after severe
asphyxia in utero in the premature fetus. We report for the first time that the premature fetal gut is
involved in the acute redistribution of blood flow during asphyxia, and that subsequent to reperfusion,
there is a secondary prolonged phase of perturbation of gastrointestinal blood flow. We speculate that
this represents a phase of endothelial dysfunction and vulnerability.

Twenty-five minutes of umbilical cord occlusion did not result in gastrointestinal injury on standard
histological assessment after 3 days of recovery. This finding is complementary with observations made
in the developing chicken embryo subjected to repetitive episodes of asphyxia. 16 These data and those
of the current study are consistent with the hypothesis that such an insult may represent an early
predisposing factor in the chain of events leading to NEC.

We previously have shown that the premature fetus at 0.6 gestation is able to mount an acute
cardiovascular defense to asphyxia similar to that observed at full term. 817:18 The responses include
redistribution of CVO, hypertension, and bradycardia. 1820 The current data confirm this finding, The
key maturational difference compared with the full-term fetus is that the premature fetus is able to
survive a much longer duration of asphyxia. This capacity of the preterm fetus to survive long periods
of reduced oxygen supply is caused by such factors as greater glycogen stores, greater anaerobic
capacity in many tissues, and lower basal metabolic activity. 2122 Paradoxically, this capacity to survive
allows the fetus to be exposed to extended periods of profound hypotension and hypoperfusion.

In the current study, the 0.7 gestation fetus was able to survive 25 minutes of asphyxia. During
asphyxia the fetal cardiovascular response was characterised by 3 phases: initial redistribution of blood
flow away from the gut to maintain vital organ function, subsequent failure of this redistribution, and
finally near-terminal cardiovascular collapse. The initial fall in SMA blood flow to almost zero was
mediated by a significant increase in vascular resistance at a time when blood pressure was rising and
is likely to be regulated by the same neural mechanisms that mediate redistribution of CVO in the full-
term fetus. 23 This redistribution of blood flow away from the gut was, however, only sustained for a
few minutes. During most of the insult gastrointestinal blood flow was essentially pressure-passive,
paralleling changes in arterial blood pressure, with low levels of SMA vascular resistance. The
mechanisms mediating this failure of redistribution of blood flow are unknown, but we observed a
similar pattern in femoral blood flow in the 0.6 gestation fetus. 8 We speculate that the intense initial
peripheral vasoconstriction may have resulted in exacerbated local tissue hypoxia and acidosis, which,
in turn, led to rebound vasodilatation at this time. The fall in blood pressure was steepest during this
phase, and it is likely that the failure of the redistribution of blood flow hastened the onset of
hypotension. Thus, one consequence of the failure of SMA vasoconstriction was greater perfusion of
the gut during asphyxia, at the expense of central organs. The final phase marked the onset of
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circulatory collapse as demonstrated by sustained, profound hypotension with a corresponding
progressive significant fall in SMA blood flow.

After the end of occlusion, blood pressure, heart rate, and SMA blood flow all rapidly recovered,
and there was a brief period of hypertension and tachycardia. This is consistent with other fetal,
neonatal, and adult data on immediate haemodynamic changes after asphyxia. 8:9:17:18.2426 There was,
however, no rebound hyperperfusion of the gut, although SMA blood flow initially did return to control
values. An overall increase in vascular resistance appeared to inhibit rebound hyperperfusion. After
initial reperfusion, within 20 minutes there was a secondary fall in SMA blood flow. This hypoperfusion
was not related to hypotension because blood pressure was still significantly elevated. Rather, the fall
in SMA blood flow was associated with a significant rise in vascular resistance suggesting an actively
mediated process.

[t has been suggested that the perturbation of ischemia-reperfusion may lead to dysfunction of organ
vasculature caused by either a reduced capacity to produce vasodilators such as nitric oxide and a rise
in vasoconstrictors such as endothelin or a reduced ability to respond to vasodilators (endothelial
dysfunction). 122728 In the adult, local ischaemia reperfusion typically is accompanied in the affected
organs by significant changes in basal and reactive vascular function during the first 24 to 48 hours. 2
We also have observed changes in blood flow after asphyxia in the premature fetus at 0.6 gestation. 8
The pattern in SMA blood flow in the 0.7 gestation fetus was, however, very different to that observed
in femoral blood flow at 0.6 gestation because femoral blood flow took much longer to fall postasphyxia
(the nadir occurring at 8 hours). This may be related to maturational changes in the mechanisms
controlling blood flow at 0.6 versus 0.7 gestation ot, more likely, that asphyxia has a profound and
differential effect on the mechanisms controlling SMA blood flow.

The immature intestine has been suggested to be more vulnerable to endothelial dysfunction.
Nowicki 30 showed that mesenteric artery endothelial production of nitric oxide (NO) after ischaemia
was reduced in the 3-day-old piglet, whereas production was increased in the 35-day old pig. These
data are supported by the recent observation that NO synthase inhibition causes a significantly greater
fall in SMA blood flow in the premature fetus compared with later in development. 3! From this study
it was suggested that NO plays a greater role in the regulation of fetal gastrointestinal blood flow in
the premature fetus than later in gestation.

The pattern of SMA blood flow we observed during the first 9 hours postocclusion is unique and
highly consistent. The fall in SMA blood flow was reversed transiently between 2 and 5 hours
suggesting that the endothelial dysfunction can be overridden. This rise in SMA blood flow between
the periods of postasphyxial hypoperfusion was not related to a rise in blood pressure, but was
associated with a significant fall in SMA vascular resistance. It is of interest that this increase in SMA
blood flow was associated with a delayed period of sustained tonic nuchal EMG activity. When this
muscle activity subsided, SMA blood flow once again fell. The etiology of this increased nuchal EMG
activity is not known, but it was not associated with EEG changes; the EEG remained depressed at
this time. It also was not associated with an evident increase in general metabolic activity as
determined from blood gases, glucose and lactate values, although local gastrointestinal metabolism
may have increased. It was associated with a rise in FHR and thus an increase in CVO. 32 Whether
the neural mechanisms mediating this increased nuchal muscle activity are also related to the control
of heart rate and gastrointestinal blood flow or whether SMA blood flow increases as a function of
almost constant fetal body movements cannot be determined from the current study. The return of
SMA blood flow to control values at 9 hours was associated with the onset of episodic nuchal EMG
activity and EEG epileptiform activity.
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ABSTRACT

Asphyxia in utero in preterm fetuses is associated with evolving hypoperfusion of the gut after the
insult. We examined the role of the sympathetic nervous system (SNS) in mediating this secondary
hypoperfusion. Gut blood flow changes were also assessed during post-asphyxial seizures. Preterm
fetal sheep at 0.7 gestation (103-104 days, term is 147 days) underwent sham asphyxia or asphyxia
induced by 25 min of complete cord occlusion and fetuses were studied for three days afterwards.
Phentolamine (10 mg bolus plus 10 mg h'!) or saline was infused for 8 h starting 15 min after the end
of asphyxia or sham asphyxia. Phentolamine blocked the fall in superior mesenteric artery blood flow
(SMABF) after asphyxia and there was a significant decrease in MAP for the first 3 h of infusion
(33+1.6 vs. vehicle 36.7+0.8 mmHg, P<0.005). During seizures SMABF fell significantly (8.3+2.3
vs.11.4+2.7 ml min! P<0.005), and SMABF was more than 10% below baseline for 13.0+1.7 min
per seizure (vs. seizure duration of 78.1+7.2 sec). Phentolamine was associated with earlier onset of
seizures (5.0+0.4 vs. 7.1+0.7 h, P<0.05), but no change in amplitude or duration, and prevented the
fall in SMABE In conclusion, the present study confirms the hypothesis that post-asphyxial
hypoperfusion of the gut is strongly mediated by the SNS. The data highlight the importance of
sympathetic activity in the initial elevation of blood pressure after asphyxia and are consistent with a

role for the mesenteric system as a key resistance bed that helps to maintain perfusion in other, more

vulnerable systems.

=
—



The role of the sympathetic nervous system

INTRODUCTION

In the preterm infant, pre- and postnatal haemodynamic disturbances are associated with a high rate
of impaired postnatal intestinal adaptation during the first days of life; for example, delayed meconium
passage, abdominal distension, bilious vomiting and a delay in tolerating enteral feeding (Robel-Tillig
et al., 2002). Establishing early enteral feeding is important, promoting the normal development of
the gut as a physical, mechanical, physiologic, and immunologic barrier (Strodtbeck, 2003). The key
link between the variety of disparate clinical problems and early gastrointestinal dysfunction, as well
as increased risk of severe complications such as necrotising enterocolitis (NEC), appears to be
impaired perfusion of the mesenteric bed (Coombs et al, 1990; Malcolm et al., 1991; Coombs et al.,
1992; Akinbi et al, 1994). Currently, however, there is little information on the specific mechanisms
that control gut perfusion in the perinatal period.

We have recently reported that exposure of the premature fetus to asphyxia in utero is associated
with development of delayed hypoperfusion of the gut during the early phase of recovery (Bennet ef al,
2000). This phenomenon is not specific to fetal life or the gut (Conger & Weil, 1995), but its
mechanisms and significance remain controversial. Some data in the adult suggest that both central
and peripheral secondary hypoperfusion is related to impaired endothelial control of blood flow
(Hossmann, 1997; Karimova & Pinsky, 2001; Reber et al, 2002; Ten & Pinsky, 2002), while others
suggest that it is actively mediated, reflecting reduced metabolic requirement (Michenfelder & Milde,
1990; Gold & Lauritzen, 2002). Although there is no specific information in the fetus, several lines of
evidence suggest the hypothesis that alpha-adrenergic sympathetic nervous system (SNS) activity may
play a key role in regulating gut perfusion during recovery after an asphyxial insult. The fetal gut is
innervated by the autonomic nervous system from very early in development (Read & Burnstock,
1970), and the autonomic nervous system is an important regulator of intestinal blood flow under a
variety of physiological and pathological conditions (Nuwayhid ef al, 1975; Jensen et al., 1987b;
Paulick et al, 1991; Jensen & Lang, 1992; Rouwet et al, 2000; Mulder et al., 2002). Redistribution
of blood flow away from the peripheral organs such as the gut during hypoxia and asphyxia in utero
is, for example, largely mediated by alpha-adrenergic receptors (Iwamoto et al., 1983; Jensen & Lang,
1992; Giussani et al, 1993), and sympathectomy in the sheep fetus results in increased meconium
passage (Westgate et al., 2002).

A potential further complication of exposure to asphyxia is the development of seizures which may
occur both pre- and postnatally (Osiovich & Barrington, 1996; Ingemarsson & Spencer, 1998; Westgate
et al., 1999; Keogh et al, 2000; Patane & Ghidini, 2001). Seizures may cause further circulatory
instability, although most studies of seizures have largely focussed on their impact on cerebral
circulation, with little attention given to other vascular beds. In the adult, however, data shows that
the marked increase in blood pressure typically observed during seizures is facilitated primarily by
increased peripheral vascular resistance, in particular in the mesenteric bed, rather than by changes
in cardiac output (Doba et al, 1975; Kreisman ef al, 1993). In the adult, there is marked activation
of the SNS during seizures which is likely to mediate this vasoconstriction (Baumgartner et al., 2001).
It is known that seizures in preterm infants also cause marked increases in blood pressure (Perlman
& Volpe, 1983), but the effects on peripheral blood flow have not been evaluated.

Thus it was the aim of the current study to test the hypothesis that the post-asphyxial secondary
hypoperfusion of the preterm fetal sheep gut is mediated by alpha-adrenergic receptor activation.
Further, we characterised the impact of post-asphyxial seizures on gut blood flow and examined the
role of alpha-adrenergic receptors in mediating changes in gut blood flow during seizures.
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METHODS

Surgical procedures

All procedures were approved by the Animal Ethics Committee of The University of Auckland. Twenty
eight time mated singleton Romney-Suffolk cross sheep were operated on at 98-99 days of gestation
(term = 147 days). Food, but not water was withdrawn 18 h before surgery. Ewes were given 5 ml
of Streptocin (Procaine Penicillin (250,000 IU) and Dihydrostreptomycin (250mg ml!, Stockguard
Labs Ltd, Hamilton, New Zealand) intramuscularly for prophylaxis 30 min prior to the start of surgery.
Anaesthesia was induced by i.v. injection of Alfaxan (Alphaxalone, 3mg kg'!, Jurox, Rutherford, NSW,
Australia), and general anaesthesia maintained using 2-3% halothane in O,. Ewes were not ventilated
and the depth of anaesthesia, maternal heart rate and respiration were constantly monitored by trained
anaesthetic staff. Under anaesthesia a 20 gauge i.v. catheter was placed in a maternal front leg vein,
and the ewes were placed on a constant infusion isotonic saline drip (at an infusion rate of
approximately 250 ml h'l) to maintain maternal fluid balance.

All surgical procedures were performed using sterile techniques (Bennet ef al., 1999; Bennet ef al,
2000). Catheters were placed in the left fetal femoral artery and vein, right brachial artery and vein,
and the amniotic sac. A 2S ultrasound blood flow probe (Transonic Systems Inc., Ithaca, NY, USA)
was placed around the superior mesenteric artery (SMA) to measure gastrointestinal blood flow. Two
pairs of electrodes (AS633-5SSF, Cooner Wire Co., Chatsworth, CA, USA) were placed on the dura
over the parasagittal parietal cortex (5 mm and 10 mm anterior to bregma and 5 mm lateral) and
secured with cyanoactylate glue to measure electrocortical activity (EEG). A reference electrode was
sewn over the occiput. Electromyographic electrodes were placed in the nuchal muscle to measure
electromyogram (EMG) activity, and electrocardiogram (ECG) electrodes were sewn across the chest
to record fetal heart rate (FHR). An inflatable silicone occluder was placed around the umbilical cord
of all fetuses (In Vivo Metric, Healdsburg, CA, USA). All fetal leads were exteriorised through the
maternal flank and a maternal long saphenous vein was catheterised to provide access for post-
operative care and euthanasia. Antibiotics (80mg Gentamicin, Pharmacia and Upjohn, Rydalmere,
NSW, Australia) were administered into the amniotic sac prior to closure of the uterus.

Post-operatively, all sheep were housed together in separate metabolic cages with access to water
and food ad /ibitum. They were kept in a temperature-controlled room (16+1°C, humidity 50+10%),
ina 12 hlight/dark cycle. A period of 4-5 days post-operative recovery was allowed before experiments
commenced, during which time antibiotics were administered daily for four days i.v. to the ewe
(600mg Benzylpencillin Sodium, Novartis Ltd, Auckland, New Zealand, and 80mg Gentamicin.). Fetal
catheters were maintained patent by continuous infusion of heparinised saline (20 U ml ! at 0.15ml h 1)
and the maternal catheter maintained by daily flushing.

Experimental design

Experiments were conducted at 103-104 days gestation. Mean arterial pressure (MAP) measured from
the femoral artery, mean venous pressure measured from the femoral vein (both corrected for maternal
movement by subtraction of amniotic fluid pressure), FHR, SMABE, EEG and nuchal EMG activity
were recorded continuously from 12 h before occlusion until 72 h after occlusion. Data were stored
to disk by custom software for off-line analysis (Labview for Windows, National Instruments Ltd,
Austin, Texas, USA).

Fetuses were randomly assigned to one of four groups: sham occlusion plus vehicle infusion (sham
vehicle group, n=7), sham occlusion plus infusion of the alpha-adrenergic antagonist phentolamine
(sham phentolamine, n=5), occlusion plus vehicle infusion (asphyxia vehicle, n=8), occlusion plus
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infusion of phentolamine (asphyxia phentolamine, n=8). Phentolamine (Regitine, Novartis Pharma
AG, Basel, Switzerland) was administered i.v., via the brachial vein, to the fetus as a 10 mgin 1 ml
bolus given over 5 min, followed by a continuous infusion at 10 mg h'l at 1 ml h'l, starting 15 min
after the end of occlusion or sham occlusion and continued for 8 h. In the vehicle groups, isotonic
saline was infused at the same volume and rate over the same time period. The period of 8 h was
chosen because this was the mean duration of gastrointestinal hypoperfusion post-asphyxia observed
in previous studies (Bennet et al., 2000).

In the occlusion groups, asphyxia was induced by rapid inflation of the umbilical cord occluder, for
25 min, with sterile saline of a defined volume known to completely inflate the occluder as determined
by previous pilot experiments using flow probes placed on an umbilical vein. Successful occlusion was
confirmed by a rapid rise in MAP and bradycardia (Bennet et al., 2000). Arterial blood was taken from
the brachial artery at 15 min prior to asphyxia, at 20 min during asphyxia, and 2, 4, 6, 10, 24, 48
and 72 h post-asphyxia for pre-ductal pH and blood gas determination (Ciba-Corning Diagnostics 845
blood gas analyser and co-oximeter, MA., USA) and for glucose and lactate measurements (YSI model
2300, Yellow Springs, Ohio, USA).

On completion of the experiment at 72 h ewes and fetuses were killed by an overdose of
pentobarbitone sodium (9 g i.v. to the ewe; Pentobarb 300, Chemstock International, Christchurch,
New Zealand).

Data analysis and statistics

The nuchal EMG signal was bandpass filtered between 100 Hz and 1 kHz, the signal was then
integrated using a time constant of one sec. The EEG signal was low-pass filtered with a 6th order low-
pass Butterworth filter, with a cut-off frequency of 50 Hz. A power spectrum was then calculated from
this 256 Hz sampled signal. Data from left and right EEG electrodes were averaged to give mean total
EEG activity. For clarity of data display the EEG intensity was log transformed (dB, 20 x log(intensity)
(Williams et al, 1992). Additionally the raw EEG signal was processed through a digital FIR low-pass
filter with a cut-off frequency of 30 Hz and stored at a sampling rate of 64 Hz for analysis of seizures.
Seizures were identified visually and defined as the concurrent appearance of sudden, repetitive,
evolving stereotyped waveforms in the EEG signal lasting more than 10 sec and of an amplitude greater
than 20uV/(Scher et al, 1993). Superior mesenteric artery vascular resistance was calculated using the
formula (mean arterial pressure — mean venous pressure)/blood flow (mmHg (min ml1) -1).

Statistical analysis was performed using SPSS for Windows (SPSS, Chicago, USA). For the analysis
of the long-term recovery data (1-72 h post-occlusion) the control pre-occlusion baseline period was
taken as the mean of the 12 h before occlusion. For between group comparisons two way analysis of
variance for repeated measures was performed. When statistical significance was found between
groups, or between group and time, analysis of covariance (ANCOVA) was used to compare selected
time points, using the baseline control periods prior to occlusion as a covariate. For seizure analysis,
the pre-seizure baseline period was taken as the two min prior to the onset of a seizure. Maximum
changes observed during seizures were compared to the pre-seizure baseline using Students-t test.
Percentage changes in nuchal EMG are presented as median (25th, 75th percentile). Data are
presented as mean + SEM. Significance was accepted when P<0.05.
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RESULTS

Blood Composition Measurements

Values and statistical comparisons for arterial pH, blood gases, glucose and lactate for the control and
treatment groups, before occlusion, at 20 min of sham occlusion or occlusion, and 2, 4, 6, 8, 24, 48
and 72 h after sham occlusion or occlusion, are presented in Table 1.

Superior mesenteric artery blood flow and vascular resistance

There were no significant differences in SMA blood flow or resistance between groups before occlusion
and between the asphyxia groups during occlusion. SMABF rapidly returned to sham vehicle values
immediately post-occlusion in both occlusion groups (Fig.1A). In the asphyxia vehicle group SMABF
then changed in a biphasic hypoperfusion pattern similar to that previously described (Bennet ef al,
2000), with an initial hypoperfusion between 35 min and 2 h after the start of infusion (nadir at 73
min post-occlusion of 4.5+0.9 vs. 11.5+0.8 ml min! in the sham vehicle group, P<0.01).

Table 1  Fetal arterial pH, blood gases, glucose and lactate values for all groups 15 min before (control), during (20 minutes),
and after (2, 4, 6, 8, 24, 48 and 72 hours), either sham umbilical occlusion or occlusion.

Control 20 min 2 hours 4 hours
PHa
Sham vehicle 7.39+0.0 7.38+0.0 7.39+0.0 7.39+0.0
Sham phentolamine 7.38+0.0 7.39+0.0 7.40+0.0 7.39+0.0
Asphyxia vehicle 7.37+0.0 6.83+0.08 7.34+0.0* 7.40+0.0
Asphyxia phentolamine 7.36+0.0 6.88+0.08§ 7.36+0.0 7.41+0.0
Pa,CO, (mmHg)
Sham  vehicle 48.0+1.8 48.6x1.7 47.6+1.8 48.9+2.3
Sham phentolamine 45.2+3.1 45.0+3.0 47.2+1.2 46.2+3.4
Asphyxia vehicle 47.2+0.9 137.7+7.78 44114 45.3+0.8
Asphyxia phentolamine 48.9+3.6 132.0+3.48 46.1+3.6 46.4+2.0
Pa,0, (mmHg)
Sham  vehicle 23.5+0.8 23.2+0.7 23.1+0.9 23.2+1.0
Sham phentolamine 25.6+1.2 25.6+1.3 26.9+1.3 24.9+0.5
Asphyxia vehicle 24.4+0.7 8.2+1.18 26.8+1.2* 24.2+1.4
Asphyxia phentolamine 23.6+1.6 9.0+1.2§ 23.8+1.9 24.5+1.2
Lactate (mmol)
Sham vehicle 0.82+0.1 0.81+0.1 0.87+0.2 0.85+0.1
Sham phentolamine 0.73+0.0 0.75+0.2 0.72+0.1 0.76+0.1
Asphyxia vehicle 0.74+0.1 6.11+0.28§ 3.71+0.7¢ 2.56+0.51
Asphyxia phentolamine 0.88+0.1 6.02+0.2§ 1.90+0.4* 1.15+0.5
Glucose (mmol)
Sham vehicle 1.03+0.1 1.02+0.1 1.09+0.1 1.03+0.1
Sham phentolamine 0.91+0.1 0.93+0.1 0.80+0.1 0.64+0.1*
Asphyxia vehicle 1.07+0.1 0.59+0.11 1.25+0.1 1.28+0.1
Asphyxia phentolamine 0.90+0.1 0.40+0.14 1.02+0.1 0.96+0.1

Data are mean + SEM. P<0.05%, P<0.01t, P<0.005 %, P <0.0018, compared to sham vehicle group values.
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Hypoperfusion was associated with a significant increase in vascular resistance (8.6+2.6 vs. 3.3+0.4
mmHg (min ml'!)~1, compared to sham vehicle, P<0.005). This first period of hypoperfusion was
followed by a transient return to basal values; maximal at 3.5 h, before falling significantly again
between 4.5 and 7.5 h (P<0.05) and then returning again to baseline before seizures started. This
secondary decrease in SMABF was also associated with a small, but significant rise in vascular
resistance (5.6+0.4 mmHg (min ml'!)~!, P<0.05).

In the asphyxia phentolamine group there was a transient rise in SMABEF, maximal at 20 min after
the start of infusion (14.6+1.7 vs. 11.0+2.6 ml min! in the sham vehicle group, P<0.05, Fig. 14).
This was associated with a small but significant drop in vascular resistance (1.9+0.4 vs. 3.4+0.4 mmHg
(min m11)~!, compared to the sham vehicle group, P<0.05). Thereafter SMABF was not significantly
different to sham vehicle group values, despite a tendency to rise between 1.5 and 2.5 h; this rise was
similar to that seen in the asphyxia vehicle group, but occutred earlier (maximal at 2h vs. 3.5h). In
the sham phentolamine group, phentolamine infusion produced a transient but modest rise during the
first 15 min of infusion, followed by a slight reduction in flow between 1-3 hours (coincidental with
the transient fall in FHR seen in this group after initial tachycardia, Fig. 45), but there were no overall
significant differences between the sham vehicle and sham phentolamine groups (Fig. 1 B).

During seizures SMABF fell in the asphyxia vehicle group from 11.4+2.7 ml min! to a nadir of

6 hours 8 hours 24 hours 48 hours 72 hours
7.39+0.0 7.38+0.0 7.38+0.0 7.37+0.0 7.37+0.0
7.39+0.0 7.39+0.0 7.38+0.0 7.38+0.0 7.38+0.0
7.42+0.0* 7.39+0.0 7.38+0.0 7.38+0.0 7.37+0.0
7.40+0.0 7.36+0.0 7.38+0.0 7.38+0.0 7.37+0.0
48.8+2.0 49.7+1.6 47.5+£1.9 48.7+1.8 48.3+2.8
47.1+3.7 46.2+2.6 48.0+2.3 49.0£3.2 45.7+2.0
43.0+1.0* 48.3+1.1 44.8+1.8 45.3+0.8 44.3+1.2
47.5+2.0 46.7+1.8 46.1+0.7 46.1+0.7 44.9+0.7
23.4+0.7 23.3+0.9 24.9+0.9 249+1.4 25.0+1.1
25.0+0.7 25.3+0.8 26.0+1.2 27.8+2.7 25.4+1.0
24.8+1.0 26.8+0.9* 28.4+0.9% 28.7+0.8* 29.1+1.2
25.8+2.3 27.4+2.2 28.0+1.2 28.0+1.2 28.1+1.6
0.86+0.1 1.15+0.2 0.66+0.2 0.75+0.1 0.85+0.1
0.75+0.0 0.82+0.1 0.65+0.1 0.74+0.1 0.78+0.0
1.83+0.3* 2.03+0.5 0.95+0.1 0.73+0.1 0.83+0.1
1.25+0.4 0.67+0.1 0.64+0.0 0.64+0.0 0.72+0.1
1.07+0.1 1.19+0.2 1.15+0.1 1.16+0.1 1.16+0.1
0.88+0.1* 0.90+0.1 0.83+0.1 0.94+0.1 0.93+0.1
1.36+0.1 1.52+0.2 1.43+0.1 1.24+0.1 1.18+0.1
0.97+0.1 1.09+0.1 1.07+0.1 1.07+0.1 1.09+0.1
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Figure 1.
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Time sequence of changes in superior mesenteric artery blood flow (SMABF) during the four hours prior to
occlusion and for ten hours post occlusion.

Panel A shows the responses of the asphyxia vehicle group (open circles) and the asphyxia phentolamine group (closed
circles). The groups are further denoted by arrows. Note the biphasic fall in SMABF in the vehicle group, interrupted
by a transient period of vasodilatation. Phentolamine causes an initial vasodilatation, but the secondary hypoperfusion
phases are prevented. The same transient vasodilatation seen in the asphyxia vehicle group also occurs in the
phentolamine group, but the response occurs earlier. Panel B shows the SMABF responses of the sham vehicle group
(open circles) and sham phentolamine group (closed circles) showing no differences between groups. Data are one
min averages, mean+SEM, * P<0.05, 1P<0.01 compared to sham vehicle group. The axis break denotes the period

of occlusion, not shown.
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8.3+2.3 ml min! (P<0.005, Fig. 2A); regardless of whether electrographic seizures were present.
SMABF was more than 10% below baseline for 13.0+1.7 min per seizure (vs. seizure duration of
78.1+7.2 sec). The fall in SMABF was associated with a significant increase in SMA vascular resistance
(from 4.3+0.7 mmHg (min ml'1)~! pre-seizure to a peak of 8.6+2.3 mmHg (min ml')~!, P<0.05). In
contrast there was no change in SMABF in the asphyxia phentolamine group during any seizures
(9.0+1.4 vs. 8.6+1.4 ml min'!, Fig. 2B) and no significant change in resistance (5.2+1.1 vs. 5.4+1.3
mmHg (min mI'1)~1. No seizures occurred in the sham occlusion groups.

Blood pressure

There was no significant difference in MAP between groups before and between the asphyxia groups
during occlusion. In the asphyxia vehicle group an initial transient period of hypertension immediately
post-occlusion (P<0.001, Fig. 3A4) was followed by a period of sustained elevation of pressure between
30 min and 3 h after the start of infusion (41.0+1.6 vs. 36.0+0.8 mmHg in the sham vehicle group,
P<0.05). Thereafter MAP returned to basal values until seizures started. During seizures MAP
increased during individual seizure episodes from 36.3+0.4 to 42.0+0.9 mmHg (P<0.005, Fig. 2A).

In the asphyxia phentolamine group MAP was also significantly increased immediately post-
occlusion (P<0.001, Fig. 3A4) but pressure fell rapidly at the onset of infusion and was reduced for 3
h after the start of infusion (33+1.6 vs. 36.7+0.8 mmHg in the sham vehicle group, P<0.005). There
was a notable secondary fall in pressure at starting at 1.8 h post-occlusion for 54 min (nadir of 30.4+2.1
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Figure 3. Time sequence of changes in mean arterial blood pressure (MAP) during the four hours prior to occlusion
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and for ten hours post-occlusion.

Panel A shows the responses of the asphyxia vehicle group (open circles) and the asphyxia phentolamine group
(closed circles). The groups are further denoted by arrows. Note the lower blood pressure in the phentolamine group
compared to vehicle infusion, and the subsequent further fall in blood pressure corresponding with the transient
vasodilatation seen in the phentolamine group in figure 1. Similarly MAP falls in the vehicle group during the same
period of vasodilatation, but at a slightly later time. Panel B shows the MAP responses of the sham vehicle group
(open circles) and sham phentolamine group (closed circles) showing no differences between groups. Data are one
min averages, mean+SEM, * P<0.05, #P<0.005, § P<0.001 compared to sham vehicle group. The axis break denotes
the period of occlusion, not shown.
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Figure 4. Time sequence of changes in fetal heart rate (FHR) during the four hours prior to occlusion and for ten hours
post occlusion.
Panel A shows the responses of the asphyxia vehicle group (open circles) and the asphyxia phentolamine group (closed
circles). The groups are further denoted by arrow. Both groups had a similar initial response, but note the earlier onset
of tachycardia in the phentolamine group at around 2 hours post-occlusion, corresponding with the transient period
of increased SMABF shown in figure 1. Note also the increase in FHR after four hours in this group, corresponding
with the appearance of seizures. Panel Bshows the FHR responses of the sham vehicle group (open circles) and sham
phentolamine group (closed circles). Note the tachycardia observed with phentolamine infusion alone which is not
seen in the asphyxia phentolamine group in panel A. Data are mean+SEM, * P<0.05, P<0.01, §<0.001 compared
to sham vehicle group. The axis break denotes the period of umbilical cord occlusion, not shown.
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mmHg, P<0.001), thereafter MAP progressively returned to baseline. During seizures there were no
significant changes in MAP during phentolamine infusion (Fig. 25). There was no difference in MAP
between sham occlusion groups (Fig. 3B).

Fetal heart rate

In the asphyxia vehicle group, after a transient period of rebound tachycardia during the first 10 min
post-occlusion (P<0.001, Fig. 4A4), FHR returned to sham vehicle group values until 1.6 h when FHR
slowly began to rise again, increasing abruptly at 2.2 h for 54 min (220.0+15 beats min'! (bpm) vs.
183.4+4.4 bpm in the sham vehicle group, P<0.05). FHR then gradually returned to baseline until
seizures started. There were no significant changes in FHR during seizures.

In the asphyxia phentolamine group FHR followed a similar but time shifted pattern to the asphyxia
vehicle group. Rebound tachycardia (P<0.001, Fig 4A4) was followed by a transient return to baseline
for 1.45 h then after a gradual rise FHR rose abruptly for 67 min (209.9+7.0 bpm vs. 183.6+5.6 bpm
in the sham vehicle group, P<0.005), thereafter FHR was variably increased as a function of seizures
rising significantly to 219.7+8.5 bpm vs. an interseizure baseline of 189.0+3.2, P<0.05).
Phentolamine infusion alone significantly increased FHR during the first hour (maximal at 5 min of
infusion; 282.4+0.6 vs. sham vehicle group values of 189.4+5.5 bpm, P<0.001, Fig 4B), thereafter
the changes in FHR were variable, but there was a significant effect of treatment over time compared
to the sham vehicle group (P<0.05).

EEG, EMG and seizure activity

EEG amplitude was rapidly suppressed at the onset of occlusion in both groups, and remained
significantly suppressed (5.3+0.9 vs. 45.6+5.8uV in the sham vehicle group and 5.4+0.9 vs.
43.6+6.711V in the sham phentolamine group, P<0.001 both groups) except between 9 and 18 h in
the asphyxia vehicle group and 6 and 14 h in the asphyxia phentolamine group when EEG amplitude
increased due to seizures.

The onset of seizures occurred significantly earlier in the asphyxia phentolamine group compared
to the asphyxia vehicle group (5.01+0.4 h vs. 7.1+0.7 h respectively, P<0.05). There were no
significant differences, however, in the total seizure duration (15.5+3.5 h vs. 23.2+3.7 h, asphyxia
vehicle vs. asphyxia phentolamine), total number of seizures (56.0+10.0 vs. 73.2+.28.0), number of
seizures per hour (3.1+0.7 vs. 4.2+1.3), intensity of individual seizures (118.2+20.8 vs. 172.0+25.3
1V) and duration of individual seizures (78.1+7.2 sec vs. 76.8+12.0 sec). All fetuses in the asphyxia
groups had electrographic evidence of seizures (Figs. 24 and B), except one fetuses in the asphyxia
vehicle group where there was only cardiovascular and nuchal EMG evidence of seizure activity. There
were no seizures in the sham groups. Nuchal EMG activity was present during 75.0% (73,81) of
seizures in the asphyxia vehicle group, and 80.0% (79,88) of seizures in the asphyxia phentolamine
group (Fig. 24 and B).

DISCUSSION

This study demonstrates for the first time that the sympathetic nervous system is a key mediator of
delayed gastrointestinal hypoperfusion during recovery from an asphyxial insult in preterm fetal sheep.
Prevention of this delayed hypoperfusion by alpha-adrenergic blockade significantly impaired fetal
blood pressure during the early recovery phase after asphyxia. Further, it confirms that sympathetic
activity mediates the fall in gut blood flow during post-asphyxial seizures in the immature fetus.
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Interestingly gut blood flow remained markedly suppressed for several minutes after resolution of each
seizure indicating that sympathetic activation was not simply a non-specific effect of the epileptic
discharge. Thus while post-asphyxial seizures were brief and infrequent compared to those seen at
term, their impact on gut blood flow was marked.

Secondary hypoperfusion is known to develop in many vascular beds after ischaemic insults both
pre-and postnatally, typically in the first few days after an insult (Conger & Weil, 1995). The duration
and speed of onset, and to a lesser extent the degree of the hypoperfusion, are reported to be related
to the severity of the insult, at least in the brain where the phenomenon has mostly been assessed
(Karlsson et al, 1994; Huang et al, 1999). The underlying factors which mediate this phenomenon
remain the subject of research. Proposed hypotheses include endothelial dysfunction, disturbed
blood/vessel wall interactions and reduced metabolic demand (Hossmann, 1997; Reber et al., 2002;
Ten & Pinsky, 2002). The current study shows that for the preterm fetal sheep gut after asphyxia,
hypoperfusion is not related to hypotension, but rather is primarily related to a sympathetically
mediated increase in vascular resistance. Both the relative rapidity of the changes in flow and its
variable nature, with a transient reduction in vasoconstriction between two and four hours post-
asphyxia in both groups, argues against the reduction in blood flow being due to passive vascular
dysfunction.

The physiological significance of this apparently active, and relatively prolonged period of
hypoperfusion of the gut during the latent phase of recovery after asphyxia is unknown, however, we
may hypothesise that its purpose is to maintain systemic perfusion pressure. In the adult under
conditions of decreased cardiac output caused by cardiogenic or hypovolaemic shock, selective
vasoconstriction of the afferent mesenteric arterioles is reported to be crucial in sustaining total
systemic vascular resistance, thereby maintaining systemic arterial pressure (Reilly et al., 2001; Ceppa
et al, 2003). Under these conditions, while there is some degree of vasoconstriction in other
peripheral systems, it is disproportionately greater within the mesenteric circulation, and thus
perfusion of non-mesenteric organs is maintained at the expense of the gut (Reilly et af, 2001; Ceppa
et al., 2003). Similarly, in the fetal sheep marked constriction of the mesenteric bed occurs during
acute asphyxia to facilitate redistribution of combined ventricular output in favour of central organs
(Jensen et al., 1987a; Yaffe et al., 1987; Bennet et al.,, 2000), but its role during post-asphyxial recovery
has not been evaluated.

Although myocardial histology and function were not able to be directly evaluated in the present
study there is considerable clinical and experimental evidence to show that reversible myocardial
injury and associated cardiac dysfunction are common during recovery from exposure to perinatal
asphyxia (Gunn et al, 2000; Lumbers et al, 2001; Hunt & Osborn, 2002). Consistent with the
hypothesis of early myocardial dysfunction, in the current study phentolamine infusion led to a
reduction in blood pressure for three to four hours despite normalisation of SMA blood flow for most
of this period. This is in contrast with the significant elevation seen in the asphyxia vehicle group,
which was associated with an increase in SMA vascular resistance. This hypothesis is further supported
by the fall in blood pressure observed in the asphyxia vehicle group during the period of spontaneous
gastrointestinal vasodilatation around four hours post-asphyxia, which was followed by a modest
increase in pressure during the second period of hypoperfusion between five and seven hours.
Currently it is unclear what is mediating this transient rise in blood flow. It may be related to a
reduction in sympathetic tone, however, other factors are likely to play a role in mediating both the
vasoconstriction and vasodilatation. Nitric oxide (NO), for example, is known to be an important
modulator of perfusion in the preterm gut (Fan ef al, 1998; Reber et al., 2002), and is also known to
modulate sympathetic activity (Prast & Philippu, 2001). Additionally, NO can also alter vascular
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reactivity at the sympathetic neuroeffector junction in the rat mesenteric bed by deactivating
noradrenaline (Kolo et al, 2004). There may also be similar roles for other neurotransmitters and
peptides such as NPY (Sanhueza et al, 2003; Kolo et al., 2004).

Finally, it is striking that in the sham phentolamine group, phentolamine infusion was associated
with a marked immediate tachycardia, but no change in blood pressure. Subsequently FHR varied but
on average was elevated for the remainder of the infusion period. Since in the fetus stroke volume is
relatively fixed and therefore changes in combined ventricular output are primarily dependent on
changes in FHR, this finding strongly implies that under normal conditions that the fetus responds to
the fall in SMA resistance during alpha-adrenergic blockade with an increase in combined ventricular
output to prevent hypotension. Conversely, the transient return of FHR to baseline between two to
three hours in this group was associated with an increase in resistance and a fall in SMA blood flow.
In marked contrast, there was no increase in FHR in the asphyxia phentolamine group in response to
the start of phentolamine, and when FHR was elevated at around two to three hours, at the same time
as SMA vasodilatation, pressure fell abruptly. These data suggest a limited ability to increase combined
ventricular output after asphyxia, consistent with myocardial dysfunction, and further highlight the
requirement for peripheral vasoconstriction for pressure support.

The other major findings of the present study are that post-asphyxial seizures in the preterm sheep
fetus are also associated with mesenteric vasoconstriction, and that the SNS plays a key role in
mediating this phenomenon. In the human newborn, post-asphyxial seizures generally occur within
a few hours of birth (Scher, 1997), howevert, under some circumstances seizures may also statt in utero
(Osiovich & Barrington, 1996; Ingemarsson & Spencet, 1998; Westgate et al, 1999; Patane & Ghidini,
2001), and then continue after delivery (Keogh et al, 2000). The present study is the first to report
the appearance of stereotypically evolving seizures in the preterm fetal brain. We have previously
reported that such seizures do not develop at 0.6 of gestation (Bennet et al,, 1999) and it is likely that
the appearance of seizures at 0.7 gestation reflects changes in neuronal development such as the onset
of cortical myelination (Barlow, 1969).

Neonatal seizures in preterm infants are classically described as being brief and subtle, sometimes
composed of unusual behaviours which are difficult recognise and classify and thus typically EEG
analysis is required to confirm their presence (Scher et al, 2003). In part, because such EEG
monitoring has not been routine during the early recovery period (Hellstrom-Westas et al., 1995;
Caravale et al.,, 2003; Scher et al, 2003) there have been limited studies of the impact of seizures on
cerebral circulation in preterm infants (Perlman & Volpe, 1983; Boylan et al, 2000), and none which
have evaluated peripheral blood flow. The present study demonstrates that seizures were brief and
relatively infrequent events which caused marked vasoconstriction of the gut. This vasoconstriction
was mediated by sympathetic activity, with complete abolition of the reduction in SMA blood flow
during each seizure by alpha-adrenergic blockade. However, while the seizure duration was short it
was notable that the impact on the gut was longer lasting, with blood flow to the gut reduced for
longer than the seizure duration itself, with a corresponding elevation in MAP. Speculatively this
prolonged effect may help support perfusion of critical organs, such as the brain, until cerebral
metabolism fully recovers after each seizure. Further, our data support a role for the sympathetic
nervous system in modulating seizure activity in the preterm sheep fetus. Postnatally, the SNS is well
known to play a role in modulating the threshold for seizures. Endogenous noradrenaline is an
anticonvulsant neurotransmitter, and blockade of alpha- and beta-adrenoreceptors potentiates seizures
(Weinshenker & Szot, 2002). Consistent with this, in the current study, the mixed alpha-receptor
blocker phentolamine was associated with significantly earlier onset of stereotypic evolving seizures
but no change in their amplitude, frequency or total duration.
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In conclusion, the present study confirms the hypothesis that delayed post-asphyxial hypo-perfusion
of the gut is mediated by alpha-adrenergic activity. The data highlight the importance of endogenous
sympathetic activity in maintaining the initial elevation of blood pressure after asphyxia and are
consistent with the hypothesis that the mesenteric system is a key resistance bed that helps to support
perfusion in other, more vulnerable systems. Further, this study has shown that seizures develop after
asphyxia in the premature fetus at 0.7 gestation and that these seizures are associated with a significant
impact on blood flow to the fetal gut. Postnatally, perfusion of the mesenteric circulation is tightly
linked with gut function. Thus although the hypoperfusion seems to be responsive rather than a
consequence of local injury, we may predict that it will be associated with gastrointestinal disturbances
and delayed adaptation to postnatal life (Coombs et al., 1990; Malcolm et al, 1991; Coombs ef al,
1992; Akinbi et al, 1994).
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ABSTRACT

Renal impairment is common in preterm infants, often after exposure to hypoxia/asphyxia or other
circulatory disturbances. We examined the hypothesis that this association is mediated by reduced
renal blood flow (RBF), using a model of asphyxia induced by complete umbilical cord occlusion for
25 min (n = 13) or sham occlusion (n = 6) in chronically instrumented preterm fetal sheep (104 days,
term is 147 days). During asphyxia there was a significant fall in RBF and urine output (UO). After
asphyxia, RBF transiently recovered, followed within 30 min by a secondary period of hypoperfusion
(P < 0.05). This was mediated by increased renal vascular resistance (RVR, P < 0.05); arterial blood
pressure was mildly increased in the first 24 h (P < 0.05). RBF relatively normalized between 3 and
24 h, but hypoperfusion developed again from 24 to 60 h (P < 0.05, analysis of covariance). UO
significantly increased to a peak of 249% of baseline between 3 and 12 h (P < 0.05), with increased
fractional excretion of sodium, peak 10.5 + 1.4 vs. 2.6 + 0.6% (P < 0.001). Creatinine clearance
returned to normal after 2 h; there was a transient reduction at 48 h to 0.32 + 0.02 ml min! g!
(vs. 0.45 + 0.04, P <0.05) corresponding with the time of maximal depression of RBE No renal injury
was seen on histological examination at 72 h. In conclusion, severe asphyxia in the preterm fetus was

associated with evolving renal tubular dysfunction, as shown by transient polyuria and natriuresis.

Despite a prolonged increase in RVR, there was only a modest effect on glomerular function.
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INTRODUCTION

PRETERM infants are well known to be at increased risk of acute renal failure as well as transient fluid
and electrolyte disturbances particularly in the first few days of life (9, 19, 52). The etiology of neonatal
acute renal failure is most often associated with hemodynamic disturbances such as hypotension,
hypovolemia, and exposure to acute asphyxia (44, 48). It has been proposed that since preterm infants
have a low basal glomerular filtration rate, which is very close to basal renal blood flow (RBF), the
pathogenesis of this renal impairment is predominantly prerenal, i.e., secondary to reduced intrarenal
blood flow (45). However, there is little direct experimental evidence.

Moderate hypoxia in the near-term fetus is associated with an acute decrease in fetal urine production
(41), whereas during prolonged hypoxia urine output (UO) and glomerular filtration rate and urine
osmolality rapidly normalize (14). Similarly, in near-term fetal sheep prolonged moderate hypoxia was
associated with an increase in RBF, which returned to control values during recovery (8, 22). However,
in contrast with the effects of moderate hypoxia, exposure to acute asphyxia, with acute hypotension
and profound hypoxia (5), commonly results in significant postinsult hemodynamic perturbations. For
example, clinical studies in near-term infants have demonstrated that asphyxia is associated with
reduced RBF velocity on the first, but not the third, day of life using Doppler ultrasound (2, 34).

There are only limited data on the effect of asphyxia on RBF in the preterm fetus, which suggest that
RBF is acutely reduced during asphyxia but normal 2 and 4 h after asphyxia despite impaired glomerular
filtration and a small increase in renal vascular resistance (RVR; 38). This is somewhat surprising since,
in contrast, recent evidence using continuous blood flow monitoring suggests that exposure to asphyxia
in the premature fetal sheep leads to prolonged secondary hypoperfusion in other peripheral vascular
beds, including the femoral and gastrointestinal beds (4, 5). These data raise the possibility that similar
changes in renal perfusion would lead to significant impairment of renal function.

In the present study we examined the hypothesis that exposure to severe asphyxia in the preterm
sheep fetus would lead to secondary renal hypoperfusion and that this would be associated with
impaired glomerular and tubular function. Renal histological examination and immunohistochemical
staining for disruption of cytoskeletal anchorage of Na,K-ATPase after 3 days recovery were undertaken
to assess the presence of renal damage.

METHODS

Animal preparation.

All procedures were approved by the Animal Ethics Committee of the University of Auckland.
Singleton Romney/ Suffolk fetal sheep were instrumented using sterile techniques at 97-98 days of
gestation (term = 147 days) under general anesthesia induced by Alfaxalone (2.5 mg/kg; Schering
Plough Animal Health, Wellington, NZ) and maintained with 2-3% halothane in oxygen (4). Ewes
were given 5 ml of Strepcin (Stockguard Laboratories, Hamilton, New Zealand) intramuscularly for
prophylaxis before the start of surgery. The uterus was exposed via a midline incision, and the fetal
hindlimbs and abdomen were exteriorized. Polyvinyl catheters were placed in the left femoral artery
and vein to measure fetal blood pressure. The fetal bladder was exposed via a paramedian incision,
and a blunt-ended polyvinyl catheter was inserted to allow continuous gravity drainage of fetal urine.
The left fetal kidney was exposed via a paravertebral incision, and a size 2SB ultrasonic flow probe
(Transonic Systems, Ithaca, NY) was placed around the left renal artery to continuously record RBE
The uterus was then closed in layers, and the upper body of the fetus was exteriorized via a second
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uterine incision. A polyvinyl catheter was placed in the right brachial artery for blood sampling. Two
multiperforated catheters were placed in the amniotic sac for reading of intra-amniotic pressure and
the return of collected urine. Electrocardiogram (ECG) electrodes (Cooner Wire, Chatsworth, CA)
were sewn across the chest to record the fetal ECG. An inflatable silicone occluder was placed around
the umbilical cord of all fetuses for the induction of asphyxia (In Vivo Metric, Healdsburg, CA). All
fetal leads were exteriorized through the maternal flank, and a maternal long saphenous vein was
catheterized. Antibiotics (80 mg gentamicin, Pharmacia and Upjohn, Perth, Australia) were
administered into the amniotic sac before closure of the uterus.

After surgery sheep were housed together in the vivarium in separate metabolic cages with ad libitum
access to water and food. They were kept in a temperature-controlled room (16 + 1°C, humidity 50 +
10%), in a 12:12-h light-dark cycle. A period of 6—7 days postoperative recovery was allowed, during
which time antibiotics were administered intravenously daily to the ewe (600 mg Crystapen,
Biochemie, Vienna, Austtia, for 4 days and 80 mg gentamicin, daily for the first 3 days). Fetal arterial
blood was taken daily from the brachial artery for blood gas analysis for the assessment of fetal health.
Catheter patency was maintained by continuous infusion of heparinized saline (20 U/ml at 0.2 ml/h).

Experimental design.

Fetal mean arterial pressure (MAP) and venous pressure (MVP) corrected for maternal movement by
subtraction of intra-amniotic fluid pressure, fetal heart rate (FHR) derived from the ECG, and RBF were
recorded continuously from 24 h before umbilical cord occlusion until 72 h afterward. Data were
stored to disk by custom software for off-line analysis (Labview for Windows, National Instruments,
Austin, TX). Urine was collected continuously using a fraction collector, hourly volume was measured,
and urine was returned to the amniotic sac after sterilization using a 0.2-um syringe filter (Acrodisc,
Gelman Laboratory, Ann Arbor, MI).

Experiments were conducted at 103-104 days gestation. Fetuses received either sham occlusion (n = 0)
or asphyxia induced by rapid inflation of the umbilical cord occluder for 25 min (n = 13) with sterile
saline of a defined volume known to completely inflate the occluder. Successful occlusion was confirmed
by observation of an immediate sharp rise in MAP and a rapid fall in FHR (4, 5). Blood samples were
taken at 15 min before occlusion, 5 and 17 min during occlusion, and 30 min, 2, 4, 8, 24, 48, and 72
h postocclusion for pH and blood gas determination (Ciba-Corning Diagnostics 845 blood gas analyzer
and co-oximetet), glucose, and lactate measurements (YSI model 2300, Yellow Springs, OH). Blood
samples were taken for measurement of creatinine, sodium, potassium, osmolality, atrial natriuretic
peptide (ANP), and plasma renin activity (PRA) at 15 min before occlusion, and 30 min, 2, 4, 8, 24,
48, and 72 h postocclusion (Auckland Healthcare Laboratory Services, Auckland, NZ). ANP and PRA
were also measured at 17 min during asphyxia. Plasma ANP levels were measured by ovine specific
radioimmunoassay as previously reported (10). PRA was calculated as the amount of angiotensin I
produced per liter of plasma per hour (18). Paired urine samples were taken for measurement of urine
composition in 8 of the 13 asphyxia group fetuses; insufficient urine samples were available for analysis
in the sham control group. On collection, blood was transferred into chilled test tubes and spun at 4°C
(3,000 rpm) for 15 min. Plasma and urine were stored at -80°C for subsequent analysis.

On completion of the experiment at 72 h the ewe and fetus were killed with an intravenous
overdose of pentobarbital sodium. Fetuses were removed, weighed, and examined for the presence of
hydrops fetalis, and samples of the fetal kidney were taken for histological examination. Tissue
specimens were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned (4 pm), and
stained with hematoxylin and eosin (H&E). Immunohistochemical staining of Na,K-ATPase was
performed after blocking nonspecific binding sites. The primary antibody (MA3-929, mouse anti-sheep
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o 1-subunit of Na,K-ATPase, Affinity Bioreagents, Golden, CO) was incubated for 48 h at 4°C at a
concentration of 1:100. After repeated washes the slides were exposed to secondary horse anti-mouse
antibody for 24 h at 4°C and ABC reagent for 1 h at room temperature (Vector Laboratories,
Burlingame, CA). Slides were developed with diaminobenzidine (DAB).

Data analysis and statistics.

Renal artery vascular resistance (RVR) was calculated using the formula (MAP-MVP)/absolute RBF
(mmHgmin/ml). Creatinine clearance (CICr) and fractional excretion of sodium and potassium
(FE\,,FEy) were calculated as follows

CICr = (urineg,,, X volume)/(plasma,,. X kidney wt)
FEy, = (uriney,/plasmay,)/(urine,,./plasmac .,

Statistical analysis was performed using SPSS (SPSS, Chicago, IL). The effect of asphyxia on
continuous variables was tested by ANOVA, with time treated as a repeated measure to allow for
repeated sampling. For comparisons over time, baseline levels were used as a covariate. For the analysis
of the occlusion and 1-h postocclusion periods, data were compared with the mean of the hour before
occlusion (baseline). For the analysis of the long-term recovery data (1-72 h postocclusion), the
baseline period was taken as the mean of the 12 h before occlusion. These data were analyzed in 12-h
blocks by repeated measurement ANOVA. If a significant effect of group was found for the first 12 h,
since rapid changes occurred for many parameters within this interval, individual time points were
compared by ANOVA, adjusted using the baseline levels as the covariate. The within-subjects
relationship of RBF and CICr was determined by regression analysis using the method of Bland and
Altman (7). Proportions were compared using the Fisher exact test. Statistical significance was
accepted when P < 0.05. Data are presented as means + SE.

RESULTS

Blood composition measurements during asphyxia.

Before each experiment, all fetuses had normal blood gas, acid-base, and glucose and lactate status
according to the standards of our laboratory and were not statistically different between groups. Umbilical
cord occlusion was associated with the development of profound hypoxia and mixed respiratory and
metabolic acidosis. Fetal arterial pH fell to 6.888 + 0.013 at 17 min of cord occlusion (vs. 7.367 + 0.004
in sham controls, P < 0.05) and normalized by 8 h postocclusion; at 72 h, fetal pH was 7.381 + 0.008.
Fetal arterial PO, (PaO,) fell to 8.8 + 0.6 at 17 min of asphyxia (vs. 23.2 + 1.0 mmHg in sham controls,
P < 0.05), rapidly normalized after occlusion, and subsequently increased moderately (27.2 + 1.0 vs.
22.9 + 0.7 mmHg in sham controls at 72 h, P < 0.05). Fetal arterial PCO, (PaCO,) increased during
occlusion to 134.9 + 3.3 mmHg at 17 min (vs. 51.2 + 2.1 mmHg in sham controls, P < 0.05) and
returned to control values by 30 min postocclusion. Fetal arterial glucose decreased to 0.51 + 0.1 at 17
min of occlusion (vs. 0.93 + 0.0 mmol/1in sham controls, P <0.05). Postocclusion fetal glucose increased
rapidly and remained mildly elevated to the end of the study (1.12 + 0.1 vs. 0.92 + 0.1 mmol/1 in sham
controls, P <0.05). Fetal arterial lactate increased during occlusion to 6.22 + 0.2 at 17 min (vs. 0.58 +
0.1 mmol/1 in sham controls, P < 0.05) and postocclusion gradually normalized by 48 h; at 72 h lactate
was 0.79 + 0.0 vs. 0.66 + 0.1 mmol/1 in sham controls (not significant).
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Cardiovascular measurements during
asphyxia.

Asphyxia led to progressive bradycardia with
initial hypertension followed by the development
of profound hypotension at the end of
occlusion (Fig. 1). The nadir of MAP was 9.4 +
0.5 mmHg (vs. 35.8 + 0.6 mmHg in sham
controls, P < 0.05), and FHR fell to 59 + 4
beats/min at the end of occlusion (vs. 172 £ 3
beats/min in sham controls, P < 0.05). RBF
was markedly reduced by asphyxia, in a
triphasic pattern. At the onset of occlusion RBF
fell rapidly to 0.8 + 0.3 ml/min at 4 min of
occlusion (vs. 13.8 = 1.1 ml/min in sham
controls, P < 0.05).

RBF then showed a transient, partial rise to
6.6 + 1.0 ml/min at 9 min and then fell again
to a nadir of 1.1 + 0.3 ml/min at the end of
occlusion. RVR was markedly increased
between 1 and 7 min after asphyxia, peaking at
4 min (P < 0.05) and then falling toward
control values. Although RVR tended to be
slightly greater than sham controls for the
remainder of the occlusion period, this was
significant only in the last 4 min of umbilical
cord occlusion (Fig. 1).

Figure 1. Time sequence of changes in fetal mean arterial
blood pressure (MAP), heart rate (FHR), renal
blood flow (RBF), and renal vascular resistance
(RVR) in sham controls (open circles, n =6) and
in fetuses exposed to umbilical cord occlusion
for 25 min (filled circles, n = 13) from 60 min
before occlusion to 60 min after release of
occlusion or sham occlusion. The shaded area
shows the period of occlusion or sham
occlusion. Data are 1-min averages, shown as
means + SE. *P < 0.05, asphyxia group vs.
sham controls, analysis of covariance
(ANCOVA).
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Figure 2. Time sequence of changes in fetal RBF, RVR, and MAP in sham controls (open circles, n = 6) and in fetuses exposed
to umbilical cord occlusion for 25 min (filled circles, n=13) from 12 h before occlusion to 72 h after release of occlusion
or sham occlusion. The arrows show the period of occlusion or sham occlusion. Data are 1-h averages, shown as means
+ SE. *P < 0.05, asphyxia group vs. sham controls, ANCOVA.
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panel), creatinine clearance (CICr, middle panel), and fractional excretion of sodium (FENa, filled circles) and
potassium (FE,, open circles, dashed line, bottom panel] in fetuses exposed to umbilical cord occlusion for 25 min
(n =8). The shaded area shows the period of occlusion. Data are means + SE. * P< 0.05 vs. baseline measurements,
ANOVA
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Cardiovascular measurements during recovery.

Postocclusion RBF transiently returned to sham control values (Fig. 1). This was followed by a
secondary fall in RBF from ~25 min, with a marked elevation of RVR, such that RBF was significantly
reduced compared with sham controls for the first 2 h (Fig. 2). Although the initial marked
postocclusion increase in RVR became attenuated from 3 h onward, RVR was significantly elevated
for most of the remaining recovery period, with an associated reduction in RBF (Fig. 2). RVR was
transiently normalized between 8 and 18 h and appeared to be resolving toward the end of recovery,
such that values of RVR and RBF were not significantly different from sham controls. There was significant
rebound hypertension for the first 2 h postocclusion, and MAP remained significantly elevated during
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much of the first 24 h postocclusion (P < 0.05), progressively returning to baseline thereafter (Fig. 2).

Fetal heart rate (Fig. 1) showed a brief rebound tachycardia at the end of occlusion, peaking at 6
min at 243 + 5 (vs. 182 + 2 beats/min in sham controls, P < 0.05); however, subsequently FHR was
not significantly different from sham controls (data not shown).

Renal function.

UO was markedly decreased during occlusion to a mean of 1.7 + 0.3 ml kg! h! [vs. 9.1 + 0.5 ml kg! h'!
at baseline (Fig. 3, P <0.05)]. Postocclusion, UO remained significantly decreased for 1 h followed by
a marked increase in UO between 3 and 12 h, maximal at 3 h (22.2 + 5 ml kg h!, P <0.05). UO
then returned to control values for the remainder of the study (Fig. 3).

CICr (Fig. 3) was reduced during the first 2 h postocclusion (0.22 + 0.03 vs. 0.45 + 0.04 ml min ! g!
at baseline, P < 0.05) and again at 48 h to 0.32 + 0.02 ml min'! g! (P < 0.05). The reduction at 48
h corresponded in time with the lowest level of RBF in the final 48 h. There was a positive within-
subjects correlation between RBF and CICr, r2 + 0.16 (Fig. 4, P < 0.002).

FEy, (Fig. 3) was increased during the first 24 h postocclusion, reaching a maximum of 10.5 +
1.4% at 2 h (vs. 2.6 + 0.6% at baseline, P < 0.05). FE; gradually increased, later than the increased
FEy,, to a maximum of 23.1 + 3.8% at 24 h (vs. 4.3 = 0.5% at baseline, P < 0.05) (Fig. 3). Urine
osmolality was increased immediately postocclusion, maximal at 24 h (317 + 26 vs. 149 = 12
mosmol/kg H,O at baseline, P < 0.05), returning to control values by 72 h (Fig. 3).

Plasma ANP and PRA.

ANP was markedly increased during occlusion to 327 + 65 pmol/1 (vs. 35 + 2 pmol/1in sham controls,
P <0.05, Fig. 5). After asphyxia ANP remained mildly increased during the first 8 h, with a maximum
of 123 + 45 pmol/1 at 4 h, after which plasma ANP returned to control levels. PRA (Fig. 5) was
decreased postocclusion and returned to baseline values by 24 h.

Postmortem examination, renal histology, and immunohistochemistry.

Mild subcutaneous edema was observed in 5 of 13 asphyxia group animals vs. no edema in 6 sham
control group animals (not significant, Fisher exact test). Frank ascites and pleural effusions were not
seen in any fetus in either group. Average fetal body weight was 1,770 + 66 g in the asphyxia group
vs. 1,645 + 61 g in the sham group (not significant). Immunohistochemical staining of Na,K-ATPase
demonstrated no disruption of the predominantly basolateral cytoskeletal anchorage of Na,K-ATPase.
Histological examination of H&E-stained sections by light microscopy confirmed that there was no
tubular or glomerular injury after 3 days recovery in either the asphyxia or sham control groups.

DISCUSSION

Despite exposure to a near-terminal episode of asphyxia, associated with a severe reduction in RBF,
preterm fetal sheep showed transient renal dysfunction during recovery, with no histological injury
observed 3 days later. Recovery of renal function was characterized by a marked increase in UO and
FEy, during the first 24 h, which was associated with a moderate secondary rise in plasma ANP levels
and a fall in PRA. We report for the first time that there was a prolonged secondary increase in RVR
during recovery, which was just beginning to resolve after 3 days. Renal perfusion was maintained in
part in the first 24 h by a mild increase in fetal blood pressure and in part by the transient period of
relative normalization of RVR around 12 h postinsult. When blood pressure returned to control levels
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the increased RVR led to a prolonged reduction in RBE Despite this continuing renal hypoperfusion
in the 2nd and 3rd days of recovery, during this interval CICr was only significantly but mildly impaired
when RBF was most markedly reduced.

In contrast with the effects of moderate hypoxia, the acute responses to severe asphyxia included
a profound fall in RBF and oliguria. The oliguria is likely primarily mediated by reduced perfusion,
although release of stress hormones such as arginine vasopressin may also be important (20, 21). The
initial fall in RBF was actively mediated as shown by the very rapid increase in RVR in the first 3 min
after the start of umbilical cord occlusion, at a time when blood pressure was elevated. This response
is similar to that measured using the microsphere technique in the more mature, near-term fetus (29)
and is believed to be an important adaptive mechanism acting to redistribute combined ventricular
output from nonessential or peripheral organs to essential organs such as the heart, brain, and adrenals
(25). The current data refute previous suggestions that this initial cardiovascular defense response is
immature in the premature fetus (28).

However, consistent with studies in the near-term fetus, this initial adaptation was rapidly lost, with
a change in the mechanism of renal hypoperfusion from active vasoconstriction, with arterial
hypertension, to a near pressure-passive fall secondary to worsening hypotension (29, 30). From ~4
min after the start of occlusion renal resistance fell progressively, with a reciprocal increase in RBE,
although flow never reached control levels. Once overt hypotension developed, from 9 min of occlusion,
RBF fell in parallel with the fall in blood pressure. The mechanism of this loss of renal vascular tone is
unknown, but it is not unique to the renal vascular bed. In the near-term fetus the initial vasoconstriction
during asphyxia is mediated by sympathetic neural activity (30). Potentially, loss of vasoconstriction
could reflect loss of sympathetic activity; however, this seems relatively improbable given that circulating
catecholamines increase markedly during prolonged asphyxia (24). Levels of circulating ANP were
markedly increased toward the end of cord occlusion in the present study by nearly 10-fold, consistent
with the effect of inhalational hypoxia (11). ANP has direct renal vasodilatory effects in the fetal and
postnatal sheep (49), and its effects are enhanced after ischemia in the adult dog (1). Interestingly,
administration of ANP is reported to reduce renal damage in experimental models of ischemic acute
renal failure (15); thus the present results raise the possibility that the increase in endogenous ANP may
help limit renal injury during fetal asphyxia by reducing the duration of intense vasoconstriction.

After release of occlusion there was an initial rapid but transient recovery of RBF, followed by a
secondary fall, such that mean RBF was significantly depressed for the first 2 h. This hypoperfusion
occurred despite significant rebound hypertension as shown in Fig. 2 and was actively mediated, as
demonstrated by the increase in RVR. This was accompanied by initial oliguria, reduced CICr, and
developing natriuresis (Fig. 3). Following this, polyuria developed with continuing natriuresis resolving
between 13 and 24 h after reperfusion. The development of polyuria was broadly paralleled by relative
normalization of RBE The significance of this relationship is unknown but speculatively might reflect
changes in renal metabolism during reversible injury.

Urine osmolality remained increased until 48 h postocclusion, reflecting the overlapping time courses
of the secondary increases in FE, and FE; (Fig. 3). The later increase in potassium excretion, at the time
that the natriuresis was resolving, is consistent with improving renal function allowing increased tubular
sodium/potassium exchange. Glomerular function, as indicated by CICt, was only briefly impaired during
the initial recovery phase, indicating a rapid recovery of glomerular function after severe asphyxia in the
preterm fetus. This overall pattern suggests primary, reversible tubular dysfunction. Clinically, this pattern
is well described and may be more common than the classic pattern of oliguric renal failure in newborns
(23, 31), although cutrently there are few data in preterm infants. The finding of normal renal architecture
in the present study after 3 days recovery is consistent with the generally good clinical prognosis of polyuric
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renal failure (31). This and the finding of a normal distribution of Na,K-ATPase in the present study are
consistent with the reported greater renal tolerance to ischemic injury in the immature rat, as shown by
reduced Na,K-ATPase dislocation, compared with adult rats (50).

There was a mild reduction in CICr at 48 h of recovery, corresponding in time with the most pronounced
decrease in RBF in the chronic recovery phase. Within-subjects regression analysis demonstrated a positive
relationship between RBF and CICr in all but one subject. However, since this relationship accounted
for 20% of variance in CICr, and the effect of impaired RBF on CICr appears to be predominant only
with substantial reductions in blood flow, additional factors are likely to be important particularly
within the normal range. There are limited data on the determinants of changes in RBF after premature
birth; however, Doppler flow measurements suggest that RVR is initially elevated shortly after birth
and progressively falls with time (13, 47). These studies found only a weak relationship between RBF
velocity and UO (32) and that oliguria is typically seen only with marked reductions in renal velocity.
These data are consistent with the present study and do not support the hypothesis that the glomerular
filtration rate in the preterm kidney is more dramatically affected by small reductions in renal perfusion
than is the case at later ages (45).

Plasma ANP has an important physiological role in regulating fluid balance by inhibiting tubular
sodium reabsorption and increasing UO (37, 51). In the present study, plasma ANP levels were
modestly but significantly elevated for the first 24 h after asphyxia. Although this broadly corresponds
with the period of polyuria, ANP levels were still mildly elevated at 24 h, when polyuria had resolved.
This suggests that ANP may have contributed to the development of polyuria and natriuresis but is
unlikely to be the primary mechanism. Limited data from studies of hypoxia at this gestation suggest
that circulating cortisol levels may also be elevated after asphyxia and thus also contribute to increased
MAP, polyuria, and natriuresis (46). Although as noted above ANP is overall a vasodilator, its effects
on RBF can be complex, with afferent arteriolar vasodilatation and efferent vasoconsttiction (43). Thus
the combination of elevated RVR with elevated ANP in the first 24 h may reflect alterations in this
balance or simply that the levels of circulating ANP were insufficient to overcome the background
vasoconstrictor tone. This late rise in ANP was not due to fetal hypoxia, which resolved rapidly after
reperfusion, or to hypotension, because blood pressure was modestly elevated at this time, or to fetal
tachycardia. In the adult, release of hypoxia-inducible factor during hypoxia induces atrial ANP gene
expression (12), and thus a brief insult can lead to prolonged effects on ANP.

The renin-angiotensin system is also a significant potential contributor to changes in CICr and renal
perfusion. In the near-term fetus reduced perfusion pressure is a potent stimulator of renin release
(42), which is mediated through activation of the sinoaortic receptors (33). Howevet, there is
conflicting evidence on the effect of hypoxia on PRA. Whereas postnatally, hypoxia is associated with
increased PRA (3), no changes in PRA were observed during hypoxemia in the immature fetus (40,
41), and inhibition of the renin-angiotensin system during hypoxia has little effect on renal perfusion
or function (36). These data are consistent with the present study, in which there was no significant
change in PRA during cord occlusion.

There are few data on PRA during recovery from hypoxia (35). In the present study there was a
consistent transient fall in PRA after asphyxia. The mechanism of this fall is unknown. The postasphyxial
increase in ANP that parallels this fall may contribute, since infusions of ANP are reported to inhibit
renin release in the isolated kidney (37) and in the adult dog (20), at least partly due to the increase
in the filtered sodium load (51). An additional factor may be the increased renal perfusion pressure at
this time, which is known to inhibit renin release (42). Finally, renal maturation is likely to be
important. For example, in contrast with the present data, Lumbers et al. (35) found a sustained
increase in PRA after severe asphyxia undertaken in fetal sheep at an even earlier stage of maturation,
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near-midgestation. It is striking that Lumbers et al. (35) found severe nonimmune hydrops fetalis after
asphyxia (35), whereas in the slightly less immature (0.7 vs. 0.6 gestation) fetuses in the current study,
despite a very similar insult, with a comparably severe degree of acidosis and hypotension, frank fetal
hydrops was never seen, and mild skin subcutaneous edema only occurred in a minority of the fetuses.
A subsequent study in the same model has shown that the pattern of recovery of renal function at 0.6
gestation was also very different from the present study (38). There was a more prolonged suppression
of glomerular function at least to 4 h of recovery and no increase in UO or sodium loss, and without
prolonged impairment of RBE, measured at 2 and 4 h of recovery (38).

These contrasting findings are consistent with the hypothesis that sustained activation of the renin-
angiotensin system is an important mechanism in the development of fetal hydrops, through an increase
in transplacental fluid uptake, as previously reviewed (17). Further, polyuria as seen in the current study
may facilitate the excretion of such a fluid load and thus help alleviate the development of hydrops. The
effect of maturation on the appearance of hydrops is intriguing and may relate to the greater anaerobic
capacity of the younger fetuses, which permitted a greater tolerance to prolonged asphyxia (typically
30-40 min at 0.6 gestation vs. 25 min at 0.7 gestation) and thus exposed these younger fetuses to a
more profound and prolonged period of hypotension and hypoperfusion (38). Alternatively, it may reflect
a relatively greater maturity of intrarenal control mechanisms at the older age. Further research is clearly
required to determine the specific factors controlling the appearance of hydrops in the immature fetus.

Perspectives

Premature infants frequently develop an early phase of intense polyuria with salt wasting after birth, which
resolves over the first week (6, 19). The etiology is very poorly understood. The present study highlights
two relevant aspects of preterm renal injury: first, that at least experimentally the immature kidney is
relatively resistant to injury even after severe ischemia or asphyxia (38, 50); and second, that postasphyxial
renal dysfunction may be commonly manifested by polyuria and natriuresis (31). There is now increasing
evidence from early electrophysiological and hemodynamic recordings that many preterm infants are
exposed to significant events either in the immediate perinatal period or shortly after birth (27, 39); as
illustrated by the present study adaptation to such events can lead to significant changes in systemic or
regional perfusion (2, 16, 34). These intriguing observations raise the possibility that the common early,
transient phase of polyuria in preterm infants may also be a consequence of early hypoxicischemic events
and thus reflect reversible renal compromise rather than a purely maturational phenomenon.
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chapter 7
ABSTRACT

Ovjective: To determine the effects of a single course of maternally administered dexamethasone on
preterm fetal sheep in utero.

Design: Prospective randomised controlled trial.

Setting: University laboratory.

Sample: Pregnant sheep at 0.7 of gestation.

Methods: Pregnant ewes at 103 days of pregnancy (term = 147 days) were given two intramuscular
injections of vehicle (n = 7) or 12 mg of dexamethasone (DEX; n = 8) 24 hours apart. Fetuses were
continuously monitored for five days.

Main outcome measures: Fetal mean arterial blood pressure, carotid and femoral arterial blood flow
and vascular resistance, heart rate, heart rate variability, fetal plasma cortisol and ACTH and fetal body
movements.

Results: DEX injections led to an acute increase in mean arterial blood pressure with a rise in carotid
and femoral vascular resistance, a fall in femoral arterial blood flow, and a brief fall in fetal heart rate
followed by significant tachycardia. From 24 hours after the injections, mean arterial blood pressure
and vascular resistance returned to control values, however, a mild tachycardia [200 (3) vs.184 (4)
bpm, P < 0.05] and loss of the circadian pattern of fetal heart rate variability persisted until the end
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Cardiovascular and endocrine effects

INTRODUCTION

The current recommended single course of glucocorticoids has unequivocal benefits for the premature
newborn that outweigh any short term risks for mother and newborn. ! However, as highlighted in
the 1995 NIH consensus statement, there is a need for further research on the longer term effects of
both short and repeated courses. 2 There is increasing interest in the role that antenatal steroid
exposure may have in subsequent adult cardiovascular disease and whether these changes are already
evident in utero. 3 Currently, there are only limited and conflicting clinical data on the influence of
antenatal steroids on adult cardiovascular function. 4>

Recent experimental data, however, suggest that even a single course of steroids may alter
detrimentally fetal cardiovascular function. In near term fetal sheep, glucocorticoids have been
reported to cause a significant reduction in cerebral blood flow, ¢ sustained elevation of blood pressure, 78
increased baseline cortisol but not ACTH levels 48 hours later, 9 increased central and peripheral
vascular resistance, -8 and altered vascular sensitivity to endothelium-derived factors. %11 In late
gestation rats, dexamethasone (DEX) results in altered cardiac innervation and B-adrenergic function. 1213
Further, there is experimental evidence to show that there are altered perinatal responses to hypoxia,
which potentially could compromise adaptation to labour. 4~ 16 It is of concern that there are also
now data suggesting that infants exposed to a single course of corticosteroids more than seven days
before birth may have increased perinatal mortality. 17

While these data argue strongly that even a single course of steroids may cause significant and
potentially harmful changes in cardiovascular function, interpretation of these studies is problematic
due to a number of methodological considerations; in particular, the route of administration and degree
of maturity. Many of the experimental studies, for example, utilised a direct infusion or injection to
the fetus. This direct and constant exposure is quite different from the profile of clearance seen after
maternal administration. '8 - 20 Several studies have shown that the route of administration may be
critical to how the fetus responds to glucocorticoids. Organ maturation is significantly different after
maternal compared with direct administration to the fetus, 2! and neonatal blood pressure changes
after antenatal treatment have been shown to be both route and dose dependent. 22 Maternal
administration of DEX in late gestation induced only transient cardiovascular effects, 18 while a lower
dose in preterm sheep had no effect on blood pressure. 23 In contrast, maternal betamethasone in the
preterm baboon caused an acute elevation of fetal blood pressure for at least 24 hours, 24 although the
subsequent changes are unknown. While there may be differences related to the type of steroid used,
these and other clinical and experimental data, 2526 suggest that maturity at the time of exposure is
important.

Thus, it is not known whether a single course of maternal treatment with synthetic glucocorticoids
leads to prolonged hypertension or increased baseline cortisol levels in the preterm fetus. Therefore,
it was the purpose of the current study to assess the cardiovascular responses, and associated endocrine
and behavioural changes, in the preterm fetal sheep to a single course of DEX consisting of two
maternal injections given 24 hours apart, 27 with fetal follow up in utero for five days.

METHODS

All procedures were approved by the Animal Ethics Committee of The University of Auckland. Fifteen
singleton Romney/Suffolk fetal sheep were instrumented at 97-99 days of gestation (term = 147 days)
as previously described. 28 This age approximates the 32 week human when comparing neuronal
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development. 2 Food, but not water, was withdrawn 18 hours before surgery. Ewes were given 5 mL
of Streptopen [Procaine Penicillin (250,000 IU) and Dihydrostreptomycin (250 mg)/mL, Pitman-
Moore, Wellington, New Zealand] intramuscularly 30 minutes prior to the start of surgery. Anaesthesia
was induced by an intravenous injection of Saffan (Alphaxalone and Alphadolone; 3 mg/kg, Schering-
Plough Animal Health, Wellington, New Zealand), and general anaesthesia was maintained using
2-3% halothane in oxygen.

Using sterile techniques, the uterus was exposed via a midline incision and the fetal hind limbs and
abdomen were exteriorised. Polyvinyl catheters were placed in the left femoral artery and vein to
measure fetal arterial and venous blood pressure. A 2R ultrasound blood flow probe (Transonic
Systems, Ithaca, New York, USA) was placed around the right femoral artery to measure femoral blood
flow. The uterus was then closed in layers and the upper body of the fetus was exteriorised via a second
uterine incision. A polyvinyl catheter was placed in the right brachial artery for pre-ductal blood
sampling. Electrodes (Cooner Wire, Chatsworth, California, USA) were placed in the nuchal muscle
to measure nuchal EMG activity as an index of fetal body movements, and ECG electrodes were sewn
across the chest to record fetal heart rate. A multiperforated catheter was placed in the amniotic sac
to record intra-amniotic pressure. A 3S ultrasound blood flow probe was placed around the left carotid
artery to measure carotid artery blood flow. This measurement is an index of cerebral blood flow, with
a strong correlation with direct microsphere measurements. 30 All fetal leads were exteriorised through
the maternal flank and a maternal long saphenous vein was catheterised. Antibiotics were
administered into the amniotic sac (80 mg Gentamicin, Pharmacia & Upjohn, Rydalmere, NSW,
Australia) prior to closure of the uterus.

After surgery, sheep were housed together in the vivarium in separate metabolic cages with access
to water and food ad /ibitum. They were kept in a temperature-controlled room [16°C (1°C), humidity
50% (10%)], in a 12-hour light/dark cycle. A period of four days post-operative recovery was allowed,
during which time antibiotics were administered intravenously daily to the ewe (600 mg Crystapen,
Biochemie, Vienna, Austria, for four days and 80 mg Gentamicin, daily for the first two days). Catheters
were maintained patent by continuous infusion of heparinised saline (20 U/mL at 0.2 mL/h).

Experiments were conducted at 103 days (0.7) of gestation. Fetal arterial and venous blood

Table 1.  Fetal arterial pH, blood gas, glucose and lactate data for control (C) and DEX (D) groups.
Time is taken from injection one.

Con DEX-1
3h 6h 8h 23.5h
pH C 7.39 (0.0) 7.40 (0.0) 7.40 (0.0) 7.40 (0.0) 7.37 (0.0)
D 7.39 (0.01) 7.38 (0.02) 7.38 (0.02) 7.39 (0.02) 7.39 (0.01)
PaCo, C 6.4 (0.2) 6.6 (0.2) 6.5(0.2) 6.5 (0.2) 6.7 (0.2)
(kPa) D 6.5(0.2) 6.8 (0.2) 6.7 (0.2) 6.7 (0.2) 6.3(0.2)
Pa0, C 3.4(0.1) 3.5(0.2) 3.4(0.1) 3.3(0.1) 3.4(0.2)
(kPa) D 3.1(0.1) 3.1(0.2) 3.2(0.2) 2.8 (0.1)* 3.2(0.2)
Glucose C 0.9 (0.1) 0.9 (0.1) 1.0 (0.1) 1.0 (0.1) 1.0 (0.1)
(mmol/L) D 0.7 (0.1) 1.3 (0.1)* 2.1(0.3)* 1.7 (0.2)* 1.2 (0.1)*
Lactate C 0.6 (0.1) 0.6 (0.1) 0.7 (0.1) 0.7 (0.1) 0.6 (0.1)
(mmol/L) D 0.5 (0.1) 0.9 (0.2)* 1.4 (0.2)* 1.3(0.2)* 0.7 (0.1)*

* P < 0.05. Data are mean (SEM).
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pressure, corrected for amniotic fluid pressure, fetal heart rate, femoral arterial blood flow and carotid
artery blood flow were recorded continuously from 6 hours before the first DEX injection to 120 hours
afterwards. Data were stored to disk by custom software for offline analysis (Labview for Windows,
National Instruments, Austin, Texas, USA).

Fetuses were randomly assigned to either the DEX group (7 = 8) or the control group (n = 7). Following
baseline recording, the ewes [weighing 60.5 (1.0) kg] received an intramuscular injection of either DEX
(DEX-1; 12 mg in 3 mL saline, DEX sodium phosphate, DBL, David Bull Laboratories, Mulgrave, Victoria,
Australia) or vehicle (3 mL isotonic saline) at 11.00 hours, which was repeated after 24 hours (DEX-2).
No ewes in either group went into labout. Fetal arterial blood (350 pL) was taken from the brachial artery
for pre-ductal pH and blood gas determination (Ciba-Corning Diaghostics 845 blood gas analyser and co-
oximeter, Massachusetts, USA) and for glucose and lactate measurements (YSI model 2300, Yellow
Springs, Ohio, USA) 30 minutes before each injection, and 30 minutes, 1, 3, 6 and 8 hours following each
injection, then 48, 72, 96 and 120 hours following the first injection. Fetal arterial blood samples (1 mL)
were taken for ACTH and cortisol measurements at the same time points. Blood was transferred
immediately upon collection to chilled test tubes and spun at 4°C (3000 rpm) for 15 minutes. Plasma was
stored at 80°C for subsequent analysis. On completion of the experiment at 120 hours after DEX-1 the
fetuses and ewes were killed by sodium pentobarbitone (9 g iv to the ewe: Pentobarb 300, Chemstock
International, Christchurch, New Zealand). Fetal body and organ weights were measured.

Immunoreactive cortisol concentrations were determined after extraction with diethyl ether by a
modified radioimmunoassay validated for use with maternal and fetal ovine plasma. 3! The antiserum
to cortisol was raised in rabbits against Cortisol 3-CMO/BSA and was used at a final dilution of
1:19,200. The cross-reactivity of the antiserum at 50% binding with other relevant steroidrelated
compounds was 3.3% 11-deoxycortisol, 0.18% cortisone, 0.5% corticosterone, 0.015% progesterone
and 0.002% 11a-hydroxyprogesterone (Steraloids, Newport, USA). No detectable cross-reactivity was
observed for 17ahydroxypregnenolone, pregnanediol, 21-deoxycortisone, aldosterone, cholesterol or
DEX (Steraloids). The lower limit of detection was 10 pg/tube (0.13 ng/mL); samples containing
<0.13 ng/mL were given this value for the purposes of analysis. The intra- and inter-assay coefficients
of variations were 3.68% and 3.97%, respectively, at the cortisol concentrations determined in plasma.

Immunoreactive concentrations of ACTH were measured using a commercially available 1251
radio-immunoassay kit (24130, DiaSorin, Stillwatet, Minnesota, USA) previously validated for use with
both fetal and maternal ovine plasma. The intra-assay and inter-assay coefficient of variation were 9.7%

DEX-2
27h 30h 32h 48 h 120 h
7.39 (0.0) 7.37 (0.0) 7.38(0.0) 7.36 (0.0) 7.38(0.0)
7.37 (0.01) 7.39(0.01) 7.39(0.01) 7.36 (0.01) 7.37 (0.00)
6.6 (0.2) 6.8 (0.1) 6.7 (0.2) 6.6 (0.2) 6.4(0.1)
6.5 (0.2) 6.4 (0.1) 6.4 (0.2) 6.4 (0.2) 6.6 (0.1)
3.4(0.2) 3.3(0.1) 3.3(0.1) 3.4(0.2) 3.3(0.1)
3.3(0.2) 3.3(0.2) 3.1(0.2) 2.0(0.2) 3.0(0.2)
1.0 (0.1) 1.1(0.1) 0.9 (0.0) 0.9(0.1) 0.9 (0.0)
1.7 (0.2)* 2.0(0.3)* 2.0 (0.3)* 1.3(0.1)* 0.9(0.1)
0.7 (0.1) 0.7 (0.1) 0.7 (0.1) 0.7 (0.1) 0.7 (0.0)
0.9 (0.1)* 1.1 (0.1)* 1.0 (0.1)* 0.7 (0.0)* 0.8 (0.1)*
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and 12.8%, respectively. The mean sensitivity of the ACTH assay was 9.7 pg/mL; samples containing
<9.7 pg/mL were given this value for the purposes of analysis.

The mean fetal arterial blood pressure corrected for amniotic pressure (Novatrans I, MX860; Medex,
Hilliard, Ohio, USA) and ECG readings were recorded continuously. The blood pressure signal was
collected at 64 Hz and low pass filtered at 30 Hz. The nuchal EMG sighal was bandpass filtered between
100 Hz and 1 kHz, the signal was then integrated using a time constant of 1 second. The raw ECG
reading was analogue filtered between 0.05 and 80 Hz and digitised at 512 Hz. 32 Fetal heart rate was
measured using the ECG signal. Fetal heart rate variability was calculated by the method described by
Dawes et al., 33 to obtain the mean minute range (the difference between the maximum and minimum
RR intervals every minute). Fetal heart rate variation was not measured during accelerations or
decelerations of >10 bpm for 1 minute or >20 bpm for >30 seconds. 33 Offline analysis of the
physiological data was performed using customised Labview programmes (National Instruments).

Vascular resistances for the femoral and carotid beds were calculated using the formula (mean arterial
pressure mean venous pressure)/absolute blood flow (mmHg/ mL/minute). Statistical analysis was
performed using SPSS (SPSS, Chicago, Illinois, USA). The effect of DEX on physiological, blood gas and
hormonal variables was tested by analysis of covariance, with time treated as a repeated measure to
allow for repeated sampling. For continuous variables, the baseline period was taken as the mean of the
6 hours before injection. The effects of DEX on the acute treatment period up to 48 hours after DEX-1
and for the remainder of the study were evaluated separately. If a significant treatment effect or an
interaction between treatment and time was found, individual time points were compared by analysis
of covariance. Statistical significance was accepted when P < 0.05. Data are mean (SEM).

RESULTS

DEX injections led to a prolonged increase in fetal plasma glucose and lactate, but no significant overall
change in fetal pH and PaCO,, (Table 1). Some time points, in which there were no significant changes,
have been omitted for brevity. There was a significant interaction between treatment and the time
course of changes in PaO,, with a small fall in fetal PaO, at 8 hours after DEX-1 [2.8 (0.1) kPa vs. 3.3
(0.1) kPa in controls; P< 0.05].

Fetal body weight [1613 (54) g in controls vs. 1627 (57) g in the DEX group] and organ weights,
including the heart, lungs, kidney, adrenal gland and spleen, were not significantly different between
the control and DEX groups.

After DEX-1, there was a significant increase in mean arterial blood pressure for 50 hours (P< 0.05,
Fig. 1). Following DEX-1, mean arterial blood pressure rose markedly, peaking at around 3 hours [43.9
(1.3) mmHg vs. 35.7 (0.7) mmHg in controls; P < 0.001]. Mean arterial blood pressure was then
attenuated, but remained significantly elevated by the time of the second DEX injection (Fig. 1).
Following DEX-2, there was a similar rise in mean arterial blood pressure superimposed on an elevated
pre-injection baseline, again peaking at 3 hours [46.1 (1.1) mmHg vs. 36.0 (0.7) mmHg; P < 0.001].

Fetal heart rate showed a similar biphasic response to both DEX injections (Fig. 1). Initially, there
was a significant fall in fetal heart rate during the first 3 hours (P < 0.05), corresponding with the
marked rise in mean arterial blood pressure. Although following DEX-2 this fall was not significant
compared with the control group, it was significant compared with the period immediately preceding
DEX-2 injection (P < 0.05). Following this brief bradycardia, the fetal heart rate response was variable,
with a transient period of tachycardia observed following DEX-1 between 19 and 24 hours (P < 0.05),
whereas a sustained tachycardia was seen after DEX-2 (P < 0.05).
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Fig. 1. Time sequence of changes in fetal mean arterial blood pressure and heart rate, fetal heart rate variability (mean

minute rate) and nuchal muscle EMG activity. Controls (open circles, n = 7) and fetuses whose mothers received
two DEX injections 24 hours apart (filled circles, n = 8) are shown from 6 hours before the first injection, to 120
hours afterwards. The dashed arrows show the timing of injections. Data are one hour averages, mean (SEM),
*P < 0.05, DEX versus controls, analysis of covariance.
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Fig. 2.
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#P < 0.001, DEX versus controls, analysis of covariance.
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Fig. 3. Time sequence of changes in fetal plasma cortisol concentrations, showing fetuses whose mothers received either
vehicle injection (open circles, n = 7) or two DEX injections 24 hours apart (closed circles, n = 8). The vertical
dashed arrows show the timing of two injections. The horizontal dashed line denotes the level of detection for the
assay. Data are mean (SEM), *P < 0.05, DEX versus controls, analysis of covariance.

While there was a tendency for mean minute range to be elevated after DEX-1, there was no
significant difference between groups throughout the study (Fig. 1). Similarly, there were no
differences between groups in fetal body movements (Fig. 1).

Treatment with DEX was associated with a significant effect on carotid artery blood flow and carotid
artery vascular resistance in the first 48 hours, as shown by significant interactions between treatment
and time for both parameters (P < 0.05); in particular, there was a rise in carotid artery vascular
resistance from 2 to 4 hours after DEX-1 (Fig. 2). While there was a trend for carotid artery vascular
resistance to be elevated at later time points, this was not significant. There was no significant overall
change in carotid artery blood flow.

Femoral arterial blood flow showed a modest fall after the first injection (Fig. 2, P < 0.05). A
transient return to control values was followed by a much longer fall that was significant between 18
and 29 hours and again between 38 and 51 hours (P < 0.05). Thereafter, there were no differences
between groups. There was a similar biphasic pattern of changes in femoral artery vascular resistance
following both DEX injections, which was superimposed on an elevated baseline following DEX-2 (Fig.
2). After injection one, femoral artery vascular resistance rose between 2 and 5 hours (P < 0.05),
transiently normalised, then became significantly elevated again from 14 to 51 hours (P < 0.001).

Plasma cortisol levels were rapidly suppressed following DEX-1 to a minimum of 0.24 (0.04) ng/mL
at 6 hours [vs.2.13 (0.30) in controls, P< 0.001] and did not recover until 72 hours after DEX-1 (Fig.
3). For the remainder of the study, plasma cortisol levels were not different between groups.

Similarly, plasma ACTH levels fell to below the detectable level from 6 hours after DEX-1 injection
[detection level 9.7 (0.0) v5.12.9 (5.0) pg/mL in controls] until DEX-2 [9.70 (0.0) vs.16.5 (2.2) pg/mL
in controls, P < 0.05]. ACTH levels returned to control values by 48 hours after DEX-1 [10.6 (0.9)
vs.14.3 (2.8) pg/mL, N.S.], and were not different from the control group for the remainder of the
study [13.6 (3.0) vs.10.4 (0.7) pg/mL at 120 hours after DEX-1].
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DISCUSSION

This study demonstrates that maternal administration of a single course of DEX in sheep at 0.7 of
pregnancy is associated with only a transient increase in blood pressure which was mediated by both
changes in peripheral and central vascular resistance and fetal heart rate. Further, there were no
significant changes in brain perfusion, basal fetal heart rate variability, the diurnal pattern of fetal heart
rate or body movements. Although the suppression of the hypothalamic—pituitary—adrenal axis
resolved by two days after the second injection, there was a sustained increase in fetal heart rate after
the second injection and a loss of diurnal rhythm in fetal heart rate variability.

A key finding of the current study is the observation that blood pressure and vascular resistance
changes after DEX were relatively transient. These data are in contrast to the sustained increase in
pressure and vascular resistance that was observed for at least 48 hours after short term fetal
intravenous infusion. 78 The data in the current study are, however, consistent with the long term
normal blood pressure observed after varying maternal glucocorticoid treatments at 0.4 and 0.7
gestation. 26:34 Further, in the 0.7 gestation baboon, although fetal blood pressure was still elevated
24 hours after maternal treatment, mean arterial blood pressure appeared to be falling towards baseline
at that time, consistent with the present study. 24 In the near term fetus, the transient increase in blood
pressure resolved more quickly than seen in present study, '8 suggesting a maturational influence.
Overall, however, these data suggest that differences in the profile of plasma DEX levels between
regimens are a more important factor.

The experimental approach of constant low dose fetal infusion of long-acting synthetic glucocorticoids
leads to constant direct fetal vascular exposure at relatively stable levels, whereas after a single injection
there are very high levels initially followed by rapid clearance. 1820 The model of fetal intravenous infusion
was created to avoid potential confounding influences of differences in transplacental passage between
individual animals to facilitate direct assessment of the effects of glucocorticoids on the fetus and to avoid
interspecies differences. 7:8:3> Interestingly, such studies have suggested that levels as low as one-fifth of
those measured in umbilical arterial blood samples taken from human infants at caesarean section, 12
hours after the completion of a maternal course of glucocorticoids, appear to be effective, 2030 raising the
possibility that current regimens could be optimised. 3>3¢ The current study, however, highlights potential
limitations of this approach when extrapolating to the clinic, such as the greater fetal cardiovascular
perturbations after fetal administration.

During fetal infusion of glucocorticoids, blood pressure is primarily elevated by increased peripheral
and central vascular resistance. %736 Mechanisms of the sustained increase in fetal peripheral
resistance may include changes in circulating levels of vasoconstrictor agents 711,36 and up-regulation
of receptors to many vasoconstrictors and down-regulation of potential vasodilators. 10 In particular,
fetal infusion of glucocorticoids elevates fetal plasma adrenaline and NPY concentrations during and
after infusion, as well as increasing endothelin ET, subtype receptors and contractility in fetal femoral,
but not cerebral, arteries. !! Further, the increased fetal mean arterial blood pressure could be related
in part to an increase in the set point of the hypothalamic—pituitary—adrenal axis, with a sustained
increase in baseline cortisol levels 48 hours after the infusion in near term fetal sheep, but normal
ACTH levels.  However, there was no evidence of an altered set point in the present study with simple
normalisation of fetal ACTH and cortisol levels within 48 hours after DEX-1. Alternatively, the effect
of glucocorticoids on blood pressure may, in part, be secondary to activation of the fetal
renin—angjotensin system as seen with hypercortisolaemia. 3738 Consistent with this hypothesis, early
glucocorticoid exposure in utero (around 0.2 of gestation but not later) is known to cause adult
hypertension that may also be related to changes in the renin—angiotensin system. 3
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It is interesting to note that in the current study, in contrast to fetal infusion experiments, the acute
changes in fetal mean arterial blood pressure were mediated by changes in combined ventricular
output, as determined by fetal heart rate, 40 in addition to increased vascular resistance. Vascular
resistance briefly returned to control values after both injections around 6 to 8 hours after injection;
at this time, blood pressure was then supported by a marked increase in fetal heart rate. This variable
control of blood pressure at different times may reflect the temporal clearance of DEX after maternal
administration. While we have not evaluated the role of vasoconstrictors and vasodilators in this study,
given that fetal mean arterial blood pressure did not remain elevated, it is likely that such endocrine
changes were also transient. Consistent with this suggestion, in the present study, cortisol and ACTH
suppression resolved in parallel with the resolution of DEX-induced hypertension.

We do not know, however, if endothelial sensitivity to vasoconstrictors has been modified and we
cannot rule out more prolonged changes in sympathetic activity in cardiovascular control given the
modest but sustained tachycardia we observed after injection two and the loss of the diurnal rhythm
in fetal heart rate variability. Increased fetal heart rate has also been observed after the end of fetal
infusion of DEX 15 and after both maternal and fetal injection in the late gestation sheep fetus. 1841
A recent clinical study found a similar pattern after maternal injection at preterm gestations of initial
bradycardia followed by a mild tachycardia. 42

The mechanisms mediating this tachycardia are unknown. One factor may simply be the increase
in fetal plasma glucose. Glucose infusions increase fetal heart rate, 43 probably secondary to increased
basal metabolic rate. However, because blood glucose levels returned to control values at a time when
fetal heart rate was still raised, this cannot be the only mechanism. Hypoxia can increase fetal heart
rate, 4 however, there were only transient changes in fetal PaO,. Alternatively, glucocorticoids are
known to have direct chronotropic effects, mediated by augmented coupling of the B-adrenoreceptors
to cellular postreceptor signal transduction 12 and potentially by augmenting sympathetic responses.
4546 Furthermore, Padbury et al 4! have shown that newborns who had received antenatal
betamethasone had significantly elevated blood pressure, cardiac output and cardiac contractility,
despite similar preload (as assessed by left ventricular end-diastolic pressure). In part, this may be due
to a significant increase in R-adrenergic receptor-dependent myocardial cyclic adenosine
monophosphate generation. 47 The physiological meaning of these cardiac observations cannot be
determined from the current study. Experimentally, although adult sheep previously exposed to DEX
near mid-gestation are normotensive with normal cardiac output, they have altered baroreceptor
—heart rate responses. 48

[t was also notable that despite the immaturity of the fetuses in the present study there was a marked
diurnal rhythm in fetal heart rate, which was not affected by DEX treatment after injection two. In
contrast, there was a loss of the more modest circadian pattern seen in fetal heart rate variability. A
diurnal rhythm in fetal heart rate and fetal heart rate variability has also been observed in the preterm
human fetus, 4° and limited data suggest that the circadian pattern in mean fetal heart rate is not affected
by betamethasone or maternal cortisol levels. °0 The current study also suggests that it is not mediated
by changes in fetal cortisol. The reason for the differential effect of DEX on the diurnal rhythms of heart
rate and its variation is not cleat, but the presence of a continuing rhythm in fetal heart rate argues
against a specific effect of DEX within the hypothalamus. Instead, the loss of the diurnal fetal heart rate
variability pattern may potentially relate to altered autonomic control. In the fetus, as in the adult, the
control of heart rate variability is complex, resulting from the cyclic interplay of sympathetic and
parasympathetic branches of the autonomic nervous system and modified by fetal behaviour, chemo-
and baroreflexes. °! =3 The synchrony of diurnal fluctuations in fetal heart rate variability is reflective
of fetal autonomic nervous system regulation. >4 Thus, speculatively, changes in both resting fetal heart
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rate and the loss of diurnal rhythm could be mediated by an altered autonomic balance. Whether this
cardiac change would have corrected over time remains to be determined.

We have previously reported that maternal DEX produces a marked biphasic time-dependent
response in fetal heart rate variability in the near-term fetal sheep. '8 In contrast, in the present study,
the same regimen produced only negligible effects on basal fetal heart rate variability in preterm
fetuses. We observed no decrease with either injection and only a modest trend to increase with the
first injection. Similarly, we observed no significant effect on body movements, which in part may
account for these fetal heart rate variability observations. Clinically, DEX has been reported to have a
variable effect on body movements and generally produces either relatively small increases in fetal
heart rate variability, a small increase followed by a decrease or no changes at all. ! The differences in
the current data compared with our previous findings at term suggest that differences in maturation
may contribute to the apparent variability of fetal responses to glucocorticoids.

Finally, this is the first report of longitudinal effects of maternal administration of DEX on preterm
fetal cerebral perfusion. Our data show that while there was a marked increase in carotid vascular
resistance in the 24 hours after each injection, carotid artery blood flow was not significantly reduced
and in the longer term there was a trend for blood flow to increase. These blood flow responses are
consistent with those observed experimentally, >> and clinically in the fetus, 27 and in newborns
after antenatal treatment. > These data are in contrast, however, to findings by Schwab et al ¢ using
fetal betamethasone infusion where a significant reduction in cerebral blood flow was observed,
secondary to a marked increase in cerebral vascular resistance. It is unlikely that this simply reflects a
difference between betamethasone and DEX since clinically, betamethasone leads to either no effect
or increased perfusion, similarly to DEX. 5960 Again, these conflicting data suggest a differential impact
of direct fetal exposure to steroids versus maternal administration.

CONCLUSIONS AND PERSPECTIVES

In the current study, a single course of maternal DEX led to only a transient increase in blood pressure
in the preterm sheep fetus, with no sustained changes in vascular resistance. These findings are in
contrast to previous studies of prolonged fetal infusions. However, while the cardiovascular data in the
current study were on the whole reassuring, there were nonetheless some persistent changes in cardiac
function which merit further study.

In recent years, consistent reports of negative outcomes after repeated courses of steroids have led
to emphasis on the importance of using only a single course of treatment. Yet there still remains a
significant need for further systematic research on both short and long term outcomes after a single
course of treatment. There is also, as suggested recently by Nijland, 3° a need to assess what the optimal
dosing regimen should be. The current study highlights some limitations of direct fetal infusion or
injection for studies of the potential clinical impact of antenatal treatment with long-acting
corticosteroids, and the importance of maturation in evaluating these issues.
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General discussion and future perspectives

THE MECHANISMS OF HYPOPERFUSION: THEORETICAL AND PRACTICAL
CONSIDERATIONS

Low blood flow to organs, i.e. poor organ perfusion, is a function of two main factors: perfusion
pressure (the difference between arterial and venous blood pressures) and peripheral vascular
resistance, as defined in the classic equation, below. Since venous pressure is typically much less than
arterial blood pressure, in most situations arterial pressure can be taken as a close estimate of perfusion
pressure, and thus:

Blood flow = arterial blood pressure / vascular resistance

Blood pressure in the preterm infant

In the first few hours of life it is common for preterm neonates to suffer from hypotension, especially
those that have been exposed to perinatal asphyxia and develop hyaline membrane disease (1, 2).
Hypotension in the preterm is a much debated topic. Many neonatal intensive care unit (NICU)
guidelines set 30 mmHg as the ‘normal’ blood pressure (BP) for preterm infants, which has been argued
to be a completely arbitrary value that is not supported by experimental proof (3). Alternatively, the
guidelines set out by the British Association of Perinatal Medicine and the Royal College of Physicians
suggested keeping neonatal BP above the value of their gestational age in weeks (1). Whether this or
30 mmHg is too high for a ‘normal’ BP for preterm neonates remains unclear, but at least some preterm
neonates fall below these arbitrary values.

One explanation for the frequency of hypotension in preterm infants is that it is due to the
immaturity of the circulatory system in the preterm infant (4). After preterm birth there is often delayed
closure of the key fetal vascular shunts; the ductus arteriosus and foramen ovale (4, 5). These shunts
are fundamental for the fetal circulation, involving redistribution of oxygenated blood from the
placenta away from the lungs, to the upper body. After birth however, they cause bi-directional flow
of blood, when the placenta is removed and gaseous transfer is taken over by the lungs (4). This results
in inefficient distribution of oxygenated blood. Some investigators suggest that immaturity of the
cardiac tissue, with limited ability to increase cardiac output to meet increased systemic demand (4),
plays a more important role than the ductal shunts in compromising perfusion in preterm infants,
because of the largely mixed evidence of the outcomes from closure of patent shunts (6). Given that
there is only a weak relationship between blood pressure and left ventricular output in preterm infants,
several additional factors have been proposed including increased systemic resistance (7), positive
pressure ventilation and high airway pressure (7). Since the latter interventions must increase mean
intrathoracic pressure, we may speculate that their effect is also mediated by impairment of filling
pressure and reduced cardiac output.

The low blood pressure often observed in the preterm infant has led to the hypothesis that low
blood pressure results in low blood flow and therefore poor organ perfusion (1). This theory has
supported the clinical practice of increasing mean arterial blood pressure of preterm infants to the
previously stated ‘normal’ BP of 30 mmHg and has resulted in volume loading being one of the most
commonly used therapies in NICU (7, 8). Other common therapies used for preterm cardiovascular
support are inotropic agents (such as dopamine and dobutamine) infusion and corticosteroids (9).
Although it is widely used, there is no evidence that volume expansion improves the outcome of the
majority of preterm infants, as revealed by a Cochrane Database Systematic Review in 2004 of five
clinical trials of volume expansion (9).

Indeed, there is increasing evidence that increased blood pressure does not necessarily lead to
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increased blood flow (4). For example, Bauer et a/found that in preterm infants hypotension (between
2 and 48 hours) did not necessarily indicate hypovolaemia as systemic blood pressure did not increase
over a large range of volume infusions (10). In addition, Barr et a/ (2) found that in a study of
hypotensive compared to normotensive preterms, volume loading was not effective in resolving low
pH (suggested to be a result of metabolic acidosis), or in significantly increasing pressure above 30
mmHg for over half the preterm infants. In a recent study by Hunt et a/(11), when confounding factors
of gestational age, use of postnatal steroids and maternal education were taken into account there was
no significant correlation between neurodevelopmental problems and mean arterial pressure. These
data further contradict the focus on blood pressure as the key to outcome. It is clear from cohort studies
that at least some infants do have very low blood pressure and poor perfusion; this subgroup are simply
in uncompensated shock. However, there is a larger subgroup of preterm neonates with ‘normal’ blood
pressure but low systemic blood flow (3, 12, 13).

Vascular resistance in the preterm infant

If it is not changes in central arterial blood pressure that are mediating the reduction in blood flow,
then our focus must be redirected to the other factor controlling perfusion: vascular resistance. Vascular
resistance is influenced by a range of central and local mechanisms. Autoregulation is one of the local
mechanisms of vascular control. Under myogenic control, the arterioles of a systemic bed contract
when blood pressure increases, reducing flow and therefore preventing damage of downstream
capillaries and the opposite occurs with decreased blood pressure (14). It has been suggested that there
is a loss of autoregulation in the sick preterm infant (1, 3). This hypothesis has been strongly contested
by other studies, such as the report from Tyszczuk et a/ (15), which showed no relationship between
cerebral blood flow and mean arterial pressure over a range of 23.7 to 39.3 mmHg indicating that
autoregulation was intact, and effective. Munro et a/ (1) suggested that there may be a loss of dynamic
autoregulation but a preservation of static autoregulation in neonates that have suffered an asphyxic
insult (i.e. adaptation to steady-state change versus rapid change in blood pressure, as described in
adults (16)). Thus, despite enthusiastic advocacy of this hypothesis (17), it remains unclear whether
impaired autoregulation is a major factor in sick preterm neonates.

Another proposed local mechanism of increased vascular resistance is so called “endothelial
dysfunction”. Some investigators have suggested, mainly from studies in adult animals, that increased
vascular tone after ischaemia could be a result of changes in the ability of the endothelium to respond
to neural control, due to factors such as reduced local production of nitric oxide synthase or altered
receptor activity (18, 19). If correct, we would predict that the reduction in blood flow would be
‘passive’, i.e. independent of control by the autonomic nervous system.

Finally, changes in vascular resistance are often of course actively mediated by altered activity of
endocrine and autonomic systems, and in particular, increased SNS activity leads to hypoperfusion. As
discussed below, the results of chapters 4 to 6 suggest the concept that in at least some preterm infants
exposure to external events such as severe hypoxia (asphyxia) can trigger an active, neurally mediated
increase in vascular resistance.

POST-HYPOXIC SYSTEMIC HYPOPERFUSION IS ACTIVELY MEDIATED BY
THE SNS

As discussed above, secondary hypoperfusion is known to develop in many vascular beds after hypoxic-
ischaemic insults both pre- and postnatally (19), and it has been unclear whether the causes are
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primarily related to impaired autoregulation, endothelial dysfunction (i.e. disturbed blood - vessel wall
interactions) or centrally mediated (20-22). In our studies in chapters 4 to 6 we found that the
changes in blood flow in the gut and kidney in the first few hours after severe asphyxia were both
relatively rapid in onset (and resolution) and surprisingly variable over time. In particular, SMA blood
flow showed a transient reduction in vasoconstriction between two and four hours post-asphyxia.
These observations very strongly argue against the reduction in blood flow being due to passive
vascular dysfunction. Further, since arterial blood pressure was normal or elevated through out this
period, impaired autoregulation could not possibly be a factor. Thus these data strongly suggest that
for the preterm fetal sheep, hypoperfusion of the gut and kidney after asphyxia is primarily related to
an active increase in vascular resistance. This has simply not been adequately examined in the preterm
infant to date, but our findings may explain the remarkably inconsistent effect of ‘hypotension’ in
preterm infants, and at least a subset of the large group of infants with impaired systemic perfusion
despite normal arterial pressure.

Although multiple systems help determine vascular tone, the speed of the changes pointed to a
neural mechanism, which, we then confirmed in chapter 5, primarily involves increased alpha
adrenergic sympathetic nervous system activity. At this time we cannot of course rule out a
contribution from other vasoactive mediators. It is notable, howevet, that we found in chapter 6 that
the acute increase in renin levels during asphyxia resolved rapidly after release of cord occlusion, and
thus the renin-angiotensin system does not seem to contribute to delayed systemic hypoperfusion in
this setting.

MESENTERIC ARTERY HYPOPERFUSION IS ESSENTIAL FOR CARDIO-
VASCULAR SUPPORT

The pattern of blood flow changes after hypoxia in the mesenteric bed is much more complex than
in the femoral / renal beds. Normalisation of delayed SMA hypopetfusion by alpha-adrenergic blockade
in chapter 5 significantly impaired fetal blood pressure during the early recovery phase after asphyxia.
Thus our data suggests the hypothesis that the ‘purpose’ of secondary hypoperfusion of the gut is at
least in part to maintain systemic perfusion pressure. Consistent with this, in the adult under conditions
of decreased cardiac output caused by cardiogenic or hypovolaemic shock, selective vasoconstriction
of the afferent mesenteric arterioles is reported to be crucial in sustaining total systemic vascular
resistance, thereby maintaining systemic arterial pressure (23, 24). Under these conditions, while there
is some degree of vasoconstriction in other peripheral systems, it is disproportionately greater within
the mesenteric circulation, and thus perfusion of non-mesenteric organs is maintained at the expense
of the gut (23, 24). Further, given the strong postnatal link between feeding tolerance and gut perfusion
in preterm and growth retarded infants reviewed in chapter I, we may speculate that the development
of ileus following exposure to severe hypoxia may reflect such a reduction in blood flow to support
other systems.

It is worth noting that no intestinal injury was seen after 3 days recovery from severe asphyxia in
chapter 5. 1t is highly likely that this tolerance reflects a combination of the relatively low metabolic
demand of the fetal gut, and as we discuss in chapter I, the lack of the remaining factors known to
be central to the clinical pathogenesis of NEC: feeding and exposure to bacteria (25-27). The immature
intestine has been proposed to be more sensitive to ischaemic injury, based on studies in neonatal
piglets (28, 29). However, in practice, the data do not conflict. Firstly, these studies were cartied out
at full-term, in contrast with our very preterm model. Secondly, the studies from Nowicki and
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colleagues did not report increased histological injury per se, but rather examined the effect of
ischaemia-reperfusion on vascular tone. They found a greater increase in vascular resistance after
hypotension in 3 day old piglets compared with 35 day old piglets (30), consistent with our findings.

ACUTE RENAL FAILURE: OFTEN POLYURIC

Premature infants frequently develop an early phase of intense polyuria with salt wasting after birth,
which resolves over the first week (31, 32). The aetiology is very poorly understood. Our study in
chapter 6 highlights two relevant aspects of preterm renal injury: firstly that at least experimentally
the immature kidney is relatively resistant to injury even after severe ischaemia or asphyxia (33, 34),
and secondly that milder post-asphyxial renal dysfunction may be manifested by polyuria and
natriuresis, rather than oliguria (35). We found no evidence of renal injury after 3 days recovery, as
shown by normal predominantly basolateral cytoskeletal anchorage of Na,K-ATPase on
immunohistochemistry, and normal histologic examination of H&E stained sections by light
microscopy. Therefore despite evolving hypoperfusion during recovery from a severe asphyxial insult
there appears to be no lasting structural injury. This finding of no structural renal injury 3 days after
asphyxia is consistent with the observation that, in the rat, the immature kidney has much greater
tolerance for ischaemia-reperfusion than the adult rat (33).

There is now increasing evidence from early electrophysiological and hemodynamic recordings that
many preterm infants are exposed to significant events either in the immediate perinatal period or
shortly after birth (36, 37); as illustrated by the present study adaptation to such events can lead to
significant changes in systemic or regional perfusion (38-40). These intriguing observations raise the
possibility that the early, transient phase of polyuria commonly seen in preterm infants may be a
consequence of early hypoxic events and thus reflect reversible renal compromise rather than purely
immaturity.

LIMITED ROLE OF PRE-RENAL MECHANISMS IN ACUTE RENAL FAILURE
IN THE PRETERM FETUS

We found only a mild reduction in the clearance of creatinine at 48 hours of recovery from severe
hypoxia in our studies (chapter 6) corresponding in time with the most pronounced decrease in
renal blood flow in the chronic recovery phase. Within subjects regression analysis demonstrated a
positive relationship between RBF and creatinine clearance in all but one subject. However, since
this relationship accounted for less than 20% of variance and the effect of impaired RBF on creatinine
clearance appeared to be significant only with substantial reductions in blood flow, additional factors
are likely to be more important particularly within the normal blood pressure range. There are
limited data on the determinants of changes in renal blood flow after premature birth, however,
Doppler flow measurements suggest that renal vascular resistance is initially elevated shortly after
birth and progressively falls with time (41, 42). Consistent with our findings, these studies found
only a weak relationship between renal blood flow velocity and urine output (43), and oliguria was
typically seen only with marked reductions in renal blood flow velocity. Thus, these clinical data
and our experimental findings, do not support the hypothesis that the glomerular filtration rate in
the preterm kidney is more dramatically affected by small reductions in renal perfusion than at
later ages (44).
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PRENATAL EXPOSURE TO GLUCOCORTOIDS

The currently recommended single course of glucocorticoids is well proven to have unequivocal
benefits for the premature newborn (45). In recent years consistent reports of negative outcomes after
repeated courses of steroids have led to re-emphasis on the importance of using only a single course
of treatment. Yet there still remains a significant need for further systematic research on both short
and long-term outcomes after a single course of treatment. In particula, it has been suggested on the
basis of experimental studies that antenatal steroid exposure might cause a long lasting risk of
hypertension (46). As discussed in some detail in chapter 7 however, the concern that glucocorticoid
treatment may have cardiovascular complications is actually based on limited information. A major
problem has been inadequate periods of follow up, for example elevated blood pressure was found for
24 hours after maternal betamethasone treatment in the preterm baboon — but blood pressure
appeared to be falling towards baseline at that time (47). Other studies used sustained direct fetal
infusions, which produces a constant exposure that is quite different from the profile of clearance seen
after maternal administration (48-50). Currently there are only limited and conflicting clinical data on
the influence of antenatal steroids on adult cardiovascular function (51, 52).

Our study highlights the limitations of direct fetal infusion or injection for studies of the potential
clinical impact of antenatal treatment with long-acting corticosteroids, and the importance of
maturation in evaluating these issues. In the study described in chapter 7 a single course of maternal
dexamethasone led to only transient hypertension and increased vascular resistance, resolving within
24 h of the last injection. There was, however, a sustained increase in FHR and a loss of diurnal FHRV
activity. Speculatively these changes may reflect altered autonomic function; a longer-term follow-up
would be required to determine whether these relatively subtle changes resolve with time, or affect
cardiovascular responses in the long-term.

An important issue, which we did not examine, is whether prenatal glucocorticoids affect
cerebral maturation. There is now extensive imaging data that prolonged post-natal steroid therapy
for lung disease reduces long-term brain growth (53, 54). Repeated prenatal betamethasone
treatment in fetal sheep reduced adult brain weight by 7% to 8% (55). Despite the well established
beneficial effects of a single course of treatment, there are some short-term data, in term equivalent
fetal sheep and the preterm fetal baboon suggesting that there maybe functional changes including
a reduction in cortical cytoskeletal proteins and presynaptic terminals (56, 57). Further investigation
of the neural impact of current treatment prenatal treatment schedules is important, and thus there
is, as suggested recently by Nijland (58), a critical need to further assess what the optimal dosing
regimen should be.

CONCLUSIONS

The present studies have elucidated the significance and mechanisms of systemic hypoperfusion after
exposure to asphyxia and antenatal steroids. Hypoperfusion was actively mediated, particularly by
activation of the sympathetic nervous system. In part, it likely reflects decreased metabolism, however,
in part increased vascular resistance in the gut also seems to play a vital role in supporting
cardiovascular function after hypoxia. These findings are consistent with the highly equivocal effects
of many clinical interventions such as a volume expansion, administration of inotropes and closure of
the ductus arteriosis after birth. Focused, physiolologically oriented studies are required in the future
to evaluate if, when and how promotion of blood flow should be considered.
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Summary

SUMMARY

The overall goal of the studies described in the present thesis “Systemic complications in the preterm
Jetus after asphyxia. Studies of cardiovascular and blood flow responses“ was to gain more insight
into the mechanisms and significance of impaired systemic perfusion in the premature fetus.

In chapter 2 we explored in depth the remarkable tolerance of preterm animals to hypoxia/ asphyxia,
and the implications for understanding complications of prematurity. In this review we refuted the
existing hypothesis that the premature fetus is more vulnerable to injury following these insults due
to immaturity of its cardiovascular response. Instead, we proposed the hypothesis that paradoxically,
the greater ability of the preterm animal to survive profound hypoxia, actually exposed it to more
prolonged hypotension and hypoperfusion. This analysis critically underpinned the design of subsequent
studies. Because one of the goals of the thesis was to examine the impact of asphyxia on the preterm
gut, in chapter 3 we undertook a systematic evaluation of different systems of histological grading of
intestinal injury, examining inter-observer and inter-method variance, and presented evidence to
support the system of Chiu and Park for general purpose use.

In chapters 4 to 6 we dissected the impact of changes in blood pressure and vascular resistance during
and after severe asphyxia on gut and kidney blood flow. Because these studies suggested that post-
hypoxic hypoperfusion was actively mediated, we specifically tested in chapter 5 whether it was
mediated by endogenous sympathetic activation. This study confirmed our hypothesis, and suggested
that the gut has a particular role in supporting fetal arterial blood pressure during the early phase of
recovery, likely compensating for reversible cardiac dysfunction. Strikingly, we found that the short
infusion with a well known alpha-adrenergic antagonist was associated with persistent changes in
blood flow well after the end of the infusion, and altered the blood flow responses to secondary
seizures.

Finally, in chapter 7 we examined for the first time the cardiovascular impact of a widely used
clinical protocol of treatment with the long-acting glucocorticoid dexamethasone in our preterm fetal
model. This study was extremely reassuring, showing that although steroids were associated with
marked but transient haemodynamic effects, these all resolved by 72 h after the first injection. Thus,
the data suggest that, contrary to the implications of previous studies using fetal infusion treatment,
it is improbable that clinical treatment would have long-lasting impact. Intriguingly, we did find
persisting subtle changes in the diurnal rhythm of fetal heart rate variability that raise the possibility
of a longer-lasting effect that merits further study.
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Samenvatting

SAMENVATTING

De doelstelling van de studies beschreven in dit proefschrift getiteld “Systemic complications in the
preterm fetus after asphyxia. Studies of cardiovascular and blood flow responses“ was om meer
inzicht te verkrijgen in de mechanismen en de consequenties van systemische perfusiestoornissen in
de premature foetus.

In hoofdstuk 2 hebben wij in detail de uitzonderlijke tolerantie van premature dieren voor
hypoxie/asfyxie geanalyseerd, alsmede de consequenties van deze tolerantie bij het ontstaan van de
complicaties van prematuriteit. In dit review verwerpen we de bestaande hypothese dat de premature
foetus kwetsbaarder is voor dergelijke insulten ten gevolge van een immature cardiovasculaire respons.
In plaats daarvan stellen wij de paradoxale hypothese voor dat het grotere vermogen van het premature
dier om ernstige hypoxie te overleven, het dier tevens blootstelt aan langer durende hypotensie en
hypoperfusie. Deze hypothese was een belangrijke maatstaf voor het ontwikkelen van de volgende
studies. Een van de doelstellingen van dit proefschrift was om de impact van asfyxie op de premature
darm te bestuderen. Derhalve hebben wij in hoofdstuk 3 systematisch de verschillende beschikbare
histologische scoringssystemen voor ischemische darmschade geévalueerd, lettend op inter-observer
en intermethode variatie. Onze data ondersteunen het systeem van Chiu en Park voor algemeen
gebruik.

In hoofdstuk 4 t/m 6 bestudeerden wij de impact van veranderingen in bloeddruk en
vaatweerstand zowel tijdens als na afloop van ernstige asfyxie op de doorbloeding van darmen en
nieren. Deze studies suggereerden dat post-hypoxische hypoperfusie actief gemedieerd wordt.
Derhalve hebben wij in hoofdstuk 5 specifiek onderzocht of post-hypoxische hypoperfusie wordt
gemedieerd door endogene sympathische activatie. Deze studie bevestigde onze hypothese, en
suggereerde dat de darm een belangrijke rol speelt bij het op peil houden van de foetale arteriéle
bloeddruk tijdens de vroege herstelfase na asfyxie, en daarbij waarschijnlijk compenseert voor
omkeerbaar cardiaal dysfunctioneren. Het was opvallend dat kortdurende infusie met een alfa-
adrenerge antagonist leidt tot veranderingen in doorbloeding van de darm, welke geruime tijd
persisteren na stoppen van de infusie, en dat tevens de effecten van epileptische insulten op intestinale
perfusie veranderen.

Tenslotte onderzochten wij in hoofdstuk 7 voor de eerste keer de cardiovasculaire effecten van
een veelvuldig gebruikt klinisch protocol voor toediening van het langdurig werkende glucocorticoid
dexamethason in ons premature foetale schapen model. Deze studie was zeer geruststellend en toonde
aan dat hoewel steroiden duidelijk hemodynamische effecten hebben, deze van tijdelijke aard zijn en
72 uur na de eerste injectie genormaliseerd zijn. In conclusie tonen deze data aan dat in tegenstelling
tot eerdere studies waarbij foetale infusie plaatsvond, het onwaarschijnlijk is dat klinische toediening
via maternale injectie langdurige effecten op de hemodynamiek zal hebben. Wij vonden daarnaast
persisterende subtiele veranderingen in het dag-nacht ritme van de variabiliteit van foetale hartfrequentie.
Dit wekt de suggestie dat er een langduriger effect op deze variabiliteit bestaat dat verder onderzoek
zal vergen.
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met het predikaat “Cum Laude”. Sinds september 2004 werkt Josine als assistent chirurgie in het Maasland
Ziekenhuis te Sittard, waar zij in januari 2005 aan de opleiding tot chirurg begon.

Beurzen/prijzen
1999:  onderzoeksbeurs, Ter Meulen Fonds, Nederland
2000:  onderzoeksbeurs, Stichting De Drie Lichten, Nederland
2000:  reisbeurs, Maurice & Phyllis Paykel Trust, Nieuw Zeeland
2000:  Prijs voor beste poster presentatie, Postgraduate Students’ Poster Day,
School of Medicine and Health Sciences, The University of Auckland
2002:  Prijs voor beste poster & mini presentatie,
29th Annual Meeting of the Fetal and Neonatal Physiological Society, Praag
2003:  Prijs voor beste poster & mini presentatie, Chirurgendagen,
Nederlandse Vereniging voor Heelkunde, Veldhoven
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Na enkele jaren als student assistent bij de vakgroepen fysiologie / chirurgie aan de Universiteit
Maastricht, wilde ik voor mijn wetenschapsstage iets anders doen, en wel iets chirurgisch én in het
buitenland. Het was een mooie bijkomstigheid dat mijn begeleider Prof. Dr. E. Heineman, chirurg,
voor enkele jaren naar Nieuw Zeeland zou gaan: ik kon mijn wetenschapsstage daar doen. In
Auckland, Nieuw Zeeland, introduceerde associate Prof. Dr. L. Bennet mij tot het foetale schapen
model. De combinatie van foetaal intestinaal onderzoek én foetale operaties wekte mijn interesse voor
de foetale fysiologie. Toen na deze stage het onderzoek uitgebreid kon worden tot een promotie project
was de verhuizing naar Nieuw Zeeland samen met Vincent al shel een feit. Op deze plaats wil ik
iedereen bedanken die een steentje heeft bijgedragen tot het uiteindelijke resultaat, dit proefschrift.

Allereerst mijn promotor Prof. Dr. E. Heineman. Beste Erik, ik ben erg blij dat jij mijn promotor
bent. Jouw vermogen tot het inspireren en motiveren van mensen is zeer bijzonder. Het is dan ook
erg prettig om met jou samen te werken. Je was onmisbaar voor het vasthouden van de klinische link.
Ik heb veel van je geleerd, ook dat het belangrijk het is om je werk in perspectief te zien van je sociale
leven. Bedankt voor je begeleiding, niet alleen op het wetenschappelijke pad, maar ook bij de
organisatie van een studie-stop en het emigreren naar Nieuw Zeeland.

Prof. Dr. J. De Haan, promotot. U hebt vanuit Nederland de progressie van mijn onderzoek met
interesse gevolgd. Mijn dank voor onze gesprekken in Maastricht en op congressen. Uw begeleiding
bij de laatste loodjes hebben ertoe geleid dat dit proefschrift is afgekomen zonder al te veel
bloemlezingen.

Associate Professor Dr. L. Bennet, co-promotor. Dear Laura, little did I know what would come of
my elective in Auckland. Thank you for giving me the opportunity to explore the effects of asphyxia
on peripheral organs in a lab that was mainly focussed on the brain. You taught me the ins and outs
of the fetal sheep model and how to run the lab. You were never lost for ideas for new studies. [ think
back with great pleasure to the many dinners at “the house”, and sampling fine New Zealand wine.
Organising the FNPS conference with you was great fun.

Associate Professor Dr. A.J. Gunn, co-promotot. Dear Alistair, in addition to all of your scientific
input you were always a great help when performing statistics on thousands of minutes of data. Also,
once [ was able to decipher your comments on my manuscripts they were excellent, but computer-
writing will always work better!

[ would like to thank Prof. Dr. P.D. Gluckman for enabling me to do my studies at the RCDMB and
later the Liggings Institute.

Thank you to Sherly George and Michelle McAnulty-Smith for their help with processing tissues
for histology and working out immuno-histochemical techniques and your company in the lab. Steve
Fischer for the PRA and ANP analysis. Also to all lab technicians for their contributions to the
experiments.

Furthermore I would like to thank my fellow PhD students at the Liggins institute for the fun times
inside and outside the institute: Tanja Moderscheim and Paul, Andrew Baker and Sasha, Justin Dean,
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Tim Sato, Simon, Elicia, Susan, Nina, Frank, Ross, Bert, Christian, Bettina and others. It is amazing
how so many PhD’s together won so few pub quizzes!

Daarnaast waren er de fellow-Dutchies die (al dan niet bij ons) op stage zijn geweest in Auckland
en met wie we Nieuw Zeeland hebben verkend: Niek en Ebtisam, Martijn, Marije, Ralph, Ilja, Femke
en anderen. Ook jullie bedankt voor de gezelligheid! Niet te vergeten de familie Heinebots. Simone
je regelde voor ons een prachtig huisje en boot in Devonport; zo dicht bij het strand zullen we niet
gauw meer wonen. Jullie waren voor ons home-away-from-home, en toch zijn we met zijn allen heuse
Kiwi’s geworden!

In dit dankwoord horen ook de mensen van het microcirculatie lab thuis, het lab waar ik begonnen
ben. Roland, Mirjam, Erik, Dick en Sabrina bedankt voor jullie bijdrage aan hoofdstuk 3. Roland, je
adverteerde voor een student assistent en lokte met een opleidingsplek chirurgie. We hebben samen
soms late avonden op het lab gemaakt, met speciale Beuk-humor altijd een belevenis. Gelukkig is het
met die opleidingsplek ook goedgekomen.

Chirurgen, collega arts-assistenten uit het Maaslandziekenhuis te Sittard, en speciaal mijn opleider
Dr. Ton Hoofwijk, bedankt voor jullie ondersteuning.

Dr. Esther Lutgens. Beste Esther, dat jij mijn paranimf zou worden stond lang vast voordat dit
proefschrift werd geschreven. We kennen elkaar vanaf de eerste dag van onze studie geneeskunde en
zijn altijd vriendinnen gebleven. In jaar 2 begonnen we allebei als student assistent op het
microcirculatielab. Al gauw vertrok jij naar de pathologie om je eigen onderzoek te gaan doen, waarop
je inmiddels bent gepromoveerd en wat je als post-doc voortzet naast je opleiding tot patholoog. Bij
jouw promotie kon ik niet aanwezig zijn, de volgende grote gebeurtenis in jouw leven volg ik gelukkig
van dichtbij!

Dr. Imke Veltman. Beste Imke, vriendin vanaf de middelbare schooltijd. Daarna gingen we aan een
andere kant van het land studeren. Samen met Gwen en Kathy hebben we altijd gezellig contact
gehouden. Van de landbouw universiteit switchte jij naar het medische onderzoek, dat was voor mij
beter te volgen. Ik vind het erg leuk dat jij nu mijn paranimf bent. En dames, we spreken snel weer
eens af!

Lieve familie, vrienden en kennissen, hoewel het voor jullie soms moeilijk te begrijpen was waar
ik mee bezig was, hebben jullie vanuit Nederland altijd interesse getoond in het onderzoek en leven
in Nieuw Zeeland. Het was heerlijk om jullie allemaal weer te zien tijdens onze kerst-tournees door
Nederland. En om sommigen van jullie op bezoek te krijgen was helemaal super: Albert, Liesheth en
Edwin, Jorgen, Gwen en Cyriel, Pam en Pietet, AnneMarie. Allemaal bedankt voor jullie begrip en
steun.

Lieve Vincent, samen begonnen we aan dit avontuur en samen ronden we het af. Eindelijk zijn we
klaar met de laptops, laat die toekomst zonder boekjes nu maar komen!
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