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STELLINGEN BEHORENDE B1J HET PROEFSCHRIFT

“Post hypoxic-ischemic brain injury of the newborn
and the role of nitric oxide inhibition”

Bij pasgeborenen die ernstige perinatale asfyxie hebben doorgemaakt ontstaat een
substantieel deel van de schade ten tijde van de reperfusie en reoxygenatie.

Niet-eiwitgebonden ijzer en stikstofmonoxide spelen een belangrijke rol bij het
ontstaan van post-asfyctische cerebrale reperfusieschade.

Vroegtijdige inhibitie van de productie van stikstofmonoxide, door toediening
van met name een lage dosis N-o-Nitro-L-Arginine, lijkt de cerebrale

reperfusieschade na perinatale asfyxie te kunnen reduceren.

Toediening van N-o-Nitro-L-Arginine lijkt noch een positieve noch een
negatieve invloed uit te oefenen op de post-asfyctische linkerventrikelfunctie van

de pasgeborene.

Inhibitie van de productie van stikstofmonoxide na perinatale asfyxie kan de
pulmonale arteriéle druk en gaswisseling in de longen van de pasgeborene

tijdelijk nadelig beinvloeden.

Voor een optimale preventie van reperfusieschade na perinatale asfyxie is het van
belang dat de therapie direct na de geboorte gestart wordt.

Bij de behandeling van reperfusieschade na perinatale asfyxie zal uiteindelijk
blijken dat een combinatie van verschillende therapieén het meest effectief is.

Bij de reanimatie van de pasgeborene dient men terughoudend te zijn met

betrekking tot het toedienen van extra zuurstof.

Naarmate er meer medische technieken beschikbaar komen wordt het steeds
belangrijker dat men zich van tevoren afvraagt of het wel ethisch verantwoord is

om een bepaalde behandeling te starten.
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Pasgeborenen met ernstige perinatale asfyxie dienen na succesvolle reanimatie zo
snel mogelijk naar een Neonatale Intensive Care Unit getransporteerd te worden.

Primaire preventie van perinatale asfyxie zal dit proefschrift overbodig maken.

Iemand die het tijdens zijn leven niet de moeite waard vindt om na te denken over
orgaandonatie zou zijn organen niet zonder meer mee moeten kunnen nemen in

zijn graf.

Het volledig rookvrij maken van treinen zou het daadwerkelijke aantal
beschikbare zitplaatsen significant verhogen.

Door de steeds hogere eisen die gesteld worden aan een opleidingsplaats
kindergeneeskunde houden vrouwelijke assistenten, door het op latere leeftijd
krijgen van hun eigen kinderen, de beroepsgroep in stand.

Het is belangrijker om je af te vragen hoe je leeft dan of je leeft.

C.A. Dorrepaal
Leiden, 11 juni 1997



The great tragedy of Science: the slaying of a beautiful hypothesis by an ugly fact.
(Thomas Huxley)

To Eric

To my parents and grandparents
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PERINATAL HYPOXIA-ISCHEMIA, A REVIEW
OF THE LITERATURE



2 Chapter 1. Perinatal hypoxic-ischemia, a review of the literature

1.1 General background

Despite major improvements in obstetric and perinatal care, with a resultant reduction
in perinatal mortality rates over the last decade, the prevalence of perinatal hypoxia-
ischemia, also called perinatal asphyxia, has not decreased"”. Estimates suggest that
between 3 and 6 out of 1000 full term neonates suffer from hypoxia-ischemia at or
before birth, and this incidence figure approaches 60% in small premature
neonates™**9. Depending on the gestational age, between 20% and 96% of the
neonates suffering from perinatal hypoxia-ischemia die; of the survivors 20% or more
will suffer severe brain damage. Extending the figures found by MacDonald et al. to
the Netherlands, this would mean that approximately 2000 neonates per year will
suffer from perinatal hypoxia-ischemia. About 900 of these neonates will die, and
approximately 200 will survive with long term neurologic deficits such as cerebral
palsy, mental retardation, learning disabilities and epilepsy. Some of them will be so
handicapped that they will be chronically dependent on institutions for mentally and
physically disabled. Given these incidence figures it becomes clear that perinatal
hypoxia-ischemia is an important health problem with considerable social
consequences. Therefore it is not surprising that a lot of research is done to seek
effective strategies to prevent or reduce the long-term consequences of perinatal

hypoxia-ischemia.

1.2 Definition

Asphyxia [Greek "a stopping of the pulse"] is described as an apparent or actual
cessation of life due to interruption of effective gaseous exchange in the lungs'”.
Clinically it refers to an impairment in the exchange of the respiratory gases oxygen
and carbon dioxide, leading to a situation of hypoxemia in combination with
hypercapnia and eventually ischemia after failure of the heart”. When clinicians
describe a neonate as “asphyxiated” at birth, they usually mean one ore more of
several rather different things(g): major obstetric complications (placental solution,
prolapse of umbilical cord), as well as perinatal markers of fetal distress (meconium
passage, low Apgar scores, low arterial umbilical pH, abnormal fetal heart rate
pattern), or postnatal neurologic abnormalities, which may be accomplished by
multiorgan failure and/or EEG abnormalities. Also in the various studies on perinatal
hypoxia-ischemia different definitions of hypoxia-ischemia are used, which makes it
difficult to compare them, especially with respect to long term neurodevelopmental
outcome. Current evidence suggests that none of the previous mentioned markers
alone is able to predict outcome reasonably well. It is the occurrence of a sequence of
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indicators of exposure, response, and impact on brain and other functions, that carries
predictive weight®. Recently, the American Academy of Pediatrics and the American
College of Obstetricians Committees on Maternal-Fetal medicine and Fetus and
Newborn have defined certain criteria which must be present for the sustainment of
perinatal hypoxia-ischemia, and which may lead to long term neurologic deficits®.
According to these criteria, all of the following must be present: /. a profound
metabolic or mixed acidity (arterial umbilical cord pH <7.00); 2. persistence of an
Apgar score of 0-3 for longer than 5 min; 3. clinical neurologic sequelae (e.g. seizures,
coma, hypotonia or Hypoxic Ischemic Encephalopathy (HIE)) in the immediate
neonatal period; and 4. evidence of multiorgan failure (e.g. cardiovascular,
gastrointestinal, hematological, pulmonary or renal) in the immediate neonatal period.
They conclude that a neonate only suffers from perinatal hypoxia-ischemia when all
the four characteristics are present, and in that case one must be aware of a possible
long term neurologic deficit. Since Apgar scores are quite subjective measurements,
and not all of the above mentioned four characteristics of perinatal hypoxia-ischemia
are immediately present at birth, we used the following three criteria to ascertain
severe perinatal hypoxia-ischemia in our studies: /. fetal distress (abnormal heart rate
pattern and/or meconium stained amniotic fluid); 2. arterial cord or first pH of less
than 7.00; and 3. need for immediate neonatal ventilation with mask or endotracheal
tube for more than 2 min.

1.3 Etiology

Although there are a number of situations during pregnancy, labor, or delivery in
which perinatal hypoxia-ischemia may be anticipated, there is still a percentage of
neonates who present with unexpected hypoxia-ischemia upon birth. It has been
suggested that in these neonates some unrecognized events during pregnancy may
have occurred, leading to subsequent presentation of hypoxia-ischemia at birth?.
With the recognition from several experimental studies that much of the hypoxic-
ischemic injury evolves affer cessation of the insult, and that it can be interrupted to a
considerable extent by several therapeutic approaches (see paragraph 1.5.4 and 1.8),
the ultimate possibility of recognition of hypoxia-ischemia both in utero and
immediately after birth is desirable for early therapeutic intervention. Presently there
are several recognized factors which may place the neonate at high risk for perinatal

By r impaired placental gas exchange ( in front lying placenta,

hypoxia-ischemia
placental abruption or insufficiency); 2. interruption of the umbilical circulation
(umbilical cord prolapse, knot or compression); 3. risk factors during delivery (breech

or other abnormal presentation, non elective cesarean section, sedative drugs given
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shortly before delivery); 4. maternal risk factors (elderly primigravida (>35), diabetes,
previous neonatal death, prolonged rupture of membranes, blood type or group
isoimmunization); 5. fetal risk factors (premature delivery, multiple births, abnormal
fetal heart rate pattern, meconium stained amniotic fluid, intrauterine growth
retardation, congenital malformation); 6. inadequate perfusion of maternal side of the
placenta (toxemia of pregnancy, hyper- or hypotension from any cause, abnormal
uterine contractions); 7. impaired maternal oxygenation (cardiopulmonary disease,
anemia); and 8. failure to accomplish lung inflation (surfactant deficiency,
neuromuscular disease, severe hernia diafragmatica).

14 Long term outcome following perinatal hypoxia-ischemia

It is now generally accepted that severe perinatal hypoxia-ischemia, sufficient to result
in an adverse long term outcome with permanent neurological damage, practically
always produces signs of neurological dysfunction during the neonatal period(m. The
most useful early predictors correlating with subsequent long term neurological
outcome form a constellation of signs commonly called hypoxic-ischemic-
encephalopathy (HIE)"*'Y. Generally, the neonatal encephalopathy associated with
perinatal hypoxia-ischemia has been described in three stages by Sarnat"* (see table
1.1). Peliowski and Finer*” have described significant relationships between each of
the three stages of HIE and an adverse long-term outcome, drawing on the results of
five different studies. They found that the overall risk of death with all stages of HIE
combined was 12.5%, the overall risk of neurologic handicap was 14.3%, and
handicap including deaths 25%. Robertson et al."® found that the prognostic value of
the stage of encephalopathy is greatest when the neurologic examination of the neonate
is staged according to the most severe signs, and subsequently the most severe stage of
encephalopathy, categorized between 1 hour and 7 days of life, is used to relate to
outcome. According to this staging procedure, all the infants in Sarnat stage 1 (mild
neonatal encephalopathy), with or without clinical convulsions, had a normal outcome
at the age of 3.5 and 8 years(16’l7), which indicates that the long term prognosis for
infants with a Sarnat stage 1 encephalopathy is good. Neonates with Sarnat stage 2
(moderate neonatal encephalopathy) suffer often from parasagittal injury, with damage
at the “watershed” zone of arterial supply between the anterior and middle cerebral
arteries. This correlates well with shoulder girdle and proximal upper extremity
hypotonia, which is often seen in neonates with Sarnat stage 21 About 20% of these
infants had an adverse outcome: 5% died and 15% was disabled at the age of g7,
Those with prolonged symptoms were the most likely to become disabled.
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Symptoms Stage 1. Stage 2. Stage 3.

Mild Encephalopathy Moderate Encephalopathy| Severe Encephalopathy
Level of consciousness | hyperalert lethargic or obtunded | stuporous
Neuromuscular control
- muscle tone normal mild hypotonia flaccid
- posture mild distal flexion strong distal flexion intermittent

decerebration

- stretch reflexes overactive overactive decreased or absent
- myoclonus present present absent
Complex reflexes
- suck reflex weak weak or absent absent
- Moro reflex strong; low threshold | weak; incomplete absent
high threshold
- oculovestibular reflex | normal overactive weak/absent
- tonic neck reflex slight strong absent
Autonomic function generalized generalized both systems
sympathetic parasympathetic depressed
- pupils midriasis miosis variable; unequal
poor light response
- heart rate tachycardia bradycardia variable
- bronchial and salivary | sparse profuse variable
secretions
- gastrointestinal normal or decreased increased, diarrhea variable
motility
Seizures none common; focal uncommon,
or multifocal decerebrated
Electroencephalogram | normal (awake) early: low voltage, early: periodic pattern
findings delta and theta with isopotential
later: periodic pattern | phases
Seizures: focal 1 to later: totally
1.5 Hz, spike and wave | isopotential
Duration < 24 hours 2 to 14 days hours to weeks
Table 1.1 Scoring of neonatal encephalopathy according to Sarnat'®
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The nonimpaired survivors of Sarnat stage 2 had a significantly lower intelligence
score, and were more likely to be more than one grade level delayed compared to
children from a peer group at the age of 8", Sarnat stage 3 (severe neonatal
encephalopathy) has the worst prognosis. All children categorized in this stage
appeared to have an adverse outcome: 82% died and all survivors (i.e. 18%) were
disabled at the age of 8"'”. Widespread cortical and subcortical infarcts in the
parasagittal region and white matter have been reported in these children, which may
be related to hypoperfusion as well as massive necrosis'"”. Children who have had
stage 3 neonatal encephalopathy often suffer from multiple disabilities such as spastic
cerebral palsy, mental retardation, cortical blindness, severe hearing loss and
convulsive disorders"”. Such multiple disabled children usually remain dependently
handicapped for - the rest of their life, and generally have a shortened life

expectancy'®'7.
1.5 General pathophysiology of perinatal hypoxia-ischemia
1.5.1 Introduction

For many years the cited mechanisms for neuronal cell death occurring with hypoxia-
ischemia were that a deficiency of high energy phosphates resulted in an impaired
synthesis of structural components making it impossible for the neuronal cell
membrane to maintain electrical stability, resulting in incompetence to maintain
cellular integrity with subsequent cell death. It is now clear that this explanation is
oversimplified. Several experimental animal models of hypoxic-ischemic injury have
demonstrated that, although brain damage starts during the hypoxia-ischemia, it
increases during post hypoxic-ischemic recovery(lx’lg’zo’zl). The metabolic perturbations
arising in the recovery period after resuscitation contribute substantially to the nature
and extent of the neuronal destruction. The term "reperfusion-injury"” is often applied
to describe the brain damage that evolves after the primary insult per sel1819:2021)
However, it is likely that the initial decrease in high energy phosphates and the
persistence of a certain extent of energy depletion in the post insult period, are capable
of triggering a cascade of additional deleterious events affer the primary insult which
may ultimately lead to neuronal cell death.

1.5.2 Mechanisms of cell death during the actual hypoxic-ischemic insult

Neuronal cell death occurring with hypoxia-ischemia is explained by a sharply
decreased production of intracellular high energy phosphate compounds such as
phosphocreatinine and adenosine triphosphate (ATP), leading to severe energy
failure"”. During hypoxia-ischemia, only glucose is capable of sustaining energy
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metabolism in the brain to a certain extent. All alternative substrates, including keton
bodies, lactate and fatty- and amino- acids, require oxygen for their consumption in
order to produce energy-equivalents. Under anaerobic conditions however, glucose is
able to generate only 2 molecules of ATP per molecule of glucose in contrast to the
generation of 36 molecules of ATP per molecule of glucose during oxidative
phosphorylation, when oxygen is available™”. To produce the amount of ATP
equivalent to that of oxidative phosphorylation, glycolysis would need to increase to a
rate 18 times its basal flux. In reality, glycolysis, even when maximally stimulated by
total cerebral ischemia, is capable of increasing only 4- to 5- fold, partially owing to
the concurrent accumulation of hydrogen ions"”. A lowered pH due to high levels of
anaerobic glycolytic activity has been shown to lead to an impairment of oxidative
ATP generation(zz). Although stimulation of glycolysis can supplement oxidative
phosphorylation under conditions of partial oxygen debt, it can never completely

substitute for mitochondrial oxidative phosphorylation.

1.5.3 Mechanisms of cell death during post hypoxic-ischemic reperfusion

Investigations have been shown that hypoxia-ischemia sets in motion a cascade of
biochemical alterations initiated during the course of the insult, which are proceeding
well into the recovery period“g). All of these processes occur at a low level during the
actual hypoxic-ischemic insult, but are enhanced during post hypoxic-ischemic
reoxygenation(23’24), when oxygen becomes suddenly available. Aggravation of the
initial brain damage then occurs due to membrane depolarization, increases in
cytosolic calcium and accumulation of extracellular glutamate(lg’w’zo’Zl). The actual
hypoxic-ischemic insult will lead to a failure of the ATP-dependent Na* K*-pump
followed by inability of the neuronal cell membrane to maintain electrical stability,
resulting in membrane depolarization and influxes of Na* and Ca2?* jons. The Na*-
influx is accompanied by a passive osmotic entry of water and Cl- ions leading to
subsequent cell swelling, which is described as cytotoxic edema. This swelling of the
cells may further compromise the microcirculation and, if excessive, lead to cell
lysis(zo). The increase in cytosolic calcium occurs as a consequence of at least three
mechanisms!'®: 7. the above mentioned failure of the diverse energy dependent Ca2*-
pump mechanisms, normally operating to maintain a low intracellular Ca2*-
concentration; 2. opening of the voltage dependent CaZ*-channels (secondary to
membrane depolarization); and 3. activation of specific glutamate receptors (see
paragraph 1.7.3). The increase in extracellular glutamate results from: a. excessive
glutamate release (secondary to membrane depolarization and to increased intracellular
Ca2*); and b. failure of energy-dependent glutamate uptake mechanisms in astrocytes
and presynaptic nerve endings (see paragraph 1.7.3.4). Other processes at cellular level
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leading to secondary damage are apoptosis (programmed cell death) due to deprivation
of growth factors and the activity of inflammatory cells®?". Recent studies suggest
that the activity of inflammatory cells such as macrophages may cause reperfusion
injury by producing the excitatory amino acid glutamate(zs), hydrogen peroxide(26), and

glial cytotoxins®”.

1.5.3.1  Effects of increased cytosolic calcium

The deleterious effects of an increased cytosolic Ca2*-concentration are numerous
AEBS0N. 1 degradation of cellular lipids by activation of phospholipases, in particular
phospholipase C, which promotes a progressive breakdown in the phospholipid
components of the cellular- and subcellular membranes; 2. degradation of cellular
proteins (especially cytoskeletal elements) by activation of proteases; 3. attack of
cellular DNA by activation of nucleases; 4. crucial indirect mechanisms of destruction
mediated by the generation of reactive oxygen species via the formation of nitric
oxide, prostaglandins and possibly xanthine oxidase. Finally, high concentrations of
intracellular free Ca2* can lead to an uncoupling of the oxidative phosphorylation
within the mitochondria: by the utilization of ATP by ATP-dependent CaZ*-transport
systems, attempting to correct the cytosolic Ca2*-accumulation, the ATP-reserves are
further depleted which perpetuates the process.

(1,18

1.5.3.2  Effects of the production of reactive oxygen species

The role of reactive oxygen species, including nitric oxide, in post hypoxic-ischemic
reperfusion injury has now been well established®212230,31.3233.34.353637.28)  geveral
studies of hypoxia-ischemia in the newborn lamb and the immature rat have been
shown a brain protective effect of treatment with reactive oxygen species scavengers
or drugs inhibiting the formation of reactive oxygen species, which suggests that

reactive oxygen species may worsen outcome after hypoxic-ischemic injury.

The first source of the production of reactive oxygen species is the mitochondrial
electron transport system. Oxygen deprivation prevents the complete passage of
electrons in the electron transport system to the terminal enzyme cytochrome c
oxidase, leading to the generation of reactive oxygen species proximal to this terminal
enzyme. These reactive oxygen species can not be further consumed within the
mitochondria and "leak" out into the cytoplasm. The following four processes of
reactive oxygen species production are directly or indirectly related to cytosolic
calcium: /. the enzymatic conversion of arachidonic acid (generated by Ca2*-activated
phospholipase Aj) to prostaglandins, leukotrienes and tromboxanes by the enzymes

cyclo- and lipo- oxygenase ©8. 2 the auto-oxidation of Ca2*-mediated release of
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catecholamines; 3. the Ca2*-mediated production of nitric oxide, which may lead to the
formation of the highly toxic radicals peroxinitrite and hydroxyl radical (see paragraph
1.7.3.8); and 4. the metabolization of the ATP degradation product hypoxanthine by
Ca2*-activated xanthine oxidase to xanthine and uric acid, leading to the formation of
the reactive oxygen species superoxide and hydrogen peroxide, which subsequently
can react to form the highly toxic hydroxyl radical (see paragraph 1.7.2.1), although
this issue is much in debate. Finally, recent data suggest that early reactive cells at the
site of the insult or in the cerebral microcirculation, e.g. macrophages, microglia and
neutrophils, are potent sources of reactive oxygen species(20‘21’25’26). Extracellular
formation of superoxide by neutrophils and macrophages has long been recognized as
a bactericidal mechanism. Similar oxidative activity has been observed in microglia.
Furthermore, following severe injuries involving additionally a breakdown of the
blood-brain barrier, invasion of inflammatory cells such as neutrophils and
macrophages occurs, which may lead to subsequent plugging of capillaries (see
paragraph 1.6.2.4) and diffusion of inflammatory cells to brain cells. The further role
of reactive oxygen species in post hypoxic-ischemic reperfusion injury will be
discussed in paragraph 1.7.

1.5.4 Late events after perinatal hypoxia-ischemia

Some 6 to 12 hours after the primary insult, a second and more prolonged (12 to 48
hours) period of edema may occur and the cerebral metabolism may again become
disrupted. This phenomenon has been associated with neuronal hyperexcitability,
which may be accompanied by clinical seizures and caused by an accumulation of
cytotoxins(24’39). At this time a number of major changes in neuronal and glial
expression may become apparent. Microglial cells and astrocytes may become
activated and express an inducible form of nitric oxide synthase (see paragraph
1.7.3.2)(40’4”. Recent studies suggest that this activation may play a central role as
inhibition of activation of microglial cells and astrocytes before this phase of neuronal
hyperexcitability has been shown to have a profound positive effect on the progression

of the neuronal loss*?.

1.5.5 Repair processes after perinatal hypoxia-ischemia

As the hyperexcitability phase resolves between about 36 to 72 hours, a marked
induction of neurotrophic factors can be observed. These appear to be endogenously
protective and may also play a role in a slower repair recovery process. The insulin-
like growth factor 1 (IGF-1) is potentially neurotrophic, and early administration of
IGF-1 after hypoxic-ischemic injury has been shown to be neuroprotective“”.
Similarly, administration of fibroblast growth factor (FGF)*Y can improve outcome
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when given after injury, demonstrating the importance of trophic factors. As apoptosis
(programmed cell death) normally occurs in neurons that are cut off from trophic
support (e.g. nerve growth factor (NGF)-producing neurons or ciliary neurotrophic
factor producing motor endplates), it is tempting to speculate that additional trophic
support provided by IGF may overcome the inappropriate activation of the
programmed cell death cascade.

1.6 Hemodynamic pathophysiology

1.6.1 General physiology

1.6.1.1  Coupling of cerebral blood flow and metabolism

Several studies have demonstrated a tight coupling of cerebral blood flow with
cerebral function and metabolism*****”. This coupling appears to be mediated by
regulation of cerebral blood flow by one or more local vasoactive chemical
components. Although nitric oxide (discussed in paragraph 1.7.3) is an important
vasodilator, there are conflicting reports concerning the role of nitric oxide in cerebral
autoregulation and in coupling of cerebral blood flow with cerebral function and
metabolism*84%7%3152) Important vasoactive species of the brain are: H*-ions, K*-
ions, adenosine, prostaglandins, perivascular osmolarity and Ca?*. An increase of the
perivascular H*-concentration ( i.e., a decrease of the tissue pH due to an increased
neuronal metabolic activity or an increased anaerobic glycolysis), will result in
arteriolar vasodilatation and thereby increase the blood supply. The vasodilating effect
of CO; may also be mediated by an increased concentration of perivascular H*-ions*?.
K*-ions have been shown vasodilating, as well