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Abstract  

There is compelling evidence that 72 h of moderate hypothermia initiated within 2 to 6 h after 

hypoxia-ischemia can protect against brain injury, disability and death in term newborn 

infants. Currently, there is no clinical treatment for hypoxic-ischemic encephalopathy for 

preterm infants. With the worldwide rates of preterm birth steadily increasing, there is much 

interest in using therapeutic hypothermia to treat preterm hypoxic-ischemic encephalopathy. 

The goal of this thesis was to investigate the effects and window of opportunity of therapeutic 

hypothermia on the brain and physiology after asphyxia in preterm fetal sheep. 

My first study showed that 68.5 h of selective head cooling, initiated 90 min after asphyxia, 

protected oligodendrocytes in the white matter (WM) and subventricular zone (SVZ) of the 

preterm fetal sheep brain at 3 days recovery from 25 min of umbilical cord occlusion. Overall 

proliferation of cells was not reduced by hypothermia in the WM or SVZ. The remainder of 

the studies focused on the use of 72 h of whole body hypothermia, and assessed effects at 7 

days recovery from asphyxia. Two hypothermia protocols were examined, a 30 min onset 

after asphyxia protocol, and a clinically relevant, 5 h after asphyxia protocol.  

Whole body hypothermia was associated with mild bradycardia, mild changes in blood 

pressure and carotid blood flow and transitory suppression of EEG power. All physiological 

variables resolved to sham values by 96 h after asphyxia. Delayed hypothermia was 

associated with slower improvement of spectral edge frequency and EEG power than early 

onset hypothermia. The window of opportunity for SVZ protection was less than 5 h, with 

significant improvement in numbers of oligodendrocytes after only early onset but not 

delayed hypothermia. In contrast, there was no significant improvement in number of 

oligodendrocytes in the white matter tracts, with either early or late cooling. This was 

associated with reduced proliferation in the white matter, and no induction of microglia and 

caspase 3, which suggests that lack of replenishment of oligodendrocytes may have 

contributed to persistent reduction in numbers of oligodendrocytes after therapeutic 

hypothermia. 

Overall the studies in this thesis suggest that the window of opportunity for brain protection 

in the preterm infant is less than 5 hours and that synergistic treatment may be required to 

protect the WM after hypoxic-ischemic insults.    
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Chapter 1. Introduction. 

 

1.1. Preterm situation report.  

Infants born prematurely, before 37 weeks gestation, account for 75% of perinatal mortality 

and are forty times more likely to die in the neonatal period than term-born infants (Harding 

& Bocking, 2001). The rates of preterm birth are steadily increasing. In the US the preterm 

birth rate was 9.5% in 1981 and has increased 30% to 12.5% as of July 2006 (2006; Butler, 

2006). In New Zealand the singleton preterm birth rate increased 37.2% from 4.3% in 1980 to 

5.9 in 1999 (Craig et al., 2002). The latest estimate of preterm birth in New Zealand is 7.4% 

of all live births (personal communication). Preterm births can be further classified into four 

sub-categories where 5% are of extreme prematurity (less than 28 weeks), 15% are of severe 

prematurity (28-31 weeks), and 20 are of moderate prematurity (32-33 weeks) and 60-70% 

are of near-term or mild prematurity (34-36 weeks) (Moutquin, 2003; Goldenberg et al., 

2008). 

Compared with their term-born counterparts preterm infants have higher reported rates of 

temperature instability, apnoea, hypoglycaemia, seizures, jaundice, kernicterus, feeding 

difficulties, periventricular leucomalacia (PVL) respiratory distress and further 

hospitalisations among other complications (Wang et al., 2004; Escobar et al., 2006; Raju, 

2006; Saigal & Doyle, 2008). Generally, the more premature the infant the longer the stay 

required in a neonatal intensive care unit (NICU). Despite the complications the survival of 

preterm infants has increased, largely as a result of improved NICU care (Volpe, 2001b).  

Preterm infants have a critical impact on economies and social factors. The US Institute of 

Medicine (IOM) calculated the societal economic burden at $26.2 billion in 2005, which per 

preterm infant is $51,600. This economic impact coupled with the physical, emotional and 

psychological toll exerted on families makes premature birth a costly scenario (Taylor et al., 

2001; 2006; Butler, 2006; Saigal & Doyle, 2008). Critically having survived possible 

complications and the ever increasing standard of neonatal care and treatment, a normal 

outcome and development is not guaranteed.  

1.1.1 Neurodevelopmental sequelae of preterm birth 

In 2002 a meta-analysis of preterm cognitive and behavioural data from 16 studies published 
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between 1980 and 2001 was conducted (Bhutta et al., 2002). This analysis examined a wide 

range of birth ages, 25-37 weeks, and evaluation ages, 5 years to 14 years. Preterm-born 

children were on average 10.9 cognitive points below that of term-born infants, with scores 

proportional to birth weight (R2=0.51) and gestational age (R2=0.49). Preterm-born children 

also had a relative risk (RR) of 2.64 for developing attention deficit hyperactive disorder 

(ADHD). An attempt by the authors was made to exclude data of severe neurological and 

cognitive disability, but at their own admission the precise definitions of these terms were 

varied (Bhutta et al., 2002). Caravale et al. (2005) studied thirty preterm-born (30-34 weeks) 

3-4 year old children who were without neurological disabilities or auditory or visual deficits. 

They found that these “low risk” “intellectually normal” preterm-born children had 

significantly lower scores compared to the control group in tests of intelligence quotient (IQ), 

visual-motor integration, visual perception, spatial short-term memory, sustained attention 

and picture vocabulary (Caravale et al., 2005). Isaacs et al. (2004) have shown that preterm 

infants born before 30 weeks are at risk of IQ decline from childhood to adolescence (Isaacs 

et al., 2004). They studied normal, no neuromotor or neurosensory impairment, preterm-born 

children at 7.5-8 years of age and again at a mean of 15 years 3 months. There was a 

significant decline in performance IQ (PIQ) and verbal IQ (VIQ) over time (Caravale et al., 

2005).  

Linnet et al. (2006) showed that children born at less than 34 weeks had RR of 2.7 of 

developing a hyperkinetic disorder (the clinical correlate of ADHD combined type), and 

children born between 34-36 weeks had a RR of 1.7 (Linnet et al., 2006). In addition to 

ADHD preterm-born children have also been shown to have significantly more behavioural 

problems including; shyness, unassertiveness, withdrawn behaviour, anxiety, depression, 

poor attention span and social skill deficits (Botting et al., 1997; Bhutta et al., 2002; 2006; 

Saigal & Doyle, 2008; Hayes & Sharif, 2009). A study conducted here in NZ in 2009 showed 

that extremely preterm and very preterm (28-33 weeks in this study) born infants at 4 years of 

age had increased risk of cerebral palsy, language delay, emotional and behavioural 

adjustment problems and were three times more likely to have multiple impairments 

(Woodward et al., 2009). The authors raise a critical point, in that this and other studies raise 

serious concerns about the readiness of preterm-born children to cope with an environment 

that is cognitively and behaviourally challenging and stressful, i.e. school. 

Recently, a meta-analysis of preterm infants born before week 33 showed that preterm-born 

children and adolescents have lower scores in mathematics, reading, and spelling 
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(Aarnoudse-Moens et al., 2009). Executive function tests revealed that preterm-born subjects 

have lower scores on verbal fluency, working memory and cognitive flexibility. As age at 

assessment did not significantly contribute to effect sizes in the studies it was concluded that 

“disadvantage in academic achievement, behavioural sequelae, and neurocognitive function, 

at least for the age range studied (5.0-22.3 years), remains stable during development and 

persists into young adulthood” (Aarnoudse-Moens et al., 2009).    

In summation, the neurodevelopmental sequelae of preterm birth is numerous and varied 

around the central theme of delay and disorder. There is a negative relationship between 

gestational age and birth weight and outcomes, i.e. earlier and lighter birth leads to greater 

delay and disorder (Bhutta et al., 2002; Aylward, 2005). Furthermore, the 

neurodevelopmental abnormalities persist in-to young adulthood and beyond (Aarnoudse-

Moens et al., 2009; Allin, 2009). Having outlined the sequelae of preterm birth I will now 

review the attempt to find the underlying neurobiological damage responsible for delay and 

disorder.    

1.2. Neurobiological basis of neurodevelopmental outcomes.  

The neurobehavioral sequelae of preterm birth have been described as one of the major 

paediatric public health issues of the present time (Ment et al., 2006; Ment & Constable, 

2007). Thus, much attention has been focused on the neurobiological basis of 

abnormal/poorer outcomes in preterm-born infants, children, adolescent teens and young 

adults, and fully matured adults (Ment & Constable, 2007). Modern imaging techniques 

including, magnetic resonance imaging (MRI), functional MRI (fMRI) and modalities of 

these techniques such as diffusion tensor imaging (DTI) and voxel based morphometry 

(VBM), have been most successful in identifying key abnormalities and differences in 

preterm-born brains compared to term-born brains.  

At term equivalent age (TEA) preterm-born infants have been found to have reduced cortical 

surface area and complexity, reduced cortical and deep nuclear grey matter (GM) volumes, 

increased cerebral spinal fluid volumes (CSF), decreased white matter (WM) volumes both 

myelinated and unmyelinated, ventriculomegaly (enlarged ventricles), and reduced cerebellar 

volumes (Ajayi-Obe et al., 2000; Inder et al., 2005; Miller et al., 2005b; Kapellou et al., 

2006; Ment & Constable, 2007). Mewes et al. (2006) studied 23 preterm infants specifically 

who were without MRI visible damage, and found that myelinated and unmyelinated white 
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matter was decreased. Interestingly, the authors did not find decreases in GM volumes 

(Mewes et al., 2006). Indeed, Inder et al. (1999) and others have found that GM 

abnormalities and GM volume reductions are often associated with WM injury including the 

non-cystic diffuse WM injury often associated with preterm birth (Inder et al., 1999; Inder et 

al., 2003b; Back & Rivkees, 2004). Boardman et al. (2006) used deformation based 

morphometry (DBM) MRI analysis on 62 preterm-born infants and found that, compared to 

controls, the thalamic and lentiform nuclei volumes were decreased, and that earlier birth was 

associated with a higher probability of reduced GM volumes (Boardman et al., 2006). Again 

in this study those infants with diffuse white matter injury also had reduced GM volumes and 

those who didn’t had normal GM volumes (Boardman et al., 2006). This finding has been 

recently replicated on a 3 Tesla MRI (Srinivasan et al., 2007). 

Studies in preterm-born children and adolescents have found similar results to those 

conducted at TEA (Ment & Constable, 2007). Counsell et al. (2008) studied 33 preterm 

infants with MRI at 25.5 months and found microstructual abnormalities in the white matter 

regions, thinning of the corpus callosum and ventricular dilation (Counsell et al., 2008). 

Peterson et al. (2000) studied twenty five 8 year old preterm-born subjects with MRI and 

found that, compared to controls, cortical volumes in the sensorimotor, premotor, mid-

temporal, parieto-occipital and subgenual were significantly smaller. Structures such as the 

amygdala and hippocampus were affected and WM volume in the corpus callosum was also 

reduced (Peterson et al., 2000). Kesler et al. (2004) studied 73 preterm subjects at an age 

range of 7.3-14 years. The authors found reduced cerebral volume in GM and WM measures. 

Interestingly parietal lobe and frontal lobe GM was increased compared to term-born 

controls, whereas temporal lobe GM was reduced. Enlarged ventricles and reduced 

subcortical GM was also observed (Kesler et al., 2004). Nagy et al. (2003) used DTI to 

investigate the white matter of 182 11 year old preterm-born children. Compared to controls 

preterm-born children had less white matter integrity (lower fractional anisotropy, FA, 

measures) in the posterior corpus callosum and in the internal capsule regions (Nagy et al., 

2003).  

Recently, Ment et al. (2009) conducted a longitudinal study of 55 preterm-born infants, and 

used MRI to scan their brains at ages 8 and 12. The authors found that preterm GM volume 

did not decrease as much as controls over time (Ment et al., 2009). However, WM volumes 

increased by only 38% of that of term-born controls over time. Cerebellar volumes increased 

only half of that of controls, and even after controlling for all sources of skewness due to 
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injury or special school service requirements, all results remained significant (Ment et al., 

2009). Teenagers have also been found to have WM and GM disturbances similar to the 

childhood findings (Stewart et al., 1999; Gimenez et al., 2006b; Ment & Constable, 2007). 

Adults have also been shown to have WM disturbances in the corpus callosum, increased 

ventricular volume, increased ration of GM to WM, and abnormal patterns of distribution of 

GM and WM despite normal volumes (Allin et al., 2004; Fearon et al., 2004; Kontis et al., 

2009). 

1.2.1 Neuropsychological associations with abnormal neuroanatomy 

Having discovered neuroanotomical abnormalities, studies have been conducted that examine 

the relationship of these abnormalities with various neuropsychological and functional 

outcomes (Aylward, 2005; Ment & Constable, 2007). Rose et al. (2009) studied 78 preterm 

children at 18 months of age and administered a variety of psychological tests designed for 

children at this age (e.g. the Bayley Scales of Infant Development II, BSID II.). They found 

that children who had abnormal scores had more abnormalities on MRI, lower FA in the 

splenium and internal capsule regions, and specifically right posterior limb of the internal 

capsule FA values correlated with psychomotor index scores (Rose et al., 2009). Miller et al. 

(2005) studied 89 preterm infants at TEA and 18 months and found that abnormal outcome, 

as measured by BSID II and neurological exam, was associated with ventriculomegaly, 

severity of WM injury at TEA and abnormal MRI’s at both time points (Miller et al., 2005b). 

Counsell et al. (2008) found that neuroassessment scores correlated with local white matter 

microstructure at 2 years of age. They used an assessment method that gave them a 

developmental quotient, DQ, and subscale assessing various skills. They found that DQ was 

correlated with FA in the corpus callosum, performance subcore correlated with FA in the 

corpus callosum and right cingulum, eye-hand co-ordination to FA in cingulum, fornix, 

anterior commisure, corpus callosum and right uncinate fasciculus (Counsell et al., 2008).  

Disrupted cerebellar development has been associated with poor scores in motor and mental 

development in 2 year old preterm-born infants (Messerschmidt et al., 2005). Beauchamp et 

al. (2008) studied 156 preterm-born children and used MRI to scan their brains at TEA, and 

administered a task known to be a measure of working memory in very young children. They 

found that children who had working memory deficits had smaller hippocampi (Beauchamp 

et al., 2008). This finding has also been extended to include an association with Mental 

Development Index (MDI) scores (Thompson et al., 2008). A study of 6 year olds found that 
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abnormal WM appearance on a variant of MRI at TEA correlated with verbal performance 

and full-scale developmental quotients (Iwata et al., 2007). At age 8 the volumes of 

sensorimotor and midtemporal cortices were correlated with full-scale, verbal, and 

performance IQ scores (Peterson et al., 2000).  

At 14 years of age performance IQ has been correlated with total WM volume (Soria-Pastor 

et al., 2008). Gimenez et al. (2006) studied verbal fluency in 30 preterm-born 14-16 year 

olds, and found that the lower the thalamic volume the poorer the verbal fluency in preterm- 

born subjects. There were multiple and divergent involvement of different thalamic nuclei 

volume reductions in semantic and phonetic fluency impairments in the preterm group 

(Gimenez et al., 2006a). Hyperactivity scores in preterm-born 14-15 years of age have been 

shown to correlate with reduced caudate nucleus volumes (Nosarti et al., 2005). Lastly, in 

adulthood WM abnormalities have been associated with lower IQ (Kontis et al., 2009). 

Before summarising, a relatively new area of research that has shed more light on long-term 

changes in the brains of preterm-born subjects will be addressed (Ment & Constable, 2007).   

1.2.2 Altered network connectivity and engagement 

Peterson et al. (2002) published a paper in 2002 that was the first study to show directly in 

vivo, evidence that preterm-born children, 8 years old, engage different neuronal pathways 

for a given task than term-born subjects (Peterson et al., 2002). Specifically, it was found, 

using fMRI, that preterm children processed meaningful speech in the same way term 

children processed meaningless sounds, and the stronger the activation the poorer the scores 

on verbal comprehension scores. Ment et al. (2006) using the same task, studied 12 year old 

preterm subjects and found that the language areas activated in both groups were significantly 

less activated in the preterm group, and that again phonological processing areas were 

engaged preferentially over semantic ones (Ment et al., 2006). Further, preterm subjects 

recruited a different pattern of networks during the phonological testing than the term-born 

controls despite no significant difference in phonological test scores (Ment et al., 2006).  

To study this further Schafer et al. (2009) used a semantic association task, where paired 

words were presented during fMRI and correct response to matched words was measured 

(Schafer et al., 2009). Performance on the task was equal and activation patterns were equal, 

however, the preterm group had activation in the temporal regions connected to sensorimotor 

association area (SMA) that were not seen in term-born children. Task accuracy correlated 

with SMA activation. Critically only in term-born children was activation in the left inferior 
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frontal gyrus functionally connected with activation in the right inferior frontal gyrus and 

medial temporal gyrus. Thus, a frontal lobe connection is present in term-born subjects that is 

either missing or not activated in preterm subjects. This represents a difference in the 

functional connectivity of regions of significant activity during the task, and suggests that 

SMA mediates language connections in the preterm brain. (Schafer et al., 2009).     

In a visual paired associates task Narberhaus et al. (2009) studied 21 preterm born adults and 

found that during encoding, 2 coloured pictures shown and a response as to paring given, 

preterm-born individuals showed increased signal activation in the left caudate nucleus, right 

cuneus and superior parietal lobule and a reduction in right inferior frontal gyrus. During the 

recognition trial the preterm subjects had increased activation in the right cerebellum and 

both anterior cingulated gyri (Narberhaus et al., 2009). This again represents differential 

activation of neuronal populations in the absence of task variation. Other studies have found 

alteration in frontal and striatal regions during letter fluency tasks, and alteration of inhibition 

and attention processing (Lawrence et al., 2009; Nosarti et al., 2009). A recent study by 

Gozzo et al. (2009) in 8 year old children using the auditory language task used by Peterson 

et al. (2000) showed that by using Wernicke’s area as a reference region for connectivity, 

different patterns emerge for preterm-born children. Specifically, stronger connections were 

seen between Wernicke’s area and the right inferior frontal gyrus and supramarginal gyri of 

the inferior parietal lobules, than term-born children (Gozzo et al., 2009).     

1.2.3 Summary and current views of premature brain development, delay and disorder, and 

recovery and compensation 

It is clear from the evidence above that babies born prematurely are at risk of developing an 

abnormality in their neuroanotomical and neurodevelopmental makeup. Further, the 

abnormalities are worse with decreasing gestational age, increasing MRI defined 

injuries/abnormalities and especially the degree of WM injury/abnormalities. The 

developmental trajectory of preterm-born brains is also different from term-born brains, as 

evidenced by the alternate network engagement of preterm brains for a variety of tasks from 

childhood to adulthood. The variation and the severity of impairments reported, likely reflects 

the fact that different injury profiles at different ages impact on the brain and its subsequent 

development in different ways.  

However, it has been shown that over time preterm-born subject performance in language and 

other domains begins to be comparable to term-born subject scores (Scafidi et al., 2009). 
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Further, the brain volumetric differences seen in childhood are not seen in adulthood (Allin et 

al., 2004; Fearon et al., 2004). However differences are still seen, including corpus callosum 

volume reductions, enlarged ventricles and different distributions of GM and WM, i.e. 

increases in some areas and decrease in others (Allin et al., 2004; Fearon et al., 2004; Scafidi 

et al., 2009). Thus, a theoretical framework for long-term changes in the development of a 

preterm brain with and without injury has been proposed. 

It is suggested by many authors that initial GM volume deficits and subsequent poor 

performance on the various administered tests, represents a reduction or disruption in the 

connections between anatomically defined areas (Boardman et al., 2006; Soria-Pastor et al., 

2008; Narberhaus et al., 2009; Nosarti et al., 2009; Schafer et al., 2009). For example 

damage to the hippocampus could disrupt prefrontal cortex development via its thalamic 

connections (Lipska & Weinberger, 2002). Thus a new developmental trajectory is set in 

place by the impact of WM injury and GM injury. From here the resulting long-term 

differences in network engagement and the differential increases in GM in some areas and 

decreases in other areas, can be interpreted in two, in my opinion, overlapping ways.  

Firstly, it has been suggested that the engagement of alternate networks to accomplish a 

language task could represent either a “reserve” or persistence of an immature pattern of 

activation (Gozzo et al., 2009; Scafidi et al., 2009). Specifically, a pattern of increasing 

magnitude of activation in task critical regions, and decreased activation in task non-essential 

regions is seen as a sign of functional neuronal maturation. Young subjects display the 

opposite pattern, an immature pattern (Lawrence et al., 2009). Lawerence et al. (2009) 

suggest that the patterns of activation seen with the task in their study were suggestive of a 

functional neuronal developmental delay (Lawrence et al., 2009). The same conclusion has 

been suggested in other studies using different tasks (Nosarti et al., 2008; Narberhaus et al., 

2009). The increases in GM seen in preterm adolescents and adults have been suggested to 

reflect an immature state of synaptic pruning (Kesler et al., 2004; Gozzo et al., 2009; Ment et 

al., 2009). The brain has not shed the synapses it usually does throughout the normal course 

of development, due to injury and the developmental delay in brain maturation. Thus, the 

theory posits that there is a developmental delay due to injury that gives rise to an immature 

pattern of volumetric and network usage differences.   

Secondly, it has been suggested that the engagement of different networks might represent a 

developmental neural plasticity effect due to injury (Scafidi et al., 2009). The brain may be 
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trying to compensate for injury by re-organising and re-routing information into non-typical 

areas. There is much evidence for neural plasticity based compensation and re-routing from 

adult studies (Bach-y-Rita et al., 1969; Bach, 2004; Doidge, 2007; Gauthier et al., 2008; 

Gauthier et al., 2009). Thus, GM and WM distribution differences may represent the outcome 

of a brain that has a different connectivity to a term-born brain. In my opinion it is likely that 

a multifactorial explanation involving aspects from both theories is likely. However, an 

overall conclusion is that preterm brains are often built to be functional but are less efficient, 

as evidenced on connectivity studies presented in the literature so far (Kontis et al., 2009; 

Scafidi et al., 2009). Future longitudinal studies and studies using even more advanced 

imaging techniques, such as the recently developed diffusion spectrum magnetic resonance 

imaging (DSI) tractography, are needed to probe further into this intriguing difference in 

preterm vs. term brain architecture and development (Wedeen et al., 2008).  

1.3. Asphyxia and hypoxic-ischemic injury in the premature infant.  

Although the causes of preterm brain injury are undoubtedly multifactorial, including 

infection and inflammation, and maternal substance abuse, there is considerable evidence 

available to suggest that perinatal asphyxia and hypoxic-ischemic injury are major 

contributors (Martin, 2006; Barrett et al., 2007; Rees et al., 2008; Stevenson, 2009). 

Asphyxia is defined as progressive hypoxemia and hypercapnia, and the development of 

metabolic acidosis (Stevenson, 2009). Asphyxia can be caused by prolonged umbilical cord 

occlusion, which can cause decreased oxygen content (hypoxia) and lowered perfusion of 

blood through the brain (ischemia) (Volpe, 2001a; Martin, 2006; Stevenson, 2009). 

Asphyxial events can occur acutely or be partial and prolonged (Martin, 2006). The incidence 

of perinatal asphyxia is between 7-9% of all preterm births; however there is yet no way to 

determine the true figure for events that happen in utero, which is suspected to contribute 

heavily towards preterm brain injury (Legido, 2000; Low, 2004; Martin, 2006).   

A very important concept in the understanding of hypoxic-ischemic injury is the fact that the 

injury evolves over time, in discrete phases, with a progression of injurious events (Gunn et 

al., 2005; Gunn & Thoresen, 2006). Figure 1 summarizes the phases and events taking place 

after a hypoxic-ischemic event such as asphyxia (Wyatt, 2002; Gunn et al., 2005; Gunn & 

Thoresen, 2006).  
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Figure 1: Phases and events of a hypoxic‐ischemic injury. 

1.3.1 Pattern of hypoxic-ischemic injury to the preterm brain  

Magnetic resonance imaging studies have shown the pattern of damage that evolves as a 

result of hypoxic-ischemic insults, and that this pattern is unique to preterm infants. 

*HYPOXIC‐ISCHEMIC INSULT* 

Depletion of metabolites 

Hypoxic cell depolarisation  

Cytotoxic edema 

Accumulation of excitatory amino acids 
(EAA’s) 

Primary cell death  

REPERFUSION AND *LATENT PHASE*

Cerebral circulation returns  

Cellular energy metabolism restoration 

EAA’s level off  

Inflammatory response activation, 
cytokine and apoptotic signalling 
begins 

Partial recovery with 
inflammatory responses 

*SECONDARY PHASE*

Seizures  

Secondary Cytotoxic edema 

EAA accumulation 

Mitochondrial activity failure  

Cell death via necrotic and 
apoptotic mechanisms 

Brain injury and alerted neurodevelopmental outcome 

t=0

0.5‐6 h

6‐15 h

Days 



 

 
 

11
 

Asphyxial injury in the preterm infant is characterized by injury to the basal ganglia, thalami, 

hippocampi, cerebellum, corticospinal tracts, brainstem, ventricular enlargement, 

periventricular white matter damage and corpus callosum injury (Barkovich & Truwit, 1990; 

Barkovich & Sargent, 1995; Huang & Castillo, 2008). The abnormalities and damage are 

most pronounced 3-5 days following the insult, coincident with the secondary phase of cell 

death (Huang & Castillo, 2008).  

Although the pattern of injury in term infants is similar to preterms’, term infants often have 

cortical injury and more pronounced sub cortical GM damage than preterm infants 

(Barkovich & Sargent, 1995; Huang & Castillo, 2008). Specifically, there is more scarring 

and damage seen in the basal ganglia and thalami than in preterm infants. Shrinking and 

cavitation of the basal ganglia and thalami are more pronounced in preterm infants 

(Barkovich & Sargent, 1995; Huang & Castillo, 2008). The difference in damage has been 

speculatively put down to the immature myelination and thus inactivity of subcortical and 

cortical areas (Barkovich & Sargent, 1995; Huang & Castillo, 2008). Term infants’ 

myelination has progressed further compared to preterm infants, and thus active thalami and 

basal ganglia regions are more metabolically dependant and more susceptible to deprivation 

and damage (Barkovich & Truwit, 1990; Barkovich & Sargent, 1995; Huang & Castillo, 

2008). Whatever the precise mechanism, it is a fact that one must take into account the 

ontogenic neural timetable and the dynamic nature of developmental events when assessing, 

both acute and chronic, injuries arising in the developing brain. Again, this concept links to 

the concepts iterated in section 1.2.3 on preterm brain network alterations.        

The evolving nature of damage suggests that acute injury is a trigger for a process that can 

cause chronic cell loss and change the course of brain development (Barrett et al., 2007). 

Geddes et al. (2001) subjected P7 (postnatal day 7) rats to 75 min (mild) or 2 h (severe) 

hypoxia in an effort to characterize delayed damage (Geddes et al., 2001). After 2 weeks the 

severe group had cystic infarcts and cerebral atrophy, whereas the mild group had no injury. 

The severe injury remained unchanged through the course of the 8 week study period. The 

mild group showed normal brain growth during the first 2 weeks, however by week 8 the 

groups’ extent of damage “was not different” (Geddes et al., 2001). Thus, an apparently 

inconsequent acute injury can end up having the same injury profile as that of a severe one, a 

finding also seen in other studies and in different paradigms (Geddes et al., 2001; Barrett et 

al., 2007). This begs a question, what is going on, mechanistically, that turns an apparently 

trivial injury into a very serious one?     
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1.4. How does acute injury lead to chronic cell loss? 

Data indicate that the pre-myelinating oligodedrocyte (pre-OL) is particularly susceptible to 

hypoxic-ischemic injury in the preterm infant (Back et al., 2001; Haynes et al., 2003; Back, 

2006; Barrett et al., 2007). The pre-OL is a late oligodedrocyte progenitor that gives rise to 

the immature, and later, the mature myelinating form of oligodedrocyte (Back et al., 2001; 

Back, 2006). Back et al. (2001) studied 26 human autopsy cases and found that the pre-OL is 

the abundant type of oligodedrocyte found during the high risk period for developing PVL 

insults, 23-32 weeks (Back et al., 2001). Haynes et al. (2003) studied 17 human autopsy PVL 

cases and found that pre-OL’s were heavily depleted in these cases (Haynes et al., 2003). 

Animal studies of hypoxic-ischemic injury have also shown a specific risk of pre-OL death 

(Back, 2006; Barrett et al., 2007). Back et al. (2002) used a rat model of hypoxia-ischemia 

and found that there is a maturation-dependant vulnerability of pre-OL’s to injury (Back et 

al., 2002a). The early OL progenitors and the mature OL’s were highly resistant to injury 

independent of the age or location of cells involved in the injury.  

This stage specific cell death response has been confirmed in a preterm sheep model of 

PWMI (Riddle et al., 2006). Riddle et al. (2006) used microspheres to measure cerebral blood 

flow in an attempt to delineate the contribution of ischemia and OL lineage to PWMI. They 

found that the distribution of PVWM damage coincided with the distribution of pre-OL’s 

(Riddle et al., 2006). Thus, pre-OL cell death is widespread in the acute hypoxic-ischemic 

injury. However, there are also long-term consequences of this acute injury. Back et al. 

(2002) in the rat study above also found a reactive response to injury in both the pre-OL and 

immature OL’s. This response was characterized by proliferation, morphological cell changes 

and persisted for at least 7 days (Back et al., 2002a). Further, this reactivity also induced an 

accelerated maturation of OL’s, such that a 1.6 x increase in immature OL’s was seen 

compared to controls at the specified age. Intriguingly, this response is only part of a complex 

reaction that occurs. Segovia et al. (2008) used the same model as that used by Back et al. 

(2002), in their rat study, and this time looked specifically at the diffuse white matter lesions 

characteristic of the PVWI (Segovia et al., 2008). They found that although there was a 

regenerative response to injury as before, there was an arrest in the maturation of pre-OL’s, 

such that the generation of myelin was impaired. When the authors subjected injured animals 

to another episode of hypoxia-ischemia 4 days after the first, they generated a 10 x greater 

pre-OL injury than a single episode.       
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Other studies have also found regenerative responses of pre-OL’s, but there is conflicting 

results in terms of whether a maturation response occurs or not (Back et al., 2002a; Riddle et 

al., 2006; Segovia et al., 2008). Further studies are needed to characterize regional OL 

response to injury in specific injury models. However, hypoxia-ischemia does cause 

depletion of pre-OL cells and has long lasting changes on OL lineage activity. A Recent 

paper by Huang et al. using the same model as Back et al. (2002) studied rats at 72 hr and 44 

days after injury (Huang et al., 2009). At 72 h post-injury, a significant increase in pre OL’s 

was found as in previous studies. At 44 days after injury they used myelin basic protein to 

stain for mature OL’s and found a significant decrease in cell numbers, hypomyelinated 

projection fibres to the cortex and reduced number of connections to the cortex (Huang et al., 

2009). There was also a reduction in CA1 hippocampal neurons. Behavioural analysis using 

the Morris water maze showed increased escape latency and swimming distance compared to 

sham controls, on days 42-45 after injury. These results imply that long-term changes in OL 

lineage production can cause spatial learning and memory deficits in rats.  

1.4.1 Oligodedrocyte loss, reduced brain growth and neurodevelopmental disturbance  

Acute injury to pre-OL’s and disturbances of OL development and hence myelination has 

been shown to occur as a result of hypoxic-ischemic injury and can have long-term 

neurodevelopmental consequences as shown by Huang et al. (2009). Specific studies 

identifying a casual relationship of acute oligodendrocyte loss and chronic GM and 

neurodevelopmental disturbances are lacking. However, there are many indications that OL 

loss is the missing link between acute injury and long-term neurodevelopmental disturbance. 

Firstly, OL’s have been shown to secrete trophic factors that influence the survival and 

function of OL’s (Dai et al., 2003). Secondly, OL’s have been shown to increase synapse 

number and regulate neuronal activity (Allen & Barres, 2005). Furthermore pre-OL’s have 

been found to have synaptic innervations from cortical and subcortical areas (Allen & Barres, 

2005). Signalling from OL’s to neurons has also been shown to direct the assembly of 

subdomains important for action potential propagation (Simons & Trajkovic, 2006). A study 

by Wilkins et al. (2003) has also shown that OL’s promote cortical neuron survival and 

axonal survival (Wilkins et al., 2003).  

Thus, with the destruction and alteration of OL cells there are many potential consequences. 

Death of pre-OL’s could lead to neuronal deprivation of essential trophic and electrical 

communication, and insulation via myelination. These consequences have been shown to 
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cause neuronal cell death, via such mechanisms as withdrawal apoptosis (Goldberg & Barres, 

2000). This can lead to a destructive circular feedback, as neurons have been shown to 

regulate OL proliferation, differentiation and survival (Wilkins et al., 2003). The importance 

of white matter to a number of psychiatric conditions, including depression and 

schizophrenia, where reduced number of cells and/or abnormal gene expression is found, is 

currently a major focus of research efforts (Uranova et al., 2004; Simons & Trajkovic, 2006; 

Barres, 2008; Fields, 2008; Barley et al., 2009). Destruction and alteration of OL cells is a 

possible mechanism of acute cell injury giving rise to chronic cell loss.  

1.4.2 Astrocyte and microglia responses to injury 

Reactive astrocytosis has been show to occur in PVL in preterm infants and in animal models 

of neonatal hypoxia-ischemia (Haynes et al., 2003; Bain et al., 2010; Jarlestedt et al., 2010). 

Astrocytosis results in proliferation and enlargement of astrocytes and occurs in response to 

injury and the release of inflammatory cytokines, such as TGFβ-1 (Sen & Levison, 2006). 

Although astrocytes proliferate, they can also be injured and die as a result of hypoxic 

ischemic insults (Fern, 1998; Sen & Levison, 2006; Sullivan et al., 2010a, b). Further, loss of 

glutamine synthetase, glutamate and ammonia detoxifying enzyme in astrocytes can be lost 

as a result of hypoxic-ischemic insults (Lee 2(Bain et al., 2010; Lee et al., 2010), and 

potentially increase risk of excitotoxic damage after hypoxia-ischemia. Further, the damage 

to astrocytes may compromise the protective role astrocytes have been shown to exert on 

oligodendrocytes via the release of protective factors (Arai & Lo, 2010). Given the evidence 

above it is possible that acute changes in astrocytes may have longer-term effects of neurons 

and may lead to injury in other remote structures. Thus, astrocytes are both victims and 

culprits of injury after hypoxic-ischemic insults, and future studies addressing potential 

therapeutic targets such as glutamine synthetase up-regulation, are underway (Sullivan et al., 

2010a).  

Microglia, the brain’s resident immune cells, react to injury, including ischemia and hypoxia-

ischemia, by changing from a ramified state to an activated amoeboid state (Verney et al., 

2010). Circumstantial evidence suggests that activated microglia may be responsible for 

injury in preterm PVL cases and white matter injury, and in animal models of hypoxia-

ischemia (Haynes et al., 2003; Mallard et al., 2003; Biran et al., 2006; Bennet et al., 2007). 

Microglia were shown to be engulfing pre-OL cells after unilateral focal ischemia in P7 rats 

(Biran et al., 2006). Microglia also release pro-inflammatory cytokines TNF-α, IL-1β, IL-6 
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and IFN-γ (Kaur & Ling, 2009a). An enhanced inflammatory response after hypoxia-

ischemia has been suggested to result in injury to neurons and astrocytes and 

oligodendrocytes via production of nitric oxide and reactive oxidative products. Excitotoxic 

potentiation, via glutamate release and receptor expression has also been implicated as a 

possible mechanism of injury (Back et al., 1998; Heyen et al., 2000; Baud et al., 2004; Li et 

al., 2005; Kaur et al., 2006; Kaur & Ling, 2009b). Suppressing microglia activation using the 

antibiotic minocycline after hypoxic-ischemic insults has been shown to reduce white matter 

injury, However, Carty et al. (2008) showed that despite completely abolishing microglia 

induction, using a low dose minocycline regime, O4+ cell loss was not prevented, immature 

oligodendrocyte cell loss was three-fold less higher than a high dose regime (Lechpammer et 

al., 2008). Further, other studies have shown that minocycline has only transient 

neuroprotective effects that are independent of microglial activation, and one study actually 

showed an increased injury following hypoxia-ischemia in the P7 mouse (Tsuji et al., 2004; 

Fox et al., 2005). Thus, although a role for microglia in acute and chronic hypoxic-ischemic 

injury is likely, the full understanding of the mechanisms of this role remain to be elucidated 

(Deng, 2010).        

1.4.3 Axonal injury and neuronal cell death 

Axonal damage has been shown to occur in both human pathological studies of PVL and in 

animal models of hypoxia-ischemia (Molnar et al., 2003; McCarran & Goldberg, 2007; 

Haynes et al., 2008). Indeed, axonal injury is a key predictor of outcomes in CNS diseases 

(Medana & Esiri, 2003). At the peak risk period of 23-32 weeks for PVWI, the onset of 

myelination has not yet occurred (Back et al., 1998). However, axons have been shown to 

undergo a rapid increase in diameter at this stage (Hildebrand & Waxman, 1984). In rat 

studies of equivalent age, pre-myelin sheaths consisting of pre-OL cells have been shown to 

be the precursor to mature myelin sheath development (Craig et al., 2003). Thus, hypoxic-

ischemic injury to developing axons may occur as a result of the presence of vulnerable pre-

OL cells.  

Neuronal damage can occur as a result of axonal injury (Dikranian et al., 2008; Stone et al., 

2008). In traumatic brain injury and other lesion studies, it has been shown that axonal injury 

and degeneration is often followed by apoptotic cell death in functionally and anatomically 

connected areas (Dikranian et al., 2008; Stone et al., 2008). This cell death is termed input-

deprivation, as neuronal cells either do not receive axonal support or existing support is 
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damaged leading to apoptotic cell death (Hains et al., 2003; Barrett et al., 2007; Dikranian et 

al., 2008; Shindler et al., 2008; Stone et al., 2008). It has also been shown that neurons can 

regulate proliferative and survival cues of OL’s. Thus, injured neurons may cause injury to 

OL’s and axons and a circular feedback of cell death could be initiated as suggested above.  It 

has been hypothesized by some that damage to white matter and axons may lead to the 

reduced volumes and neuroanotomical sequelae as reviewed in section 1.2 (Boardman et al., 

2006; Barrett et al., 2007; Leviton & Gressens, 2007; Haynes et al., 2008).  

A recent study by Stone et al. (2008) combined advanced imaging techniques with histology 

in the P7 rat model of hypoxia-ischemia. They showed at 24 hours after injury, ipsilateral 

hippocampal and cortical damage and reduced FA in these areas (Stone et al., 2008). There 

was loss of white matter tracts emanating from the hippocampus 24 h after injury. 72 h after 

injury there were degenerating cell bodies in the fornix and this injury progressed to near 

complete disruption right through to 35 days after injury. They found delayed degeneration of 

the septal nucleus 2 weeks after injury and injured axons at the border of the fornix and septal 

nucleus. They showed, using an exponential linear decay model, that hippocampal injury is 

rapid and severe, whereas septal volume loss is slowly evolving. FA values also had this 

pattern of decay. Thus, this study shows that acute injury to neurons and especially axons can 

be related to delayed cellular atrophy and slowly evolving injury as reviewed in sections 1.2 

and 1.3. Indeed, such “disconnection” of connected neuronal structures, as a result of white 

matter loss, has been implicated in memory dysfunction in at risk Alzheimer’s diseases 

patients and age-related cognitive decline (O'Sullivan et al., 2001; Stoub et al., 2006).  

1.4.4 Primary grey matter injury can lead to secondary injury 

As outlined in sections 1.2 and 1.3, acute injury of cortical and subcortical GM can occur in 

preterm hypoxia-ischemia. This injury can directly add to long-term apoptosis in distally 

connected neuronal structures (Natale et al., 2002). Natale et al. (2002) gave ten day old mice 

a unilateral occipital cortex aspiration to induce injury. They found apoptotic cell death in the 

dorsal lateral geniculate nucleus in the thalamus 18 h after injury (Natale et al., 2002). This 

retrograde target-deprivation induced death of neurons has also been shown in models of 

traumatic brain injury and hypoxia-ischemia (Northington et al., 2001; Al-Abdulla & Martin, 

2002). Specifically, Northington et al. (2001) used the P7 rat model of hypoxia-ischemia, and 

showed that thalamic neurons with connections to injured cortical areas died delayed 

apoptotic deaths (Northington et al., 2001). 
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The subplate is a transient neuronal structure that peaks in size between 24 to 32 weeks 

gestation in humans. It is located just below the cortex and contains an important transient 

population of neurons, and serves as a waiting zone for thalamocortical and association 

cortical afferents (Volpe, 2009; Deng, 2010). Proper development of motor, visual and 

cognitive function in humans and rodents is dependent on subplate neuron activity (Deng, 

2010). Further, abnormal activity of the cortex and development of seizures can occur after 

subplate neuron ablation (Lein et al., 1999). McQuillen et al. (2003) have shown that 

hypoxia-ischemia in the P1 rat results in significant subplate neuron death and associated 

motor deficits after 3 months recovery (McQuillen et al., 2003). Thus, injury of subplate 

neurons could lead to disturbances of normal brain development and lead to secondary injury 

and/or reorganization of other brain areas (Kostovic & Judas, 2010).  

Neuronal survival requires both electrical activity and support, in the form of neurotrophic 

factors such as nerve growth factor and brain-derived neurotrophic factor (NGF and BDNF) 

(Jacobson et al., 1997; Goldberg & Barres, 2000; Corredor & Goldberg, 2009). In rats active 

cortical-thalamic connections have been documented at a human equivalent age of 24-26 

weeks (Molnar et al., 2003). Thus, disruption to early cortical-subcortical connections could 

lead to a disruption of cell targeting and normal development of cortical networks, possibly 

leading to a combination of cell death and reduced volumes and alerted network generation as 

indicated in section 1.2.  

In summary, there are 3 main potential injurious methods that, as a result of an acute injury 

can lead to delayed cell loss and abnormal neurodevelopment as shown in Figure 2. There is 

undoubtedly a multifactorial nature to any resulting long-term injury, including 

developmental age at the time of acute injury and pattern of injury. However, given the 

overall pattern of injuries and abnormalities seen in section 1.2 it is likely that the 3 

mechanisms shown in Figure 2 are in large part responsible for a chronic loss and its 

consequences as outlined shown in Figure 3.  
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Figure 2: Summary of the 3 mechanisms whereby an acute injury (red X’s) can give rise to delayed cell death.        

 

Figure  3:  The  cell  to  cell  feedback  cycle of death  initiated by  an  acute  insult  leads  to  the  consequences 
reported in section 1.2 of reduced complexity of the brain and white matter disturbances. 
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1.5.  The Subventricular Zone.  

The subventricular zone (SVZ) is a critical area of the brain located adjacent to the lateral 

ventricles on both sides of the brain (Romanko et al., 2004a). The SVZ sits above the 

ventricular zone (VZ), which develops in humans over the first weeks of gestation (Zecevic 

et al., 2005). The SVZ forms above the VZ around 7-8 weeks of gestation. The SVZ is a 

major proliferative zone and is responsible for the substantial development of the cortex in 

the second half of primate gestation (Zecevic et al., 2005).  

While not directly studied in this thesis, other proliferative areas of the developing brain, 

including the dentate gyrus, external granule cell layer and ventricular zone, are also 

important in the growth and development of the normal brain. The ventricular zone, adjacent 

to the ventricles, is present at 5-6 weeks gestation and is responsible for producing cells that 

give rise to all of the cells of the developing CNS (Hayes, 2005; Zecevic et al., 2005). The 

external granule cell layer produces the immense population of granule cells of the 

cerebellum and persists into weeks after birth. The subhilar region of the dentate gyrus 

produces hippocampal granule cells and persists into adulthood. Importantly, being born 

preterm alone does not affect cell proliferation rates from the dentate gyrus or external 

granule cell layer in humans (Abraham et al., 2004). The SVZ is the only other proliferative 

region that persists into adulthood. The SVZ regions peak in size and density at the thirty 

fifth week of gestation in humans and postnatal week one in rats (Romanko et al., 2004b; 

Vawda et al., 2007). Thus, it is a structure that is highly dominant in importance and size 

during the preterm infant’s risk period for hypoxic-ischemic injury. 

Cytoarchitecturally, the SVZ contains a mosaic of small compact round or oval immature cell 

types including, multipotential, bipotential and unipotential stem cells, and progenitor cells in 

different lineage restriction stages (Romanko et al., 2004a; Vawda et al., 2007). Progenitor 

cells migrate from the SVZ to areas such as the cortex and basal ganglia (Curtis et al., 2007). 

The SVZ, therefore, can be thought of as the base from which cells are deployed to form the 

developing adult brain (Barrett et al., 2007).  

1.5.1 The SVZ after hypoxic-ischemic injury  

There is little data available on the human preterm infant SVZ and its characterization after 

hypoxic-ischemic injury (Romanko et al., 2004a). However, postmortem data has shown that 

the SVZ is damaged after severe hypoxia in infants (Takizawa et al., 2006). There is also 
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evidence that damage to the SVZ in infants is associated with adverse neurodevelopmental 

outcomes (Vollmer et al., 2006). Limited large animal data is also sparse, however our group 

has shown in the 0.6 gestation fetal sheep, which is equivalent to the 26-30 week human 

infant, that severe hypoxia causes extensive SVZ cell death (McIntosh et al., 1979; George et 

al., 2004).     

A majority of the available data has been produced from studies on the P7 (postnatal day 7) 

rodent, which, in terms of cortical development, is equivalent to the mildly preterm 34-36 

week human (Romijn et al., 1991). Most studies have utilized the Rice-Vannucci of hypoxia-

ischemia, which involves ligation of the carotid artery and hypoxia (90 min of 8% oxygen) 

(Vannucci & Towfighi, 1999). The injury created results in cortical and subcortical injury in 

the middle cerebral artery (MCA) territory. This differs from the typical human preterm 

injury profile, as described in section 1.2, however valuable information has been gained 

from this model.  

Levison et al. (2001) used the model above and showed, using cell counts, that the SVZ lost 

20% of its cells at 4 h recovery from hypoxia-ischemia (Levison et al., 2001). Further, those 

cells in the SVZ that were not dying were swollen. This initial pattern was retained from 4 h 

to 48 h after the insult. Specifically, there was continued cell loss over this period, such that a 

25% cell loss had been sustained by 48 h. Architecturally, the SVZ appeared disarrayed and 

cellularly sparse. At 3 weeks recovery the SVZ appeared small, disorganized and dispersed 

with the most lateral part being particularly affected. Subcortical white matter was also found 

to be poorly myelinated and showed loss of oligodedrocyte cells compared to controls. 

Importantly, suggesting a link between dysmyelination/oligodedrocyte loss in WM, the dying 

cells in the SVZ were co-labelled with oligodedrocyte progenitors. 

Rothstein et al. (2002) used the same model, but studied earlier time points 0, 2 and 4 h after 

recovery from hypoxia-ischemia (Rothstein & Levison, 2002). In this study the authors 

divided the SVZ into 3 regions, medial, mediolateral and lateral tail. The medial area of the 

SVZ was largely unaffected with few cell deaths but swollen intact cells. The lateral region of 

the SVZ was affected with large numbers of dying and swollen cells, by 4 h the region was 

devoid of cells. A follow up paper by Romanko et al. (2004) studied this regional 

vulnerability further (Romanko et al., 2004b). They used the P7 rat model and studied time 

points ranging from 2-48 h. They found that the peak of cell death in the SVZ was at 12 h and 

that the mediolateral and lateral tail regions were less effected regions. Thus, the medial 
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region appeared resistant as in previous studies mentioned above.  

The authors also characterized the cells vulnerable to injury by labelling progenitors and 

neural stem cells in association with cell death markers. They found that stem cells, located in 

the medial regions, were not co-labelled with death markers, but that progenitor cells, located 

in the lateral regions, were. Thus, it appears that neural stem cells in the medial SVZ are 

resistant to injury whereas progenitor cells in the lateral regions are vulnerable to hypoxic-

ischemic injury. This depletion of progenitors in the SVZ by hypoxic-ischemic insults could 

lead to the adverse neurodevelopmental outcomes, and abnormalities by the mechanisms 

outlined in section 1.3. Neural stem cells may be more resistant to injury due to a supply of 

glycogen granules present in the medial SVZ area, a greater reliance on anaerobic respiration, 

higher levels of anti-apoptotic molecules and an advantageous location to blood vessels 

(Shimizu et al., 1957; Cammermeyer, 1965; Blakemore, 1969; Brazel et al., 2003; Romanko 

et al., 2004a). These factors are not as applicable to progenitors; hence SVZ progenitors 

subjected to the same insult as neural stem cells are less resilient (Brazel et al., 2004).     

In addition to regional vulnerability of the SVZ, there appears to be a maturational 

vulnerability (Brazel et al., 2004). Brazel et al. (2004) used a mouse model of hypoxia-

ischemia and studied P 5, 7 and 10 mice. At the 18 h time point the P5 mouse SVZ appeared 

unaffected with little cell death or visible damage. In contrast the P7 mice had increased cell 

death but a dissimilar injury to a P7 rat, and no loss of cellularity was detected at 18 h 

recovery. The P10 mice had a 16% decrease in cellularity by 18 h recovery and swelling of 

the medial region was evident at 4 h recovery. Again a regional vulnerability was shown with 

the lateral region predominantly affected. Thus, from the evidence hereto presented, there is a 

regional, species, maturational and cellular vulnerability to hypoxic-ischemic injury. Possible 

explanations for a maturational vulnerability include a reduction of anaerobic capacity with 

increasing age and the progressive lineage restriction of stem and progenitor cells (Sylvia et 

al., 1989; Back et al., 1998; Gunn et al., 2001).  

The paradoxical relationship between greater tolerance to hypoxic-ischemic injury in the 

immature brain but greater incidence of clinical injury is intriguing. It is speculated that this 

reflects the fact that injury to an immature brain can have disproportionate effects on long-

term neurodevelopment due to critical events of brain growth taking place (Barrett et al., 

2007). It is also suggested that a capacity to survive longer periods of severe hypoxia may, 

paradoxically, make the premature fetus more at risk for brain damage as a consequence of 
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prolonged hypotension and hypoperfusion (Gunn et al., 2001; George et al., 2004). 

1.5.2 Is the proliferative capacity of the SVZ changed after hypoxic-ischemic injury? 

In light of the SVZ’s capacity for cell generation and proliferation, a key question is whether 

this capacity is alerted as a consequence of hypoxic-ischemic injury? Although severe 

damage to the SVZ is likely to result in irreplaceable cell loss and a diminished capacity for 

cell generation (Levison et al., 2001), evidence has shown that milder injuries can produce an 

increase in both proliferation and cell generation (Barrett et al., 2007).  

Zaidi et al. (2004) showed, using the P7 rat model of hypoxia-ischemia, a significant increase 

in proliferation at 1 week after insult that persisted until three weeks after insult (Zaidi et al., 

2004). The authors used the well established marker BrdU to assess proliferation, which 

incorporates into DNA during the S phase of the cell cycle (Rakic, 2002). Plane et al. (2004) 

used the mouse model of hypoxia-ischemia and showed that after 8 days recovery the SVZ 

was significantly expanded compared to controls (Plane et al., 2004). This increase persisted 

to two weeks recovery where the SVZ was 70% larger than controls. Interestingly, when the 

authors performed a regression analysis of the extent of tissue damage and degree of SVZ 

expansion, a significant inverse linear relationship was found, which has been replicated 

elsewhere (Kim et al., 2008). There was a four-fold increase in BrdU positive cells at 2 

weeks recovery. This significant increase in proliferation from the SVZ has been replicated in 

numerous studies with the increase detected up to at least 3 weeks (Ong et al., 2005; Felling 

et al., 2006; Yang & Levison, 2006).  

Thus, it has been established that there is a proliferative response from the SVZ in response 

to hypoxia-ischemia. Studies have also looked at exactly where in the SVZ this response 

occurs and what cell types are involved. By using double-labelling techniques, Plane et al. 

(2004) showed that there was a significant increase in immature neural progenitor cells (as 

labelled by DCX) at one week after injury (Plane et al., 2004). Ong et al. (2004) found a 

significant increase in BrdU+ DCX+ cells from one to three weeks after recovery (Ong et al., 

2005). Using a marker of progenitor cells (Nestin) Yang et al. (2006) showed that the SVZ 

had an increase in progenitor cells 1 week after injury. Felling et al. (2006) found that at 48 h 

recovery from hypoxia-ischemia, there was a two-fold increase in proliferating progenitor 

cells (Ong et al., 2005; Felling et al., 2006; Yang & Levison, 2006). Importantly the early 

increase in Nestin+ cells in the SVZ was located in the medial part of the SVZ, which is 

know to contain the most immature cells and stem cells (Felling et al., 2006; Yang & 
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Levison, 2007; Fagel et al., 2009) 

In vitro evidence has also shown a response of the SVZ to hypoxia-ischemia. Clonal 

neurosphere assays have been used to quantify neural stem/progenitor cell numbers in the 

SVZ. Yang et al. (2006) used this assay to show that 1 week after insult a significantly 

greater number of neurospheres could be generated compared to controls (Yang & Levison, 

2006). Further, using BrdU injections the cultured neurospheres gave rise to greater numbers 

of neurons and oligodendrocytes compared to controls. By showing that multiple cell types 

could be generated this was taken as evidence of a stem cell response to injury (Yang & 

Levison, 2006). Felling et al. (2006) showed that the increased neurosphere numbers 

occurred after 3 days recovery (Felling et al., 2006). Further, the authors showed that 50% of 

the cells generated were tripotential and over 75% bi-potential. A shift in division pattern 

from asymmetric to symmetric also showed a response due to injury by stem cells. Thus, 

there is evidence that the SVZ responds to an attack on the brain by recruiting neural stem 

cells and progenitor cells to form a response to the hypoxic-ischemic insult.  

1.5.3 What happens to the new cells? 

After generating new cells in response to injury what happens to these new cells? Most 

studies have focused on cortical or striatal neuronal injury. Plane et al. (2004) found that cells 

were migrating from the SVZ to the striatum at 1 week after injury (Plane et al., 2004). Ong 

et al. (2005) also showed a chain of DCX+ cells starting from the SVZ and ending in the 

striatal lesion area at 3 weeks after injury (Ong et al., 2005). Yang et al. (2007) also found 

this same result at one month after injury, and recently this result has been extended to 2 

months after injury (Yang & Levison, 2007). A recent study combined immunohistochemical 

techniques with MRI to investigate cell migration from the SVZ after hypoxia-ischemia in P7 

rats (Yang et al., 2009b). Using micron-sized iron oxide particles (MPIOs) the authors were 

able to label in the SVZ and track their fate. They were able to show that cells, over two 

weeks, migrated from the SVZ into the lesion sites, infarcted core areas and penumbra 

regions. Further they showed that these cells were BrdU+, NeuN+ (mature neuron marker), 

Nestin+ and GFAP+ (astrocyte marker).          

Thus, new cells produced by the SVZ have been shown to migrate to areas of injury in the 

striatum and cortex and other lesion areas. However, in order to be meaningful new neurons 

need to develop into mature neurons, and integrate into existing neural networks that the 

injured cells came from. Plane et al. (2004) found that DCX+ neurons that migrated from the 
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SVZ to the striatum, failed to then go on and stain with markers for mature neurons (Plane et 

al., 2004). Further, no double labelling with BrdU and NeuN was seen at 3 weeks post insult. 

This apparent loss of new neurons generated by SVZ proliferation was confirmed by double 

staining BrdU with the cell death marker TUNEL. Ong et al. (2005) despite “rigorous” 

analysis could not find any BrdU+ NeuN+ cells at four weeks after injury (Ong et al., 2005). 

The authors found that the majority of BrdU labelled cells were glial cells.    

 A recent study by Yang et al. (2008) showed that of those neurons that do survive and 

differentiate, most do not differentiate into the correct type (Yang et al., 2008). Intriguingly, 

in a different experimental paradigm, chronic perinatal sub-lethal hypoxia, DCX cells 

migrated to cortical sites of injury and overturned the loss of cortical volume, brain weight 

and neuron number in the injured mouse brain (Fagel et al., 2005). However, Fagel et al. 

have shown very recently that at 38 days after injury the loss of cortical inhibitory neurons is 

still significant compared to controls (Fagel et al., 2009). Thus, a complex picture of cell 

generation and incomplete replacement is apparent that is also dependant on the injury type 

and timing.  

Although initially discouraging, the results above have given rise to thoughts about 

augmenting the SVZ response and giving the brain a helping dose of the “right” growth 

factors and cell development cues (Park et al., 2006; Fagel et al., 2009).  Indeed, Fagel et al. 

(2009) have shown that fibroblast growth factors (FGF) and the FGF receptor 1 (Fgfr1), are 

critical to the SVZ proliferative response and cortical neuronal replacement. The authors used 

knockout mice in the perinatal chronic sub-lethal hypoxia model of neonatal injury, to show 

that mice without Fgfr1 had a 47% decrease in SVZ proliferation 1 week after the end of 

hypoxia. This was contrasted with an 85% increase in proliferation for wild type mice (Fagel 

et al., 2009). There was also little reactive neurogenesis in the knockout group, such that a 

32% decrease in total cortical neuron number compared to controls was evident at five weeks 

recovery.  

Finally, Park et al. (2006) combined gene therapy methods with stem cell transplantation to 

create cells that would express Neurotrophin-3 (NT-3), which has been shown to induce 

neuronal differentiation (Park et al., 2006). The authors engineered neural stem cells to 

overexpress NT-3, and transplanted them into the infarct of P7 mice, 3 days after being 

subjected to hypoxic-ischemic injury. They analysed the brain 2-4 weeks later and found that 

there was a 20% increase in neural stem cell derived neurons in the infarct and an 80% 



 

 
 

25
 

increase in the penumbra region. The new neurons also divided into various types, not just a 

single type of neuron. Thus, future research is needed to characterize the required signalling 

needed to replace cells and regrow lesioned areas of the brain. It is also vital that research 

shows the new neurons integrate into neuronal networks and become fully functional and 

contribute to cognitive functioning; only this will help stem the tide of neurodevelopmental 

handicap in vulnerable preterm infants. In summary, the SVZ provides an interesting and 

exciting avenue of research into treating perinatal brain injury with cell replacement. Any 

therapy that protects this critical region of developing brain growth is undoubtedly welcome. 

1.6. Treating hypoxic-ischemic injury. 

Currently there is no fully inducted medical treatment for hypoxic-ischemic injury in human 

preterm infants (Chaudhari & McGuire, 2008). However, much research has been conducted 

and a number of mechanisms of injury have been delineated (Johnston et al., 2001; Wyatt, 

2002; Kaindl et al., 2009; Kaur & Ling, 2009b). Briefly, as illustrated in Figure 1, the 

mechanisms of injury after hypoxia-ischemia include; inflammatory involvement and 

activated microglia activity, excitotoxicity via excess glutamate release, oxidative stress via 

free radial generation and mitochondrial dysfunction and altered gene expression leading to 

the production of potentially injurious products such as heat shock proteins and hypoxia-

inducible factor 1 (Johnston et al., 2001; Vexler & Ferriero, 2001; Wyatt, 2002; Kaindl et al., 

2009; Kaur & Ling, 2009b). As there is no “magic” compound that can target all the 

mechanisms of injury above, most studies have focused on a specific mechanism within the 

neurotoxic cascade of injury (Fig 1).  

1.6.1 Treatment candidates 

One of the most researched compounds for neonatal hypoxia-ischemia is erythropoietin 

(EPO) (Aydin et al., 2003; Kumral et al., 2004; Demers et al., 2005; Spandou et al., 2005; 

Sun et al., 2005; Iwai et al., 2007; Kim et al., 2008; Mizuno et al., 2008; Zhu et al., 2009) . 

EPO is a haematopoietic cytokine that has been shown to be expressed in the brain (Juul et 

al., 1998; Juul et al., 1999). Early in vitro evidence and later in vivo evidence in adult models 

of stroke, suggested a neuroprotective effect. Thus, using the P7 rat model of hypoxia-

ischemia, it has been shown that EPO protects against macroscopic brain injury, brain weight 

reduction and hippocampal and basal ganglia dopaminergic neuron loss (Aydin et al., 2003; 

Kumral et al., 2004; Spandou et al., 2004; Demers et al., 2005). Further studies have also 
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shown that the reactive SVZ expansion is also curtailed by EPO administration after hypoxia-

ischemia (Kim et al., 2008). Importantly, it has also been shown by Iwai et al. (2007) that 

SVZ proliferation was up-regulated, and DCX progenitor production was increased (Iwai et 

al., 2007). Further, a significant increase in the number of BrdU+ and NeuN+ cells was seen 

1 month after hypoxia-ischemia in the cortex and striatum. EPO has also been shown to 

reduce potentially damaging inflammatory molecules after hypoxia-ischemia (Sun et al., 

2005). Mechanisms that EPO impacts on include; excitotoxity reduction, apoptosis reduction, 

enhanced neurotrophin release, oxidative stress reduction and neurogenesis promotion 

(Kumral et al., 2004). Significant behavioural improvement was also seen using a variety of 

tests in these studies also. Thus, with a weight of evidence suggesting a beneficial effect, 

EPO was given to 83 term infants with moderate/severe hypoxic-ischemic encephalopathy 

(Zhu et al., 2009). EPO doses that are given to preterm infants, who suffer anaemia, were 

given to infants 48 h after injury and every second day for two weeks i.v. EPO administration 

significantly improved death and disability rates in the moderate, but not the severe, injury 

group at 18 months post-injury. No negative side effects were found in the study.  

Melatonin has also been investigated as a treatment for hypoxia-ischemia (Miller et al., 

2005a; Welin et al., 2007; Carloni et al., 2008; Hutton et al., 2009). Miller et al. (2005) used 

the near-term fetal sheep umbilical cord occlusion model of hypoxia-ischemia, and pre-

treated the sheep with melatonin one hour before occlusion (Miller et al., 2005a). They found 

that melatonin abrogated hydroxyl free radical generation in GM 9 h after injury. Lipid 

peroxidation (a marker of oxidative stress) was significantly reduced in the cortical WM, and 

subcortical GM. In a mid-gestation fetal sheep model, melatonin given 10 min after insult 

continued for 6 h significantly reduced cell death in the cortical WM and subcortical GM 

(Welin et al., 2007). Microglial activation was also significantly decreased in both cortical 

and subcortical WM. Carloni et al. (2008) used the P7 rat model of hypoxia-ischemia and 

showed that melatonin given 5 min after insult and repeated at 24 h and 48 h, significantly 

improved brain damage and loss of hippocampal neurons. At 3 weeks after injury, a 

significant improvement in behavioural tests was found compared to the insult only group 

(Carloni et al., 2008). Lastly, Hutton et al. (2009) used a uterine ischemia model of birth 

asphyxia and gave melatonin for 7 days, before the insult, to the mother (Hutton et al., 2009). 

At 24 h after insult the melatonin group had levels of inflammation and cell death levels 

similar to the controls groups. Although pre-treatment has been shown to be beneficial, there 

is little research on post-insult administration. However our group is actively researching the 
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use of melatonin in preterm fetal sheep after umbilical occlusion. 

Minocycline, the anti-biotic, has been shown to reduce the numbers of activated microglia in 

the brain after hypoxia-ischemia in rat models, increase the survival of oligodendrocyte 

progenitors and mature OL’s and reduce neuronal loss throughout the brain (Cai et al., 2006; 

Fan et al., 2006; Carty et al., 2008; Buller et al., 2009). Minocycline inhibits the pro-

inflammatory cytokine release by activated microglia in response to a hypoxic-ischemic 

insult (Cai et al., 2006; Buller et al., 2009). Pro-inflammatory molecules have been 

associated with WM and GM damage after hypoxia-ischemia. However, it has been shown 

that minocycline actually increased injury resulting from a hypoxic-ischemic insult (Tsuji et 

al., 2004). Further, most studies of minocycline have been in the rodent and there is a lack of 

larger animal data (Buller et al., 2009). This problem of a lack of concrete evidence has also 

led to the gout-treating drug, allopurinol, being rejected for clinical use in neonatal hypoxia-

ischemia at the present time (Chaudhari & McGuire, 2008).  

Memantine and lamotrigine have also been investigated as possible treatments. Memantine is 

an uncompetitive NMDAR antagonist used in the treatment of dementia (Chen & Lipton, 

2006; Manning et al., 2008). Glutamate has been shown to accumulate in WM after hypoxia-

ischemia and is an important contributor to oligodendrocyte injury (Kumral et al., 2004; 

Kukley et al., 2007). Therefore, Manning et al. (2008) used the P6 rat model of hypoxia-

ischemia and confirmed that WM cells expressed NMDAR’s both in the rat (and in the 

human), and gave memantine 30 to 60 min after insult and continued with injections up to 48 

h (Manning et al., 2008). The authors found that memantine reduced immature and mature 

oligodendrocyte loss, assessed at 72 h after injury. Fifteen days after injury memantine 

treatment protected against the reduction in cerebral mantle thickness. Memantine was also 

shown to reduce NMDAR mediated currents. Thus, memantine may protect against 

excitotoxic damage to oligodendrocytes after hypoxia-ischemia.  Lamotrignine, an epileptic 

treatment, blocks voltage gated sodium channels on pre-synaptic membranes (Wang et al., 

2001; Bazil, 2002). Papazisis et al. (2008) gave lamotrigine, immediately after hypoxia-

ischemia, to P7 rats (Papazisis et al., 2008a). Lamotrigine treatment protected against the loss 

of neurons in the hippocampus and abolished the after-insult rise in glutamate and aspartate, 

assessed at 7 days after the insult.  

Other treatments that have been investigated and shown positive results include, vascular 

endothelial growth factor (VEGF), deferoxamine, pomegranate phenols, resveratrol, 



 

 
 

28
 

nipradiol, environmental enrichment and tissue plasminogen activator inhibitor-1 (Kakizawa 

et al., 2007; Pereira et al., 2007; West et al., 2007; Feng et al., 2008; Papazisis et al., 2008b; 

Yang et al., 2009a). However, despite promising beginnings most therapies have either not 

been effective in humans or have been too dangerous to use (Faden & Stoica, 2007; van Bel 

& Groenendaal, 2008). Indeed, translating animal research into viable human therapies 

remains one of the most challenging scientific endeavours (Faden & Stoica, 2007).            

1.6.2 Exception to the rule: Therapeutic hypothermia                   

Mild therapeutic hypothermia is one of the most investigated means to treat both infants and 

adults, with studies dating back to over 300 years ago (Floyer, 1697; Gunn & Gluckman, 

2007). It is currently the only treatment for hypoxic-ischemic encephalopathy available for 

human infants born after 36 weeks (Azzopardi et al., 2009). Animal studies have consistently 

shown that hypothermia is associated with significant neuroprotection and improved long-

term outcome after hypoxic-ischemic insults (Gunn et al., 1997b; Laptook et al., 1997; Bona 

et al., 1998; Gunn et al., 1998b; Gunn et al., 1999; Tooley et al., 2003; Laptook, 2009; 

Marion & Bullock, 2009). Bona et al. (1998) used the P7 rat model of hypoxia-ischemia and 

showed that hypothermia, applied for 6 h after insult, significantly protected against 

hippocampal damage and overall volume loss 1 week after injury (Bona et al., 1998). When 

assessed at six weeks after injury, there was significant long-term protection in the cortex, 

hippocampus and thalamus. This study was the first to show longer term protection by 

hypothermia in a neonatal model, which built on earlier evidence that short-term protection 

was conferred (Amess et al., 1997). Laptook et al. (1997) has shown that 1 h of hypothermia 

after 15 min of ischemia in the piglet, significantly reduced neuronal loss in the caudate 

nucleus, and cerebral cortex (Laptook et al., 1997). This finding was replicated by Tooley et 

al. (2003) using a global hypoxia-ischemia piglet model (Tooley et al., 2003).  

Our lab has been instrumental in providing large animal data on the use of hypothermia in 

both term and preterm infants (Gunn et al., 1997a; Gunn et al., 1998b; Gunn et al., 1999; 

Roelfsema et al., 2004). Using fetal sheep, Gunn and colleagues have shown that 

hypothermia initiated before the onset of post-insult seizure activity, and continued for at 

least 72 h is neuroprotective. Specifically, both GM structures including the cortex, striatum, 

hippocampus and thalamus, and WM have been shown to be protected by hypothermia (Gunn 

et al., 1997a; Gunn et al., 1998b; Gunn et al., 1999; Roelfsema et al., 2004). Hypothermia 

was applied as a 2-3 degree drop in the piglet studies and a 5-10 degree drop in the fetal 
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sheep studies. Further studies have shown that hypothermia is defined by a window of 

opportunity that decreases with increasing severity of hypoxia-ischemia (Iwata et al., 2007). 

There is also evidence that suggests that longer durations of hypothermia can be effective if 

treatment is delayed (Carroll & Beek, 1992; Coimbra & Wieloch, 1994; Colbourne & 

Corbett, 1994). The exact mechanisms by which hypothermia works is not currently known 

(Gunn & Thoresen, 2006; Gunn & Gluckman, 2007). However, it has been shown that 

hypothermia prevents the onset of secondary energy failure, reduces apoptotic cell death, 

reduces inflammatory second messenger release and protects against seizure activity and 

excitotoxicity (Edwards et al., 1995; Lei et al., 1997; Si et al., 1997; Thoresen et al., 1997; 

Bossenmeyer-Pourie et al., 2000; Gunn & Thoresen, 2006).  

Practically, cerebral hypothermia can be achieved via whole body cooling or selective head 

cooling (Laptook, 2009). There is currently no difference in outcome associated with either 

method of cooling (Gunn & Gluckman, 2007; Laptook, 2009). However, there is evidence 

that suggests selective head cooling was associated with a reduction in cortical damage where 

whole body cooling was not (Rutherford et al., 2005). Head cooling has been shown to result 

in a temperature gradient between the brain at 2cm depth and at the dura of 7.5 degrees in 

piglets (Laptook et al., 2001). Whole body cooling results in more homogenous cooling 

(Laptook et al., 2001). Despite uncertainties about the duration, timing, method of cooling 

and amount of reduction, hypothermia has been successfully trialled in 3 major clinical trials 

and another 2 ongoing trials (Wyatt et al., 2007; Azzopardi et al., 2008; Shankaran et al., 

2008; Azzopardi et al., 2009; Laptook, 2009; Rutherford et al., 2009).          

The clinical trials conducted to date have used hypothermia (33-34 degrees) for 72 h starting 

within 3-6 h of birth to allow time for clinical examinations and diagnoses. The CoolCap trial 

found that hypothermia was associated with a significant reduction in death and severe 

disability compared to the normothermia group at 18 months after birth (Gluckman et al., 

2005b; Wyatt et al., 2007). The NICHD trial of whole body hypothermia found that 

hypothermia significantly reduced death and moderate and severe disability at 18 months 

after birth (Shankaran et al., 2005). Further sub-group analysis has shown that infants with 

moderate encephalopathy benefit more than infants with severe encephalopathy (Laptook, 

2009). Recently the Total Body Hypothermia for Neonatal Encephalopathy (TOBY) study 

reported its findings (Azzopardi et al., 2008; Azzopardi et al., 2009; Rutherford et al., 2009). 

This study found that there was a significant increase in survival without neurologic 

abnormality in the hypothermia group, reduced cerebral palsy risk, and improved mental and 
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psychomotor scores (Azzopardi et al., 2009). Rutherford et al. (2009) studied the MRI 

images obtained within 30 days from infants included in the TOBY trial (Rutherford et al., 

2009). They found that hypothermia significantly reduced lesions in the basal ganglia, white 

matter and thalamus.  

Early pilot studies showed that hypothermia is a safe treatment in asphyxiated newborns 

(Gunn et al., 1998a; Battin et al., 2001; Akisu et al., 2003; Battin et al., 2003). The only 

consistently shown effects of hypothermia are benign clinical sinus bradycardia and increased 

thrombocytopenia (Jacobs et al., 2007; Shah et al., 2007; Hoehn et al., 2008). With careful 

clinical care and management the implementation of hypothermia as a standard treatment 

should not increase the risk of using hypothermia (Groenendaal & Brouwer, 2009). Currently 

hypothermia is being used outside of clinical trials, most notably in the UK (Azzopardi et al., 

2009; Kapetanakis et al., 2009). However, hypothermia is still not a standard treatment and 

requires parental informed consent, and is at the mercy of the attending clinician (Azzopardi 

et al., 2009; Kapetanakis et al., 2009). Although it has been shown to be safe, hypothermia is 

more of a bronze bullet (AJ Gunn personal communication) as the number needed to treat to 

be beneficial, is at best, six (Hoehn et al., 2008). However, even given the outstanding 

questions about its use it is a treatment that certainly shows promise and may be optimised in 

the future to provide better results. Systematic meta-analyses concluded from available 

randomised controlled trials that therapeutic hypothermia is beneficial to term born infants, 

with death or major disability and mortality and neurodevelopmental disability all reduced 

with treatment (Jacobs et al., 2007; Edwards et al., 2010). Indeed, Hoehn et al. suggested that 

there is now no reason to withhold treatment to infants who could benefit by this treatment 

(Hoehn et al., 2008).               

1.6.3 Hypothermia combined 

Hypothermia’s effectiveness could be enhanced by combining it with another treatment that 

targets the mechanisms of neonatal hypoxic-ischemic brain injury (Gunn & Thoresen, 2006; 

Chaudhari & McGuire, 2008). Studies have used the NMDA receptor antagonist MK-801 in 

combination with hypothermia in the P7 rat model of hypoxia-ischemia (Ikonomidou et al., 

1989; Dietrich et al., 1995; Green et al., 1995; Alkan et al., 2001). Dietrich et al. (1995) 

showed that 3 h of post-ischemic hypothermia (7 degree reduction) combined with delayed 

MK-801 administration on days 3, 5, 7, significantly increased CA1 hippocampal neuron 

survival two months after injury (Dietrich et al., 1995). Further, when rats were assessed 
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behaviourally the authors found that combined therapy significantly attenuated spatial 

navigation deficits, and the ischemia induced increase in locomotor activity (Green et al., 

1995). The combined therapy was also more effective than either treatments applied 

singularly (Dietrich et al., 1995; Green et al., 1995). Alkan et al. (2001) applied hypothermia 

for 2.5 h after occlusion and administered MK-801 45 min and 120 min after occlusion prior 

to 1.5 h exposure to hypoxia (Alkan et al., 2001). The authors found a significantly lower 

mortality rate with combined treatment, and greater striatal protection than either treatment 

on their own.  

Although promising results were gained with MK-801 it is not usable in human infants due to 

many adverse effects, including memory deficits and hallucinations (Gunn & Thoresen, 

2006). However Xenon gas, which is a general anesthetic and NMDA receptor antagonist, 

has been shown to be well tolerated by adults and infants and has a lack of clinical side 

effects (Marx et al., 1997; Burov et al., 2002; Rossaint et al., 2003). Ma et al. (2005) used the 

P7 rat model of hypoxia-ischemia to show that a combination of Xe and hypothermia applied 

for 90 min, 4 h after injury, significantly protected against brain damage (Ma et al., 2005). 

Specifically, apoptosis was significantly decreased in both the hippocampus and the cortex, 

and was not significant for single treatment. At thirty days after injury combined treatment 

significantly restored neural function as assessed by neuromotor and co-ordination tests. The 

authors concluded that there is an additive effect of the treatments such that the same 

excitotoxic mechanism is acted upon in a synergistic manner. Hobbs et al. (2008) gave Xe 

and hypothermia for 3 h after hypoxia-ischemia in the P7 rat (Hobbs et al., 2008). Combined 

treatment significantly improved short-term (1 week) and long-term (10 weeks) functional 

test scores. Further, combined treatment was associated with greater neuroprotection in the 

cortex, basal ganglia, thalamus and hippocampus. This effect was only partial for either 

treatment applied singularly (Hobbs et al., 2008).  

Xenon is a very expensive gas, which prohibits its wide-spread use as a general anaesthetic, 

and needs careful administration and monitoring in humans (Thoresen et al., 2009). To 

address these concerns Thoresen et al. (2009) gave Xe for 1 h immediately and at a delay of 2 

h in combination with 3 h of post-ischemic hypothermia, and compared this to 3 h of both 

treatments (Thoresen et al., 2009). The authors examined the rats at 10 weeks after insult and 

found that there was no difference in histologic neuroprotection between the 1 h Xe and 

hypothermia groups. Although 3 h of combined treatment was the most effective, 1 h of Xe in 

combination was more neuroprotective than hypothermia alone. Thus, Xe is a promising 
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combination therapy option and future research and trials are needed to prove is effectiveness 

in human neonatal brain injury.  

Topiramate, the anticonvulsant, has also been used in combination with hypothermia in P7 

rats after hypoxia-ischemia (Liu et al., 2004). Topiramate administered 15 min after hypoxia-

ischemia and hypothermia initiated 3 h later, was shown to protect against increases in striatal 

and hippocampal damage and lesion volume compared to hypothermia treatment alone at 4 

weeks after injury. Other combined treatment candidates include allopurinol, and antioxidants 

N-acetylcysteine and N-tert-butyl-(2-sulfophenyl)-nitrone (Jatana et al., 2006; Chaudhari & 

McGuire, 2008; Hobbs & Oorschot, 2008). N-acetylcysteine in combination with 

hypothermia was shown to protect WM as well as GM structures (Jatana et al., 2006). Thus, 

the future use of hypothermia, both alone or in combination, to treat term hypoxic-ischemic 

brain injury is being actively established. However, treating vulnerable preterm infants with 

hypoxic-ischemic injury is an emerging frontier of research.                   

1.6.4 Treatment for preterm infants 

Treating the preterm infant is not the same as treating a term-born infant. Brain development 

in the preterm infant is actively ongoing, and a number of key developmental processes are in 

action right up to 40 weeks gestation (Kinney, 2006; Volpe, 2009). Specifically, between 20 

weeks and 40 weeks of gestation, the overall brain weight increases 90% in a linear fashion 

(Kinney, 2006). Further, at 34 weeks gestation, the time point where a late preterm birth can 

occur, the brain is only 65% of its term weight (Kinney, 2006; Ramachandrappa & Jain, 

2009). Cortical volume is only 53% of the term volume at 34 weeks gestation compared to 

term, and there is a five fold increase in white matter from 31 to 35 weeks gestation. From 

section 1.4 above it can be seen that the vulnerable pre-OL cell is maximally present during 

the preterm period and synaptic development is also ongoing in the second half of gestation 

(Back et al., 2001; Volpe, 2009). Thus, as succinctly put by Kinney, “the last half of gestation 

is a critical period, a time sensitive, irreversible decision point in the development of neural 

structures in which deprivation of the normal environment can interrupt the maturational 

trajectory of such structures” (Kinney, 2006). Thus, any treatment must encompass the fact 

that there are sensitive developmental events occurring that must be allowed to operate as 

near to optimal as possible in order to avoid the neurodevelopmental consequences outline in 

section 1.2.  

In addition to the delicate nature of the preterm brain, it has been said that the injured 
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premature infant represents the sickest of the sick (Alistair Gunn personal communication). 

Indeed, it has been shown that preterm infants have higher mortality rates compared to term 

infants (Ramachandrappa & Jain, 2009). Additionally, preterm infants are at risk for 

increased risk of several complications including; transient tachypnea, respiratory distress 

syndrome, persistent pulmonary hypertension, respiratory failure, temperature instability, 

jaundice, feeding difficulties and prolonged neonatal intensive care requirement, 

hypoglycaemia and infection (Ramachandrappa & Jain, 2009). Thus, premature infants are 

arguably the most vulnerable of patients to treat, and as such it is no surprise that there is no 

treatment available or in clinical trials for use in preterm hypoxic-ischemic injury.  

1.6.5 Hypothermia for preterm infants 

Our group has developed a clinically relevant model of hypoxic-ischemic injury in the 0.7 

gestation fetal sheep, which is equivalent in neural development to the 28-32 week old human 

infant (Barlow, 1969; George et al., 2004). Using complete umbilical cord occlusion for 25 

min, an insult that causes injury to subcortical structures, white matter and sparing of the 

cortex, has been shown in this model (George et al., 2004; Bennet et al., 2007; Gunn & 

Bennet, 2008). This replicates the injury observed in human preterm infants as outlined in 

section 1.3. Thus, our group has used this model to investigate the use of hypothermia in 

preterm infants, and it is the purpose of the experiments in the current thesis to extend upon 

the results gathered so far.  

Bennet et al. (2006) showed that the timing of events in preterm hypoxic-ischemic injury is 

similar to that in term data (Bennet et al., 2006). Cytochrome oxidase measures of 

mitochondrial function showed that after occlusion there was an initial recovery of function, 

followed by a secondary deterioration at 3 h and a significant decrease in function shown at 

10 h compared to controls. Secondary seizure activity was seen at a mean of 8 hours after 

injury. A “latent” phase was shown to occur from approximately 5 h to 48 h after insult, 

which corresponds well to term data from this and other studies (Gunn & Thoresen, 2006). 

Bennet et al. (2006) showed that 72 h of hypothermia, initiated 90 min after occlusion, 

significantly protected against the loss of oligodendrocytes, neurons in the basal ganglia and 

hippocampus, and significantly reduced cell death and microglial activation 3 days after 

insult (Bennet et al., 2006). Further, it was shown that although hypothermia did not affect 

the onset or number of seizures after insult, it significantly reduced the amplitude of seizures.  

Hypothermia has been shown to increase mortality rates in preterm infants and temperature 
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control is a highly important clinical factor in preterm survival (Silverman, 1958; Gunn & 

Bennet, 2008). There are specific concerns with the use of hypothermia in preterm infants 

given the known side effects of hypothermia. Specifically concerns over hypothermia 

increasing the incidence of jaundice, hypotension and decreasing surfactant production has 

been raised (Gunn & Bennet, 2008). However, careful clinical management as suggested for 

term infants will likely reduce concerns, only clinical trails will be able to directly address 

these concerns (Groenendaal & Brouwer, 2009).  

Another potential concern is that hypothermia could suppress cell proliferation during the 

“critical” period of brain developmental (Barrett et al., 2007). Data from this group has 

suggested that hypothermia suppresses proliferation of oligodendrocytes in periventricular 

white matter (Bennet et al., 2007). There is also in vitro evidence that microglia are 

suppressed by hypothermia which is reassuring in this injury context (Si et al., 1997). In vivo 

studies have shown that astrocytes and neurons can also be affected by hypothermia. Cold 

water immersion (4 degrees) of rats for 5 min suppressed BrdU+ cell numbers in the 

hippocampus, re-warming for 30 min restored proliferation levels (Lee et al., 2002). 

Astroglial proliferation was suppressed after 1 h of mild hypothermia in rats 24 h after insult 

(Hachimi-Idrissi et al., 2004). Thus, short-term data available so far has shown that 

hypothermia restricts microglial and astroglial response to injury and protects against cell 

loss. A suppression of proliferation of pre-OL cells is concerning, however it has not been 

demonstrated that this is a long-term effect. Indeed, it may well only be a transient effect of 

the cooling as indicated by the evidence above. This thesis will inform as to whether a 

rebound increase in proliferation is seen at 7 days after umbilical occlusion in the preterm 

fetal sheep. 

1.7. Hypothesis and specific aims.                

The hypothesis of this thesis is that hypothermia, after umbilical cord occlusion, will not 

suppress long-term proliferation in the SVZ or WM of the preterm brain, and will be 

neuroprotective 1 week after injury. The central aim is to add important longer-term 

information on the use of hypothermia in preterm infants. Using the instrumented fetal 

preterm sheep model of asphyxia, the hypotheses that will be tested in the experiments of this 

thesis are: 

1. 68.5 h of head cooling will protect the SVZ and WM of the preterm fetal sheep from 25 
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min of umbilical cord occlusion at 3 days recovery (Chapter 3).    

2. Hypothermia is a physiologically safe treatment at 7 days after asphyxia (Chapter 4).  

3. Hypothermia initiated 5 h after the end of occlusion will result in improved physiological 

recovery but be less effective than “early” onset hypothermia (Chapter 5).   

4. Early onset hypothermia will prevent microglia, astrocyte and caspase 3 activation, but will 

not suppress proliferation, in the SVZ at 7 days recovery (Chapter 6).   

5. Oligodendrocyte cell protection in the SVZ and WM with hypothermia will be maintained 

at 7 days after asphyxia (Chapters 6 and 7). 

6. A proliferative response to injury will be seen at 7 days after asphyxia is the SVZ and WM 

(Chapters 6 and 7). 

7. Whole body cooling delayed by 5 hours after the end of occlusion will be less effective 

than whole body hypothermia applied 30 min, after occlusion, in preventing brain injury 

(Chapters 6 and 7).  
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Chapter 2. Methods and protocols.  

2.1. Introduction. 

This chapter describes the general methodology and protocols used for the experiments 

conducted in chapters 3 to 7. Specific methodology used for each experiment is outlined in 

the individual chapters. All experimental procedures were approved by the Animal Ethics 

Committee of the University of Auckland, New Zealand.  

2.2. The preterm fetal sheep and its relevance to the human. 

Sheep are precocial animals, i.e. the brain develops substantially before birth, compared to 

humans (McIntosh et al., 1979). A growth spurt in the sheep brain occurs after 95 days 

gestation (term 147 days) (McIntosh et al., 1979). During this time a rapid increase in DNA 

and brain weight occurs, coincident with glial proliferation. In humans the peak of brain 

growth occurs at term gestation, 40 weeks, and at 125 days gestation in the sheep (Dobbing & 

Sands, 1970). Cortical myelination has been shown to begin at 100-105 days gestation (0.7 

gestation) in the fetal sheep, compared to the human where myelination in the cortex occurs 

at approximately 34 weeks (Patterson et al., 1971; McIntosh et al., 1979). Similarly, partial 

development of the sulcal pattern (Barlow, 1969), and appearance of the cortical component 

of the auditory and somatosensory evoked response have been shown to occur around 0.6 – 

0.7 gestation in the fetal sheep, compared to 26 to 29 weeks in the human (Barlow, 1969; 

Cook et al., 1987a; Cook et al., 1987b). This evidence strongly suggests the brain maturation 

in the sheep around 0.7 gestation is equivalent to the human preterm brain at 28-32 weeks 

(Gunn & Bennet, 2008). The abundance of white matter and the anatomical similarities of the 

sheep brain at that age compared to the human preterm brain, have lead some to conclude that 

the fetal sheep is an ideal model for neuropathologic correlation with the human infant (Back 

et al., 2006).  

2.3. Subjects. 

Fetuses from Romney ewes time-mated with Suffolk rams were used as the experimental 

subjects. Ewes of two to four years of age, on second or third pregnancy, were preferred due 

to better conception rates. Pregnancies were confirmed on ultrasound at 30-35 d, and then 

again on 60 d gestation. At 77 d gestation ewes carrying singleton or twin fetuses were 

transferred to a farm feedlot area where they were acclimatised for two weeks to the food 
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type used at the University, and to human handling. Pregnant ewes were then brought into the 

large animal facility at the Faculty of Medicine and Health sciences (FMHS), The University 

of Auckland, at 91 d gestation. A week prior to surgery at 98 d was allocated to allow the 

acclimatisation of the sheep to the internal conditions of the facility and to human handling. 

Once ewes had been transferred to the facility they were scored for general condition, well-

being and suitability for use in experiments. The ewes were housed together in individual 

metabolic cages with food and water provided ad-libitium. The feed (University of Auckland 

C Mix Sheep Nuts, Country Harvest Stockfeeds Ltd., Hamilton, NZ) was the same 

concentrate feed as at the farm. If ewes were not eating well, they were offered chaff, straw 

or molasses to stimulate consumption and appetite. Sheep holding rooms were kept at a 

constant temperature (16 ± 1 °C, 50 ± 10 % humidity) with a 12 h light/dark cycle (light 

hours 0700-1900). 

2.4. Materials. 

2.4.1 Catheters  

All catheters were made of single lumen soft clear polyvinyl chloride (Critchley Electrical 

Products Pty Ltd., Silverwater, AU). All catheters were made from 1.4 metre (m) lengths of 

tubing (2.0 millimetre (mm) outer diameter and 1.0 mm inner diameter). At the distal end of 

the catheter, 18 gauge blunt needles with three-way stopcocks were attached. At the proximal 

end of fetal amniotic catheters, five small holes were cut five millimetres apart. For the 

remainder of the catheters, two centimetres from the proximal end of the catheters two rings 

of wider tubing (1.0 mm lengths) were positioned 2 mm apart and bonded using 

cyclohexanone. These rings were used to secure the catheters either to the vessel or the 

surrounding skin. Maternal catheters required no further assembly. For fetal vascular 

catheters, a 150 mm length of thinner tubing (1.2 mm outer diameter, 0.8 mm inner diameter 

(025 catheter) or 1.27 mm outer diameter, 0.86 mm inner diameter (030 catheter)) was 

inserted 5 cm inside of the larger catheter and then secured with cyclohexanone. 

2.4.2 ECG, EMG and ECG electrodes 

Electrocardiogram (ECG) electrodes were made from 1.65 m lengths of insulated three 

stranded stainless steel wire (AS633-3SSF, Cooner Wire Co., Chatsworth, USA). Two 

strands of wire were isolated from the outer sheath at 46 cm from the proximal end and the 
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teflon-coating stripped off. The stripped lengths of wire were rolled into ‘balls’ to be used as 

the electrodes. From the distal end of the electrode the same two wires were isolated at 3 cm, 

stripped, and soldered to a nine-pin connector. Combined cortical electroencephalogram 

(EEG) and electromyogram (EMG) electrodes were made from 1.4 m lengths of insulated 

seven-stranded stainless steel wire (AS633-7SSF, Cooner Wire Co.). All seven strands of 

wire were isolated from the outer sheath at 15 cm from the proximal end. A fabric disc 

(approximately 0.5 mm thick, 6 mm diameter) was threaded onto each of four of the wires to 

be used as connecters to attach the electrode to the fetal skull. A double knot was tied in each 

of these wires below the disks at 5 cm from the wire end. The teflon-coating was then 

stripped off the wires below the knot, and the wires rolled into balls to be used as EEG 

electrodes. The electrodes were individually marked for identification to allow correct 

placement at surgery. For the EMG electrode, a double knot was tied in two of the remaining 

wires at 8 cm from the proximal end, and 5 mm of teflon-insulation removed from 

immediately below the knot. The last wire was cut back to 10 cm long, a double knot tied at 5 

cm from the end of the wire, and 5 mm of teflon-insulation removed from immediately below 

the knot to be used as a reference electrode. The outer mesh sheath that had surrounded the 

seven teflon-coated strands was kept to be used as a ground electrode. From the distal end of 

the electrode all wires were isolated at 7 cm, stripped, and soldered to a 37-pin connector. 

2.5. Surgical preparation.  

2.5.1 Animal preparation and anaesthesia 

At 97-99 d of gestation ewes and fetuses underwent surgery for the fetal instrumentation as 

described below. Food, but not water was withdrawn 18 to 24 h before surgery to reduce the 

risk of aspiration during surgery. Ewes were given 5 ml of Streptocin (Procaine Penicillin 

(250,000 units (U)) and Dihydrostreptomycin (250 mg per ml (mg.ml-1)), Stockguard Labs 

Ltd., Hamilton, NZ) intramuscularly (i.m.) for prophylaxis 30 min prior to the start of 

surgery. Anaesthesia was induced by intravenous (i.v.) injection of Alfaxan (Alphaxalone, 3 

mg per kilogram (mg.kg-1), Jurox Pty. Ltd., Rutherford, AU) via the maternal cephalic vein, 

after which the ewe was placed in a supine position on the operating table and its limbs 

restrained to prevent rotation during surgical procedures. A 9 mm cuffed endotracheal tube 

was then used to intubate the ewe and 3-5% isoflurane (Medsource Isoflurane, Lunan Better 

Pharmaceutical Co Ltd, China) in oxygen administered until the ewe was completely 

anaesthetised (CIG Midget 3 anaesthetic apparatus, Commonwealth and Industrial Gases Pty. 
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Ltd., Preston, AU). The percentage of isoflurane was reduced to between 2-3% for the 

remainder of surgery. During surgery the depth of anaesthesia and maternal respiration were 

constantly monitored by trained staff. About 50% of the ewes breathed spontaneously using 

this protocol. Those ewes experiencing respiratory suppression were mechanically ventilated 

(Ivent Research Ltd., Auckland, NZ). A 20 gauge catheter was also placed in a maternal front 

leg vein for the duration of the surgery, and the ewes were placed on a constant infusion of 

isotonic saline drip to maintain maternal fluid balance (250ml.h-1). 

Once anaesthesia was confirmed, wool was shaved from the ewe’s abdomen and either the 

left or right flank, depending on the metabolic cage set-up used in the experimental room. 

The skin of the ewe was then cleaned with soap and water, and scrubbed with 10% povidone-

iodine cleanser (Betadine solution, F.H. Faulding and Co., Mulgrave, AU), which was then 

washed off with a 2% hibitane solution (Microshield 5-chlorhexidine concentrate, Johnson 

and Johnson Medical Pty Ltd., Sydney, AU) in 70% isopropyl alcohol, and a final spray of 

10% povidone-iodine cleanser then applied. The ewe was covered with 5 sterile drapes, 

placed to allow a low midline incision, and a sigmoidoscopy drape was placed to allow the 

incision of the maternal flank.  

2.5.2 Fetal surgery 

All surgical procedures were performed under strict aseptic conditions. Surgical instruments, 

catheters, equipment and electrodes were all sterilised by one of either gamma irradiation, 

ethylene oxide gas, cold sterilisation (70% alcohol and hibitane) or autoclave. A 150-200 mm 

incision, using a scalpel, was made anterior to the mammary vein. Electrocautery, using a 

short-wave diathermy (Electromedical Systems Inc., Danvers, USA), was used for further 

incisions and haemostasis. Once clearing of overlying tissue was completed the abdominal 

cavity was opened along the linea alba, and the uterus palpated for confirmation of fetal 

number and position. Fetal catheters and electrodes were released to the sterile working 

environment at this time. Five catheters (4 x 025 and 1 x amniotic), 1 ultrasound flow probe, 

one ECG electrode, one combined EEG/EMG electrode, 2 temperature probes (oesophageal 

and extradural), 1 cooling coil (whole body or head cooling design depending on protocol), 

and one umbilical cord occluder were required. A size-12 French trocar and cannula was then 

pushed through the peritoneum and abdominal wall exiting on the maternal flank. The trocar 

was removed and the proximal ends of the catheters and electrodes were threaded into the 

abdominal cavity, via the cannula, and pulled up through the midline incision. All catheters 
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were then flushed with a 5U.mL-1 dilution of heparinised sterile saline, to maintain catheter 

patency.   

The wound was closed and the catheters secured to the skin with 2.0 silk suture (Resorba 

Wundversorgung, Nürnberg, Germany), as were all fetal wounds. An incision was then made 

lateral to the trachea and the left carotid artery located by blunt dissection. A size 3S 

Transonic ultrasound flow probe was implanted around the artery for the measurement of 

carotid blood flow, and secured as previously described above. The wound was closed and 

the catheters and flow probes secured to the skin.  

A uterine incision was made, and the fetal head, chest, and forelimbs exteriorised. Care was 

made to ensure no pressure in the fetal umbilical cord. The edges of the wound and the 

amniotic membranes were picked up with Babcock forceps to reduce uterine tearing and 

amniotic fluid loss, and also to support the exteriorisation of the fetus. An incision was then 

made on the interior surface of the right fetal forelimb and the brachial artery and vein were 

identified. The brachial vein was then ligated distally and a 025 catheter inserted via a small 

incision made with micro-dissecting Vannas scissors in the top third of the vessel. The 

catheter tip was inserted into the vessel by 20 mm with the proximal ligature used to secure 

the catheter in the vessel. Similarly, the brachial artery was ligated distally, and a 025 catheter 

inserted via a small incision in the top third of the vessel made with micro-dissecting Vannas 

scissors. The length of the catheter inserted was on average 4 cm. A proximal ligature 

secured the catheter within the vessel. The brachial artery was used for the withdrawal of pre-

ductal fetal blood samples and for the measurement and calculation of fetal mean arterial 

pressure (MAP). After insertion, the patency of each catheter was checked by withdrawing 

blood, and flushing with heparinised saline as above. Subcutaneous ECG electrodes, to 

measure fetal heart rate (FHR), were placed diagonally from the right shoulder to the left fifth 

intercostal space through small superficial incisions, and sutured closed. An insulated section 

of the ECG lead was then sutured over the fetal chest and again over the fetal shoulder to 

reduce tension on the electrodes. The amniotic catheter was attached to the second suture so 

as to be placed well within the uterus. 

In all animals, the fetus was then retracted slightly to expose the umbilical cord. A silastic 

inflatable umbilical cord occluder (16 mm internal diameter (preterm) and 20 mm (near-

term), In Vivo Metric, Healdsburg, USA) was secured around it, close to the fetal body. The 

occluder lead was secured to the fetus with extra length provided to prevent tension on the 



 

 
 

41
 

umbilical cord. Inflation of the occluder, during experiments, with saline was used to induce 

asphyxia. The fetus was then eased back into the uterus until only the head and neck 

remained exteriorised. 

The fetus was then instrumented with the combined EEG/EMG electrode. To place the ball 

electrodes on the dura, the scalp was firstly incised and four holes (2 mm diameter) drilled in 

the skull (bilaterally over the parasagittal parietal cortex approximately 5 and 10 mm anterior 

to bregma and 10 mm lateral). The ball electrodes were inserted and secured by gluing the 

fabric discs to the skull with cyanoacrylate glue (Selleys Supaglue, Selleys, Auckland, NZ). 

Any bone bleeding was contained by use of bone wax (Ethicon Inc., San Antonio, USA). The 

reference electrode was sewn over the occiput. The EMG electrodes were used to measure 

activity in the nuchal muscle, as an indicator of fetal movement. To do this an incision was 

made over the nuchal muscle and the electrodes sewn into the muscle, 10 mm apart, tied and 

loose ends removed. The wound was then sutured and a final grounding electrode sewn into 

the posterior fetal scalp at the base of the scalp incision. A thermistor (Incu-Temp-1, 

Mallinck-rodt Medical Inc., St. Louis, USA) was placed over the parasagittal dura 20mm 

anterior to bregma for the measurement of fetal extradural temperature, and a second 

thermistor placed deep in the oesophagus for the measurement of fetal core body temperature.  

The fetus was then returned to the uterus and the head positioned as close to the original 

position as possible.  

For the application of mild head cooling, a cooling cap made from silicone tubing (external 

diameter, 7.9 mm; internal diameter, 4.8 mm; Degania Silicone, Degania, Bet, Emek 

Hayarden, Israel) was attached over the dorsal surface of the scalp and extended over the 

lateral surface of the cranium down to the level of the external auditory meatus. For the 

application of whole body cooling a 4 m long strip of silicone tubing was curled into an oval 

shape and tied into place. In surgery the oval cooling coil was attached to the fetal torso and 

tied down over the fetal back.  

The fetus was then returned to the uterus in its original position, with sufficient catheter 

length to avoid tension and allow fetal movement. Warm sterile saline (approximately 100 

mL) was poured into the uterus to replace the amniotic fluid loss during surgery and the 

uterus was closed as previously described. Gentamicin (Gentamicin sulphate antibiotic, 

80mg, Pharmacia, Auckland, NZ) was added to the amniotic cavity, via the amniotic catheter, 

to provide further antibiotic coverage. All fetal leads were exteriorised through the maternal 
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flank and vascular catheters were flushed with heparinised sterile saline (10 U/mL) and the 

stopcocks capped. The peritoneum was closed with umbilical cotton tape (Johnson & 

Johnson Medical Pty. Ltd.) and the maternal skin around the wound was infiltrated with a 

long-acting local anaesthetic Marcain (Bupivacaine hydrochloride 0.25%, AstraZeneca Ltd. 

Auckland, NZ) and the skin sutured closed using 1.0 silk. 

2.5.3 Maternal surgery and post-operative care 

For post-operative care and euthanasia the maternal long saphenous vein was catheterised. A 

40 mm incision was made just above the tarsus and over the cleft formed by the tibia and 

fibula on the maternal hind leg. A trocar and cannula were tunnelled subcutaneously, exiting 

on the maternal flank and the cannula was used to feed a 040 catheter to the vein, cleared by 

blunt dissection. The maternal vein was then catheterised as previously described and the 

wound closed up. Ewes were revived from anaesthesia and extubated and returned to their 

cages, and then returned to the laboratory where they remained for the duration of the study. 

All exteriorised catheters and leads were kept in an enclosed perspex box bolted to the side of 

the ewe’s metabolic cage. For at least one hour, or until the upright stance consumption of 

food was seen, the ewe was kept under observation following surgery.  

For the duration of the pre-experimental recovery period, ewes were monitored any signs of 

distress such as reduced eating or insufficient fluid intake, bruxism (teeth grinding and jaw 

clenching), agitation, calling sounds, restlessness and huddling anxiety responses. During the 

recovery period daily fetal blood samples (0.4 mL) were drawn under aseptic conditions in 

order to monitor fetal and maternal health. Blood tests included pH, partial pressures of 

arterial carbon dioxide (PaCO2) and oxygen (PaO2), haematocrit and oxygen saturation and 

haemoglobin (Ciba-Corning Diagnostics 845 Blood Gas Analyser/Co-oximeter, 

Massachusetts, USA), and blood glucose and lactate measurement (YSI 2300, Yellow 

Springs Instruments, Ohio, USA). Continuous computer output of BP, HR, EEG, EMG and 

CaBF was also monitored. Catheters were rendered patent by continuous infusion of 

heparinised saline (20 U/mL at 0.2 mL/h). As part of the daily blood sampling and health 

check, ewes were given i.v. antibiotics (80 mg Gentamicin daily for 2 d after surgery, and 

600 mg Crystapen (Biochemie GmbH, Vienna, Austria) daily for 4 d after surgery. Strict 

aseptic practice during post-operative care and experimental procedures were used at all 

times. The decision to proceed with experiments was made on the basis of fetal and maternal 

health, a criterion of fetal pH above 7.3, PaO2 18 mmHg and absence of physiological 
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distress signs was needed to proceed with experiments.  

2.6. Data acquisition. 

The catheters and leads within the perspex box attached to the sheep metabolic cage were 

connected to monitoring equipment, via slots in the wall, housed in an adjacent room. Glass 

panels allowed two-way observation and constant monitoring of changes in fetal physiology 

during experiments. All instruments were calibrated before continuous recordings began 12-

18 h before experiments were scheduled to begin. All signals were acquired at 512 hertz (Hz) 

using a 16 bit A/D card with circular buffering DMA (PCI-6063E, National Instruments, 

Austin, USA), processed online, collected by computer, and written to disk for offline 

analysis in raw record form, and also a 1 min and 10 min averaged intervals, from 12-18 h 

prior to experiments until 7 days after the end of asphyxia.  

2.6.1 Fetal ECG, EEG and EMG 

The raw ECG signal was analogue filtered with a first order high-pass filter set 0.05 Hz and 

an eight order low-pass Bessel filter set at 100 Hz to prevent waveform distortion. The 

signals from the EEG electrodes were channelled via leads through individual unity-gain 

head stages for reduction of noise by selective signal amplication (10,000 x). Low impedance 

ground and driven-shielded leads were used to help suppress movement artefact and/or 

electrical interference. The EEG signal was also low-pass filtered with a sixth order low-pass 

Butterworth anti-aliasing filter, with the -3 decibel (dB) point set to a cut-off frequency of 50 

Hz. Real-time intensity spectra and derived parameters calculated from four second (s) 

epochs of the digitised signal (Williams & Gluckman, 1990). The total EEG intensity 

(microvolts squared (µV2)) was calculated on the intensity (power) spectrum between 1 Hz 

and 20 Hz. EEG spectral edge frequency (Szeto, 1990) was calculated as the frequency below 

which 90% of the intensity was present. For clarity of data display the EEG intensity was log 

transformed (EEG amplitude (dB), 20 x log (intensity)), as this gives a superior 

approximation of the normal distribution (Gasser et al., 1982; Williams & Gluckman, 1990). 

The nuchal EMG signal was passed through a head-stage unit where it was amplified (4000×) 

and low-pass filtered with a sixth order Butterworth filter, with the -3dB point set to a cut-off 

frequency of 2 kilohertz (kHz). Signals were then band-pass filtered between 0.1 and 1 kHz. 

For ease of signal interpretation the nuchal EMG signals were also integrated using a time 

constant of 100 milliseconds (ms). 
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2.6.2 Fetal blood pressure and carotid blood flow 

Fetal arterial and venous blood pressure and amniotic fluid pressure signals were measured 

using physiological pressure transducers (Novatrans II, MX860, Medex Inc., Hilliard, OH, 

USA). The signal from the pressure transducer was amplified 500 x, and low-pass filtered 

with Butterworth filter, with the -3 dB point set to a cut-off frequency of 20 Hz. The arterial 

pressures were then corrected for maternal postural changes by subtraction of intra-amniotic 

fluid pressure.  

Carotid blood flow was measured continuously from transit-time Doppler flow transducers 

with a two-channel Transonic T-206 Flowmeter (Transonic Systems Inc.). Data were 0.1 Hz 

low-pass filtered with a second order Butterwoth filter. Carotid blood flow is a reliable index 

of cerebral blood flow and has been shown to correlate well with microsphere and laser 

Doppler measurements of cerebral blood flow under physiological and pathological 

conditions (van Bel et al., 1994; Gratton et al., 1996; Gonzalez et al., 2005).  

2.7. General Experimental protocols. 

A minimum of 12 h baseline activity was collected before experiments were started. Further, 

fetal blood samples were collected and cardiovascular measurements assessed to confirm that 

the fetus had physiological measurements that were within the criteria specified in section 

2.5.3. Sampling of the fetal blood was restricted to < 5%  of the total blood volume per day. It 

has been shown that sampling up to 10% is well tolerated by fetuses as they can restore blood 

volume much faster than adults (Brace, 1983). Experiments were conducted at 103-104 d 

gestation (term 147 d).  

2.7.1 Initial experimental protocols 

Once the viability of the ewe and fetus for experimentation had been confirmed, fetal arterial 

blood samples were taken 60 min prior to the start of occlusion to serve as a baseline blood 

gas measurement. All syringes and equipment were placed on an experimental trolley in 

readiness for the start of experiments.  

2.7.2 Blood sample collection 

In all experimental groups fetal arterial blood samples were taken at 5 min and 17 min during 

occlusion (or sham occlusion) and 10 min, 1 h, 2 h, 4 h, 6 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 
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h and 168 h. For chapter 3 samples were taken until 72 h just before termination at 3 days 

recovery. 

2.7.3 Fetal asphyxia 

Asphyxia was induced by rapid inflation of the umbilical cord occluder, placed in surgery, 

with 5 mL of sterile saline. This results in complete restriction of blood flow across the 

umbilical cord. A successful occlusion was confirmed by a rapid fall in FHR and a sharp 

increase in MAP. I chose 25 min as the occlusion period as this has been shown to result in 

white matter and subcortical grey matter injury, replicating that of the preterm human infant 

(Barkovich & Sargent, 1995; Bennet et al., 2007). The fetus has a greater anaerobic capacity 

than the adult, and lesser durations of asphyxia do not result in brain injury at this gestational 

age (George et al., 2004). The asphyxia period was terminated early only if BP fell below 8 

mmHg or if FHR fell to zero for more than two seconds. Accordingly, occlusion was 

terminated early in two animals in the occlusion-normothermia and three in the occlusion-

early hypothermia groups due to BP below 8 mmHg. Successful recovery was confirmed by 

observation of an immediate increase in FHR and rapid rise in MAP. 

2.7.4 Selective head and whole body cooling 

For chapter 3 head cooling was initiated from 90 min until 70 h after the end of occlusion. 

Cooling was induced by switching on a pump that began circulating cold water (10°C) 

through the cooling coil on the fetal head. Cooling was monitored for the first 2 h using the 

extradural and oesophageal temperature probes, and a target temperature on the extradural 

probe of 29-33°C was chosen. For the remaining chapters of this thesis, whole body cooling 

was initiated 30 min after asphyxia (early onset) or delayed until 5 h after the end of 

occlusion. The process of cooling was exactly the same as that for head cooling, with water 

temperature titrated to achieve the desired drop in brain and body temperature.  

For the injection of BrdU (Sigma-Aldrich Pty. Ltd., Sydney, AU), starting 2 h after the end of 

hypothermia, sterile saline was used in conjunction with a sterile container to dissolve BrdU 

at a concentration of 10mg/ml. A brachial vein catheter was used to infuse the BrdU solution. 

The dead space of the catheter was filled with 2.5 ml (dead space of catheter) of BrdU 

solution and then a 5 ml syringe containing another 2.5 ml was put on an infusion pump at a 

rate of 10ml/h to give a constant infusion of BrdU over 30 min. Once the full 5 ml (50 mg 

BrdU) was infused into the catheter, a 10 ml syringe of saline was put on the infusion pump 
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and used to push the 2.5 ml dead space containing BrdU into the animal. This was repeated at 

24 and 48 h intervals after the first injection. Thus, a total of 150 mg BrdU was injected over 

three days.  

2.8. Termination of experiments. 

2.8.1 Postmortem procedures 

Experiments were terminated at 72 h after asphyxia for chapter 3, or 7 d after asphyxia for the 

remaining chapters. The ewes and fetuses were killed by an overdose of sodium 

pentobarbitone (30 mL, 300 mg.ml-1, to the ewe given by slow push through the maternal 

catheter, Pentobarb 300, Chemstock International, Christchurch, NZ.) The method of 

termination is in accordance with the New Zealand Animal Welfare Act 1999.  

2.9. Histological protocols. 

For assessment of brain injury, fetal brains were perfusion fixed in situ via both carotid 

arteries with 250 mL of 0.9 % saline solution, followed by 500 mL of 10% phosphate-

buffered formalin. After removal of the dura and skull, the brain was fixed in formalin for a 

further 3 d before processing and embedding using a standard paraffin tissue preparation 

(Gunn et al., 1997a). Brain samples were fixed in 10% NBF (neutral buffered formalin) in a 

specimen container, making sure that the volume of NBF was 20 times the size of the tissue. 

The samples were fixed for 24 hours minimum. Brain samples were then transferred into 

70% Ethanol (or 70% SDA - Specially Denatured Alcohol) for 24 hours. Tissue was then 

transferred into a labelled cassette (plastic cassette) and placed in fresh 70% Ethanol.  

Labelling was done with an HB pencil. In an automated processing machine (VIP 1000) the 

sample was processed according to the following schedule:  

70% Ethanol    2 h 

80% Ethanol    2 h 

95% Ethanol    1.5 h 

95% Ethanol    1.5 h 

100% Ethanol  2 h 
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100% Ethanol  2 h 

Chloroform      1.5 h 

Chloroform      1.5 h 

4 changes of wax – 1 h each 

 

For chapter 3 serial coronal brain sections, 6µm thick, were cut on a microtome at the level of 

the mid-striatum, and mounted on poly-L-lysine coated microscope slides (Sigma-Aldrich 

Pty. Ltd., Sydney, AU).  

2.9.1 Semi-stereological methodology for chapters 6 and 7 

For chapters 6 and 7 a different methodology was used. As some of the brain material used 

for these chapters were archival and a brain matrix, now in operation, was not used to cut the 

raw brain sections, the use of full stereological methodology was not appropriate (Selemon & 

Rajkowska, 2002). Three occlusion-hypothermia brains (3/8), and three occlusion-

normothermia brains (3/8) represent the archival material processed prior to my joining the 

lab group. All other brains, sham-occlusion (n=7), occlusion-normothermia (n=5), occlusion-

hypothermia (n=5), occlusion-delayed hypothermia (n=7), sham-hypothermia (n=6), 83.3%, 

were collected and processed as part of my experiments presented in this thesis. Thus, a 2 

dimensional semi-stereological approach was adopted to provide greater resolution and 

coverage of the neural histological cell counts (Benes & Lange, 2001; Selemon & 

Rajkowska, 2002).  

In order to line all the brains up to the chosen stereotaxic start point for sectioning, I had to 

visualize the brain sections to determine structural features and landmarks to compare to the 

stereotaxic atlas. This was done by cutting one 6 µm section for each animal’s brain and 

using dark field microscopy and a camera attached to a stand to capture images for analysis 

(Canon 1 D Mark II, 100 mm Macro). 
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Figure 4: Example of a 6µm section of brain tissue (unstained) examined using dark field microscopy. Note 
the  internal capsule  (red arrow) and  the  resulting demarcation of  the caudate nucleus  (Cd) and putamen 
(Put). 

 

Figure 4 shows an example of a 6 µm brain section using the dark field method. The 

structural details allowed a comparison of my fetal sheep brains to the stereotaxic atlas of the 

sheep brain at 108 days (Gluckman & Parsons, 1983). I cut all the brains to line up at 25.0 

mm from stereotaxic zero (Gluckman & Parsons, 1983). From then on I proceeded to cut 

serial sections with the intention of using every tenth section for histological purposes. Thus, 

4 mounted sections 60 µm apart were used for all immunocytochemical staining in chapters 6 

and 7.   

2.9.2 Isolectin B4 staining 

Slides were gathered for staining and placed in metal slide holders and deparaffinised in 

xylene (2 x 15 min), dehydrated in a series of ethanol (100%, 95% and 70% for 1 min each), 

and then washed in distilled water for 1 x 5 min and PBS for 2 x 5 min. Sections were stained 

with biotinylated Isolectin B4 (Sigma-Aldrich Pty. Ltd., Sydney, AU.; diluted 1:100 in PBS-

T) overnight at 4°C. Sections were then washed 3 x 5 min in PBS-T, incubated in avidin-

Cd

Put 
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biotin complex (VectorStain Elite ABC Kit, Vector Laboratories, Burgingame, USA) in the 

ratio of 1:50 in PBS for 2 h at room temperature, washed in PBS (3 x 5 min), and then reacted 

in diaminbenzidine tretracholride (DAB, Sigma-Aldrich Pty, Ltd.). The reaction was 

terminated by washing in distilled water, the sections dehydrated and mounted. Control 

sections were processed in the same way except that the Isolectin B4 stain was omitted from 

the incubation solution (negative control).  

2.9.3 Immunohistochemistry 

Immunohistochemistry was used to determine the expression of cleaved caspase-3, immature 

and mature oligodendroglia, mature astrocytes and proliferating cells. All slides for all 

antibodies were deparaffinised in xylene (2 x 15 min), dehydrated in a series of ethanol 

(100%, 95% and 70% for 1 min each), and then washed in distilled water for 1 x 5 min and 

PBS for 2 x 5 min. Sections were then pre-treated with 1% H2O2 in 100% methanol (for 

caspase 3, KI67, CNPase, PCNA and GFAP), or 1% H2O2 in PBS (for BrdU and O4) for 30 

min, and then washed in distilled water for 5 min, and PBS for 2 x 5 min. The sections 

(except for BrdU) were then boiled in 10 millimole (mmol) sodium citrate buffer (pH 6.0) for 

1 min, left to cool at room temperature for 25 min, blocked in 0.5% BSA and PBS + 2% 

normal goat serum (NGS for caspase 3, GFAP, CNPase) or 2% normal horse serum (NHS; 

PCNA, O4 and BrdU), or Glycine 0.5 Molar (M) for (for KI67) for 1 h at room temperature, 

and then incubated in primary antibody for 48 h at 4°C. For BrdU slides were put in a 

mixture of 50:50 Formamide/ 2X SSC (Saline-Sodium Citrate) for 2 hours in an incubator at 

65 °C. After 2 hours the slides were washed in 2X SSC for 5 min and then again for another 5 

min. The incubator was then set to 37 °C and slides were put in 2M HCL for 30 min at 37 °C. 

The slides were then washed in 0.1M Sodium Tetraborate Decahydrate for 5 min twice, then 

washed with PBS 1 X for 3 washes at 5 min each. Blocking was then done using 0.5% BSA 

and PBS + 5% normal goat serum.  

The following primary antibodies and dilutions were used: mouse anti-oligodendrocyte 

marker O4 (Chemicon International Inc, Temecula, CA, USA; 1:100; rabbit anti-Glial 

Fibrillary Acidic Protein (GFAP) (Millipore, MA, USA; 1:800); mouse anti-Proliferating cell 

nuclear antigen PCNA (Dako Corporation, CA, USA; 1:100); mouse anti-KI67 (Dako 

Corporation, CA, USA; 1:400); rabbit anti-Cleaved Caspase 3 (Cell Signaling Technology, 

MA, USA 1:200);  anti-mouse CNPase (1:200); and anti-rat BrdU (Accurate Chemicals, NY, 

USA 1:200).   
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After primary antibody incubation the sections were washed with PBS (3 x 5 min), and then 

incubated with either anti-mouse biotinylated immunoglobulin G (Vector Laboratories; 1:200 

dilution in PBS) for PCNA, KI67 and CNPase, anti-rabbit biotinylated immunoglobulin G 

(Vector Laboratories; 1:200 dilution in PBS) for GFAP and Caspase 3, anti-mouse 

immunoglobulin M (Vector Laboratories; 1:200 dilution in PBS) for O4, and anti-rat 

immunoglobulim G (Vector Laboratories; 1:200 dilution in PBS) for BrdU. For all stains and 

antibodies, sections were then washed for 3 x 5 min in PBS, incubated in avidin-biotin 

complex (VectorStain Elite ABC Kit, Vector Laboratories) in the ratio of 1:50 in PBS for 2 h 

at room temperature, washed again in PBS (3 x 5 min), and then reacted in DAB. The 

reaction was terminated by washing in distilled water, the sections dehydrated (reverse of 

deparaffinisation) and mounted. The control sections were processed in the same way except 

the primary antibody was omitted from the incubation solution. Table 1 summarises the 

histological labelling information above. 

Cell type  Antibody and 

dilution 

Blocking serum  Secondary 

antibody 

Proliferating  Rat‐Anti BrdU (1:200)  Normal Horse Serum  Anti‐Rat IgG 

Proliferating  Mouse‐Anti KI67 

(1:400) 

0.5 M Glycine  Anti‐Mouse IgG 

Proliferating  Mouse‐Anti PCNA 

(1:100) 

Normal Horse Serum  Anti‐Mouse IgG 

Astrocyte  Rabbit‐Anti GFAP 

(1:800) 

Normal Goat Serum  Anti‐Rabbit IgG 

Pre‐OL  Mouse‐Anti  O4 

(1:100) 

Normal Horse Serum  Anti‐Mouse IgM 

Immature OL  Mouse‐Anti CNPase 

(1:200) 

Normal Goat Serum  Anti‐Mouse IgG 

Apoptotic via 

caspase 3 pathway 

Rabbit‐Anti caspase 3 

(1:200) 

Normal Goat Serum  Anti‐Rabbit IgG 

Table 1: Summary of histological labelling of various cell types. 

2.9.4 Histological cell counts 

For chapter 3 and for BrdU in the white matter (chapter 7) visualisation and photo capturing 

of the slides was done using a Zeiss Axioscope Microscope equipped with a Zeiss HRC 
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microscope camera and Axiovision software (Carl Zeiss Pty, Ltd; Australia). Cell counting 

was carried out by superimposing a microscope aperture graticule (1 mm2) over the aperture 

lens of the microscope and counting a defined square area of the SVZ or the white matter 

regions. Figure 5 depicts the ventricular lining of the SVZ used for counting, the area of 

region presented in graphs of cell counts = 0.03 mm2. Figure 6 depicts the inner SVZ and the 

border of the SVZ and periventricular white matter regions used for counting. The inner SVZ 

area counted and presented in graphs of cell counts = 2 mm2, the border region was 1 mm2. 

 

 

Figure 5: Ventricular area of the SVZ sampled for histological counting, area of the 2 red boxes combined = 
0.03 mm2. 
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Figure 6: Regions of the SVZ where cells were counted, “in” =  inner SVZ and “Bo” = border of the SVZ and 
periventricular white matter. 

 

Figure 7 depicts the four areas of the white matter that were chosen for counting, designated 

as intragyral white matter, periventricular white matter, lateral intragyral white matter and 

external capsule. 

In In Bo
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Figure 7: Regions of the white matter where cells were counted, 1 = intragyral, 2 = periventricular, 3 = lateral 
intragyral and 4 = external capsule, each area box is 1mm2.  

 

Blinded counting of slides was conducted with the key provided at the end once counting was 

complete. The area measurements for each of the SVZ areas and white matter areas were kept 

constant for each stain by using a stage micrometer to calibrate the measurements on the 

Axiovision software. Cell counting was done using the Image J analysis software (NIH, 

USA). 

2.9.5 Automated cell counting 

Due to the volume of slides produced for chapters 6 and 7 using the semi-stereological 

method, a method of automatic quantification of cells was used for these slides. The 

MetaMorph® Microscopy Automation & Image Analysis Software was used to create 

algorithms, in conjunction with Dr M. Dragunow (University of Auckland), to detect the 

various immunohistochemical cell types (Dragunow, 2008; Tatapudy et al., 2008). Two types 

of analyses were performed depending on the type of stain. One algorithm used the “Find 
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Spots” function; images were processed using the Find Spots application (with size and 

intensity adjusted to detect cells of interest) in the Metamorph programme to count 

immunopositive cells with results automatically logged to excel spreadsheets. The second 

method used the “Add Invert Count Nuclei” function; images were converted to 16-bit gray 

scale, inverted (with the Morphological Invert application) and then the Count Nuclei 

application (with size and intensity adjusted to detect cells of interest) in the Metamorph 

programme was used to count immunopositive cells with results again automatically logged 

to excel spreadsheets.  

Validation was done by hand counting a 10% selection of each stain and a t-test conducted to 

test for significant differences between automatic and hand counts. Where results were 

significantly different the automatic method algorithm was revised or abandoned in favor of 

the hand counting method. Accordingly, the O4 SVZ was hand counted as some slides had a 

darker background which made automatic quantification hard to achieve.  

2.10. Data analysis and statistics. 

For the analysis of the long-term recovery in chapter 4 and 5 (1-168 h after asphyxia), data 

were calculated as 30 min averages from end of asphyxia until 12 h, and thereafter as 1 h 

averages until 24 h and 6 h averages until 168 h. The baseline period was taken as the mean 

of the 12 h before asphyxia. Graphs were generated using Graph Pad Prism 5 (GraphPad 

Software Inc, San Diego, California, USA). Data analysis specific to the studies are outlined 

in the appropriate methods sections in individual chapters, and the specific statistical tests and 

methodology used are also outlined in the specific chapters. Treatment effects on fetal 

extradural and core body temperature, EEG power (dB), spectral edge frequency (SEF), 

carotid blood flow (CaBF) and blood gas data were evaluated by repeated measures analysis 

of variance with time as a repeated measure (ANOVA, SPSS v15, SPSS Inc., Chicago, 

Illinois, USA) followed by a Sidak post hoc test when a significant overall effect was found 

(Howell, 2002). Statistical comparisons of histological scores of immunopositive staining 

were evaluated by repeated measures ANOVA, followed by a Sidak post hoc test when a 

significant overall effect was found. Statistical significance was accepted when p<0.05. Data 

are mean ± standard deviation (SD).  
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Chapter 3. Head cooling protects the preterm fetal sheep brain 3 

days after asphyxia. 

3.1. Introduction. 

A recent meta-analysis of clinical trials of hypothermia, administered after hypoxic-ischemic 

insults, has shown that hypothermia protects against death and severe disability at 18 months 

after treatment (Edwards et al., 2010). However, this treatment has only been clinically 

trialled in term-born infants. As reviewed in chapter one, preterm infants are vulnerable to 

injury and are frequently shown to have neurological impairments (Saigal & Doyle, 2008), 

and a safe efficacious neuroprotective treatment is urgently needed. A recent clinical trial in 

preterm neonates with advanced necrotizing enterocolitis has shown that hypothermia for 48 

h is safe in preterm infants in the short-term (Hall et al., 2010). There are no data available 

for the use of hypothermia after hypoxic-ischemic insults for preterm infants. A previous 

study by this group has shown that hypothermia protects against white and grey matter injury 

(Bennet et al., 2007). Specifically, 68.5 h of hypothermia was shown to protect against the 

loss of O4+ oligodendrocytes and prevent caspase 3 and IB4+ microglia induction in the 

periventricular white matter. However, cell proliferation, assessed with PCNA, was shown to 

be reduced.  

The reduction of proliferation is of potential concern if maintained long-term after the 

cooling period. Additionally, the study by Bennet et al. (2007) did not examine the SVZ, 

which, as reviewed in chapter one, is a highly proliferative area giving rise to both 

oligodendrocyte and neuronal progenitors (Barrett et al., 2007). Rodent studies have shown 

that the SVZ can participate in a regenerative response to hypoxic-ischemic insults (Barrett et 

al., 2007). Thus, it is critical to determine whether hypothermia affects cell survival at a time 

when proliferation is very active. Suppression of proliferation in the SVZ and other areas of 

the white matter, at this developmental time could have adverse effects for preterm brain 

recovery and development.   

The aim of this study was to investigate the effect of 68.5 h of hypothermia on 3 further areas 

of white matter and on the SVZ in the brain of preterm fetal sheep exposed to severe hypoxia. 

I hypothesized that hypothermia would suppress proliferation in the SVZ, and would also 

suppress cell death and microglial induction. I also hypothesized that the neuroprotective 

effect shown in the periventricular white matter in a previous study would extend to 3 other 
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areas of white matter.  

3.2. Methods. 

The surgical preparation and experimental technique were the same as specified in chapter 2, 

sections 2.5 and 2.7. Physiological results for pH, PaCO2, PaO2, lactate and glucose 

measurement, CaBF, MAP, FHR, core and extradural temperature, EEG and SE were 

reported in Bennet et al. (2007). Periventricular white matter data for caspase 3, IB4, PCNA 

and O4 from that paper are presented in this chapter with permission from L. Bennet. Briefly 

fetuses were randomised to either sham-occlusion (n=8), occlusion-normothermia (n=8) or 

occlusion-hypothermia (n=6). Fetal asphyxia was induced by rapid inflation of the umbilical 

cord occluder for 25 min. Hypothermia was applied from 90 min after the end of occlusion 

until 70 h after the end.  Hypothermia was achieved by circulating water at 10° C through a 

coil around the fetal head. At 72 h after occlusion ewes and fetuses were killed by an 

overdose of sodium pentobarbitone.     

3.2.1 Histology and image analysis 

The histological procedures and image analysis protocols used were identical to those 

described in detail in chapter 2 and Bennet et al. (2007). Antibodies to GFAP, O4, IB4, 

Caspase 3, KI67, PCNA and CNPase were used in immunohistochemical labelling of 6 µm 

paraffin embedded sections cut at the level of the mid-striatum and thalamus. Images were 

taken at 20x for the SVZ and 10x for white matter regions. Image J software (version 1.38x 

NIH USA) was used to count the number of cells per region, see section 2.9.4., labelled by 

the various immunohistochemical labels.  

3.2.2 Statistics 

Statistical analysis was performed on all histological cell counts using SPSS version 15 

(SPSS, Chicago, IL, USA). A repeated measures ANOVA was used to test for mean 

differences in histology counts, followed by the Least Significant Difference post-hoc test 

(PVWM data analysed and published by Bennet et al) or a Sidak post hoc test (SVZ and other 

WM areas) when a significant overall effect was found. Statistical significance was 

determined when p<0.05. Graphical presentations of the main effects are presented as ±1 

standard deviation.  
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3.3. Results. 

Repeated measures ANOVA was used to compare the mean number of KI67+ or PCNA+ 

cells between the three groups. Only the PCNA stain showed a statistically significant overall 

ANOVA, (p<0.05). Figure 8 shows numbers of proliferating cells labelled with PCNA and 

KI67. 
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Figure 8: Proliferation in the SVZ labelled using PCNA (A) and KI67 (B). The overall ANOVA for KI67 was not 
significant.  The  ANOVA  for  PCNA  was  significant,  (p<0.05).  The  occlusion‐hypothermia  group  had 
significantly more PCNA+ cells compared to the occlusion‐normothermia group (#), (p<0.05). Note the area 
counted is different for each SVZ region and can be found in section 2.9.4. 

There was no significant difference in the number of KI67+ cells between any groups, Figure 

8 (A). In contrast there were significantly more PCNA+ cells in the occlusion-hypothermia 

group compared to the occlusion-normothermia group, (p<0.05), Figure 8 (B). No significant 
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difference was detected between the sham group and any of the occlusion groups.  

Figure 9 displays the results of GFAP and O4 counts in the three groups.  
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Figure 9: Astrocytes and pre‐OL cells in the SVZ labelled using GFAP (A) and O4 (B) respectively. There were 
no  significant  changes  in  GFAP+  astrocytes  between  the  groups.  The  occlusion‐hypothermia  group  had 
significantly more O4+ cells compared to the occlusion‐normothermia group (#), (p<0.05).  

There were no significant changes in GFAP+ astrocytes between the groups (Figure 9 A). 

The oligodendrocyte marker O4 was used to quantify changes in pre-OL cell counts. There 

were significantly more O4 labelled cells in the occlusion-hypothermia group compared to 

the occlusion-normothermia group, (p<0.05). There was no significant difference between the 

sham-occlusion and the occlusion-normothermia group, Figure 9 (B).  



 

 
 

59
 

Figure 10 shows the number of caspase 3+ and IB4+ microglia.  
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Figure 10: Numbers of activated caspase 3+ cells, (A), and microglia assessed using  IB4 (B). There were no 
significant  changes  in  caspase  3+  cells  between  the  groups.  The  occlusion‐hypothermia  group  had  a 
significant increase in O4+ cells compared to the sham group (*), (p<0.05).  

There was no significant difference in the number of caspase 3+ cells between groups, Figure 

10 (A). There was a significant increase in the number of IB4 labelled cells in the occlusion-

hypothermia compared to the sham-occlusion group, but not the occlusion-normothermia 

group, (p<0.05), Figure 10 (B). 
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Figure  11:  Representative  photomicrographs  of  O4,  GFAP  and  IB4  cells  in  the  SVZ  in  the  3  different 
experimental groups. The arrows point to representative cells within each photo. 

Figure 11 shows representative pictures of pre-OL, astrocytes and microglia in the SVZ taken 

using a 20x objective. The coloured arrows depict a representative + cell for each stain. 

Figure 12 shows representative pictures of proliferating cells (PCNA and KI67) and caspase 

3+ cells taken using a 20x objective. The coloured arrows depict a representative + cell for 

each stain.     
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Figure  12:  Representative  photomicrographs  of  KI67,  PCNA  and  caspase  3  in  the  SVZ  in  the  3  different 
groups. The arrows point to representative cells within each photo. 

Figures 13-15 display the results for cell counts for four regions in the white matter; 

previously published data for the periventricular white matter for four stains is shown in the 

figures where applicable (Bennet et al., 2007). Figure 13 displays the KI67 and caspase 3 

counts across the three groups. The overall ANOVA results for both stains were not 

statistically significant.  
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Figure 13: Number of proliferating and dying cells in the white matter assessed using KI67 (A) and caspase 3 
(B)  respectively.  A  Sidak  post  hoc  analysis  was  significant  in  the  periventricular  region,  the  occlusion‐
normothermia group had significantly more KI67+ cells compared to the occlusion‐hypothermia group  (#), 
(p<0.05).  For  caspase  3,  a  Sidak  post‐hoc  analysis  was  significant  in  the  intragyral  region,  p<0.05,  the 
occlusion‐normothermia  group  had  significantly  more  caspase  3+  cells  compared  to  the  occlusion‐
hypothermia  group  (#),  (p<0.05).  In  the  periventricular  white  matter  both  occlusion  groups  showed 
significantly  more  activated  caspase  3  cells  compared  to  the  sham  group  (*),  (p<0.001).  Hypothermia 
showed significantly less caspase 3+ cells compared to the occlusion‐normothermia group (#), (p<0.05).   

Figure 13 (A) shows proliferation in the white matter assessed using KI67 and not PCNA as 

in the SVZ study. The decision as to why this was done is explained in the discussion. Dying 

cells were quantified using the apoptotic marker caspase 3, Figure 13 (B). A Sidak post-hoc 
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analysis was significant in the periventricular region, (p<0.05). The occlusion-normothermia 

group had significantly more KI67+ cells compared to the occlusion-hypothermia group, 

(p<0.05). For caspase 3, a Sidak post-hoc analysis was significant in the intragyral region, 

(p<0.05), the occlusion-normothermia group had significantly more caspase 3+ cells 

compared to the occlusion-hypothermia group, (p<0.05). In the periventricular white matter 

both occlusion groups showed significantly more activated caspase 3+ cells compared to the 

sham group, (p<0.001). Hypothermia was associated with a significant reduction in activated 

caspase 3 expression compared to the occlusion-normothermia group, (p<0.05).   

Figure 14 displays the results comparing GFAP and O4 counts across the three groups.  
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Figure  14: Astrocytes  (A)  and  pre‐OL  (B)  cells  in  the white matter.  There were  no  significant  changes  in 
GFAP+ astrocytes between  the groups. The occlusion‐normothermia group had significantly  less O4+ cells 
compared  to  the sham group  (*),  (p<0.05). There was a significant  loss of O4+ cells  in  the periventricular 
white matter in the occlusion‐normothermia group compared to the sham group, (p<0.01).  
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There was no significant difference in the number of GFAP+ cells between the groups, see 

Figure 14 (A). There were significantly less O4+ pre-OL cells in the occlusion-normothermia 

group compared to the sham-occlusion group, (p<0.05), Figure 14 (B). There were 

significantly less O4+ cells in the periventricular white matter in the occlusion-normothermia 

group compared to the sham group, (p<0.01). Hypothermia showed significantly more O4+ 

cells compared with the occlusion-normothermia group, (p<0.01). 

Figure 15 displays the results comparing CNPase and IB4 counts across the three groups. 

CNPase was used to quantify the numbers of immature and mature oligodendrocytes, i.e. 

later stages than the pre-OL stage, there was no CNPase+ staining in the SVZ.  
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Figure 15: Numbers of oligodendrocytes and microglia  (CNPase  (A) and  IB4  (B)) cells  in  the white matter. 
There were no significant changes in CNPase+ cells between the groups. The occlusion‐normothermia group 
had  significantly more  IB4+  cells  compared  to  the  sham group  (*),  (p<0.05).  In  the periventricular  region 
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both occlusion groups showed a significant increase in IB4+ cells compared to the sham group (*), (p<0.001). 
Hypothermia  showed  significantly  less  IB4+  cells  compared  to  the  occlusion‐normothermia  group  (#), 
(p<0.05).  

There was no significant difference in the number of CNPase+ cells in the white matter 

between the groups, Figure 15 (A). There were significantly more IB4+ cells in the 

occlusion-normothermia group compared to the sham-occlusion group, (p<0.05), Figure 15 

(B). In the periventricular region both occlusion groups showed significantly more IB4+ cells 

compared to the sham group, (p<0.001). Hypothermia showed significantly less IB4+ cells 

compared to the occlusion-normothermia group, (p<0.05). Figure 16 and Figure 17 show 

representative pictures taken at 20x magnification of the cells counted in the white matter 

regions. 
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Figure 16: Representative photomicrographs of KI67, Caspase 3 and GFAP cells in the intragyral white matter 
in the 3 different experimental groups. The coloured arrows point to representative cells within each photo. 

 

 

 

 

 

Sh
am

 
O
cc
lu
si
o
n
 

H
yp
o
th
e
rm

ia
 



 

 
 

67
 

  O4  CNPase  IB4 

 
 

 

 
 

 

 
 

 

Figure 17: Representative photomicrographs of O4, CNPase and  IB4 cells  in the  intragyral white matter  in 
the 3 different experimental groups. The arrows point to representative cells within each photo. 

3.4. Discussion. 

The present study is the first to examine the response of the SVZ to a global asphyxial insult 

and hypothermia as a neuroprotective treatment in a large preterm animal model. This study 

shows that overall proliferation of cells in the SVZ is unaffected by umbilical cord occlusion 

or subsequent hypothermic treatment 72 h post-occlusion. Furthermore, microglia and 

caspase 3+ cells were found to be present in low numbers. However, the number of pre-OL 
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cells was reduced after asphyxia, but not significantly different from sham control values. In 

the three white matter areas studied, induction of microglia and loss of pre-OL cells after 

asphyxia was observed. As in the SVZ, hypothermia prevented this loss of pre-OL cells and 

suppressed the induction of microglia. Astrocyte numbers did not change in any region 

studied between groups. The data from the white matter regions adds to existing data from 

this group, and provides a comprehensive overview of the state of the white matter after 3 

days recovery from asphyxia and hypothermic treatment. 

3.4.1 The SVZ at 3 days recovery from umbilical cord occlusion 

Contrary to my original hypothesis, proliferation in the SVZ of the occlusion-normothermia 

and occlusion-hypothermia groups was not suppressed at 3 days recovery. This is consistent 

with studies of hypoxia-ischemia in the P6 and P7 rat, equivalent to the 32-36 week human 

infant, where a consistently mild impact on the SVZ has been shown (Romijn et al., 1991; 

Sheldon et al., 1998; Vannucci & Towfighi, 1999). Specifically, the total cellularity and 

proliferative capacity of the SVZ were unchanged 18 and 48 h after hypoxia-ischemia (Ong 

et al., 2005; Felling et al., 2006). Felling et al. (2006) injected BrdU at 48 h recovery from 

hypoxia-ischemia in P6 rats and killed them 1 h later (Felling et al., 2006). They found that 

proliferation was unchanged in the entire SVZ compared to controls. Thus, my results show 

good agreement with the evidence outlined above concerning early unchanged proliferative 

responses. At one week recovery it is possible that a proliferative response may ensue, this 

possibility is addressed in chapter 6.  

Interestingly, hypothermia in this study was associated with an increase in proliferating cells 

in the SVZ, assessed with PCNA only. This result is inconsistent with my original hypothesis 

and published evidence from this and other groups (Si et al., 1997; Lee et al., 2002; Hachimi-

Idrissi et al., 2004; Bennet et al., 2007).  Data from in vitro and in vivo experiments suggests 

that proliferation of microglia and astrocytes can be suppressed at temperatures ranging from 

less than 16°C to 33°C. Additionally, in a recent study, neonatal rats were placed in a 30°C 

environment, each receiving a BrdU injection at 21 h and killed at 24 h. The authors found 

that hypothermia did not effect proliferation in the SVZ (Kanagawa et al., 2006). In contrast 

to PCNA staining, I found that KI67 staining was not different between groups. The 

difference between the two markers, likely reflects the more restricted binding of PCNA in 

the cell cycle. The KI67 antibody labels the antigen which is present in the G1, S, G2 and the 

M phase; therefore all phases of the cell cycle are labelled (Roobol et al., 2009). However, 
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KI67 expression in G1 is controversial (Gerdes et al., 1984; Braun et al., 1988; du Manoir et 

al., 1991; Bruno & Darzynkiewicz, 1992; Scholzen & Gerdes, 2000; Urruticoechea et al., 

2005). Some studies have shown no expression and others have found late G1 expression. 

Thus, it is possible that in my study, KI67 does not label all cells in the G1 phase.  

Compared to KI67, PCNA only strongly labels the G1 and S phases of the cell cycle (Kurki 

et al., 1986; Hall et al., 1990; Valero et al., 2005). However, some studies have reported that 

PCNA can also label non dividing cells (Hall et al., 1990; Harrison et al., 1993; Rose et al., 

1994; Ohta & Ichimura, 2000). Additionally, data from cancer research studies has shown 

that PCNA can be unreliable and lead to many false positives and inflated cell counts, when 

compared to KI67 and BrdU (Leonardi et al., 1992; Sullivan et al., 1993; Roskell & 

Biddolph, 1999; Muskhelishvili et al., 2003). Thus, there is controversy in the use of PCNA 

to accurately predict numbers of proliferating cells. However, it has been shown that in 

normal tissue and under normal cell cycling conditions PCNA correlates well with other 

measures of proliferation including KI67 and BrdU (Hall et al., 1990). This presents a further 

issue as there is evidence that hypothermia can affect individual phases of the cell cycle. 

Additionally, moderate hypothermia (25-33°C) can cause slowing of cell growth and 

proliferation, with an increase in the G1 and S phases (Rao & Engelberg, 1965; Rieder & 

Cole, 2002). Recently an in vitro study found that mammalian cells subjected to mild (25-32 

°C) and low (4-10 °C) temperatures had increased levels of p53 protein, which influences 

cells to arrest in the G1 phase of the cell cycle (Roobol et al., 2009).  

Given the results and evidence cited above, I concluded that these cell cycle altering 

properties of hypothermia, as well the potential for inaccuracy detailed above, have rendered 

the accurate use of PCNA as a proliferation marker doubtful. Indeed, it has been suggested 

that when any G1-S transition effects are present then PCNA can not be considered reliable 

(Muskhelishvili et al., 2003). Due to hypothermic effects and the potential to label non-

dividing cells, an artifactual rise in PCNA labelled cells may have occurred in this study, 

which is not shown in the KI67 staining. As a result of this research I made the decision not 

to use PCNA in the following chapters and instead used KI67 and BrdU to quantify 

proliferation. KI67 and BrdU have been shown to correlate well with each other and with 

other markers of proliferation (Kee et al., 2002; Muskhelishvili et al., 2003; Urruticoechea et 

al., 2005).  

There was a small but statistically significant decrease in the number of pre-OL cells in the 
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occlusion-normothermia group compared to the occlusion-hypothermia group in the SVZ and 

a trend for a reduction compared to the sham group. As reviewed in chapter 1 the pre-OL has 

been shown to be vulnerable to hypoxic-ischemic insults. Indeed, in a sheep model of 

ischemia it has been shown that damage is dependant on the location and density of the pre-

OL cells (Riddle et al., 2006). In a preterm rabbit uterine ischemia model, the timing of 

appearance of the pre-OL cells was shown to be the major factor underlying white matter 

damage (Buser et al., 2010). Hypothermia prevented the mild loss of pre-OL cells, consistent 

with studies showing that hypothermia is neuroprotective, and protects both early and late 

maturation oligodendrocyte cells (Roelfsema et al., 2004; Bennet et al., 2007). The proposed 

mechanisms of neuroprotection have been comprehensively reviewed in chapter 1.  

Although significant, the reduction in pre-OL cells is relatively mild in this study and 

represents a reduction of around 25% associated with asphyxia. The lack of increased cell 

death, astrocytosis, or microglia induction in the occlusion-normothermia group also suggests 

a mild selective effect of asphyxia. This is consistent with the animal studies discussed above. 

Specifically, Felling et al. (2006) used double labelling with GFAP and BrdU and showed no 

increase in astrocyte proliferation in the SVZ at 48 h (Felling et al., 2006). Further, Riddle et 

al. (2006) have shown that in the 0.65 gestation fetal sheep, the SVZ is mostly spared of 

injury at 24 h recovery, even after 45 min of ischemia (Riddle et al., 2006). Thus, acute injury 

is likely responsible for the loss of pre-OL cells and this is not shown in the current study as 

cell death likely occurred before the 72 h time point studied here. Indeed, it has been shown 

that cell death can take as little as 2-3 h to occur (Bursch et al., 1990a; Bursch et al., 1990b; 

Watanabe et al., 2002).  

There is some data showing a regional predilection for injury in the SVZ (Brazel et al., 2004; 

Romanko et al., 2004b). The medial SVZ, including the ependymal layer, contains stem cells 

and has been shown to be resistant after hypoxia-ischemia in the rat. The lateral SVZ has 

been shown to contain progenitor cells of more restricted lineage and was more vulnerable to 

injury after hypoxia-ischemia (Romanko et al., 2004b; Felling et al., 2006). In contrast, a 

sub-analysis of my O4 data showed that the decrease associated with asphyxia was uniform 

across the SVZ, i.e. from the ependymal layer to the border of the white matter. A study 

utilizing specific stem cell markers and progenitor markers is needed to investigate further a 

possible SVZ regional effect-specificity. As reviewed in chapter 1, Brazel et al. (2004) have 

shown that the vulnerability of the SVZ increases with age (Brazel et al., 2004). The 0.7 

gestation fetal sheep brain is equivalent to the human brain at 28-32 weeks gestation (Barlow, 
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1969; McIntosh et al., 1979). The P5 mouse brain is equivalent to the 24-28 week human 

brain. Thus, in Brazel et al. (2004) the P5 and P7 mice sustained little SVZ damage compared 

to the P10 mice; a result which is in agreement with findings in this study. Also as noted in 

chapter 1, these data are consistent with evidence that the overall neural tolerance to hypoxia 

is high in the preterm brain (Gunn et al., 2001).  

3.4.2 The white matter at 3 days recovery from umbilical cord occlusion 

There was no significant increase in KI67+ cells in the white matter regions studied. There 

are sparse data available to directly compare to my results at this time point. However, Biran 

et al. (2006) found increased KI67 expression in the cingulum at 72 h after ischemia in the P7 

rat (Biran et al., 2006). There is also data available for later time points, which will be 

discussed in chapter 7. The difference between mine and Biran et al’s result is likely due to 

the different species, insult, and difference in areas studied. Bennet et al, (2007) found 

decreased proliferation in the periventricular white matter after umbilical cord occlusion and 

hypothermia (Bennet et al., 2007). In this study KI67 was significantly decreased after 

hypothermia in the periventricular white matter compared to the occlusion-normothermia 

group. However, there was no difference compared to the sham group. Thus, PCNA may 

have exaggerated the decrease in proliferation for the reasons suggested above. The overall 

KI67 results suggest little impact of hypothermia on proliferation at 3 days recovery. 

However it may be that proliferation is suppressed earlier on during hypothermia to a lesser 

or greater degree. Assessment of proliferation at a later time point, 7 days recovery, in the 

white matter is the subject of chapter 7. 

This research group previously showed that umbilical cord occlusion was associated with a 

decrease in pre-OL cells. The results presented here are consistent with this and findings 

indicating that the timing of appearance, location and density of pre-OL cells confer 

susceptibility to hypoxic-ischemic insults (Back et al., 2002a; Riddle et al., 2006; Buser et 

al., 2010). In the human infant it has been shown that the pre-OL comprises approximately 

90% of the oligodendrocyte lineage during 23-32 weeks (high risk period for PVL) (Back et 

al., 2001). The 0.7 gestation fetal sheep brain is comparable to 28-32 week human infant 

brain. Thus, it is likely that the pre-OL cell is the dominant cell type at this age. The finding 

in this study that the number of cells labelled with CNPase was half that of O4 also suggests 

that this is the case.   

There are few data to directly compare to my white matter data at 72 h recovery from 
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occlusion. However, Segovia et al. (2008) have shown increased O4+ cell loss in cerebral 

lesions at 1 day and 4 days after hypoxia-ischemia in the P3 rat (Segovia et al., 2008). In 

terms of oligodendrocyte lineage maturation, the P3 rat is equivalent to approximately 27-28 

weeks in the human infant (Craig et al., 2003). Interestingly, double labeling with caspase 3 

was only significantly increased at 4 days after hypoxia-ischemia (Segovia et al., 2008). 

Huang et al. (2009) showed an increase in O4+ cells in the cingulum, subcortical white 

matter and corpus callosum at 72 h after hypoxia-ischemia in P3 rats (Huang et al., 2009). 

Possible reasons for the discrepancy between my own and Huang et al’s result include; the 

insult used and the species, and the different white matter areas studied. Although not directly 

studied by Huang et al. (2009) it is possible that the increase in O4+ cells represents an 

increased proliferative response to injury, which is not seen in my study at this time point. As 

mentioned above Biran et al. (2006) found increased proliferation in the cingulum at 72 h 

after ischemia in the P7 rat. The authors used double labelling with NG2 (labels the OL 

progenitor and pre-OL), and showed an increase of proliferating NG2 cells at 72 h post-

ischemia in the cingulum (Biran et al., 2006; Back et al., 2007). Sizonenko et al. (2008) have 

also found increased proliferation of NG2 cells in the cerebral cortex at 72 h after a moderate 

hypoxic-ischemic injury in P3 rats (Sizonenko et al., 2008). Thus, although not seen in my 

results at 72 h, it is possible that at later time points an increase in proliferation of 

oligodendrocytes may be seen, this possibility is dealt with in chapter 7.  

Bennet et al. (2007) showed that hypothermia protects against O4+ cell loss in the 

periventricular region after umbilical cord occlusion (Bennet et al., 2007). The results of this 

study indicate that this protection extends to the majority of the white matter. This is a 

previously undetermined important clinical finding. As reviewed in chapter 1, the preterm 

white matter is highly susceptible to injury and is the main injury sustained in perinatal 

hypoxia-ischemia. Thus, the finding here suggests that hypothermia is effective in protecting 

O4+ oligodendrocytes from death at 3 days recovery.  

CNPase staining, which labels both immature and mature oligodendrocytes, revealed no 

overall changes between groups and is consistent with the theory that these cells are more 

resistant to injury than the vulnerable pre-OL cell (Back et al., 2002a; Riddle et al., 2006; 

Buser et al., 2010). However, Mallard et al. (2003) have reported that CNPase+ cells were 

reduced in the internal capsule area at 72 h after 20-25 min umbilical cord occlusion in 0.6 

gestation fetal sheep (Mallard et al., 2003). In the current study there was a non-significant 

decrease in the mean number of CNPase cells after occlusion in the external capsule. It may 
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be that the injury sustained in the current study was slightly milder than that in Mallard et al’s 

study. Also the magnitude of the reduction in CNPase+ cells, in the present study, is much 

less than that for the O4+ cells. Therefore, the oligodendrocyte maturational vulnerability 

theory is consistent with the findings of the current study. 

3.4.3 Microglia and caspase 3 in the white matter at 3 days recovery from asphyxia 

Consistent with previous data, there was a significant increase in IB4+ microglia in the white 

matter regions in the occlusion-normothermia group compared to the sham group. The 

induction of microglia after asphyxia is consistent with other data at 72 h recovery from 

hypoxic-ischemic insults. Mallard et al. (2003) reported increased IB4 staining in the 

subcortical white matter after 20-25 min asphyxia in the 0.65 gestation fetal sheep (Mallard et 

al., 2003). Data from the same group extended these results to include the periventricular 

white matter, internal capsule and external capsule (Welin et al., 2005). Biran et al. (2006) 

found a 2-3 fold increase in IB4 numbers at 72 h after ischemia in the P7 rat (Biran et al., 

2006). Increased microglia in the subcortical white matter was also shown by Huang et al. 

(2009) at 72 h recovery from hypoxia-ischemia in the P3 rat (Huang et al., 2009). Finally, 

Fraser et al. (2007) found increased microglia at 72 h after ischemia in the 0.65 gestation fetal 

sheep (Fraser et al., 2007). Thus, my results are in agreement with studies in a variety of 

animal models showing increased microglial activation after hypoxic-ischemic insults at 72 h 

recovery.  

Although the direction of causality is unclear at this stage, there is evidence linking the 

activation of microglia, from a resting to an amoeboid state, to injury in neonatal hypoxia-

ischemia and to oligodendrocytes specifically (Kadhim et al., 2001; Haynes et al., 2003; 

Chew et al., 2006). Firstly, observational studies have shown microglial cells induced in 

periventricular lesions in infants with PVL (Deguchi et al., 1996; Kadhim et al., 2001). 

Secondly, Haynes et al. (2003) showed evidence of protein nitration and reactive oxygen 

species (ROS) damage in pre-OL cells associated with the visible appearance of activated 

microglia in human infants (Haynes et al., 2003). Briefly, the mechanisms that microglia may 

cause or exacerbate injury include, overproduction of inflammatory cytokines including 

TNF-α, IL-1ß, IL-6 and IL-2, production of ROS and reactive nitrogen species (RNS) and 

excitotoxic potentiation, via glutamate release and receptor expression (Back et al., 1998; 

Heyen et al., 2000; Baud et al., 2004; Li et al., 2005; Kaur et al., 2006; Kaur & Ling, 2009b). 

Oligodendrocytes have low levels of enzymes needed to scavenge ROS, have a higher rate of 
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oxidative metabolism than other glial cells and lack mitochondrial manganese superoxide 

dismutase (a key anti-oxidant enzyme); all of these factors are explanations for the 

vulnerability of oligodendrocytes to oxidative injury (Juurlink, 1997; Folkerth et al., 2004; 

Deng, 2010). Thus, increased ROS and RNS production by microglia may stress pre-OL cells 

and cause their demise.  

This hypothesis has been addressed in studies blocking the induction of microglia using the 

tetracycline drug minocycline (Buller et al., 2009). Several studies have shown that 

minocycline attenuates white matter injury and protects the pre-OL cell population (Cai et al., 

2006; Carty et al., 2008; Lechpammer et al., 2008; Buller et al., 2009). Cai et al. (2006) 

found that minocycline protected against hypoxia-ischemia induced O4+ cell loss at 5 days 

recovery; it also reduced microglia induction, and reduced the labelling of oxidative damage 

associated with hypoxia-ischemia in the P4 rat (Cai et al., 2006). Lechpammer et al. (2008) 

showed similar findings at 4 days recovery from hypoxia-ischemia in the P6 rat 

(Lechpammer et al., 2008). However, Carty et al. (2008) showed that despite completely 

abolishing microglia induction, using a low dose minocycline regime, O4+ cell loss was not 

prevented, and O1 (equivalent marker to CNPase) cell loss was three-fold less higher than a 

high dose regime (Lechpammer et al., 2008). Further, other studies have shown that 

minocycline has only transient neuroprotective effects that are independent of microglial 

activation, and one study actually showed an increased injury following hypoxia-ischemia in 

the P7 mouse (Tsuji et al., 2004; Fox et al., 2005). Thus, although a role for microglial 

induced oligodendrocyte injury is likely, the full understanding of the molecular mechanism 

of this role remain to be elucidated (Deng, 2010).     

Additional evidence of a role of microglial induced injury of oligodendrocytes in this study is 

provided by the GFAP results. There was no change in the number of astrocytes in any of the 

white matter regions studied. This is consistent with Mallard et al. (2003) as they also found 

no increase in GFAP+ cells after umbilical cord occlusion in the 0.65 gestation fetal sheep 

(Mallard et al., 2003). Roelfsema et al. (2004) also detected no changes in GFAP+ cell 

numbers in the intra-gyral and corona radiata white matter regions, 5 days after ischemia in 

the 0.85 gestation fetal sheep (Roelfsema et al., 2004). However, microglia induction was 

seen in both studies. Thus, given the absence of astrocytosis at this time point, it is unlikely 

that astrocyte mediated mechanisms of white matter injury have contributed significantly to 

injury (Sen & Levison, 2006). Rather, it is likely that the ongoing microglia induction and 

other inflammatory mechanisms are responsible for the reduction in oligodendrocytes at this 
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time point.   

Hypothermia suppressed the induction of microglia in the white matter regions. This 

reduction in microglia is consistent with in vivo and in vitro studies showing that hypothermia 

reduces microglia proliferation (Si et al., 1997; Roelfsema et al., 2004; Bennet et al., 2007). 

As reviewed in chapter 1, hypothermia has been shown to prevent the onset of secondary 

energy failure, reduce inflammatory second messenger release and protects against seizure 

activity and excitotoxicity (Inamasu et al., 2000; Wang et al., 2002; Gibbons et al., 2003; 

Gunn & Thoresen, 2006). Thus, given the lack of cell death and astrocytosis in this study, 

protection of pre-OL cells associated with cerebral hypothermia is likely due to the 

suppression of inflammatory processes and suppression of microglia. Support for this 

hypothesis is provided by Roelfsema et al. (2004); the authors studied the effect of 72 h of 

cerebral hypothermia after ischemia in the near-term fetal sheep. In this study initiation of 

cooling was either at 90 min after the end of ischemia or 5.5 h after the end. The authors 

found that later cooling had a “markedly reduced” effect on microglia suppression that 

“closely paralleled” a loss of oligodendrocyte protection. To further test this hypothesis other 

markers of cell death, such as fractin and terminal deoxynucleotidyl transferase-mediated 

biotinylated UTP end labelling (TUNEL) could be used to confirm the lack of apoptotic cell 

death (Leist & Jaattela, 2001; Watanabe et al., 2002; Riddle et al., 2006). Double staining 

with IB4 and O4 could also provide observational information as to the association with 

damage as in Biran et al. and Haynes et al (Haynes et al., 2003; Biran et al., 2006). Further, 

studying oxidative stress markers in association with microglial and oligodendrocyte cells, as 

in Cai et al. (2006) could add further evidence of a role for microglia mediated inflammatory 

injury of pre-OL cells (Cai et al., 2006).  

In this study caspase 3 staining was significantly increased in the intragyral white matter, and 

was elevated non-significantly in the other areas. Thus, the intragyral and periventricular 

white matter contain increased levels of activated caspase 3 three days after hypoxia-ischemia 

(Bennet et al., 2007). The sham group was also found to contain a few caspase 3+ cells in all 

white matter regions. Cell death normally occurs in the developing brain as part of a pruning 

and developmental process (Rakic & Zecevic, 2000). Indeed, many experimental studies have 

shown cell death, up to 10% in one study, in normal sham animals (Ness et al., 2001; Skoff et 

al., 2001; Iwata et al., 2005). Specifically, caspase 3 is highly expressed in the developing 

brain (Gill et al., 2002; Zhu et al., 2003). Thus, a few caspase 3 cells in the white matter of 

sham animals are not an unexpected finding.  
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The level of activated caspase 3 is less in the other white matter regions compared to the 

periventricular white matter. It is possible that acute injury has depleted the pre-OL 

population in a time frame before the 72 h point studied here, whereas in the periventricular 

region apoptotic cell death is ongoing. Consistent with this theory, caspase 3 activation has 

been shown to peak at 24 h in a study of the SVZ after hypoxia-ischemia (Romanko et al., 

2007). However, it could also be that the magnitude of injury to the other white matter areas 

is not as substantial. This hypothesis is supported by the IB4 data, where in the 

periventricular white matter the induction of microglia is approximately 8-fold higher than in 

the other white matter areas in the occlusion-normothermia group (Bennet et al., 2007). In the 

occlusion-hypothermia group the induction of microglia is approximately halved, and so too 

is the number of caspase 3+ cells. However, it has also been shown that oligodendrocytes can 

die as a result of caspase 3 independent mechanisms, usually in the acute injury period (Leist 

& Jaattela, 2001; Sanchez-Gomez et al., 2003; Segovia et al., 2008). Thus, as suggested 

above further cell death analysis is necessary to get a clear picture of cell death.   

In conclusion, this study has shown that cerebral hypothermia initiated 90 min after the end 

of 25 min of umbilical cord occlusion, protects against pre-OL cell loss in the SVZ, 

intragyral, lateral intragyral and external capsule. Hypothermia suppressed microglia and 

caspase 3 induction in the white matter, and did not suppress proliferation compared to shams 

in any SVZ or white matter region, when assessed using KI67. Depletion of pre-OL cells 

from the SVZ likely occurred acutely before the time point studied here, as suggested by the 

lack of activated caspase 3 and microglia induction. This study is the first to document SVZ 

and white matter protection with cerebral hypothermia after umbilical cord occlusion in the 

0.7 gestation fetal sheep, and has important clinical implications for the treatment of preterm 

hypoxic-ischemic insults.    
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Chapter 4. Early onset whole body hypothermia after umbilical 

cord occlusion in the preterm fetal sheep.  

4.1. Introduction. 

Clinical and experimental evidence has shown that an extended period of moderate 

hypothermia initiated within 2 to 6 hours after hypoxic-ischemic insults can protect against 

brain injury, disability and death in term newborn infants (Gunn & Thoresen, 2006; Hoehn et 

al., 2008; Edwards et al., 2010). Hypothermic treatment in term newborn infants has proven 

remarkably safe with the only effects of treatment being physiological sinus bradycardia, and 

increased thrombocytopenia with no increased rates of hypotension or other major adverse 

events (Edwards & Azzopardi, 2006; Gunn & Thoresen, 2006). The two methods of cooling 

employed in the term newborn clinical trials, namely head cooling and whole body cooling, 

have been shown to be very similar in their protective outcomes. 

Whole body hypothermia cools the brain more homogenously compared to head cooling 

where the peripheral brain is cooled more than the deep brain (Gunn & Thoresen, 2006). 

There is some evidence to suggest that head cooling may be more effective in reducing the 

incidence of severe cortical lesions as examined by MRI (Rutherford et al., 2005). However, 

given that hypoxic-ischemic injuries also target subcortical regions, the ability of whole body 

cooling to cool these regions more homogenously may prove more beneficial to improving 

the effects of subcortical damage (Laptook et al., 2001; Thoresen et al., 2001b; Rutherford et 

al., 2005; Shankaran et al., 2005). Furthermore, head cooling can be associated with scalp 

edema, which could require treatment if severe enough and left unattended (Gluckman et al., 

2005a; Jacobs et al., 2007). A paper comparing cooling methods concluded that whole body 

cooling using servo controlled systems are the most precise and accurate systems to control 

temperature during therapeutic hypothermia (Hoque et al., 2010). The study highlighted that 

a greater variability in temperature fluctuations during treatment can eventuate using head 

cooling or other whole body methods. Thus, given the potential for adverse reactions when 

temperature is lower than the target temperature advised by clinical trials (particularly 

important when considering preterm infants), and that temperature fluctuations could 

potentially lessen the effectiveness of treatment, servo controlled whole body cooling would 

seem, at this stage, to be the most desirable method of cooling. It is for the reasons outlined 

above that the group chose to use whole body hypothermia for preterm studies instead of the 
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head cooling regime used in chapter 3.  

A recent clinical trial in preterm neonates with advanced necrotizing enterocolitis has shown 

that hypothermia for 48 h is safe in the short-term (over a study period of 72 h) (Hall et al., 

2010). There is no data available for the use of hypothermia after hypoxic-ischemic insults in 

preterm neonates. Given that preterm infants have a much higher burden of neurological 

injury and neurodevelopmental handicap than term-born infants, there is much interest in the 

use of hypothermia for these infants (Gunn & Bennet, 2008). Experimentally, cerebral 

hypothermia after asphyxiation in the preterm fetal sheep has been shown to protect neurons, 

oligodendrocytes and reduce seizure activity and brain cell death immediately after the 

termination of cooling (Bennet et al., 2007). However, there is some evidence that suggests 

even mild hypothermia in preterm infants may lead to adverse systemic effects (Silverman, 

1958; Gunn & Bennet, 2008).  

Nitric oxide is synthesised from the metabolism of L-arginine by nitric oxide synthase (NOS) 

(Bredt et al., 1991; Webb et al., 2004). Nitrite is an oxidation product of nitric oxide and has 

been shown to reflect endothelial NOS activity in vivo (Kleinbongard et al., 2003; Blood & 

Power, 2007). Nitrite has particular significance during hypoxia as it has been shown that the 

conversion of nitrite to nitric oxide by deoxy-hemoglobin is oxygen sensitive (Blood & 

Power, 2007). Thus, nitrite may act as a circulating vasodilator and in hypoxic conditions its 

conversion to nitric oxide could increase blood flow and therefore oxygen delivery to tissues 

(Blood & Power, 2007). Also, nitric oxide has been shown to be increased after hypoxia-

ischemia, and involved in neurotoxicity associated with hypoxic-ischemic insults in neonatal 

animal models (Huang et al., 1994; Ohyu et al., 1999; Ishida et al., 2001; Peeters-Scholte et 

al., 2002a; Peeters-Scholte et al., 2002b; van den Tweel et al., 2002). Nitric oxide has been 

shown to inhibit complex IV, a mitochondrial enzyme, and thus inhibit cell respiration, cause 

lipid peroxidation, damage DNA and damage proteins (Clementi et al., 1998; Moncada & 

Bolanos, 2006; Zanelli et al., 2006). Tan et al. (1996) have shown in the near-term fetal sheep 

exposed to 30 min of ischemia, that a by product of nitric oxide synthesis, citrulline, was 

significantly increased in extra cerebral fluid, at even at 32 h recovery (Tan et al., 1996). 

Hypothermia has been shown to inhibit the late post-hypoxic rise in nitric oxide (Thoresen et 

al., 1997). Hypothermia is associated with a decrease in cerebral blood flow, and thus I 

hypothesise may act by decreasing nitric oxide levels (Chatzipanteli et al., 1999; Sakoh & 

Gjedde, 2003; Bennet et al., 2007). 
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As a consequence of the above evidence, this study was designed to explore three questions: 

Question 1. Are there are any long-term physiological effects associated with 72 h of whole 

body cooling initiated 30 min after 25 min of asphyxia in the 0.7 gestation fetal sheep, which 

in terms of cerebral maturity is comparable to the 28-32 week human brain (McIntosh, 

Baghurst, Potter, & Hetzel, 1979)? 

Question 2. Is the known cerebral hypoperfusion during early recovery, (3-5 h), from 

umbilical cord occlusion, and the relative luxury perfusion period (beginning around 10 h in 

the preterm fetal sheep) associated with changes in nitric oxide levels (Bennet et al., 1999; 

Bennet et al., 2006)? 

Question 3. Is the reduction in cerebral blood flow associated with hypothermia mediated by 

a reduction in nitric oxide?  

4.2. Methods. 

The surgical preparation and experimental technique used in this study were the same as 

specified in chapter 2. Briefly fetuses were randomised to either sham-occlusion (n=8), 

occlusion-normothermia (n=12), occlusion-hypothermia (n=8) and sham-hypothermia (n=6). 

Fetal asphyxia was induced by rapid inflation of the umbilical cord occluder for 25 min. 

Hypothermia was achieved by circulating water at 10° C through a coil around the fetal body; 

applied from 30 min after the termination of occlusion until 72 h. At 7 days post-occlusion 

ewes and fetuses were killed by an overdose of sodium pentobarbitone. Blood samples were 

collected at time intervals specified in chapter 2. For plasma nitrite samples the following 

time points were analysed, baseline, 2 h, 6 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h, and 168 h.   

The method of plasma nitrite analysis used in this study has been previously reported (Bennet 

et al., 2010). Briefly, 300μl of plasma was deproteinised by addition of an equal volume of 

methanol followed by vortexing and centrifugation for 10 min at 14,000rcf. The resulting 

supernatant was then injected into a purge vessel containing acidified tri-iodide solution to 

reduce nitrite to NO as previously described (Pelletier et al., 2006; Blood & Power, 2007). 

The tri-iodide was sparged with a stream of argon gas which carried the resulting NO gas into 

a chemiluminescence analyzer (Sievers 280i NO Analyzer, GE. Analytical Instruments, 

Boulder, CO, USA). Nitrite concentrations were then quantified by comparison with 

injections of known nitrite standards. The assay allows the quantification of nitrite 
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concentrations above 10nM with a precision of +/- 5nM, and does not detect nitrate at 

concentrations below 1 mM. 

4.2.1 Statistics 

The effect of whole body hypothermia on fetal physiological parameters, blood composition 

data and nitrite were evaluated by analysis of covariance (ANCOVA), using time as a 

repeated measure and using baseline values as a covariate followed by a Sidak familywide-

adjusted post-hoc test when a significant overall effect of group, or an interaction between 

group and time was found (ANCOVA, SPSS v15, SPSS Inc., Chicago, Illinois, USA). The 

alpha level threshold for statistical significance was set at p<0.05. Data are mean ± standard 

error of the mean (SEM). Linear regression of CaBF on nitrite was generated using 

STATISTICA version 7 for Windows (StatSoft, Tulsa, OK, USA).  

4.3. Results. 

4.3.1 Long-term physiological effects associated with 72 h of whole body cooling initiated 30 

min after 25 min of asphyxia in the 0.7 gestation fetal sheep 

After release of the umbilical cord occluder there was rapid recovery of blood gases, pH and 

glucose and lactate levels, see Table 1. Fetal arterial pH values were significantly decreased 

in the occlusion-normothermia and occlusion-hypothermia groups, from 5 min during 

occlusion to 10 min after occlusion compared to the sham group and sham-hypothermia 

group. At 1 h after occlusion there was a significant decrease in the occlusion-normothermia 

group, compared to the sham group. In the occlusion-hypothermia group pH was significantly 

increased at 4 h, 6 h, and 72 h after occlusion compared to the sham group, (p<0.05).  

PaCO2 rose during occlusion in the occlusion-normothermia and occlusion-hypothermia 

groups compared to the sham group, (p<0.05). PaCO2 was significantly decreased in the 

occlusion-hypothermia group compared to the sham group at 2 h and 4 h after occlusion, 

(p<0.05). PaO2 decreased significantly in the occlusion-normothermia and occlusion-

hypothermia groups during occlusion and significantly increased 10 min after occlusion, 

(p<0.05). This significance was maintained at 1 h post-occlusion, but not in the occlusion-

hypothermia group, (p<0.05). Lactate was significantly increased in the occlusion-

normothermia and occlusion-hypothermia groups from 5 min of occlusion until 2 h after 

occlusion, (p<0.05). Glucose decreased in the sham-hypothermia, occlusion-normothermia 
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and occlusion-hypothermia groups compared to the sham group at 5 min during occlusion, 

(p<0.05). Glucose significantly elevated in the occlusion-normothermia and occlusion-

hypothermia groups at 10 min after occlusion compared to the sham group, (p<0.05). 

Glucose was significantly elevated in the occlusion-hypothermia group compared the sham 

group at 1 h, 4 h, 6 h, and 24 h after occlusion, (p<0.05). Glucose was significantly elevated 

in the occlusion-hypothermia compared to the occlusion-normothermia group at 24 h, 48 h 

and 72 h after occlusion, (p<0.05). No significant changes were detected after 96 h. 
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  Group Control  5 min occ  17 min occ  10 min post  1h post  2h post  4h post  6h post  24h post  48h post  72h post  96h post 

pH 

S  7.390.01  7.380.02  7.380.02  7.370.03  7.380.03  7.400.06  7.380.02  7.380.02  7.370.02  7.420.08  7.360.03  7.390.07 
N  7.370.02  7.030.05*$  6.860.03*$  7.130.13*$  7.280.07*$  7.340.07  7.420.03  7.400.01  7.370.03#  7.370.02  7.380.02  7.370.02 
H  7.340.04*  7.040.05*$  6.850.03*$  7.140.04*$  7.310.04  7.370.03  7.420.04*  7.430.02* 7.400.04  7.430.04  7.410.03*$  7.380.03 
SH  7.370.05  7.370.04  7.370.04  7.370.04  7.380.03  7.40.05  7.410.04  7.400.05  7.390.03  7.410.07  7.390.03  7.390.06 

PaCo2 

S  46.90.8  44.12.7  46.02.4  44.61.6  43.93.5  46.31.4  45.73.0  46.64.5  47.22.7  48.23.7  49.32.8  48.64.0 
N  48.83.5  92.411.2*$  100.554.3*  59.329.8  42.35.9  46.03.4  43.83.5#  45.93.4  44.23.9  45.14.2  45.04.3$  46.24.9 
H  48.74.2  94.07.0*$  116.821.2*$  49.39.9  39.23.6  42.53.5*  39.63.4*  41.77.9  44.04.2  45.14.2  47.93.5  47.52.7 
SH  48.82.4  44.94.7  46.22.7  44.63.3  45.24.0  46.31.4  41.22.1  43.83.8  44.72.5  49.17.0  52.85.6  51.32.6 

PaO2 

S  24.13.1  23.82.8  23.13.1  23.72.3  23.33.5  22.93.0  22.42.9  23.62.6  22.81.7  23.42.6  24.63.9  23.82.5 
N  22.02.0  5.71.6*$  7.91.6*$  29.75.6*  28.95.4*  24.32.6  23.93.9  23.02.9  25.02.7  26.74.2$  25.73.2  24.73.1 
H  23.02.2  7.82.0*$  10.22.1*$  33.21.9*$  26.82.8  23.72.9  23.42.6  26.12.6  25.13.1  26.02.4  26.04.6  25.13.1 
SH  26.14.3  25.94.3  25.13.6  25.44.5  25.35.7  24.75.2  23.53.6  23.84.1  21.74.0  20.91.9  20.64.1  23.15.7 

Lactate 

S  0.80.1  0.70.1  0.80.1  0.80.2  0.80.1  0.90.2  0.90.2  0.90.2  0.80.2  0.70.1  0.90.2  0.80.3$ 
N  0.80.1  3.70.6*$  5.80.7*$  5.71.1*$  4.41.3*$  3.61.7*$  1.81.1  1.50.4  1.105  0.80.2  0.90.2  0.90.2$ 
H  0.90.4  3.70.8*$  5.42.2*$  5.30.9*$  4.10.6*$  3.31.0*  1.90.9  1.70.6  1.10.3  1.10.3  0.90.2  1.00.3 
SH  1.00.2  0.90.2  0.90.2  0.90.3  1.10.3  1.20.2  0.90.0  1.00.2  1.20.3  1.20.3  1.10.3  1.30.3 

Glucose 

S  1.10.2  1.20.2  1.10.2  1.10.2  1.10.2  1.40.2  1.10.2  1.20.2  1.00.2  1.10.2  1.10.2  1.10.2 
N  1.00.2  0.30.1*#$  0.60.3*  1.50.3*$  1.40.5  1.30.3  1.20.3*#  1.30.2  1.20.3#  1.10.3#  1.10.2#  1.10.2 
H  1.10.2  0.50.1*$  0.80.2  1.80.3*$  1.70.2*$  1.60.3  1.60.2*  1.80.1*$  1.80.5*$  1.60.5  1.60.5  1.30.3 
SH  0.90.2  0.90.1*  1.00.2  0.90.1  1.00.3  1.40.2  1.10.3  1.20.2  1.00.1  1.10.2  1.30.3  1.10.2 

Table 2: Physiological measurements taken from blood samples. 

Fetal arterial pH, blood gases, glucose and lactate values for sham (S), occlusion-normothermia (N) and occlusion-hypothermia (H) and sham-
hypothermia (SH) groups 15 min before (control), 5 and 17 min during occlusion and post (10 min, 1 h, 2 h, 4 h, 6 h, 24 h, 48 h, 72 h, 96 h,120 
h,144 h,168 h), 25 min umbilical cord occlusion. Time points were analysed by repeated measures ANOVA using the Sidak familywide post-hoc 
test for between group comparisons. There were no significant differences after 96 h and for space reasons values after 96 h are not shown. 
Values are expressed as mean  standard deviation. 
Significance indicator Key: 
* = Significantly different compared to sham group, (p<0.05). 
# = Occlusion-normothermia significantly different to occlusion-hypothermia, (p<0.05).  
$ = Significantly different to sham-hypothermia, (p<0.05).   
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Figure 18 shows the temperature changes associated with early initiated 30 min post-

occlusion whole body hypothermia. The overall ANOVA result comparing temperature 

among the sham and cooling groups was statistically significant at p<0.05. 
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Figure 18: Temperature changes associated with early onset whole body hypothermia. Whole body cooling 
was  initiated 30 min after the end of umbilical cord occlusion, and both core and extradural temperature 
decreased significantly within an hour after the onset of cooling compared to the sham group. Temperature 
remained stable over the 72 h cooling period and no differences  in core and extradural temperature were 
detected between or within the cooling groups. Black arrow indicates occlusion. 

Significance indicator Key: 

                   = Significant difference between occlusion‐hypothermia and sham groups, (p<0.05). 

                  = Significant difference between sham‐hypothermia and sham group, (p<0.05). 

 

Whole body cooling was initiated 30 min after the end of umbilical cord occlusion, and was 

associated with a statistically significant fall in extradural temperature starting within an hour 

after the onset of cooling; reaching a nadir of 36.4 ± 0.4ºC in the occlusion-hypothermia 

group and 36.9 ± 0.4ºC in the sham-hypothermia group (compared to 39.0 ± 0.1ºC in the 
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occlusion-normothermia group (p<0.05, Fig. 18). Core body temperature dropped to a nadir 

of 36.1 ± 0.5ºC in the occlusion-hypothermia group and 37.2 ± 0.4ºC in the sham-

hypothermia group (compared to 39.0 ± 0.1ºC in the occlusion-normothermia group; (p<0.05, 

Fig 18). There was no significant difference between the sham and occlusion-normothermia 

groups. Temperatures remained stable during the duration of cooling and there was no 

significant difference between the two temperature measures within the groups. 

Figure 19 shows the changes in EEG power in decibels associated with early onset whole 

body hypothermia and occlusion. The overall ANOVA result comparing EEG power between 

the four groups was significant at p<0.05.  

-11

-9

-7

-5

-3

-1

1

3

5

7

Occlusion-hypothermia
Occlusion-normothermia Sham

Cooling

Hypothermia only

-12 1.5 6 12 18 12 48 72 96 120 144 168

Baseline

-6

0

Time (hours)

E
E

G
 P

o
w

e
r 

(d
B

)

 

Figure 19: Changes  in EEG Power (dB) associated with early onset whole body hypothermia and occlusion. 
Both occlusion  groups were  associated with  an  immediate  suppression of  EEG power  compared  to both 
sham groups, and remained suppressed until 72 h. Cooling without occlusion did not significantly suppress 
EEG power.   

Significance indicator Key: 

                    =  Significant  difference  between  occlusion‐normothermia  and  sham‐hypothermia  groups, 
occlusion‐hypothermia  and  sham  groups,  occlusion‐normothermia  and  sham  groups  and  occlusion‐
hypothermia and sham‐hypothermia groups, (p<0.05).        
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As shown in Figure 19, occlusion-hypothermia and occlusion-normothermia groups were 

associated with an immediate suppression of EEG power, which remained significantly 

suppressed compared to the sham group until 72 h after the onset of occlusion, (p<0.05). 

EEG power was significantly reduced in the occlusion-normothermia and occlusion-

hypothermia groups compared to the sham-hypothermia group from 0.5 h to 72 h after the 

onset of occlusion, (p<0.05).  

Figure 20 shows changes in EEG spectral edge frequency (SEF) associated with early onset 

hypothermia and occlusion. The overall ANOVA result comparing SEF between the four 

groups was statistically significant at p<0.05.  
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Figure 20: Changes in Spectral Edge Frequency associated with whole body hypothermia and occlusion. SEF 
was suppressed  in the occlusion‐hypothermia group compared to both sham groups for the first 3 h only. 
Occlusion‐normothermia  SEF was  suppressed  until  24 h  after  onset  of  occlusion.  The  sham‐hypothermia 
group had periods of higher SEF compared to the occlusion groups, no differences were detected after 48 h. 
Black arrow indicates occlusion.  

Significance indicator Key: 

                   = Significant difference between occlusion‐hypothermia vs. sham groups, (p<0.05).         

                  = Significant difference between occlusion‐hypothermia vs. sham‐hypothermia, (p<0.05).      
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                   =  Significant  difference  between  occlusion‐normothermia  and  sham‐hypothermia  groups, 
(p<0.05).   

                  = Significant difference between occlusion‐normothermia and sham groups, (p<0.05).       

 

In Figure 20 SEF was initially suppressed in the occlusion-hypothermia group compared to 

the sham and sham-hypothermia groups for the first 3 h after the onset of occlusion, (p<0.05), 

Fig 20). From 0.5 h to 24 h time points SEF was significantly suppressed in the occlusion-

normothermia group compared to the sham and the sham hypothermia groups, (p<0.05). SEF 

was significantly suppressed in the occlusion-normothermia group compared to the sham-

hypothermia group from 24 h to 48 h after the onset of occlusion, (p<0.05). SEF was 

significantly suppressed in the occlusion-hypothermia group compared to the sham-

hypothermia group at 0.5 h to 4 h and 7.5 h to 24 h occlusion, (p< 0.05).  

Figure 21 shows changes in FHR associated with early onset hypothermia and occlusion. The 

overall ANOVA result comparing FHR between the four groups was statistically significant 

at p<0.05.  
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Figure 21: Changes  in Heart Rate associated with whole body hypothermia and occlusion. The occlusion‐
hypothermia groups had a period of  transient bradycardia  starting  from 1.5 h until 78 h after occlusion. 



 

 
 

87
 

Sham‐hypothermia had  a period of  transient bradycardia  from 11.5  to 78 h  after occlusion. Black  arrow 
indicates occlusion.   

Significance indicator Key: 

                      =  Significant  difference  between  occlusion‐normothermia  and  occlusion‐hypothermia  groups, 
and the occlusion‐hypothermia group and the sham group, (p<0.05). 

                   = Significant difference between sham‐hypothermia and sham groups, (p<0.05).    

                     =  Significant  difference  between  occlusion‐normothermia  and  sham‐hypothermia  groups, 
(p<0.05). 

                     =  Significant  difference  between  occlusion‐hypothermia  and  sham‐hypothermia  groups, 
(p<0.05). 

 

As displayed in Figure 21, a period of bradycardia was present in the occlusion-hypothermia 

compared to the occlusion-normothermia and sham groups from 1.5 h to 78 h after the onset 

occlusion, (p<0.05, Fig 21). FHR in the sham-hypothermia group was significantly reduced 

compared to the sham group from 11.5 h to 78 h after the onset of occlusion, (p<0.05). FHR 

was transiently elevated in the sham-hypothermia group from 1.5 h to 3 h compared to the 

occlusion-normothermia and occlusion-hypothermia group but not the sham group, (p<0.05). 

FHR was decreased in the sham-hypothermia group compared to the occlusion-normothermia 

group from 30 h to 72 h after the onset of occlusion, (p<0.05). FHR was significantly 

decreased in the occlusion-hypothermia group compared to the sham-hypothermia group 

from 1.5 h to 10.5 h after the onset of occlusion, (p<0.05). There were no significant 

differences between groups after 78 h.    

Figure 22 shows changes in MAP associated with early onset hypothermia and occlusion. 

The overall ANOVA result comparing MAP between the four groups was statistically 

significant at, p<0.05.  
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Figure 22: Changes  in MAP associated with early onset whole body hypothermia and occlusion. Occlusion 
was  associated with  hypotension  that  resolved  on  release  of  occlusion.  A  period  of  hypertension  then 
ensued with MAP normalizing at 2 h after occlusion. A  transient period of hypertension  in  the occlusion‐
hypothermia group occurred between 48‐54 h. Black arrow indicates occlusion. 

Significance indicator Key: 

                   = Significant difference between occlusion‐hypothermia and sham groups, (p<0.05).      

                 = Significant difference between occlusion‐hypothermia and sham‐hypothermia groups, (p<0.05).      

Within Figure 22 hypotension was evident in the occlusion-hypothermia compared to the 

sham group at 0.5 h, then a period of hypertension became evident until 2 h after the onset of 

occlusion, (p<0.05). In addition, MAP was significantly elevated in the occlusion-

hypothermia group compared to the sham and sham-hypothermia groups from 48 h to 54 h 

after the onset of occlusion, (p<0.05). There were no significant differences between groups 

after 54 h.    

Figure 23 shows changes in CaBF associated with early onset hypothermia and occlusion. 

The overall ANOVA result comparing CaBF between the four groups was statistically 

significant at p<0.05. 
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Figure 23: Changes  in CaBF associated with early onset whole body hypothermia and occlusion. CaBF was 
reduced  from 2  to 9.5 h and 30‐48 h  in  the occlusion‐normothermia group compared  to  the sham group. 
CaBF was secondarily suppressed  in the occlusion‐hypothermia, compared to the occlusion‐normothermia 
group, from 4 to 13 h after occlusion. Black arrow indicates occlusion.  

Significance indicator Key: 

                   = Significant difference between occlusion‐hypothermia and sham groups, (p<0.05). 

                 = Significant difference between occlusion‐hypothermia and sham‐hypothermia, (p<0.05).         

                   = Significant difference between occlusion‐normothermia and occlusion‐hypothermia, (p<0.05). 

                    = Significant difference between occlusion‐normothermia and sham groups, (p<0.05).         

 

There was a period of hypoperfusion in the occlusion-normothermia group compared to the 

sham group from 2 h until 9.5 h after the onset of occlusion, and again at 30-48 h after the 

onset of occlusion, (p<0.05). CaBF in the occlusion-hypothermia group was significantly 

reduced compared to the occlusion-normothermia group from 4 to 13 h after the onset of 

occlusion, (p<0.05). CaBF was significantly decreased in the occlusion-hypothermia group 

compared to the sham-hypothermia group from 4 h to 60 h after the onset of occlusion, 

(p<0.05). There were no significant differences between groups after 72 h. 
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4.3.2 Nitrite, perfusion and hypothermia 

Figure 24 shows plasma nitrite concentration values obtained from blood sample analysis 

from the four groups.  
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Figure 24: Changes in plasma nitrite concentration and expressed as % of baseline. At hour 2 the occlusion‐
normothermia and the occlusion‐hypothermia group had a significantly lower plasma nitrite concentration 
compared to the sham‐hypothermia group, (p<0.05). No other time points were significant.  
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Individual time points were analysed for differences, only at hour 2 was the overall 

ANCOVA statistically significant, (p<0.05). The occlusion-normothermia and the occlusion-

hypothermia group had a significantly lower plasma nitrite concentration compared to the 

sham-hypothermia group, (p<0.05). No other time points had a significant overall change 

between groups.  

There were no significant differences at individual time points. The % values were used in a 

subsequent analysis of the relationship between nitrite and CaBF.  

I chose 2 time points that represent cerebral hypoperfusion and hyperperfusion, as outlined in 

the introduction, 6 and 24 h time points respectively. No groups had a significant relationship 

at 6 h. Figure 25 shows the within subjects’ regression analysis of the relationship between 

nitrite % of baseline and CaBF % of baseline at 24 h after the end of umbilical cord 

occlusion.  
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Figure  25:  Linear  regression of Nitrite  and CaBF  as  a % of baseline  24 h  after  the  end of occlusion.  The 
occlusion‐hypothermia group had a significant positive relationship between Nitrite and CaBF at 24 h after 
the end of occlusion, r = 0.91, (p = 0.03). No other groups had a significant relationship. 

 

The occlusion-hypothermia group had a significant positive relationship between Nitrite and 

CaBF at 24 h after the end of occlusion, r = 0.91, (p = 0.3). No other groups had a significant 

relationship.   

Figure 26 shows the linear regression of Nitrite and CaBF at 24 h after occlusion in the 

occlusion-hypothermia group alone. Given the number of cases is so small (n=5), it was 

considered useful to show both 95% confidence (in red) and the more conservative 95% 
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prediction intervals (blue) around the regression line.  

The confidence intervals encompass the class of confidence intervals computed from all 

possible samples of n=5 cases, of which 95% would be expected to contain the population 

mean parameter of CaBF (the regression line) at each level of nitrite. As Cumming, Williams, 

and Fisher (2004) show, a single 95% confidence interval would be expected to capture about 

83.4% of replication sample means (not 95%) (Cumming et al., 2004).  

To better address the question of the range of CaBF values we might expect for each value of 

nitrite, the 95% prediction intervals were also computed. These show the range in which 

CaBF values would be found 95% of the time for any level of nitrite. They are much wider 

than confidence intervals because rather than trying to make a statement about where we 

expect to find a population mean value of CaBF for a value of nitrite, we are asking for the 

range in which a CaBF value would be expected to be found, 95% of the time for a value of 

nitrite, given the number of cases in our sample, and the observed variability of the data. 

Linear regression of  NoX and CaBF at 24 h with 95% conf idence interv als and 95% prediction
interv als.
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Figure 26: Linear regression of Nitrite (NOx) and CaBF at 24 h after occlusion in the occlusion‐hypothermia 
group, with 95% confidence and predication interval lines shown.  
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A within subjects analysis collapsing across time was conducted in order to see whether an 

increase in nitrite % baseline was associated with an increase in CaBF. Nitrite was used as a 

covariate in an ANCOVA against CaBF for the four groups. Only the sham-hypothermia 

group had a significant overall ANCOVA, (p<0.05). Figure 27 shows the linear regression of 

Nitrite and CaBF for the sham-hypothermia group. 

Linear regression of Nitrite and CaBF within the sham-hypothermia group
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Figure  27:  Within  subject’s  regression  of  Nitrite  and  CaBF  of  the  sham‐hypothermia  group  calculated 
according  to  the method  of  (Bland &  Altman,  1995).  There was  a  positive within  subjects  relationship 
between Nitrite and CaBF, r = 0.41, (p = 0.01). 

 

In Figure 27 the lines represent individual regression analyses; the different symbols 

represent individual animals. There was a positive within subjects relationship between 

Nitrite and CaBF, r = 0.41, (p = 0.01). 

4.4. Discussion. 

The current study is the first to report the use of early onset (30 min after the end of 

occlusion) whole body hypothermia after umbilical cord occlusion in the preterm fetal sheep. 

Hypothermia was well tolerated with all physiological parameters returning to sham values at 

the end of the cooling period. No long-term effects of hypothermia were seen after 7 days 

recovery from umbilical cord occlusion. Hypothermia was associated with faster resolution of 

SEF than occlusion-normothermia, indicative of returning brain activity and overall 

improvement of cerebral function (Bennet et al., 2007). Nitrite levels remained fairly 

constant throughout the experiment after hour 2. There was a trend for an increase in plasma 

nitrite levels at 24 h in the occlusion group compared to hypothermia but this was not 



 

 
 

94
 

significant, (p<0.093). A significant correlation between nitrite and CaBF was seen during 

the luxury perfusion phase (24 h) but not the hypoperfusion phase (6 h).  

The first of three questions I wanted to answer in this study was; are there any long-term 

physiological effects associated with 72 h of whole body cooling initiated 30 min after 25 

min of asphyxia in the 0.7 gestation fetal sheep? In this study core and extradural temperature 

was stably and uniformly reduced by approximately 2.5 °C for 72 h. The decrease in 

temperature was associated with a decrease in FHR. This mild sinus bradycardia is a known 

transitory effect of hypothermia and is not associated with any pathological problems in term 

infants treated with hypothermia (Gunn et al., 2005; Gunn & Gluckman, 2007; Gunn & 

Bennet, 2008) The temperature decrease in this study is mild in comparison to the suggested 

3-4 °C decrease for use in term-born infants (Shankaran et al., 2005; Gunn & Gluckman, 

2007). However, given the adverse effects and clinical concerns around hypothermia in 

preterm neonates, and the lack of consensus of the correct temperature reduction in term 

neonates; the current temperature reduction is of clinical interest, as ideally one would want 

to cool preterm neonates as little as possible to achieve neuroprotection (Silverman, 1958; 

Laptook, 2009).  

Consistent with a previous study using selective head cooling in the preterm fetal sheep, EEG 

was depressed after the end of occlusion in both occlusion groups compared to the sham 

group for 72 h (Bennet et al., 2007). In that study hypothermia was associated with a 

secondary reduction of EEG compared to the occlusion-normothermia group. This likely 

reflects the different temperatures and modes of cooling. In the study by Bennet et al. (2007) 

selective head cooling reduced extradural temperature to a nadir of 29.5 ± 2.6 °C, whereas in 

the current study a nadir of 36.43 ± 0.41ºC was achieved. Also the reduction in EEG power 

was approximately 5 dB greater with head cooling than in the current study. Thus, it is likely 

that a greater reduction in temperature with head cooling was responsible for a secondary 

reduction in EEG power (Sumbatov et al., 1975). This is supported by a recent study 

confirming a relationship between hypothermia and EEG frequency decreases in 

cardiopulmonary bypass and circulatory arrest patients (Levy et al., 2003).  

SEF frequency returned to sham values at 3 h recovery in the hypothermia group compared to 

24 h recovery for the occlusion-normothermia group. This is of relevance as a prolonged 

period of low SEF has been shown to be associated with increased white matter injury (Inder 

et al., 2003a). Thus, this is one mechanism where hypothermia may protect against white 
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matter injury as shown by Bennet et al. (2007) and from my results in the previous chapter.  

Consistent with previous studies by this group, MAP was transiently increased in the 

occlusion-hypothermia group, with a trend for an increase in the occlusion-normothermia 

group (Bennet et al., 2006; Bennet et al., 2007). This transient hypertension may reflect 

increased cortisol and adrenocorticotrophic hormone (ACTH) levels that have been shown to 

correlate with MAP post-occlusion (Roelfsema et al., 2005; Davidson et al., 2008). 

Interestingly in that study the magnitude of ACTH increase 30 min after occlusion, in 

preterm fetal sheep, was higher with head cooling than occlusion alone, although not 

statistically significant (Davidson et al., 2008). Although we did not measure ACTH or 

cortisol levels in this study, it is possible that the transitory increased post-asphyxial 

hypertension associated with hypothermia is a result of an increase in ACTH and cortisol 

levels (Davidson et al., 2008). 

CaBF was transiently reduced in the occlusion-normothermia group from 30-48 h recovery. 

The meaning of this small but statistically significant drop in CaBF at this time is unknown. 

However, in parallel with the drop in CaBF a small rise in MAP can be seen. Although not 

statistically significant, this could be mediated by a slight increase in cortisol levels, as it has 

been shown that cortisol levels are still elevated up to 72 h after preterm umbilical cord 

occlusion (Davidson et al., 2008). The return to sham values in CaBF also coincides with a 

small, but not statistically significant drop of MAP to sham values. 

Hypothermia was associated with a transient secondary fall in CaBF from 4 to 13 h recovery, 

similar to that reported after head cooling in preterm fetal sheep exposed to umbilical cord 

occlusion (Bennet et al., 2007). Investigation of the relationship between brain temperature 

and energy utilization has shown that for every degree drop in temperature a 5.3% decrease in 

energy utilization is observed (Laptook et al., 1995). The secondary hypoperfusion seen here 

was also associated with the lowest core and extradural temperatures. Thus, it is likely that, 

despite no direct metabolic measurements, this represents an autoregulatory adjustment to 

reduced metabolic demands during cooling (Sakoh & Gjedde, 2003). EEG during this time is 

also decreased compared to the later stages of recovery, indicating a lack of activity and 

reduced energy need. The transient hypoperfusion associated with occlusion-normothermia in 

this study has been reported before (Bennet et al., 2007). Jensen et al. (2006) has shown that 

this hypoperfusion is a consequence of reduced cerebral metabolism and is associated with an 

increase in cortical oxygen levels. Thus, it is suggested that this is an actively mediated 
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response to prolonged asphyxia (Jensen et al., 2006).  

Indeed, it has been shown that the post-asphyxial secondary hypoperfusion of the gut, in 

preterm fetal sheep, is mediated by the sympathetic nervous system (SNS) (Quaedackers et 

al., 2004). Further, the authors showed that this SNS effect is mediated by α adrenergic 

receptors. By blocking α adrenergic receptors, using phentolamine, the authors abolished 

secondary hypoperfusion and caused seizures to develop earlier. Subsequent work has shown 

that endogenous α2 activity is responsible for limiting potential damage to hippocampal 

structures due to hypoxia-ischemia in preterm sheep (Dean et al., 2006). However, the 

relationship is complicated as potentiating the inhibitory effect of α2 receptors using clonidine 

was beneficial in decreasing neural damage at low doses but had no effect at high doses 

(Dean et al., 2008). Thus, further research is necessary to fully describe the actively mediated 

α2 receptor response to asphyxial injury.  

In the hypothermia group there is a small period on day 3 of recovery, 6 h, where MAP is 

increased compared to sham animals. Around the same time glucose was elevated in the 

hypothermia group compared to the sham groups and the occlusion-normothermia group. 

Catecholamine release can cause hypertension, and is a known effect of mild hypothermia 

(Schubert, 1995; Gluckman et al., 2005a). Thus the increase in MAP described above is 

likely due to catecholamine release. As this effect was only transitory, it is likely to be a 

physiological rather than a pathological effect.  

Hypothermia alone without occlusion was associated with a period of tachycardia from 1.5 – 

3 h. The significance of this is unknown as glucose and other physiological variables were 

unchanged at this time. It is possible that a release of cortisol, due to cold stress, could have 

occurred but no increase in blood pressure was seen at this time. Other than this transitory 

period of tachycardia there were no other physiological differences other than a mild sinus 

bradycardia, which is a known effect of mild hypothermia and physiological rather than a 

pathological effect (Gunn & Gluckman, 2007; Gunn & Bennet, 2008). All physiological 

measures resolved to sham values, such that at 7 days recovery there were no differences 

between any groups. Thus, in answer to question 1 posed in the introduction; there are no 

long-term physiological effects of therapeutic hypothermia initiated 30 min after umbilical 

cord occlusion. Chapters 6 and 7 deal with the histological outcome of hypothermia and 

occlusion, and will link with the physiological data presented here. 

In the current study I wanted to assess changes in plasma nitric oxide, using nitrite as a 
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measure to answer two specific questions as outlined in the introduction. With relevance to 

question 2; nitrite levels were not significantly different from sham values throughout the 

duration of the experiment, except at hour 2, Figure 24. At 2 h recovery plasma nitrite was 

increased in the sham-hypothermia group compared to the occlusion-normothermia and 

occlusion-hypothermia groups. This finding is contrary to other reports, where hypothermia 

alone caused a decrease of nitric oxide (Si et al., 1997; Lee et al., 2002). Also nitrite levels in 

this study were not increased compared to sham controls. However, the significant reduction 

in nitrite at 2 h in the two occlusion groups did coincide with a period of increased MAP (not 

statistically significant in the occlusion-normothermia group). Thus, a period of 

vasoconstriction is consistent with reduced nitric oxide levels at this time (Buchanan & 

Phillis, 1993).  

Question 3 posed in my introduction was concerned with the relationship of hypothermia and 

nitrite, as hypothermia has been shown to reduce post-hypoxic release of nitric-oxide 

(Kumura et al., 1996; Thoresen et al., 1997; Loidl et al., 1998). The hypoperfusion period, 

taken as the 6 h time point, had no significant correlation in any group. With relevance to 

question 3, there was a significant correlation between CaBF and nitrite in the occlusion-

hypothermia group r = .91, (p<0.03), see Figure 26. In line with the known effects of 

hypothermia on nitrite, hypothermia reduced the nitrite concentration which then increased 

vasoconstriction and decreased cerebral blood flow. Thus in this study, reducing nitrite is a 

mechanism by which hypothermia acts, and as outlined in the introduction is a 

neuroprotective mechanism. 

A within subjects analysis was conducted to see whether a change in nitrite levels were 

associated with changes in CaBF. Only the sham-hypothermia group showed a statistically 

significant positive correlation of 0.4, Figure 27.  This suggests that CaBF was being affected 

by nitric oxide in these animals. As suggested above this is not a novel finding as 

hypothermia has been shown to reduce nitric oxide levels. The correlation, though 

significant, is not high and thus suggests that other factors are also acting on CaBF, 

catecholamine release for example (Schubert, 1995). The fact that a significant relationship 

was not found between the variables within the occlusion-hypothermia group suggests that 

nitrite plays a limited role in controlling CaBF in these animals. Cortisol and catecholamine 

release as a result of occlusion and hypothermia may play the biggest roles in determining 

CaBF (Davidson et al., 2008). Further there is no evidence of an effect of nitrite on CaBF in 

the occlusion-normothermia group from the current study. As values did not differ from sham 
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values this is not surprising. A study by Hunter et al. (2003) showed that nitric oxide has only 

subtle effects after hypoxia; nitric oxide was described as a contributor to hypoxic cortical 

vasodilatation, as inhibition of NO synthesis did not prevent a post-hypoxic rise in CaBF 

(Hunter et al., 2003). Thus, it is likely that we were simply underpowered by a lack of animal 

numbers to detect a statistically significant effect of nitrite on CaBF both within and between 

the groups. 

In summary the current study has shown that whole body hypothermia initiated 30 min after 

the end of umbilical cord occlusion is well tolerated and associated with a quicker recovery 

of SEF than occlusion alone. No long-term physiological effects were detected after 7 days 

recovery and physiological measurements resolved to sham values at 96 h recovery. Nitrite 

levels were decreased at 2 h in both occlusion groups at a time when MAP was increased. No 

correlation was seen with nitrite and CaBF during the secondary hypoperfusion period (6 h). 

At 24 h nitrite was strongly correlated with CaBF in the occlusion hypothermia group, in line 

with previous data showing that hypothermia decreases nitric oxide concentration. A within 

subjects analysis suggests that with hypothermia without occlusion, a significant positive 

relationship between CaBF and plasma nitrite levels exists. Physiologically, hypothermia was 

shown to be a safe and effective treatment for umbilical cord occlusion in preterm fetal sheep.  
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Chapter 5. Delayed onset whole body hypothermia after umbilical 

cord occlusion in the preterm fetal sheep.  

5.1. Introduction. 

Clinically, hypothermia has been shown to reduce death and neurological impairment at 18 

months following hypoxic-ischemic insults in term-born infants (Edwards et al., 2010; Roka 

& Azzopardi, 2010). The maximum allocation time to application of hypothermia after 

diagnosis of a hypoxic-ischemic insult, in published clinical trails to date, is 6 h (Edwards et 

al., 2010; Roka & Azzopardi, 2010). Before cooling can be applied diagnosis of moderate to 

severe hypoxic-ischemic encephalopathy must be made. Established diagnostic criteria 

include; prolonged need for resuscitation at birth or severe metabolic acidosis, clinical 

assessment of encephalopathy, EEG analysis and in some cases amplitude integrated EEG 

(Edwards et al., 2010; Roka & Azzopardi, 2010). Not all infants who require prolonged 

resuscitation, or with metabolic acidosis on placental cord blood, go on to develop moderate 

to severe encephalopathy (Drury et al., 2010). Even a modest base deficit of 12-16 mmL is 

associated with only 10% of encephalopathy cases. Thus, even in routine cases, some delay 

before initiation of cooling is unavoidable at the current time. A paper outlining the use of 

hypothermia outside a clinical trial showed that the median time to treat, 114 cases in this 

study, was 4 h. Twenty six infants, 23% of the sample, were treated after 6 h (Azzopardi et 

al., 2009).  

There is now overwhelming evidence that the window of opportunity to use hypothermia 

effectively is during the latent phase of injury, as outlined in chapter 1 (Drury et al., 2010). 

The latent phase is not a fixed time period; rather the length of this phase is shortened with 

increasing severity of the initial insult (Iwata et al., 2007). The latent phase starts 

approximately 1 hour after the end of the insult and can last until 6 hours after the insult 

(Azzopardi et al., 1989; Gunn & Gluckman, 2007). Thus, at present some infants with more 

severe insults must potentially be treated outside the “window of opportunity”.  

A recent clinical trial in preterm neonates with advanced necrotizing enterocolitis has shown 

that hypothermia for 48 h is safe in the short-term (over a study period of 72 h) (Hall et al., 

2010). However, there is as yet no clinical trial data regarding the use of hypothermia in 

preterm infants after hypoxia-ischemia. Experimentally, the preterm fetal sheep has been 

shown to be very similar in its responses to hypoxia-ischemia and hypothermia, initiated 90 
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min after the end of the insult, and has been shown to improve physiological and histological 

outcomes at 3 days recovery (Bennet et al., 2007; Gunn & Bennet, 2008). However, this time 

point is not clinically feasible for the majority of babies for the reasons outlined above. In 

chapter 4, I showed that hypothermia initiated 30 min after the end of occlusion was well 

tolerated and resulted in improved physiological outcomes at 7 days recovery. Thus, the aim 

of this study was to address the clinically orientated hypothesis that hypothermia initiated 5 h 

after the end of occlusion would result in improved physiological recovery but be less 

effective than “early” onset hypothermia.   

In addition I wanted to test the effect of temperature on EEG amplitude. There is a lack of 

recent data on EEG amplitude changes associated with temperature changes. Most data either 

come from studies on cardiovascular surgery, and so are confounded by anaesthesia, or from 

studies using amplitude integrated EEG (aEEG) (Akiyama et al., 2001; Stecker et al., 2001; 

Rundgren et al., 2006; Horan et al., 2007; Ancora et al., 2009; Hallberg et al., 2010; 

Thoresen et al., 2010). In adult humans, mild hypothermia to 33.5 °C is associated with small 

changes in EEG including shifts in frequencies to theta and beta activity and a reduction in 

amplitude (Kochs, 1995). However, some studies have shown no reduction in EEG amplitude 

in conscious humans cooled to 33.5 °C (FitzGibbon et al., 1984). Conversely a study on the 

use of hypothermia after traumatic brain injury in rats has shown that a 1.5°C drop in 

temperature can cause suppression of EEG (isoelectricity) (Clark et al., 1996). Thus, in this 

study I tested a second hypothesis that mild hypothermia would decrease the EEG amplitude.  

In the current study the physiological assessment of EEG recordings from the fetal sheep 

brain was made using power (dB as the unit), whereas for the investigation of temperature 

related effects, mean EEG amplitude was used. EEG amplitude was chosen as it has more 

clinical relevance than power. Continuous EEG monitoring is increasingly being used to 

monitor seizures and general cerebral cortical function (Abend et al., 2011). Other measures 

of EEG often need more specialised equipment and extensive training and experience. Thus, 

the effects of temperature on the EEG amplitude could be clinically monitored without need 

for further calculations or processing.    

5.2. Methods. 

I have included data from chapter 4 on the early onset hypothermia group for the EEG and 

temperature analysis featured in this chapter. The surgical preparation and experimental 



 

 
 

101
 

technique used in this study were the same as in chapter 2. Briefly fetuses were randomised 

to either sham-occlusion (n=8), occlusion-normothermia (n=7), occlusion-delayed 

hypothermia (n=7) and sham-hypothermia (n=6). Fetal asphyxia was induced by rapid 

inflation of the umbilical cord occluder for 25 min. Delayed whole body hypothermia was 

applied from 5 h after the end of occlusion until 72 h. Hypothermia was achieved by 

circulating water at 10° C through a coil around the fetal body. At 7 days after occlusion 

ewes and fetuses were killed by an overdose of sodium pentobarbitone. Blood samples were 

collected at the same time points as specified in chapter 2, section 2.7.2.  

5.2.1 Statistics 

The effect of delayed whole body hypothermia on fetal physiological parameters and blood 

composition data were evaluated by analysis of covariance (ANCOVA), using time as a 

repeated measure and using baseline values as a covariate followed by a Sidak familywide-

adjusted post-hoc test when a significant overall effect of group, or an interaction between 

group and time was found (ANCOVA, SPSS v15, SPSS Inc., Chicago, Illinois, USA). The 

alpha level threshold for statistical significance was set at p<0.05. Data are presented as mean 

± standard error of the mean (SEM).  

To investigate the association between EEG amplitude (measured in µv) and extradural 

temperature, two coefficients were employed, a Pearson correlation and a Gower  agreement 

index (Gower, 1971). The correlation between EEG amplitude and temperature was 

computed over 96 hours of observations, initiated at the beginning of each experimental 

manipulation (time = 0), for agreement between EEG amplitude and temperature, 0.5 h time 

points for EEG amplitude and temperature were collected from -12 h until 96 h. A within 

subjects’ repeated measures analysis was conducted using the method of Bland & Altman 

(1995).  

The reason for computing two measures of association was to assess monotonicity (the co-

varying relations between variable magnitudes) separately from agreement (the absolute 

similarity of the variable magnitudes to one another). As Barrett (2010) has shown, 

monotonicity and agreement are independent from one another (Barrett, 2010). Sometimes it 

is theoretically important that two variables' magnitudes co-vary; this is the essence of the 

definition of monotonicity. The Pearson correlation indexes this monotonicity by first 

transforming the raw data, standardizing each variable by its respective mean and standard 

deviation, then computing the covariance between the two transformed variables (Armitage et 
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al., 2002). Absolute magnitude information is lost in order to enable this scale-free 

computation of monotonicity. But, sometimes, it is as important to know how similar the 

magnitudes of two variables are to one another, independent of whether the values co-vary. 

For example, the recorded temperature for two animals over time may be almost exactly 

equal to one another (to within ± .1 °C) across say 20 time periods (allowing for random 

observation and instrument error). Because the error is random around the same temperature, 

the correlation between the two sets of observations would be expected to be zero (no 

monotonicity). But, an agreement index which is sensitive only to magnitude discrepancy 

would show that the similarity of observations is almost identical, given the range of 

variation in which temperature would have been able to fluctuate.  

With respect to the second hypothesis, I wanted to examine both the co-varying relation 

between EEG amplitude and temperature, as well as their absolute agreement. I selected the 

Gower index (1971) as a robust measure of absolute agreement: 
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The Gower index expresses the average absolute discrepancy between pairs of observations 

(scaled relative to the maximum possible discrepancy), which is then re-expressed as a 

measure of agreement by subtracting this discrepancy value from 1. It varies between 0 and 

+1, where +1 indicates identity between the two sets of observations.  

Although the Gower index doesn't require rescaling of either variable's values, it is useful in 

this instance to linearly rescale EEG and temperature into a common metric (0, 1) so that 

both may be displayed on the same plot. This common metric representation preserves the 

variability, magnitude relations, and shape of each set of observations, whilst allowing a 

direct visual comparison of the data patterns of the two variables. Specifically, a Gower 
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coefficient was computed before cooling from 25 EEG amplitude and temperature 

observations taken between -12 to 0 h (at 30 min intervals), for each animal. The same 

procedure was done for the other two time periods during cooling (0.5 to 72 h) and after 

cooling (72.5 to 96 h). A repeated measures ANOVA was used to compare mean differences 

between the time periods, with a Tukey post-hoc test used when a significant overall 

difference was found.  

Computation of the Gower index was implemented using the 'Gower' computer program and 

the associated help file available for download from: www.pbarrett.net/software.html. The 

help file outlines the logic of the Gower index and the distinction made between agreement 

and monotonicity, and the process of linear rescaling. The blood gas measurements collected 

for all hypothermia groups were corrected for the reduced temperature by an algorithm on the 

blood gas analyser computer (Ciba-Corning Diagnostics 845 Blood Gas Analyser/Co-

oximeter, Massachusetts,USA).  

Finally, in order to enhance the visual presentation of EEG and temperature data, so that the 

underlying trends in both variables might be better detected, I used LOWESS smoothing of 

each variable (Cleveland, 1985). The LOWESS procedure is a popular variant of locally 

weighted scatterplot smoothing (such as distance-weighted least squares), where the actual 

value for every scatterplot point for a variable is replaced by an estimated value, computed 

from a "local" regression of adjacent values around each point. As the number of adjacent 

values is increased, the estimated points become "smoother". In Statistica 9.1 (StatSoft, 

Tulsa, OK, USA) (which was used to produce the LOWESS graphs), the "stiffness" 

parameter controls the degree of smoothing. High values of stiffness produce more 

smoothing. Given I wanted to preserve the trends in the data while still achieving some 

smoothing, the appropriate value of 0.1 for stiffness was used in all the LOWESS graphs 

presented below (Cleveland, 1985).   

5.3. Results. 

Occlusion was associated with profound acidosis, similar to the results reported in chapter 4, 

which was restored at 1 h after occlusion, see Table 3. At 1 h post-occlusion there was a 

significant decrease in the occlusion-normothermia and occlusion-delayed hypothermia 

groups, compared to the sham group. There was an elevation in PaCO2 in the occlusion-

normothermia and occlusion-delayed hypothermia groups compared to the sham group 
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during the occlusion period, (p<0.05). PaO2 was significantly decreased in the occlusion-

normothermia, and occlusion-delayed hypothermia groups during occlusion and significantly 

increased 10 min after occlusion, (p<0.05). This significance was maintained at 1 h after 

occlusion, but not in the occlusion-hypothermia group, (p<0.05).   

Lactate was significantly increased in the occlusion-normothermia and occlusion-delayed 

hypothermia groups from 5 min into occlusion until 2 h after occlusion. (p<0.05). Glucose 

was decreased in the sham-hypothermia, occlusion-normothermia and occlusion-delayed 

hypothermia groups compared to the sham group 5 min during occlusion, (p<0.05). Glucose 

was significantly elevated in the occlusion-normothermia and occlusion-delayed hypothermia 

groups at 10 min after occlusion compared to the sham group, (p<0.05). Glucose was 

significantly elevated in the occlusion-delayed hypothermia group compared to the occlusion-

normothermia group at 24 h, 48 h and 72 h after occlusion, (p<0.05).  
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  Group Control  5 min occ  17 min occ  10 min post  1h post  2h post  4h post  6h post  24h post  48h post  72h post  96h post 

pH 

S  7.390.01  7.380.02  7.380.02  7.370.03  7.380.03  7.400.06  7.380.02  7.380.02  7.370.02  7.420.08  7.360.03  7.390.07 
N  7.370.02  7.030.05*%$  6.860.03*%$  7.130.13*%$  7.280.07*$  7.340.07  7.420.03  7.400.01  7.370.03  7.370.02  7.380.02  7.370.02 
DH  7.360.04  6.970.03*  6.810.03*  7.150.05*  7.290.04*  7.330.04  7.390.03  7.400.05  7.400.01  7.410.07  7.410.02*  7.390.02 
SH  7.370.05  7.370.04  7.370.04  7.370.04  7.380.03  7.40.05  7.410.04  7.400.05  7.390.03  7.410.07  7.390.03  7.390.06 

PaCo2 

S  46.90.8  44.12.7  46.02.4  44.61.6  43.93.5  46.31.4  45.73.0  46.64.5  47.22.7  48.23.7  49.32.8  48.64.0 
N  48.83.5  92.411.2*$  100.554.3*  59.329.8  42.35.9  46.03.4  43.83.5  45.93.4  44.23.9  45.14.2  45.04.3%$  46.24.9 
DH  46.63.7  101.68.8*  133.37.1*  49.37.1  41.44.0  44.85.0  43.12.9  43.83.8  43.62.8  49.17.5  44.62.9  46.73.1 
SH  48.82.4  44.94.7  46.22.7  44.63.3  45.24.0  46.31.4  41.22.1  43.83.8  44.72.5  49.17.5  52.85.6  51.32.6 

PaO2 

S  24.13.1  23.82.8  23.13.1  23.72.3  23.33.5  22.93.0  22.42.9  23.62.6  22.81.7  23.42.6  24.63.9  23.82.5 
N  22.02.0  5.71.6*$  7.91.6*$  29.75.6*  28.95.4*  24.32.6  23.93.9  23.02.9  25.02.7  26.74.2$  25.73.2  24.73.1 
DH  22.43.9  6.53.1*  7.32.3*  33.73.9*  31.04.2*  26.04.6  23.84.0  23.84.1  26.55.4  20.91.9  25.85.9  25.64.7 
SH  26.14.3  25.94.3  25.13.6  25.44.5  25.35.7  24.75.2  23.53.6  23.754.1  21.74.0  20.91.9  20.64.1  23.15.7 

Lactate 

S  0.80.1  0.70.1  0.80.1  0.80.2  0.80.1  0.90.2  0.90.2  0.90.2  0.80.2  0.70.1  0.90.2  0.80.3$ 
N  0.80.1  3.70.6*$  5.80.7*$  5.71.1*$  4.41.3*$  3.61.7*$  1.81.1  1.50.4  1.105  0.80.2  0.90.2  0.90.2$ 
DH  0.820.2  4.30.5*  6.20.8*  5.30.8*  3.31.0*  3.50.9*  1.80.7  1.00.2  1.50.6  1.20.3  1.00.2  1.00.2 
SH  1.00.2  0.90.2  0.90.2  0.90.3  1.10.3  1.20.2  0.90.0  1.00.2  1.20.3  1.20.3  1.10.3  1.30.3 

Glucose 

S  1.10.2  1.20.2  1.0.2  1.10.2  1.10.2  1.40.2  1.10.2  1.20.2  1.00.2  1.10.2  1.10.2  1.10.2 
N  1.00.2  0.30.1*$  0.60.3*  1.50.3*$  1.40.5  1.30.3  1.20.3*  1.30.2  1.20.3%  1.10.3%  1.10.2%  1.10.2 
DH  1.10.3  0.40.1*  0.80.1  1.60.3*  1.20.2  1.40.3  1.30.2  1.20.2  1.80.2*  1.50.2  1.60.5  1.20.3 
SH  0.90.2  0.90.1*  1.00.2  0.90.1  1.00.3  1.40.2  1.10.3  1.20.2  1.00.1  1.10.2  1.30.3  1.10.2 

Table 3: Physiological measurements taken from blood samples. 

Fetal arterial pH, blood gases, glucose and lactate values for sham (S), occlusion-normothermia (N), sham-hypothermia (SH) and occlusion-
delayed hypothermia (DH) groups 15 min before (control), 5 and 17 min during occlusion and after (10min, 1h, 2h, 4h, 6h, 24h, 48h, 72h, 
96h,120h,144h and168h), 25 min umbilical cord occlusion. Time points were analysed by repeated measures ANOVA using the Sidak 
familywide post-hoc test for between group comparisons. There were no significant differences after 96 h and for space reasons values after 96 h 
are not shown. Values are expressed as mean  standard deviation. 
Significance indicator Key: 
* = Significantly different compared to sham group, (p<0.05). 
% = Significantly different to occlusion-delayed hypothermia, (p<0.05). 
$ = Significantly different to sham-hypothermia, (p<0.05).  
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Figure 28 shows the temperature changes associated with delayed whole body hypothermia. 

The overall ANOVA result comparing temperature among the four groups was statistically 

significant at p<0.05.  
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Figure 28: Temperature changes associated with delayed hypothermia. Whole body cooling was initiated 5 h 
(occlusion‐delayed  hypothermia)  or  0.5  h  (sham‐hypothermia)  after  the  end  of  umbilical  cord  occlusion. 
Extradural and core  temperature  remained significantly suppressed  in both hypothermia groups  from 1 h 
after hypothermia onset until 72 h. Significance indicator Key: 

                   = Sham‐hypothermia vs. sham group, (p<0.05).         

                 = Occlusion‐delayed hypothermia vs. sham groups, (p<0.05).         

 

Whole body cooling was initiated 5 h (occlusion-delayed hypothermia) after the end of 

umbilical cord occlusion, and was associated with a significant fall in extradural temperature 

starting within an hour after the onset of cooling; reaching a nadir of 36.7 ± 0.3ºC in the 

occlusion-delayed hypothermia group and 36.8 ± 0.4ºC in the sham-hypothermia group 

(compared to 39.0 ± 0.1ºC in the occlusion-normothermia group) (p<0.05, Fig. 28). Core 
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body temperature dropped to a nadir of 36.8 ± 0.4ºC in the occlusion-delayed hypothermia 

group and 37.2 ± 0.4ºC in the sham-hypothermia group (compared to 39.0 ± 0.1ºC in the 

occlusion-normothermia group; (p<0.05, Fig 28). There was no significant difference 

between the sham and occlusion-normothermia groups. Temperatures remained stable during 

the 72 h of cooling and there was no significant difference between the two temperature 

measures within the groups. Comparing early onset cooling (chapter 4) with delayed cooling 

revealed no significant differences.  

Figure 29 shows the changes in EEG power in decibels (dB) associated with delayed 

hypothermia and occlusion. The overall ANOVA showed significant differences in EEG 

power between the four groups, (p<0.05).   
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Figure 29: Changes in EEG power (dB) associated with delayed whole body hypothermia and occlusion. Both 
occlusion groups were associated with an immediate fall in EEG power until 72 h after occlusion (p<0.05). A 
comparison with early onset hypothermia (chapter 4) showed that between 4‐5 h EEG was suppressed in the 
early onset hypothermia group compared to the delayed hypothermia group, (p<0.05). At 23‐24 h EEG was 
suppressed in the delayed hypothermia group compared to the early onset hypothermia group. Significance 
indicator Key: 

                   = Occlusion‐normothermia vs. the sham and sham‐hypothermia groups, (p<0.05).             
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                  = Occlusion‐delayed hypothermia vs. sham, (p<0.05).     

                  = Occlusion‐delayed hypothermia vs. sham‐hypothermia, (p<0.05).     

As shown in Figure 29, occlusion in both groups was associated with an immediate fall in 

EEG power, which remained significantly decreased compared to the sham group until 72 h 

after the onset of occlusion, (p<0.05). EEG power was significantly reduced in the occlusion-

delayed hypothermia group compared to the sham group from 0.5 h to 3.5 h and from 5 h to 

72 h after the onset of occlusion, (p<0.05). There was a significant reduction in EEG power 

in the occlusion-delayed hypothermia group compared to the sham-hypothermia group from 

0.5 h to 3.5 h and again from 6.5 h to 72 h after the onset of occlusion, (p<0.05, Fig 29). 

Comparison of early and delayed hypothermia showed that EEG power was suppressed 

between 4-5 h in the early onset hypothermia group compared to the delayed hypothermia 

group, (p<0.05). At 23-24 h EEG power was suppressed in the delayed hypothermia group 

compared to the early onset hypothermia group, (p<0.05). 

Figure 30 shows changes in EEG spectral edge frequency (SEF) associated with delayed 

hypothermia and occlusion. The overall ANOVA result comparing SEF between the four 

groups was statistically significant at (p<0.05).   
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Figure  30:  Changes  in  Spectral  Edge  Frequency  associated  with  delayed  whole  body  hypothermia  and 
occlusion. The occlusion‐delayed hypothermia group had a significantly suppressed SEF from 0.5 h until 16 h 
after occlusion, (p<0.05). Significance indicator Key: 

                   = Occlusion‐normothermia vs. sham, (p<0.05).   

                 = Occlusion‐normothermia vs. sham‐hypothermia, (p<0.05).  

                  = Occlusion‐delayed hypothermia vs. sham‐hypothermia, (p<0.05).               

                  = Occlusion‐delayed hypothermia vs. sham (p<0.05).                 

In Figure 30 SEF was significantly suppressed in the occlusion-delayed hypothermia group 

compared to the sham-hypothermia group from 0.5 h to 24 h after the onset of occlusion 

(p<0.05). There was a significant reduction in SEF in the occlusion-delayed hypothermia 

group compared to the sham group from 0.5 h to 16 h after the onset of occlusion (p<0.05).  

Figure 31 shows changes in FHR associated with delayed hypothermia and occlusion. The 

overall ANOVA result comparing FHR between the four groups was statistically significant 

at (p<0.05).   
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Figure 31: Changes in Heart Rate associated with delayed whole body hypothermia and occlusion. FHR was 
significantly  reduced  in  the occlusion‐delayed hypothermia group compared  to  the sham group  from 9 h, 
and the occlusion‐normothermia group from 11.5 h until 78 h after occlusion (p<0.05). Significance indicator 
Key: 

                      = Occlusion‐normothermia vs. occlusion‐delayed hypothermia and sham vs. sham‐          
hypothermia (p<0.05). 

                    = Occlusion‐delayed hypothermia vs. sham, (p<0.05).          

                     = Occlusion‐normothermia vs. sham‐hypothermia, (p<0.05).      

 

There was a significant period of bradycardia from 9 h to 78 h after the onset of occlusion in 

the occlusion-delayed hypothermia group compared to the sham group, (p<0.05). There was a 

significant period of bradycardia from 11.5 h to 78 h after the onset of occlusion in the 

occlusion-delayed hypothermia group compared to the occlusion-normothermia group, 

(p<0.05). There were no significant differences between groups after 78 h. A comparison of 

early cooling and delayed cooling showed that FHR was suppressed from 2-7.5 h after the 

onset of occlusion in the early cooling group compared with delayed cooling.    

Figure 32 shows changes in MAP associated with delayed hypothermia and occlusion. The 

overall ANOVA result comparing MAP between the four groups was statistically significant 

at (p<0.05).   
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Figure  32:  Changes  in MAP  associated with  delayed whole  body  hypothermia  and  occlusion. MAP was 
initially  decreased,  due  to  occlusion,  then  increased  until  2.5  h  after  occlusion,  (p<0.05).  Transient 
hypertension in the occlusion‐delayed hypothermia group was evident at 30‐42 h after occlusion. Transient 
hypotension developed in the same group from 102‐120 h after occlusion.  

Significance indicator Key: 

                    = Occlusion‐delayed hypothermia vs. sham, (p<0.05). 

                    = Occlusion‐delayed hypothermia vs. Occlusion‐normothermia, (p<0.05).     

            

There was a period of hypotension in the occlusion-delayed hypothermia group compared to 

the sham group at 0.5 h, then hypertension until 2.5 h after the onset of occlusion (p<0.05), 

Figure 32. Delayed hypothermia was associated with a period of transient hypertension 

compared to the sham group at 30-42 h after the onset of occlusion. A period of hypotension 

compared to the occlusion-normothermia, but not sham, group, developed in the occlusion-

delayed hypothermia group from 102-120 h.  

Figure 33 shows changes in CaBF associated with occlusion-delayed hypothermia and 

occlusion. The overall ANOVA result comparing CaBF between the four groups was 

statistically significant at (p<0.05).   
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Figure 33: Changes in CaBF associated with delayed whole body hypothermia. CaBF in the occlusion‐delayed 
hypothermia  group  was  increased  at  0.5‐1  h  after  occlusion,  and  reduced  1.5‐13  h  and  42‐66  h  after 
occlusion.  

Significance indicator Key: 

                = Occlusion‐delayed hypothermia vs. sham, (p<0.05).                          

               = Occlusion‐normothermia vs. sham groups, (p<0.05).                                 

 

CaBF was significantly increased in the occlusion-delayed hypothermia group compared to 

the sham group from 0.5-1 h and reduced from 1.5-13 h and 42-66 h after the onset of 

occlusion, (p<0.05). Compared to early onset hypothermia, CaBF in the delayed hypothermia 

group was increased from 4.5-5 h.  

The next set of results addresses the second hypothesis of this study that a decrease in 

temperature will result in a decrease in EEG amplitude. A within subjects’ analysis collapsing 

across time (96 h starting from 0 h) was conducted in order to see whether a decrease in 

temperature was associated with a decrease in EEG amplitude. Temperature was used as a 

covariate in an ANCOVA analysis against EEG for all 5 groups, sham, occlusion-

normothermia, sham-hypothermia, occlusion-hypothermia and occlusion-delayed 
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hypothermia. All groups except the occlusion-normothermia group had a significant overall 

ANCOVA, (p<0.05).  

Figure 34 shows the linear regression of EEG amplitude (µv) and temperature (°C) in the 

sham group.  
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Figure 34: Within subjects’ linear regression of 96 hourly time points of EEG amplitude and temperature in 
the sham group. The  lines represent  individual regression  lines; the different symbols represent  individual 
animals.  A positive correlation between EEG amplitude and temperature was found r=0.12, p=0.00003. For 
every degree change in temperature the EEG amplitude changed by 0.47 ± 0.16 µV. 

There was a positive within subjects relationship between EEG amplitude and temperature r 

= 0.12, p = 0.00003. From the equation of the line a change of 0.47 ± 0.16 µV per °C was 

calculated.  

 

Figure 35 shows the linear regression of EEG amplitude and temperature for the occlusion-

hypothermia group.   
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Figure 35: Within subjects’ linear regression of 96 hourly time points of EEG amplitude and temperature in 
the early‐onset occlusion‐hypothermia group. The  lines represent  individual regression  lines; the different 
symbols  represent  individual  animals.  A  positive  correlation  between  EEG  and  temperature was  found, 
r=0.27, p<0.001. For every degree change in temperature the EEG amplitude changed by 0.88 ± 0.14 µV. 

  

 

There was a positive within subjects relationship between EEG amplitude and temperature, r 

= 0.27, p<0.001. From the equation of the line a change of + 0.88 ± 0.14 µV per °C was 

calculated.  

Figure 36 shows the linear regression of EEG amplitude and temperature for the sham-

hypothermia group.  
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Figure 36: Within subjects’ linear regression of 96 hourly time points of EEG amplitude and temperature in 
the  sham‐hypothermia  group.  The  lines  represent  individual  regression  lines;  the  different  symbols 
represent  individual  animals.  A  positive  correlation  between  EEG  and  temperature  was  found,  r=0.35, 
(p<0.001). For every degree change in temperature the EEG amplitude changed by 0.96 ± 0.17 µV.  

 

 

 

There was a positive within subjects relationship between EEG amplitude and temperature, r 

= 0.35, (p<0.001). From the equation of the line the EEG amplitude changed by 0.96 ± 0.17 

per °C.  

Figure 37 shows the linear regression of EEG amplitude and temperature for the occlusion-

delayed hypothermia group.  
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Figure 37: Within subjects’ linear regression of 96 hourly time points of EEG amplitude and temperature in 
the  occlusion‐delayed  hypothermia  group.  The  lines  represent  individual  regression  lines;  the  different 
symbols  represent  individual  animals.  A  positive  correlation  between  EEG  and  temperature was  found, 
r=0.60, p<0.001.  For every degree change in temperature the EEG amplitude changed by 4.2 ± 0.26 µV.  

 

There was a positive within subjects relationship between EEG amplitude and temperature, r 

= 0.60, (p<0.001). From the equation of the line the EEG amplitude changed by 4.2 ± 0.26 

per °C.  

Having found significant correlations between temperature and EEG amplitude I next probed 

further into this relationship, using the Gower coefficient as a measure of agreement between 

EEG amplitude and temperature values. The Gower coefficient of agreement was chosen as 

monotonicity, Pearson Correlation, was not significant during stable temperature decreases, 

and thus was not informative as to the state of EEG amplitude during hypothermia. The 

agreement index allowed me to investigate how similar the magnitude changes in the EEG 

amplitude and temperature are to one another, see methods section above for further details.  
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Figure 38 shows the rescaled values of EEG and extradural temperature from the occlusion-

normothermia group (n=8) with discrepancy.  

Sham group average rescaled EEG and temperature values over -12 to +96hrs  LOWESS stiffness = 0.10
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Figure 38: Sham group average EEG amplitude and temperature rescaled values from ‐12 h to 96 h. The bold 
coloured lines are the LOWESS smoothed trend lines, see methods section above for details.  

Figure 38 shows the rescaled EEG amplitude and temperature, EEG amplitude fluctuated 

rhythmically within each 24 h block of time. A Gower coefficient was calculated for each 

animal at the three time periods before sham cooling (-12 to 0 h), during sham cooling (0.5 to 

72 h) and after sham cooling (72.5 to 96 h), as described in the methods section of this 

chapter. A repeated measures ANOVA, used to compare mean differences in Gower 

coefficients between the three time-periods, showed significant changes over time, (p<0.01). 

Table 4 shows mean Gower coefficients computed for each time period in the sham group.   

 Before sham cooling During sham cooling After sham cooling 

Gower coefficient 0.67  0.76 0.82 

 

Table 4: Mean Gower for each time period  in the sham group. The before sham cooling time period had a 
significantly lower agreement index compared to the period after sham cooling period, (p<0.01). 
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The before period had a significantly lower agreement index compared to the period after 

sham cooling period, (p<0.01), indicating that magnitude changes in EEG amplitude and 

temperature were very similar in the after cooling period. There was no significant difference 

between the sham cooling period and the other periods.  

Figure 39 shows the rescaled EEG amplitude and temperature, which fluctuates rhythmically 

within each 24 h block of time.  

Occlusion-normothermia average rescaled EEG and Temp values over -12 to +96 h  LOWESS stiffness
= 0.10
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Figure 39: Occlusion‐normothermia group average EEG amplitude and temperature rescaled values from ‐12 
h  to  96  h.  The  overall  ANOVA  comparing  Gower  coefficients  from  the  three  time  periods  before  sham 
cooling ‐12 to 0 h, during sham cooling (0.5 to 72 h) and after sham cooling (72.5 to 96 h) was not significant.  

The overall ANOVA comparing Gower coefficients from the three time periods was not 

significant and no differences between time periods were detected. 

Figure 40 shows that in the sham-hypothermia group as soon as cooling is applied at 0.5 h the 

temperature drops as expected, and EEG amplitude also falls. Once cooling is switched off at 

72 h temperature returns to baseline values and EEG amplitude also increases. 
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Sham-hypothermia group rescaled EEG and Temperature values from -12 to +96 h  LOWESS stiffness =
0.10
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Figure 40: Sham‐hypothermia group average  rescaled EEG amplitude and  temperature values  from  ‐12  to 
+96 h. The application of hypothermia at 0.5 h caused a drop in temperature that is followed by a drop in 
EEG amplitude and increased agreement between the 2 values. The during cooling period had a significantly 
higher agreement  index  than  the baseline period and  the period after  cooling,  (p<0.001). Before or after 
cooling periods were not significantly different.  

The Gower coefficients of each animal for the three time periods were used in a repeated 

measures ANOVA. The overall ANOVA was significant, (p<0.001). Table 5 shows mean 

Gower coefficients of the three time periods.  

 Before cooling During cooling After cooling  

Gower coefficient 0.5 0.89 0.47 

 

Table 5: Mean Gower for each time period in the sham‐hypothermia group. The during cooling period had a 
significantly higher agreement index than the baseline period and the period after cooling, (p<0.001). Before 
or after cooling periods were not significantly different.  

The cooling period had a significantly higher agreement index than the baseline period and 

the period after cooling, (p<0.001). There was no significant difference between the before 

cooling period and the period after cooling.  

In Figure 41 as soon as cooling is applied at 0.5 h the temperature drops as expected and EEG 
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amplitude also falls. Once cooling is switched off at 72 h temperature returned to baseline 

values and EEG amplitude increased. 
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Figure 41: Occlusion‐hypothermia average rescaled EEG amplitude and temperature values ‐12 to +96 h. The 
onset of hypothermia causes a temperature drop and EEG amplitude also falls until hypothermia is switched 
off  at 72 h.  The during  cooling period had  a  significantly higher  agreement  index  compared  to  the  after 
cooling period but not  the before cooling period,  (p<0.001). The before cooling period had a  significantly 
higher agreement index compared to the after cooling period, (p<0.005). 

 

Using the same format as the previous graph I analysed 3 periods of the experiment 

separately. The overall repeated measures ANOVA was significant, (p<0.001). Table 6 

shows the Gower coefficients of the three time periods. 
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 Before cooling During cooling After cooling 

Gower coefficient  0.8 0.87 0.54 

 

Table  6: Mean Gower  for  each  time  period  of  the  early  onset  occlusion‐hypothermia  group.  The  during 
cooling period had a significantly higher agreement index compared to the after cooling period but not the 
before  cooling  period,  (p<0.001).  The  before  cooling  period  had  a  significantly  higher  agreement  index 
compared to the after cooling period, (p<0.005). 

 

The cooling period had a significantly higher agreement index compared to the after cooling 

period but not the before cooling period, (p<0.001). The before cooling period had a 

significantly higher agreement index compared to the after cooling period, (p<0.005), 

indicating that magnitude changes in EEG amplitude and temperature were similar in the 

before and during cooling periods, but not similar after cooling.   

In Figure 42 cooling is applied at 5.5 h and the temperature drops as expected and EEG 

amplitude also falls. Once cooling is switched off at 72 h temperature returns to baseline 

values and EEG amplitude increases also. 
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Delayed-hypothermia group average EEG and Temperature vaues from  -12 to +96 h  LOWESS
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Figure 42: Delayed‐hypothermia group average rescaled EEG amplitude and temperature values from ‐12 to 
96 h. The onset of hypothermia at 5.5 h after  the onset of occlusion causes a  temperature drop and EEG 
amplitude also  falls until hypothermia  is switched off at 72 h. The during cooling mean Gower coefficient 
was significantly higher than the before and after cooling period Gower means, (p<0.05). 

 

Using the same format as the previous graph I analysed 3 periods of the experiment 

separately, except here the cooling period was from 5.5 h until 72 h. The overall repeated 

measures ANOVA was significant, (p<0.001). Table 7 shows the mean Gower coefficients 

from the 3 time periods.   

 Before Cooling After 

Gower coefficient 0.57 0.83 0.64 

 

Table 7: Mean Gower for each time period of the occlusion‐delayed hypothermia group. The cooling mean 
Gower coefficient was significantly higher than the before and after cooling period Gower means, (p<0.05). 
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As the before and after cooling period means were statistically equivalent I next implemented 

a contrast test between the cooling period and the other two periods. The cooling mean 

Gower coefficient was significantly higher than the before and after cooling period Gower 

means, (p<0.05). 

As cooling is delayed by 5.5 h after the onset of occlusion with my delayed cooling 

paradigm, both the occlusion-normothermia group and the occlusion-delayed hypothermia 

group can be considered equivalent with respect to temperature until a temperature change is 

applied. Accordingly, I utilized this situation to analyse the response of EEG amplitude to a 

decrease in temperature. Figure 43 shows the LOWESS-smoothed occlusion-delayed 

hypothermia group average rescaled EEG amplitude and temperature values shortly before 

and after cooling is applied at 5.5 h.  

Occclusion-delayed hypothermia rescaled EEG and temperature values from 4 h to 13.5 h
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Figure  43:  LOWESS‐smoothed  occlusion‐delayed  hypothermia  average  rescaled  EEG  amplitude  and 
temperature values  from 4 h  to 13.5 h. LOWESS‐smoothed occlusion‐delayed hypothermia group average 
rescaled  EEG  and  Temp  values  shortly  before  and  after  cooling  is  applied  at  5.5  h  after  the  onset  of 
occlusion.  

 

Figure 43 shows that the temperature stabilizes at approximately 8.5 h, 3 h after cooling is 

applied in this group.   

Cooling switched on 
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Figure 44 shows the graph of a within subjects regression analysis of EEG and temperature in 

the delayed cooling group during the time period 4 h to 13.5 h. The lines represent individual 

regression lines; the different symbols represent individual animals. 
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Figure 44: Within  subjects’  linear  regression of  EEG  amplitude  and  temperature  in  the occlusion‐delayed 
hypothermia group. A positive correlation between EEG amplitude and temperature during the period 4 h to 
13.5 h, r = 0.54, (p<0.001). 

 

There was a positive within subjects’ relationship between EEG amplitude and temperature 

during the period 4 h to 13.5 h, r = 0.7, (p<0.001). There was no significant within subjects’ 

correlation in the asphyxia group during this time period. A t-test for dependent samples 

showed that the average Gower coefficient was significantly higher in the occlusion-delayed 

hypothermia compared to the occlusion-normothermia group during the time period 4 -13.5 

h, p<0.05 (mean Gower coefficient occlusion-normothermia 0.72 vs. 0.82 occlusion-delayed 

hypothermia). 
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5.4. Discussion. 

This study is the first to assess the application of hypothermia in the asphyxiated preterm 

fetal sheep in a clinically relevant time scale to application of treatment (5 h after the end of 

occlusion). Delayed hypothermia was well tolerated with all physiological variables retuning 

to sham values at the end of day 5. Cooling was associated with transient EEG power 

suppression, bradycardia and reduced carotid blood flow, which resolved during or shortly 

after rewarming. In agreement with my hypothesis, delayed hypothermia was effective but 

not as effective as early cooling in restoring SEF to sham values. Extradural temperature 

correlated with EEG amplitude (µv) in all experimental groups where temperature was 

manipulated. 

5.4.1 Delayed cooling physiology 

EEG power (dB) was suppressed with delayed hypothermia to a similar level as in the early 

hypothermia group, (chapter 4). However, a secondary fall in EEG power compared with 

early-onset hypothermia was seen starting at around 18 h, although only significantly 

different compared to early onset hypothermia at 23-24 h. This secondary suppression of 

EEG power is likely a consequence of a temperature decrease superimposed on top of an 

already suppressed EEG power due to asphyxia. Indeed, in Figure 29 it can be seen that the 

EEG power profiles of occlusion-normothermia and occlusion-delayed hypothermia are very 

similar over time despite a 3-4 dB difference in power.  

SEF was normalized to sham values 16 h after occlusion in the occlusion-delayed 

hypothermia group, compared with 3 h in the occlusion-hypothermia group and 24 h in the 

occlusion-normothermia group. This suppression of SEF is not caused by hypothermia as the 

sham-hypothermia group did not significantly differ at any time point compared with the 

sham group. As discussed in chapter 4, suppressed SEF has been shown to be associated with 

increased white and grey matter injury (Inder et al., 2003a; Fraser et al., 2005). Thus, a 

slower recovery of SEF in the delayed cooling group may be associated with a greater 

histological impact of asphyxia than early cooling. Additionally, previous studies have shown 

that cooling delayed until after the onset of post-ischemic seizures in the preterm fetal sheep, 

is not neuroprotective (Gunn et al., 1999). A similar study in near-term fetal sheep showed 

that cooling delayed until 5.5 h after cerebral ischemia, but before the onset of post-ischemic 

seizures, was neuroprotective (Gunn et al., 1998b). The hypothesis that delayed hypothermia 

may be less beneficial in protecting the SVZ and white matter than early hypothermia is 



 

 
 

126
 

addressed in the following two chapters. 

5.4.2 Systemic effects of hypothermia 

There was a period of hypertension in the occlusion-delayed hypothermia group at 30-42 h 

after the onset of occlusion. As suggested in the previous chapter the reason for this increase 

is likely 2 fold. Firstly, glucose was increased from 24 h until 72 h in the delayed 

hypothermia group compared to the occlusion-normothermia group. This likely reflects 

increased catecholamine release, which can cause hypertension and is a known effect of 

hypothermia (Gunn et al., 1991). Secondly, increased cortisol and ACTH levels have been 

shown to correlate with MAP post-occlusion (Davidson et al., 2008). Thus, there seems to be 

concordance between both early and delayed occlusion-hypothermia groups in terms of 

hypertension at this time and the common mechanisms above are likely causes of this.  

A period of transient hypotension was seen with delayed hypothermia at 102-120 h. This 

period of hypotension occurred at a time when CaBF was increasing. This, increased cerebral 

blood flow and hypotension occurred after an increase in EEG power that began at 

approximately 48 h and sharply rose until 84 h. Thus, increased activity, at a time when MAP 

was comparatively high compared to sham controls, may have signalled a decrease in MAP 

to increase CaBF to match demand. It may be that nitric oxide levels were increased during 

102-120 h which would explain a decrease in MAP. In chapter 4 I showed that in the 

occlusion-hypothermia group, at 24 h there was a high correlation between nitrite levels and 

CaBF. Thus, in the future the research group will be collecting the delayed hypothermia 

nitrite data and further cases in other groups to study this hypothesis further and increase the 

power of subsequent analyses.  

CaBF was increased at 4.5-5 h in the occlusion-delayed hypothermia group compared to the 

early onset hypothermia group. The early onset hypothermia group at this time was 

associated with a transient secondary hypoperfusion. This transient secondary hypoperfusion 

was not seen in the delayed hypothermia group. Indeed the reverse was the case; there was a 

period of transient hyperperfusion between 13-42 h where CaBF returned to sham values. 

This occurred at a time when EEG was suppressed and even secondarily suppressed for a 

time compared to early onset hypothermia. MAP began to drop at the same time as CaBF 

started to increase, and this relationship continued until the beginning of the transient period 

of hypertension where CaBF decreased compared to shams until 42 h. I speculate that this 

period may represent a period of luxury perfusion, greater than that required by the brain 
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given the suppressed EEG power.  

5.4.3 Temperature and EEG amplitude 

The non-cooled groups (occlusion-normothermia and sham) showed a rhythmical pattern in 

24 h blocks of time consistent with a diurnal rhythm. The temperatures between the non-

cooled groups were not significantly different at any time, and were within approximately 

1°C over the 7 d recording period. No effects on EEG amplitude of such small temperature 

changes have been reported to date. Thus, the 24 h rhythmical pattern is most consistent with 

a diurnal rhythm mediating the daily fluctuations in EEG amplitude and temperature (Breen 

et al., 1996; Braaksma et al., 2000; Jensen et al., 2009). The fact that the sham group had a 

small but significant correlation over time, whereas the occlusion-normothermia group did 

not, likely represents a blunting of the diurnal rhythm by asphyxia. A diurnal pattern is still 

evident when looking at the occlusion-normothermia group, Figure 39, but compared to the 

sham group, Figure 38, the fluctuations are smaller. The alteration of rhythm is also 

supported by the fact that the EEG power was significantly suppressed compared to the sham 

group until 72 h recovery.  

The Gower agreement index (Gower, 1971) is sensitive to magnitude discrepancy and shows 

how similar observations are. This measure provides information on how similar a pair of 

observations are over time, independent of whether the values co-vary (monotonicity). In the 

sham group the Gower agreement index was lower in the period before cooling compared to 

the period after cooling. Looking at Figure 38 it is likely that I have compared different 

periods within the natural diurnal rhythm. Thus, this difference, although significant, is not 

meaningful other than showing that within a normal 0.7 gestation fetal sheep agreement 

between temperature and EEG amplitude can fluctuate and is not constant. In the occlusion-

normothermia group no such difference is seen, and this is likely due to the blunting of 

diurnal rhythm such that normal fluctuations in agreement are no longer seen. Instead, as can 

be seen in Figure 39, the agreement between EEG amplitude and temperature is considerably 

more stable over time from when occlusion is applied until 96 h.  

In the sham-hypothermia group, an increase in the size of the correlation between EEG 

amplitude and temperature was seen (sham group 0.12 vs. 0.35 sham-hypothermia group). 

The agreement index of the cooling period was significantly higher than both non-cooling 

periods (before and after cooling), see Table 6. As can be seen in Figure 40, when cooling is 

applied the magnitude of EEG amplitude decreases, and this remains the case throughout the 
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cooling period. The effect here is that temperature and EEG amplitude show much higher 

agreement during the cooling period; when cooling is turned off the agreement is 

significantly attenuated. Furthermore the non-cooling periods were not different from each 

other. Thus, without the complications of anaesthesia, insult or drugs, whole body cooling of 

approximately 3.5 °C causes a decrease in EEG amplitude (0.96 ± 0.17 µV per °C) reflected 

in an increase in agreement between EEG amplitude and temperature. When temperature is 

not manipulated agreement is lower. This indicates that temperature is the likely causal 

mechanism in lowering EEG amplitude. This is consistent with published data indicating a 

reduction in amplitude with mild (3.5°C) hypothermia in adults and children (FitzGibbon et 

al., 1984; Kochs, 1995; Akiyama et al., 2001; Stecker et al., 2001). 

The early onset occlusion-hypothermia group had a lower correlation between temperature 

and EEG amplitude compared to the sham-hypothermia group. Further, the agreement index 

between the before and after cooling periods was significantly different. The period before 

cooling is a baseline period where no experimental manipulation has taken place. Thus, the 

high agreement between temperature and EEG amplitude during this period likely represents 

the natural variation of the diurnal rhythm, as seen in the sham group after cooling period. 

The during cooling agreement index was higher than the after cooling period but not the 

before cooling period. Thus, as in the sham-hypothermia group, agreement is significantly 

increased during cooling and when cooling is turned off the agreement is lower.  

The occlusion-delayed hypothermia group showed a high correlation between temperature 

and EEG amplitude (r = 0.60). The agreement indices between the before and after cooling 

periods were not significantly different (Table 6). The during cooling period agreement index 

was significantly higher than before cooling and after cooling. In Figure 41 it can be seen that 

the trend for EEG amplitude during cooling is a small, steady increase over time. When 

cooling is stopped in the early-onset hypothermia group the rise in EEG amplitude is much 

smaller than in the occlusion-delayed hypothermia group. In Figure 42 it can be seen that 

when cooling is turned off in the occlusion-delayed hypothermia group, the trend lines of the 

2 variables are very close and only begin to diverge at approximately 80 h. The occlusion-

delayed hypothermia group was associated with secondarily suppressed EEG power 

compared to the occlusion-hypothermia group, Figure 29. SEF took 13 h longer to resolve in 

the occlusion-delayed hypothermia group compared to the occlusion-hypothermia group. 

That is to say delayed hypothermia is associated with a slower and more suppressed EEG 

recovery than in the early hypothermia. Because the recovery of EEG measures (amplitude 
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and power) happens much quicker with early onset hypothermia than delayed hypothermia, it 

could be that other factors than temperature are exerting effects on EEG amplitude in the 

occlusion-hypothermia group. This is reflected by the low correlation of EEG amplitude and 

temperature in this group (r = 0.27). In the occlusion-delayed hypothermia group the effect of 

asphyxia is a suppression of EEG (amplitude and power) such that a delayed temperature 

decrease exerts a greater effect than other factors involved in restoring normal brain activity, 

this is reflected in a high correlation between EEG amplitude and temperature and a greater 

change in EEG amplitude per °C, 4.2 ± 0.26 µV per °C. Agreement between both the during 

cooling period and the after cooling period is not different in the occlusion-delayed 

hypothermia group, this shows that temperature is exerting a larger effect on EEG amplitude 

in this group after cooling than in the other cooling groups.  

The occlusion-normothermia group and the delayed hypothermia group were identical in 

experimental protocol until cooling was applied at 5.5 h after the onset of occlusion. This 

allowed me to study the effect of hypothermia superimposed on recovery from asphyxia. A 

high within subjects’ correlation was found between EEG amplitude and temperature in the 

delayed cooling group from 4 h to 13.5 h, (r = 0.54). While no significant correlation was 

found in the occlusion-normothermia group, a further comparison of the agreement indices 

between the occlusion-normothermia group and the delayed hypothermia group showed that 

the agreement between EEG amplitude and temperature was significantly increased when 

cooling was superimposed on occlusion-normothermia.  

The changes in temperature used in the early onset hypothermia groups (studied in chapter 4) 

and delayed hypothermia in this study are very similar, the nadir in extradural temperature 

was 36.7 ± 0.3 °C in the delayed hypothermia group and 36.4 ± 0.4 °C in the early onset 

group and 36.9 ± 0.4 °C in the sham-hypothermia group. Thus, agreement between EEG and 

temperature significantly increases in all situations where a decrease in temperature of 

approximately 3.0 °C is applied. This fact suggests that temperature directly causes a 

decrease in EEG amplitude. Further studies would be required to quantify this relationship at 

different hypothermic indices, and in different experimental paradigms, in order to find a 

general relationship. Indeed, this study is the first to use the Gower to quantify the agreement 

between EEG amplitude and temperature magnitudes as temperature is systematically varied.  

5.4.4 Clinical relevance 

The clinical relevance of these results are that delaying cooling by 5 hours, after the end of 
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occlusion, is associated with a decreased impact of treatment on recovery of EEG amplitude, 

SEF and suppression of EEG power compared to early onset (starting 0.5 h) cooling. 

Agreement indices during important time periods provide evidence of the effect of asphyxia 

and temperature on EEG amplitude. The less favorable recovery of physiological profile 

associated with delayed cooling is consistent with previous data in near-term fetal sheep 

where delaying cooling by 5.5 h is associated with worse histological outcome (Gunn et al., 

1998b; Roelfsema et al., 2004). The next chapters address the histological outcome of early 

and delayed whole body cooling after 25 min umbilical cord occlusion. A discussion of the 

overall results will follow these chapters.  

In summary this study has shown that delayed hypothermia was well tolerated with all 

physiological variables returning to sham values at the end of day 5. Cooling was associated 

with similar transient effects observed in chapter 4, which resolved on rewarming. In 

agreement with my hypothesis, delayed hypothermia was effective, but not as effective as 

early cooling, in restoring EEG power and SEF to sham values. Extradural temperature 

correlated with EEG amplitude during cooling. Agreement between EEG amplitude and 

temperature was higher during cooling in all groups than during non-cooled periods (before 

and/or after cooling). This may have implications for the window of opportunity of 

hypothermia to protect the brain in preterm infants, which is further explored in the following 

2 chapters.  
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Chapter 6. What is the window of opportunity of whole body 

hypothermia to prevent SVZ injury after asphyxia in the 

preterm fetal sheep? 

6.1. Introduction. 

The SVZ forms at 7-8 gestational weeks in humans and is responsible for the enlargement of 

the cerebral cortex in the second half of gestation (Zecevic et al., 2005). Further, 

oligodendrocytes, astrocytes and interneurons are specifically generated in the SVZ to 

facilitate the growth of neural networks and brain structures such as the striatum (Zecevic et 

al., 2005). Thus, as discussed in chapter 1 the SVZ is a highly important structure and 

hypoxic-ischemic insults to this area can be potentially devastating to the SVZ and brain 

growth in general (Barrett et al., 2007).  

Studies in rats and mice have shown that the SVZ can generate new neurons, 

oligodendrocytes and reactive astrocytes in response to hypoxia-ischemia (Plane et al., 2004; 

Ong et al., 2005; Yang & Levison, 2006; Yang et al., 2009b; Bain et al., 2010; Jarlestedt et 

al., 2010). Along with microglia, reactive astrocyte production may not be beneficial in the 

SVZ’s regenerative response to injury (Bain et al., 2010; Sloane et al., 2010; Verney et al., 

2010). For the preterm brain the status of the SVZ after hypoxic-ischemic injury is important 

to quantify, as any injury during this highly active proliferative phase of brain growth could 

result in reduced brain complexity and lead to neurological problems later in life (Ajayi-Obe 

et al., 2000; Bhutta & Anand, 2001).  

The results from chapter 3 of this thesis showed that proliferation was not suppressed in the 

SVZ by hypothermia at 3 days recovery from umbilical cord occlusion. Hypothermia also 

protected against the loss of O4+ pre-OL cells. Chapter 5 showed that delayed hypothermia 

(5 h after the end of occlusion) was not as effective as early onset hypothermia (30 min) in 

resolving SEF and EEG measures to sham values. Thus, the aim of this study was to 

determine whether delayed hypothermia was as effective as early onset hypothermia in 

producing favourable histological outcomes. I wanted to test the hypothesis that early onset 

hypothermia would prevent microglia, astrocyte and caspase 3 activation. I also wanted to 

test the hypothesis that hypothermia would not suppress proliferation, assessed with BrdU 

and KI67. Lastly, I hypothesized that hypothermia would protect against the loss of O4+ 
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positive pre-OL cells in the SVZ at 7 days recovery.   

6.2. Methods. 

The surgical preparation and experimental protocols were the same as specified in chapter 2. 

Briefly fetuses were randomised to either sham-occlusion (n=7), occlusion-normothermia 

(n=8), occlusion-hypothermia (n=8), occlusion-delayed hypothermia (n=7), sham-

hypothermia (n=6). Fetal asphyxia was induced by inflation of the umbilical cord occluder 

for 25 min. Hypothermia was applied from 30 min (early onset) or 5 hours (delayed) after the 

end of occlusion until 72 h. Hypothermia was achieved by circulating water at 10° C through 

a coil around the fetal body. At 7 days recovery ewes and fetuses were killed by an overdose 

of sodium pentobarbitone.  

6.2.1 Histology and image analysis.  

The histological procedures and image analysis protocols used were described previously in 

chapter 2. Antibodies to BrdU, KI67, O4, GFAP, IB4 and caspase 3 were used in 

immunohistochemical labelling of 6µm paraffin embedded sections cut at the level of the 

mid-striatum. The BrdU protocol was described in chapter 2, and involved 1 injection per 24 

h for 3 days, starting 2 hours after hypothermia was turned off. BrdU and KI67 were both 

used to label proliferating cells for two reasons. Firstly, it may be that a rebound proliferation 

effect after the end of hypothermia may ensue, BrdU labelling for 3 days after the end of 

hypothermia was chosen to investigate this. Further, labelling the types of BrdU+ 

proliferating cells that may increase or decrease after hypothermia and occlusion is also of 

importance to quantify. KI67 was used to “snapshot” proliferation at 7 days recovery along 

with other markers at 7 days, phenotyping the cells proliferating at this stage is also a future 

aim of the current studies. Four slides, 60µm apart, were stained for each animal per 

antibody. Four slides per animal were imaged using a Zeiss Axioscope Microscope equipped 

with a Zeiss HRC microscope camera and Axiovision software (Carl Zeiss Pty, Ltd; 

Australia). Pictures were taken at 20x using the highest resolution for the all SVZ regions. 

These pictures were then analysed by Professor Mike Draguknow using the MetaMorph® 

image analysis software, as specified in chapter 2, section 2.9.5. 

6.2.2 Statistics 

Statistical analysis was performed on all histological cell counts using SPSS version 15 
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(SPSS, Chicago, IL, USA). Repeated measures ANOVA was used to test for mean 

differences in cell counts, followed by Sidak familywide-adjusted post-hoc testing when a 

significant overall effect was found. Statistical significance was determined when p<0.05. All 

data are presented mean ± standard deviation.   

6.3. Results. 

Figure 45 shows numbers of BrdU+ cells in the SVZ in the 5 groups.  
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Figure 45: BrdU+ cells in the 5 groups. A Sidak post hoc test showed a significant result in the border region 
of the SVZ, occlusion‐delayed hypothermia group compared to the sham‐hypothermia group (*) (p<0.05). A 
one way ANOVA analysis showed significantly less BrdU+ cells in the sham‐hypothermia group compared to 
the sham group (*), (p<0.05). 

 

A Sidak post hoc analysis showed that there was significantly more BrdU+ proliferating cells 

in the occlusion-delayed hypothermia group compared to the sham-hypothermia group in the 

border region of the SVZ, (p<0.05). A one way ANOVA analysis showed significantly fewer 

BrdU+ cells in the sham-hypothermia group compared to the sham group, (p<0.05). 

Figure 46 shows the numbers of KI67+ cells in the 5 groups.  
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Figure 46: Ki67+ cells  in  the 5 groups. A Sidak post hoc  test  showed  significantly  fewer KI67+ cells  in  the 
occlusion‐hypothermia group in the inner SVZ compared to the sham group, (p<0.05). 

 

A Sidak post hoc analysis showed that there was a significant decrease of KI67+ proliferating 

cells in the occlusion-hypothermia group compared to the sham group in the inner SVZ 

region, (p<0.05). The occlusion-delayed hypothermia group was borderline non-significant 

compared to the sham group, (p=0.051). 

Figure 47 shows the numbers of O4+ oligodendrocyte cells in the 5 groups.  
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Figure  47:  O4+  oligodendrocytes  in  the  5  groups.  There  was  a  significant  decrease  of  O4  cells  in  the 
occlusion‐normothermia group and the occlusion‐delayed hypothermia group compared to the sham group, 
(p<0.05).  

 

The occlusion-normothermia and the occlusion-delayed hypothermia groups had significantly 

fewer O4+ oligodendrocytes in all 3 regions of the SVZ compared to the sham group, 

(p<0.05).  

Figure 48 shows the numbers of IB4+ microglial cells in the 5 groups.  
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Figure 48: IB4+ microglia in the 5 groups. There was a significant increase of microglial cells in the occlusion‐
normothermia group and the occlusion‐delayed hypothermia group compared to the sham group, (p<0.05).  

 

The occlusion-normothermia group had significantly more IB4+ microglia in the SVZ 

compared to the sham group, (p<0.05). The occlusion-delayed hypothermia group had 

significantly more IB4+ microglia in the SVZ compared to the sham group, (p<0.05).  

Figure 49 shows the numbers of GFAP+ astrocytes in the 5 groups.  
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Figure  49:  GFAP+  cells  in  the  5  groups.  The  overall  ANOVA  was  significant,  (p<0.05).  The  occlusion‐
normothermia group had a significant  increase  in GFAP+ astrocyte cells  in the SVZ compared to the sham 
group (*), occlusion‐delayed hypothermia group (#) and the sham‐hypothermia group (#), (p<0.05).  

 

The occlusion-normothermia group had a significant increase of GFAP+ astrocytes in the 

SVZ compared to the sham group, occlusion-delayed hypothermia group and the sham-

hypothermia group, (p<0.05).  

Figure 50 shows the number of caspase 3+ cells.  
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Figure 50: Caspase 3+ cells in the 5 groups. The occlusion‐normothermia group had a significant increase in 
Caspase 3+ cells compared to the sham group (*), occlusion‐hypothermia group (#) and sham‐hypothermia 
group (#), (p<0.05).  

 

The occlusion-normothermia group had a significant increase of caspase 3+ cells compared to 

the sham group, occlusion-hypothermia group and sham-hypothermia groups, (p<0.05). 

Figure 51 and Figure 52 show representative pictures taken at 20x magnification of the cells 

counted in the inner SVZ region. 
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Figure 51: Representative photomicrographs of KI67, BrdU  and O4  in  the  inner  SVZ  region,  images were 
taken at 20x magnification. The coloured arrows depict representative positive cells.   
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Figure 52: Representative photomicrographs of KI67, BrdU  and O4  in  the  inner  SVZ  region,  images were 
taken at 20x magnification. The coloured arrows depict representative positive cells.   
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6.4. Discussion. 

The current study has shown that early onset hypothermia, initiated 30 min after asphyxia, 

prevented increased numbers of microglia and caspase 3+ cells in the SVZ after asphyxia. 

Further, early onset hypothermia was associated with protection of O4+ pre-OL cells. 

Proliferation assessed with BrdU showed no effect of hypothermia after asphyxia in the SVZ. 

Early onset hypothermia in the absence of occlusion was associated with a significant 

decrease of BrdU+ cells in the inner SVZ region. Proliferation assessed with KI67 showed 

that there was significantly less cells in the inner SVZ in the early onset hypothermia group 

compared to the sham group. There were significantly more GFAP+ astrocytes after asphyxia 

alone and early onset hypothermia, but not delayed hypothermia, compared to the sham 

group. Asphyxia alone showed greater numbers of microglia and caspase 3+ cells coupled 

with less O4+ pre-OL cell survival. Delayed hypothermia was not associated with reductions 

in microglia, caspase 3+ cells or improved O4+ pre-OL cell numbers. These data suggest that 

the window of opportunity for SVZ protection with whole body hypothermia is before 5 

hours after asphyxia in the preterm fetal sheep.  

6.4.1 Proliferation in the SVZ at 7 days recovery from asphyxia, early and delayed 

hypothermia  

Unchanged proliferation after asphyxia in the current study is consistent with data published 

this year using the P9 mouse (Dizon et al., 2010). BrdU was injected at days 5, 6 and 7 of 

recovery from hypoxia-ischemia and mice were killed shortly after the last injection on day 7. 

The authors showed no increase in proliferation in the SVZ, and limited migration of cells 

from the SVZ to the striatum. In contrast there are published studies showing a significant 

increase in BrdU positive cells at 7 days recovery from hypoxia-ischemia in Wistar and 

Sprague-Dawley rats and mice (Plane et al., 2004; Ong et al., 2005; Yang & Levison, 2006). 

The contradictory results are likely due to differences in insult applied, animal species or 

strain and labelling protocols. For example different results have been obtained, using the 

same insult, with Wistar and Sprague-Dawley rats (Ong et al., 2005; Yang & Levison, 2006). 

Additionally, brain maturation is more protracted in sheep than in small animals, and as such 

is more developmentally similar to humans (Barlow, 1969; McIntosh et al., 1979; Bystron et 

al., 2008; Jakovcevski et al., 2009).  

Proliferation assessed with KI67 was significantly less in the inner SVZ after asphyxia and 

early onset hypothermia. Both early onset hypothermia alone and delayed hypothermia 
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showed trends toward reduced KI67 proliferation in the inner SVZ, p = 0.083 and 0.051 

respectively. Proliferation assessed with BrdU showed that early onset hypothermia alone had 

fewer BrdU+ cells in the inner SVZ region. Thus, my data are consistent with data showing 

reduced proliferation of astrocytes, microglia and overall numbers of proliferating cells after 

hypothermic treatment (Hachimi-Idrissi et al., 2004; Fukui et al., 2006; Kanagawa et al., 

2006; Bennet et al., 2007). Reassuringly, the reduction in proliferation was not due to 

reduced O4+ pre-OL cell proliferation as there was no significant difference between early 

onset hypothermia and sham controls. However, it may be that less neural progenitor cells are 

being produced. As reviewed in chapter 1, it has been shown by many studies that the SVZ 

responds to injury by increasing proliferation of neural and oligodendrocyte progenitors. 

(Plane et al., 2004; Ong et al., 2005; Yang et al., 2009b; Dizon et al., 2010). Thus, a 

reduction of proliferation is of potential concern as the preterm brain is at a highly 

proliferative stage of development. Further studies are necessary to study what specific cell 

types are being affected by hypothermia and whether this continues long-term. An increase of 

BrdU+ proliferation in the border SVZ region in the delayed hypothermia group likely 

represents an increase in microglial proliferation as the mean number of IB4+ cells was 

higher, but highly variable within the group, than asphyxia alone.  

6.4.2 Glial response and activated caspase 3 expression in the SVZ at 7 days recovery 

There were significantly fewer O4+ pre-OL cells in the SVZ after asphyxia alone. Previous 

data have shown both an increase and decrease in the number of oligodendrocytes in the SVZ 

at 7 days recovery from hypoxia-ischemia (Rothstein & Levison, 2005; Yang & Levison, 

2006; Bain et al., 2010; Dizon et al., 2010). Dizon, et al. (2010) showed an increase in 

PDGFRα labelled oligodendrocytes (OL progenitor and pre-OL marker) in the SVZ of mice, 

7 days after hypoxia-ischemia. In contrast Bain, et al. (2010) showed a decrease in immature 

and mature (RIP labelled) oligodendrocytes in rats, 7 days after hypoxia-ischemia. My results 

are consistent with the well known susceptibility of the O4 positive pre-OL cell to hypoxic-

ischemic injury, as reviewed in chapter 1. There were more microglia, astrocytes and caspase 

3 + cells after asphyxia alone compared to sham controls. As reviewed in chapter 1 and 

discussed in detail in chapter 3, microglia are suspected in the cause of oligodendrocyte 

injury, but the mechanism(s) of injury remain undetermined (Deng, 2010; Verney et al., 

2010). Thus, in this study it may be that the increase in microglia is responsible for fewer 

O4+ pre-OL cells in the SVZ.  
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In this study the occlusion-normothermia group had significantly increased numbers of 

GFAP+ astrocytes at 7 days recovery. This is consistent with gliosis that has been shown to 

be present after hypoxia-ischemia in human infants (Back et al., 2002b; Inder et al., 2005), 

and rats at 7 days recovery from hypoxia-ischemia (Bain et al., 2010). Reactive astrocytes 

can release hyaluronan, which has been shown to inhibit maturation of oligodendrocytes 

(Back et al., 2005; Sloane et al., 2010). Bain et al. (2010) have shown that SVZ glial 

progenitor cells are responsible for gliosis at 7 days recovery (Bain et al., 2010). Bain et al. 

(2010) showed increases in LIF (leukemia inhibitory factor) and TGFβ1 (transforming 

growth factor β1), both factors known to stimulate astrocyte proliferation, in the SVZ at 7 

days recovery (Johe et al., 1996; Richards et al., 1996). The astrocytes being produced in 

these conditions were shown to lack glutamine synthase, which removes glutamate, thus 

rendering the area surrounding gliosis vulnerable to excitotoxic damage (Bain et al., 2010). 

Cells from the SVZ were retrovirally labelled at 2 days of recovery and analysed at 12 days 

recovery. Migrating cells in the hypoxia-ischemia group were composed of twice the amount 

of astrocytes and half the oligodendrocytes of controls. Thus, the authors have shown that the 

SVZ has shifted its production of cells to favour astrocytes over oligodendrocytes at 7 days 

recovery. Thus, in the current study an increase in GFAP+ astrocytes and a decrease in O4+ 

pre-OL cells after asphyxia alone may indicate altered cell production from the SVZ. Future 

studies addressing the types of cell proliferating at 7 days recovery may inform of any 

alteration of cell production in the preterm fetal sheep SVZ. Both early and delayed 

hypothermia prevented a significant increase in astrocytes, with delayed hypothermia being 

more effective in reducing astrocyte numbers. This is consistent with existing data showing 

that hypothermia reduces astrocyte proliferation after hypoxia-ischemia in rats (Hachimi-

Idrissi et al., 2004; Xiong et al., 2009).  

Combined with the results of chapter 3, the data in this chapter suggest that early onset, 

(whole body or selective head) cooling is protective for SVZ pre-OL cells in the medium 

term (7 days after asphyxia). This is consistent with data from the near-term fetal sheep 

showing cerebral hypothermia protected against the loss of oligodendrocytes 5 days after 

ischemia (Roelfsema et al., 2004). Further, no increase in microglia, astrocytes or caspase 3+ 

cells was seen after early onset hypothermia at 3 or 7 days recovery, consistent with the 

known effects of hypothermia on these cell types, as reviewed in chapter 1. In this study, 

despite a reduction of astrocytes, delayed hypothermia did not protect against the loss of O4+ 

pre-OL cells or increases in microglia and caspase 3+ cells. This suggests that the window of 
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opportunity for whole body hypothermia in the SVZ is before 5 hours after the end of 

asphyxia. This is a more narrow margin of time compared to previous data in the near-term 

fetal sheep (Gunn et al., 1999). Gunn, et al. (1999) showed that an 8.5 h delay of cerebral 

hypothermia, after the end of ischemia, was still protective in the striatum at 5 days recovery. 

This is in contrast to the white matter in the near-term fetal sheep where a delay of 5.5 h was 

not protective (Roelfsema et al., 2004). Thus, in the fetal sheep there appears to be regional 

heterogeneity in terms of the window of opportunity for hypothermia. Future studies 

addressing the neuronal outcomes after early and delayed onset hypothermia are required to 

further investigate regional heterogeneity in the preterm fetal sheep. 

A key finding of this study is that injury in the SVZ has evolved over the 4 day period from 3 

days, (chapter 3) to 7 days. There were significantly more caspase 3+ cells, microglia and 

astrocytes at 7 days, but not 3 days, recovery after asphyxia alone compared to sham controls. 

Interestingly the magnitude of O4+ pre-OL cell loss after asphyxia alone was approximately 

the same at both 3 days and 7 days recovery. This likely reflects an ongoing SVZ response to 

injury in an attempt to replenish lost O4+ pre-OL cells, as reviewed in chapter 1. Thus, the 

SVZ seems to be maintaining a certain level of loss, but not full replenishment, of O4+ pre-

OL cells during the 3-7 day recovery period. Evolving injury from an apparent mild initial 

insult has been reported after hypoxia-ischemia in the P7 rat (Geddes et al., 2001). In that 

study no injury was detected in the mild injury group at 2 weeks recovery from hypoxia-

ischemia, however at 8 weeks the injury became indistinguishable from that sustained by a 

severe injury group. Further studies are needed to determine the course of injury evolution in 

the preterm fetal sheep from the medium to the long-term. 

A limitation of this study is the high variability of cell counts within the groups. For example, 

in order to achieve a statistically significant result at 0.8 power, 127 animals would be needed 

to show a significant decrease of BrdU+ proliferation in the ventricular lining of the SVZ in 

the sham-hypothermia group compared to the sham group. However, the sample sizes used in 

this study are consistent with those used in experimental studies that have provided important 

data for the use of hypothermia in term infants. Another limitation of the current study is that 

I have not determined the types of cells that are proliferating or are apoptotic. This is 

important to determine as it will guide future studies and therapies to target those cells dying 

or failing to proliferate after asphyxia and hypothermia.  

In summary, the key findings of this study are, firstly that injury to the SVZ has evolved from 
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the SVZ sparing at the 3rd day to significant injury at the 7th day of recovery, with 

significantly more microglia, caspase 3+ cells and astrocytes seen at 7 days recovery 

compared to sham controls. Secondly, the window of opportunity for SVZ protection with 

whole body hypothermia is less than 5 hours after the end of asphyxia. Lastly, despite a 

reduction in proliferation in the inner SVZ, early onset whole body hypothermia protected 

against a reduction in the number of O4+ pre-OL cells and induction of microglia and 

caspase 3. In the next chapter I address the window of opportunity of whole body 

hypothermia in the white matter of preterm fetal sheep.   
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Chapter 7. What is the window of opportunity of whole body 

therapeutic hypothermia to prevent white matter damage after 

asphyxia?  

7.1. Introduction. 

Clinically there is no approved treatment for hypoxic-ischemic injuries in preterm infants. 

Hypothermia is an effective treatment for term hypoxic-ischemic encephalopathy (Drury et 

al., 2010; Roka & Azzopardi, 2010). One of the neuroprotective mechanisms of hypothermia 

is protection of white matter oligodendrocytes (Roelfsema et al., 2004; Rutherford et al., 

2009). As reviewed in chapter 1, white matter injury is the predominant injury seen in 

premature infants (Deng, 2010). Both diffuse and focal white matter injury, including PVL, 

involve damage to oligodendrocytes and to axon structures (Haynes et al., 2003; Haynes et 

al., 2008; Volpe, 2009). Thus, protection of white matter is of huge clinical importance in 

these vulnerable infants.  

Previous data, presented in chapter 3 of this thesis, has shown that early onset selective head 

cooling protected the white matter at 3 days recovery from asphyxia, but was associated with 

a reduction in proliferation in the periventricular white matter at 3 days recovery (Bennet et 

al., 2007). As reviewed in chapter 1, proliferation is a key response to hypoxic-ischemic 

injuries. Within the first 3 days after injury in the P3 and P7 rats, astrocytes and 

oligodendrocytes have been shown to proliferate (Biran et al., 2006; Spiegler et al., 2007; 

Segovia et al., 2008). At 7 days recovery oligodendrocytes are still proliferating and 

astrocytes proliferate much less. This evolving injury response is dependant on expanding the 

proliferative capacity of oligodendrocyte progenitor cells and O4+ pre-OL cells. Given how 

important proliferation is to the normal development of the fetal brain and to recovery after 

injury, it is raises the possibility that cooling might be less effective in replenishing lost 

oligodendrocytes, through suppressed proliferation, in the longer-term.  

Further, although its is well established that the efficacy of hypothermia declines with 

increasing delay to onset, the window of opportunity for white matter protection in the 

preterm brain is unknown (Gunn et al., 1999). In the near-term fetal sheep it has been shown 

that delaying hypothermia onset by 5.5 h after ischemia results in loss of protection of mature 

oligodendrocytes at 72 h recovery in the intragyral white matter conferred by early onset 
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hypothermia (Roelfsema et al., 2004). It is important to quantify changes in the days and 

weeks after ischemia and hypoxia-ischemia as injury often evolves after the initial insult 

(Trescher et al., 1997; DeBow et al., 2003). Thus, the purpose of this study was to determine 

whether hypothermia is effective in protecting the preterm fetal sheep white matter in the 

medium term, 7 days after umbilical cord occlusion. Further, it is also the purpose of this 

study to see how possible hypothermic protection is affected by a delay in the initiation of 

hypothermia. I hypothesised that early onset, but not delayed, hypothermia would protect 

against O4+ oligodendrocyte loss, caspase 3 expression and microglia induction. 

Additionally, I hypothesised that proliferation would be unchanged by hypothermia.   

7.2. Methods.  

The surgical preparation and experimental protocols were the same as specified in chapter 2, 

section 2.5.2 and section 2.7. Briefly fetuses were randomised to either sham-occlusion 

(n=7), occlusion-normothermia (n=8), occlusion-hypothermia (n=8), occlusion-delayed 

hypothermia (n=7), sham-hypothermia (n=6). Fetal asphyxia was induced by inflation of the 

umbilical cord occluder for 25 min. Hypothermia was applied from 30 min (early onset) or 5 

hours (delayed) after the end of occlusion until 72 h. Hypothermia was achieved by 

circulating water at 10° C through a coil wrapped around the fetal body. At 7 days recovery 

ewes and fetuses were killed by an overdose of sodium pentobarbitone.  

7.2.1 Histology and image analysis     

The histological procedures and image analysis protocols used were described previously in 

chapter 2. Antibodies to BrdU, KI67, O4, GFAP, IB4, CNPase and caspase 3 were used in 

immunohistochemical labelling of 6µm paraffin embedded sections cut at the level of the 

mid-striatum. The BrdU protocol was described in chapter 2, and involved 1 injection per 24 

h, starting 2 hours after hypothermia was turned off, for 3 days. Four slides, 60µm apart, were 

stained for each animal per antibody. Four slides per animal were imaged using a Zeiss 

Axioscope Microscope equipped with a Zeiss HRC microscope camera and Axiovision 

software (Carl Zeiss Pty, Ltd; Australia). Pictures were taken at 20 x using the highest 

resolution for the all SVZ regions. These pictures were then analysed by Professor Mike 

Draguknow using the MetaMorph® image analysis software, as specified in chapter 2, 

section 2.9.5  

Statistical analysis was performed on all histological cell counts using SPSS version 15 
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(SPSS, Chicago, IL, USA). Repeated measures ANOVA was used to test for mean 

differences in cell counts, followed by Sidak familywide-adjusted post-hoc testing when a 

significant overall effect was found. Statistical significance was determined when p<0.05. All 

data are presented using the format mean ± standard deviation.   

7.3. Results. 

Repeated measures ANOVA was used to compare the mean number of BrdU+ cells between 

the 5 groups. Figure 53 shows numbers of BrdU+ cells in the 5 groups. 
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Figure 53: BrdU+ cell numbers in 4 white matter regions in the 5 groups. The occlusion‐normothermia group 
had  a  significant  increase  in  total  BrdU+  cells  per  region  compared  to  the  sham  group  (*),  occlusion‐
hypothermia group (#) and the occlusion‐delayed hypothermia group (#) (p<0.05).  

 

Occlusion-normothermia showed a significant increase in BrdU+ proliferating cells in all 

white matter regions studied compared to the sham group, (p<0.05). Occlusion-normothermia 

also showed a significant increase in BrdU+ proliferating cells compared to both occlusion-

hypothermia groups, p<0.05, but not compared to sham controls.  

Figure 54 shows the number of KI67+ proliferating cells in the 5 groups. There were no 

statistically significant effects of hypothermia or asphyxia in any of the four white matter 

regions studied.   
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Figure 54: KI67+ cell numbers  in 4 white matter regions  in the 5 groups. There was no significant effect of 
hypothermia or asphyxia on any of the white matter regions. 

Figure 55 shows the number of O4+ oligodendrocyte cells in the 5 groups. 
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Figure 55: O4+ cell numbers in 4 white matter regions in the 5 groups. The occlusion‐hypothermia group (*) 
and  the occlusion‐delayed hypothermia  (#) group had a  significant decrease  in  total O4+  cells per  region 
compared to the sham‐hypothermia group, (p<0.05).  
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The number of O4+ oligodendrocyte cells after 7 days recovery from asphyxia and 

therapeutic hypothermia was not significantly different compared to the sham group, 

(p<0.05). Compared to the sham-hypothermia group both early and delayed hypothermia 

groups had significantly less O4+ cells at 7 days recovery, (p<0.05).   

Figure 56 shows the numbers of IB4+ microglial cells in the 5 groups.  
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Figure  56:  IB4+  microglial  cell  numbers  in  4  white  matter  regions  in  the  5  groups.  The  occlusion‐
normothermia group showed a significant increase in IB4+ cells compared to the sham group (*), occlusion‐
hypothermia  group  (#)  and  occlusion‐delayed  hypothermia  group  (#)  (p<0.05).  There was  no  significant 
difference  in  IB4+ microglial  cells between  the occlusion‐normothermia  group  and  the occlusion‐delayed 
hypothermia group. 

 

IB4+ microglial cells were variably abundant in the white matter regions after asphyxia, with 

the occlusion-normothermia group having significantly more IB4+ cells in the white matter 

compared to the sham group, sham hypothermia group and occlusion-normothermia group, 

(p<0.05). There was no significant difference in IB4+ microglial cells between the occlusion-

normothermia group and the occlusion delayed hypothermia group. 

Figure 57 shows the numbers of GFAP+ astrocyte cells in the 5 groups. GFAP+ cells were 
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abundant in all white matter regions in all groups. There was no significant overall effect of 

asphyxia or hypothermia on GFAP+ cell numbers in the white matter.   
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Figure 57: GFAP+ astrocyte numbers  in 4 white matter  regions  in  the 5 groups. There was no  significant 
overall effect of asphyxia or hypothermia on GFAP+ cell numbers in the white matter. 

 

Figure 58 shows the numbers of CNPase+ oligodendrocyte cells in the 5 groups. The overall 

ANOVA result comparing CNPase+ cell numbers across the groups was significant, 

(p<0.05).  

 



 

 
 

152
 

Intragyral Periventricular Lateral intragyral External capsule
0

25
50
75

100
125
150
175
200
225
250
275
300
325
350

Sham-Occlusion

Occlusion-Normothermia
Mean +/- SD

Occlusion-Hypothermia

Occlusion-Delayed hypothermia

Sham-Hypothermia

*# *

C
N

P
as

e+
 c

el
ls

 p
er

 1
m

m
2

re
g

io
n

 

Figure 58: CNPase+ oligodendrocyte cell numbers in 4 white matter regions in the 5 groups. The occlusion‐
delayed hypothermia group had a significant decrease in CNPase+ cells compared to the sham group (*) and 
sham‐hypothermia  group  (#)  in  the  intragyral  white  matter  only  (p<0.05).  Delayed  hypothermia  was 
associated with  a decrease  in CNPase+  cells  compared  to  the  sham  group  in  the  lateral  intragyral white 
matter (*), (p<0.05). 

 

Two regions had significant changes in CNPase+ cell numbers. In the intragyral region 

occlusion-delayed hypothermia was associated with a decrease in CNPase+ cells compared to 

the sham and sham-hypothermia group, (p<0.05). In the lateral intragyral region there was a 

significant decrease in CNPase+ cells in the delayed-hypothermia group compared to the 

sham group, (p<0.05). No other regions had significant changes.  

 Figure 59 shows the number of caspase 3+ cells. The overall ANOVA result comparing 

caspase 3+ cell numbers across the groups was significant, (p<0.05).  
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Figure 59: Caspase 3+ cell numbers in 4 white matter regions in the 5 groups. The occlusion‐normothermia 
group had a  significant  increase  in  caspase 3+  cells  compared  to  the  sham  group  (*),  sham‐hypothermia 
group (#) and occlusion‐hypothermia group (#) (p<0.05).  

 

There was an increase in activated caspase 3 staining in all regions of the white matter at 7 

days after asphyxia. The occlusion-normothermia group showed greater numbers of caspase 

3+ cells compared to the sham group, sham-hypothermia group and the occlusion-

hypothermia group, but not the occlusion-delayed hypothermia group, (p<0.05). Figure 60 

and Figure 61 show representative pictures taken at 20x magnification of the cells counted in 

the periventricular white matter region. 
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Figure  60:  Representative  photomicrographs  of  KI67,  BrdU  and  O4  in  the  periventricular white matter, 
images were taken at 20x magnification. The coloured arrows depict representative positive cells.   
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Figure 61: Representative photomicrographs of GFAP, CNPase and Caspase 3  in  the periventricular white 
matter,  images were taken at 20x magnification. The coloured arrows depict representative positive cells. 
For spatial reasons pictures of IB4 are omitted.  
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7.4. Discussion. 

This study has shown that mild whole body hypothermia initiated 30 min after asphyxia 

protected against the increase in IB4+ microglia and caspase 3+ cells in the white matter. 

Proliferation assessed with KI67 showed no overall changes in any groups. Contrary to my 

original hypothesis however, proliferation over time from day 3 to day 6, measured with 

BrdU, was reduced with both early and delayed onset mild hypothermia compared to 

asphyxia alone. No changes in GFAP+ astrocytes were seen in any groups. Disappointingly, 

despite reduced microglia and caspase 3+ cells and improved physiological and histological 

outcomes shown in previous chapters and previous research, both hypothermia protocols 

failed to protect against the loss of O4+ pre-oligodendrocytes. Delayed hypothermia, but not 

early onset hypothermia, resulted in a loss of CNPase+ cells in the intragyral and lateral 

intragyral regions. Overall the data suggest that a lack of replenishment of O4+ pre-OL cells 

is responsible for the apparent loss of oligodendrocytes and ineffectiveness of hypothermia. 

This study has implications for the treatment of preterm infants with therapeutic hypothermia 

after hypoxic-ischemic insults, which will be discussed below and in the final summary, 

(chapter 8), of this thesis. 

7.4.1 Proliferation at 7 days recovery from asphyxia and hypothermia 

In line with previous data, overall proliferation assessed over 3 days using daily injections of 

BrdU was increased 7 days after asphyxia under normothermia conditions (Zaidi et al., 2004; 

Segovia et al., 2008; Sizonenko et al., 2008). Double labelling studies have shown that this 

proliferation after hypoxic-ischemic insults in the white matter represents O4+ pre-OL cells, 

GFAP+ cells and mature oligodendrocyte cells (Segovia et al., 2008). Segovia et al. (2008) 

showed that a re-population and regenerative response occurred in response to injury, as has 

been established in various other animal models of perinatal brain injury, as reviewed in 

chapter 1 and elsewhere (Zaidi et al., 2004; Biran et al., 2006; Yang & Levison, 2007; 

Segovia et al., 2008). In contrast, a snap shot of proliferation on day 7 showed no changes in 

proliferation between groups. This finding is consistent with the profile of proliferation 

reported by Biran et al. (2006) in the P7 rat, where after an initial peak at 72 h, proliferation 

returns to sham values at day 7 of recovery (Biran et al., 2006). Similarly in P9 mice exposed 

to hypoxia-ischemia, a decrease in KI67 in the dentate gyrus similar to that of BrdU was 

reported, and at 10 days no change in proliferation compared to shams was detected (van 

Velthoven et al., 2010a). 
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Both early and delayed hypothermia were associated with a decrease in proliferation assessed 

with BrdU compared to occlusion-normothermia. This finding is consistent with a previous 

study where proliferation was suppressed in the periventricular white matter at 3 days 

recovery from asphyxia (Bennet et al., 2007). In chapter 3 I showed that proliferation in the 

white matter was similar between the occlusion groups. However, the occlusion-

normothermia group did have a significant increase in the periventricular white matter, the 

hypothermia group did not. A study by Spiegler et al. (2007) has shown that there are distinct 

phases of proliferation in response to injury that are associated with specific cell increases 

(Spiegler et al., 2007). P7 rats, subjected to middle cerebral artery electrocoagulation and 

transient homolateral common carotid artery occlusion, were shown to have 3 peaks of KI67 

proliferation after ischemia, at 48 h astrocytes and oligodendrocyte progenitors were mainly 

proliferating, at 7 days neurons and oligodendrocytes and at 28 days mainly 

oligodendrocytes. This suggests that after an initial injury response at 48 h a regenerative 

response is initiated which is still progressing 28 days later. This is consistent with other 

studies examining striatal areas and areas in close proximity, which have repeatedly shown 

increased proliferation at a month or more after hypoxia-ischemia (Zaidi et al., 2004; Yang & 

Levison, 2007; Yang et al., 2008). Both the 3 day and 7 day recovery hypothermia groups did 

not have increased proliferation associated with asphyxial injury. Thus, it is possible that the 

proliferative response to injury has been suppressed even after rewarming, and continues to 

be suppressed at 7 days recovery. Alternatively, it could also be that reduced proliferation in 

the WM at 7 days recovery is due to reduced survival of newborn cells after rewarming. As 

discussed below the reduced O4+ cells seen after both hypothermia protocols may be due to 

reduced proliferation and a suppression of the asphyxial response to injury. However, to 

confirm whether a suppression of proliferation or reduced survival of cells is the reason for 

O4+ cell loss, further studies are needed. Specifically, using KI67 to label proliferation on 

days 3,4 and 5 could be done to ascertain whether proliferation is suppressed at any time 

point in the hypothermia groups. Further, double and triple labelling of BrdU with cell death 

markers and O4 and other phenotypes would allow investigation into the survival of newborn 

cells.  

7.4.2 Glial responses at 7 days after asphyxia and hypothermia 

In this study I used two different makers to quantify oligodendrocytes. O4 labels, 

predominately, the pre-OL cells (stage 2 in a 4 stage maturation) (Back et al., 2001; Back et 
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al., 2007). CNPase labels immature and mature oligodendrocytes, stage 3 and 4. Thus, I 

labelled distinct stages of the oligodendrocyte maturation process, and was able to define 

specific changes in the oligodendrocyte pool. Pre-OL cells were significantly decreased after 

asphyxia and early and delayed hypothermia but not asphyxia alone. The number of 

immature and mature oligodendrocytes, labelled with CNPase, was decreased in the delayed 

hypothermia, but not early onset hypothermia, group in the intragyral region and lateral 

intragyral regions compared to sham controls. There are few data to directly compare to my 

results here as the majority of studies assessing the white matter at 7 days recovery have 

looked at mature oligodendrocytes in the whole white matter or a single region, or have 

quantified earlier oligodendrocyte progenitors, NG2 for example (Liu et al., 2002; Roelfsema 

et al., 2004; Olivier et al., 2005; Sizonenko et al., 2005; Biran et al., 2006; Meng et al., 2006; 

Iwai et al., 2010). In a growth restriction model of hypoxia-ischemia in rats, a significant loss 

of O4+ pre-OL cells was seen 11 days after insult in the cingulum (above the corpus 

callosum) (Olivier et al., 2005). Biran et al. (2006) reported a 4-5 x increase in the whole 

ipsilateral hemisphere 10-15 days after ischemia in P7 rats (Biran et al., 2006).  

Most studies assessing later stage myelination have used myelin basic protein, which 

specifically labels the last stage mature oligodendrocyte (Liu et al., 2002; Roelfsema et al., 

2004; Biran et al., 2006; Meng et al., 2006; Back et al., 2007; van Velthoven et al., 2010a). 

However, Mallard, et al. has shown a loss of CNPase cells in the internal capsule of mid-

gestation fetal sheep after 3 days recovery from asphyxia (Mallard et al., 2003). Huang et al. 

(2009) has shown CNPase cell loss in the white matter 44 days after hypoxia-ischemia 

(Huang et al., 2009). Consistent with my data delayed, but not early onset, hypothermia was 

not effective in reducing intragyral loss of proteolipid protein (PLP) labelled mature 

oligodendrocytes 5 days after ischemia in the near-term fetal sheep (Roelfsema et al., 2004).  

Although only delayed hypothermia did not protect CNPase+ cells in two white matter 

regions, taken as a whole both early onset and delayed hypothermia failed to protect 

oligodendrocytes in the white matter. This occurred despite a significant decrease in IB4+ 

microglia and activated caspase 3 in the early onset hypothermia group, but not the delayed 

hypothermia and occlusion-normothermia group. In chapter 3 I showed the same suppression 

of IB4+ microglia and caspase 3 associated with hypothermia at 3 days recovery. Thus, 

oligodendrocyte loss occurred in a background of sustained reductions in inflammation and 

apoptotic signalling. The cause of this loss of O4+ cells is unknown. Speculatively, the depth 

and duration of hypothermia might not be sufficient to allow the damaging factors, 
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excitotoxity, oxidative stress and inflammation to be reduced enough to prevent injury (Deng, 

2010). This has been seen in piglets where 35°C for 24 h after hypoxia-ischemia was better at 

protecting the deep grey matter than 33°C, whereas 33°C was better than 35°C for protecting 

the cortex (Iwata et al., 2005). Thus, in the piglet at least there is evidence of threshold 

temperatures for the optimal neuroprotection of distinct areas of the brain. The threshold for 

white matter has not to the author’s knowledge been investigated. The optimal duration for 

hypothermia is still not known and it may be possible that manipulation of hypothermic 

protocols may convey better neuroprotection (Gunn et al., 2005; Gunn & Gluckman, 2007).  

However, a more likely hypothesis explaining the oligodendrocyte data is that hypothermia 

has suppressed the oligodendrocyte proliferative response to injury seen after hypoxia- 

ischemia, as shown in Figure 53 (Zaidi et al., 2004; Biran et al., 2006; Segovia et al., 2008; 

Sizonenko et al., 2008). Evidence for this hypothesis is provided by the fact that O4+ cell 

reduction was seen both after significant induction of microglia and caspase 3, and no 

significant induction of microglia and caspase 3. Thus logically, in the current study the 

available data suggest that it was not inflammatory apoptosis determining oligodendrocyte 

loss in the hypothermic groups. Rather the common factor of hypothermia itself, its reduction 

of proliferative activity, is the likely mechanism for a reduction in oligodendrocytes in the 

white matter. Reduced proliferation of cells after hypothermia has been reported elsewhere. 

Hypothermia (30 °C) for 21 h caused a reduction in BrdU+ cells in the dentate gyrus of the 

hippocampus in P7 rats (Kanagawa et al., 2006). Microglia and astrocyte proliferation has 

also been shown to be suppressed by hypothermia (Hachimi-Idrissi et al., 2004; Fukui et al., 

2006). Additionally, proliferation in the periventricular white matter of the preterm fetal 

sheep has also been shown to be reduced at 72 h recovery from asphyxia (Bennet et al., 

2007). Thus, by suppressing proliferation of O4+ oligodendrocytes a failure of replenishment 

has occurred leading to a reduction of cells seen after hypothermic treatment. This is of 

concern as one of the goals of hypothermic treatment is to prevent white matter loss and 

promote endogenous repair mechanisms. A limitation of this study is that full stereological 

methods were not used and all of the white matter was not studied. However, the current 

study warrants further investigation into anti-proliferative effects and whether a combinatory 

treatment, such as IGF-1, could over come this.  

In the last 2 years it has become apparent that hypothermia is more of a “bronze bullet” (A.J. 

Gunn personal communication), than a golden one, hypothermia is only partially effective in 

term-born infants with hypoxic-ischemic encephalopathy (Drury et al., 2010; Shah et al., 
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2010). Thus, many infants survive with neurodevelopmental problems, or die despite 

treatment (Drury et al., 2010). Experimentally, studies have shown lack of efficacy of 

hypothermia in the piglet after hypoxia-ischemia (Thoresen et al., 2001a; Karlsson et al., 

2008). Neuropathology scores encompassing both white and grey matter areas were shown to 

be unchanged, despite 24 h hypothermia treatment, at 72 h recovery from insult (Karlsson et 

al., 2008). Elevated cortisol levels persist after 72 h hypothermia in preterm fetal sheep 

exposed to umbilical cord occlusion (Davidson et al., 2008). One reason cited for the lack of 

efficacy of hypothermia in a piglet study was elevated cortisol levels due to cold stress 

(Thoresen et al., 2001a). Thus, it could be that elevated cortisol levels in this study have had 

a negative impact on O4+ oligodendrocyte cell survival (Luine et al., 1994; Weinstock, 

2005). Hypothermia has also shown lack of efficacy in protecting certain striatal neuron 

populations. GABAergic GAD67-positive interneurons were not protected by 72 h 

hypothermia in preterm fetal sheep after umbilical cord occlusion (George et al., 2007). Thus, 

hypothermia is not a fully efficacious treatment. However, it is exceptionally safe and ideal as 

a base treatment to which other therapies could be combined with to produce synergistic 

effects (Cilio & Ferriero, 2010).  

Caution is advised in the interpretation of the results presented here. It is unknown how 

hypothermia would affect the development of the human preterm brain in adolescence and 

beyond. Specifically, as reviewed in chapter 1, preterm born infants have been found to use 

different neural networks/connectivity for language tasks and this is associated with poorer 

performance on these tasks (Gozzo et al., 2009; Myers et al., 2010). At 31 years of age, 

preterm born adults still manifest poorer cognitive capacity (Tanskanen et al., 2011) Thus, 

further studies are needed to address what causes this reconfiguration of neural networks and 

poorer outcome, as discussed in chapter 1. However, in a letter to the Lancet Lionel Feuillet 

described a 44 year old man with normal neurological development and an IQ of 75 who had 

limited brain volume on MRI imaging, see Figure 62 (Feuillet et al., 2007). 
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Thus, in this case a severe injury did not affect the normal functioning of this married civil 

servant. In animal studies of perinatal hypoxia-ischemia, natural biological variation in cell 

numbers and reactions to the same protocol have been seen (Covey & Oorschot, 2007; Iwata 

et al., 2007). Thus, it is important to keep these caveats in mind when interpreting small 

increases or decreases in cell numbers. Our understanding of brain function and development 

needs to increase before we can reliably say that a loss of oligodendrocytes will cause a 

specific injury or alteration of the brain to the detriment of the individual.  

7.4.3 Summary 

This study has shown that hypothermia initiated 30 min after hypoxia-ischemia reduced 

activated caspase 3 expression, microglia and reduced post-asphyxial proliferation to sham 

values in the white matter at 7 days recovery from 25 min umbilical cord occlusion. Neither 

early nor delayed (5 h after occlusion) hypothermia improved numbers of O4+ 

 

Figure  62:  Massive ventricular enlargement, in a patient with normal social
functioning (A) CT; (B, C) T1-weighted MRI, with gadolinium contrast; (D) T2-
weighted MRI. LV=lateral ventricle. III=third ventricle. IV=fourth ventricle.
Arrow=Magendie's foramen. The posterior fossa cyst is outlined in (D). Taken from
the original article (Feuillet et al., 2007). 
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oligodendrocytes, 7 days after asphyxia. Early but not delayed hypothermia did protect 

against a loss of CNPase cells in the intragyral and lateral intragyral region. Thus, further 

research to find the optimum time, mode, and depth of hypothermia is needed together with 

synergistic therapies to provide comprehensive neuroprotection in preterm infants.  
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Chapter 8. Summary, interpretation and implications. 

8.1. Summary and key findings. 

The experiments conducted in this thesis were undertaken in order to gain a greater 

understanding of the effect of therapeutic hypothermia after asphyxia on the preterm brain 

and physiology. I report in chapter 3 that 68.5 h of therapeutic head cooling, started 90 min 

after 25 min umbilical cord occlusion, protected multiple areas of the white matter from 

microglial induction and O4+ pre-OL cell loss at 72 h recovery, consistent with the 

previously published findings in the periventricular white matter (Bennet et al., 2007). 

Proliferation (assessed using KI67) was not suppressed in the SVZ or the white matter 

regions. The SVZ showed minimal induction of microglia and caspase 3 after asphyxia; 

however, therapeutic hypothermia was associated with reduced loss of O4+ pre-OL 

oligodendrocytes. My subsequent studies used whole body cooling instead of head cooling, 

mainly in order to achieve a relatively homogenous reduction in brain temperature.  

Using whole body hypothermia in a medium-term (7 day) recovery protocol, I found that 72 

h of hypothermia initiated 30 min after the end of occlusion was well tolerated, and that all 

physiological measurements resolved to sham values by 96 h, (see chapter 4). SEF recovered 

21 h more rapidly after whole body hypothermia than in normothermic animals. A high 

correlation (r = 0.91) between nitrite, an index of nitric oxide activity, and CaBF was seen in 

the occlusion-hypothermia group at 24 h after occlusion and within the sham-hypothermia 

group over 7 days, (r = 0.41). This strongly suggests that the reduction in carotid blood flow 

associated with cooling is mediated through suppression of NOS activity.  

When initiation of hypothermia was delayed5 hours after the end of occlusion, SEF returned 

to sham values much later than in the early onset hypothermia group, 16 h delay vs. 3 h early 

onset hypothermia, (chapter 5). Delayed hypothermia was associated with a slower and more 

suppressed EEG recovery and there was evidence suggesting relative luxury perfusion before 

rewarming. Extradural temperature correlated with EEG amplitude (µv) during cooling, with 

an increase in the Gower index of agreement between temperature and EEG amplitude (µv) 

during active cooling. 

Analysis of changes in the SVZ, (chapter 6), showed that injury increased from 3 days to 7 

days in normothermia animals. Further, the window of opportunity for initiating whole body 

hypothermia appears to be less than 5 hours after the end of severe asphyxia, and there was 
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evidence that the impact of hypothermia was complex. Hypothermia significantly suppressed 

BrdU+ inner SVZ proliferation in the normal (sham-occluded) brain and early onset 

hypothermia was associated with reduced KI67+ proliferation in the inner SVZ region. In the 

WM, hypothermia at either onset time after asphyxia was not associated with any significant 

improvement in numbers of pre-OL cells despite suppression of microglia and caspase 3 

induction after early onset hypothermia group, (see chapter 7). Reduced BrdU+ proliferation 

over days 3-6 after asphyxia (assessed with BrdU), was consistently seen after rewarming 

from hypothermia. This finding suggests that lack of replenishment of O4+ pre-OL cells is a 

major factor contributing to lack of restoration of pre-OL cells to sham values with 

hypothermia.  

Overall hypothermia was associated with more favourable recovery of EEG compared with 

normothermia, but both histological and neuro-physiological evidence suggested better 

outcomes when hypothermia was initiated well before 5 h after the end of asphyxia.  

8.2. Interpretation.  

8.2.1 Cardiovascular system 

Whole body hypothermia was associated with stable cardiovascular outcomes over the 7 day 

recovery period. Hypothermia was associated with only mild sinus bradycardia and transitory 

changes in MAP and CaBF. All physiological parameters returned to sham values after 

cessation of hypothermia. This finding is in agreement with the latest meta-analysis of term 

hypothermia clinical trials (Shah et al., 2010). None of the transitory effects of hypothermia 

in the clinical trials analysed, resulted in clinically significant impact. In the only preterm 

infant clinical trial of hypothermia, no clinically significant negative effects of 48 h of whole 

body hypothermia were detected at 72 h (Hall et al., 2010). The strong correlation between 

CaBF and plasma nitrite during hypothermia, at 24 h recovery, is in agreement with previous 

data showing that hypothermia can reduce the release of nitric oxide (Thoresen et al., 1997). 

This strongly suggests that the mechanism of lowered CaBF during hypothermia involves 

reduced NOS activity (Blood & Power, 2007; Blood et al., 2009). The lack of any other 

changes in nitrite after occlusion without hypothermia suggests that the secondary 

hypoperfusion, taken as 6 h recovery in chapter 4, is not mediated by changes in nitric oxide. 

Consistent with this, in the preterm fetal sheep gut, post-asphyxial hypoperfusion is actively 

mediated by the sympathetic nervous system via α adrenergic receptors (Quaedackers et al., 
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2004). However a full understanding of the mechanism of active hypoperfusion is still 

awaiting further research (Dean et al., 2008).  

8.2.2 EEG measures and temperature 

Although EEG power (dB) was similarly depressed in both occlusion-normothermia and 

early onset hypothermia groups, SEF recovered 21 h faster after early onset hypothermia. The 

faster recovery of SEF in the early onset group occurred in conjunction with a reduced 

correlation between temperature and EEG amplitude, (r = 0.27 vs. delayed hypothermia r = 

0.6). Further, delayed hypothermia superimposed over early recovery from asphyxia from 5.5 

h-14.5 h, (Figure 44), showed a correlation of r = 0.54 between temperature and EEG 

amplitude (µv). Using the Gower coefficient of agreement, I found that during cooling the 

EEG amplitude and temperature magnitudes changed significantly similarly over time. This 

suggests that suppression of EEG power in the early onset hypothermia group does not mask 

progressive recovery of SEF activity and EEG amplitude that is associated with the 

therapeutic benefit of hypothermia. The much higher correlations seen between temperature 

and EEG amplitude in the delayed hypothermia group, likely reflects an enhanced effect of 

temperature, on an already suppressed EEG profile due to asphyxial injury without treatment, 

as discussed in detail in chapter 5, section 5.4.1.   

8.2.3 Evolution of injury and windows of opportunity 

Injury caused by umbilical cord occlusion evolved in the SVZ and WM between 3 and 7 

days. In the SVZ at day 3, the impact of asphyxia was mild with no increase in microglia, 

astrocytes or caspase 3+ cells, but loss of O4+ pre-OL cells compared to the occlusion-

hypothermia group. At day 7, loss of O4+ pre-OL cells was significant compared to sham 

controls, with increased numbers of microglia and caspase 3+ cells and astrocytes. Further, In 

the WM at 3 days recovery, there was no overall significant increase in caspase 3+ cells, 

despite increased microglia and loss of O4+ pre-OL cells. In contrast, at 7 days recovery 

caspase 3+ cells had significantly increased and microglia had also increased in number. 

Evolving injury has been seen up to 2 months after hypoxia-ischemia in P7 rats, and 2 

months after global forebrain ischemia in adult rats (Dietrich et al., 1993; Geddes et al., 

2001). Thus, my data suggest that long-term studies are warranted to determine the further 

course of evolving injury and subsequent brain damage.   

Historically, there have been concerns that hypothermia may only delay rather than reduce 
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injury after hypoxia-ischemia and ischemic injuries. For example, Trescher et al. (1997) 

found that a short, 3 h period of post-hypoxic-ischemic hypothermia delayed cortical and 

subcortical injury in P7 rats by at most 4 weeks (Trescher et al., 1997). Subsequent studies 

supported prolonged periods of cooling (Gunn et al., 1997a; Gunn et al., 1999). Thus, there is 

much clinical interest in medium and long-term studies addressing the window of opportunity 

and long-term protection with hypothermia. My SVZ data showed that only early onset (30 

min) hypothermia was effective in combating increases in microglia and caspase 3+ cells, and 

in protecting O4+ pre-OL cells at 7 days recovery. Thus, for the SVZ the window of 

opportunity is before the delayed hypothermia onset time of 5 hours after occlusion. In the 

WM both hypothermia protocols were unable to prevent the loss of O4+ pre-OL cells after 

asphyxia, despite early onset hypothermia reducing microglia and caspase 3+ cell increases 

and protecting against CNPase+ oligodendrocyte loss (compared to the delayed hypothermia 

group). Reduced proliferation in the inner SVZ region, (assessed with KI67), and in the WM 

over days 3-6, (assessed with BrdU), was seen after early onset hypothermia compared to the 

occlusion-normothermia group at day 7 recovery. This reduction of proliferation, coupled 

with the absence of microglia and caspase 3 induction, suggests reduced replenishment of 

O4+ pre-OL cells, after early cell death, was responsible for the reduction seen in the WM 

after early onset hypothermia. Further studies are needed to confirm this hypothesis, such as 

double labelling O4+ cells with BrdU and KI67. Additionally, it could be that longer-term 

studies may show increased proliferation of O4+ cells after hypothermia, and that the reduced 

O4+ replenishment was merely a delay in recovery.        

8.3. Implications.  

8.3.1 Monitoring after hypoxic-ischemic encephalopathy in preterm infants 

Currently EEG or amplitude integrated EEG (aEEG) are used by many clinical units to 

monitor term-born neonates after hypoxic-ischemic encephalopathy (Toet & Lemmers, 2009; 

Tao & Mathur, 2010). The use of (aEEG) during hypothermia and its use in preterm infants 

are areas of active research. In this thesis I have shown that EEG amplitude is more highly 

correlated with temperature after delayed hypothermia than early onset hypothermia. The 

magnitude discrepancies between EEG amplitude and temperature became significantly more 

similar only when temperature was decreased. Thus, this suggests that the effect of 

temperature decreases on the EEG amplitude are attenuated by recovery from asphyxia in the 

early, but not delayed hypothermia group. This is important as decisions about treatment, 
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predicting outcome and even survival of infants are partly based on EEG and aEEG 

information (Toet & Lemmers, 2009; Tao & Mathur, 2010; Thoresen et al., 2010). Recently 

hypothermia has been found to delay the recovery of background pattern aEEG, after 

perinatal asphyxia, by 24 h to no detriment of the infant (Thoresen et al., 2010). In my study 

it took approximately 8 hours after delayed cooling stopped for the agreement between EEG 

and temp to decrease, vs. an almost instantaneous divergence after the end of early onset 

cooling. Thus, monitoring the Gower coefficient of agreement and correlation between EEG 

amplitude and temperature, and EEG recovery may aid in clinical decision making after 

hypoxic-ischemic insults in preterms treated with hypothermia. Future research is needed to 

determine if predictions about outcome can be made using the methods used in this thesis.  

Ideally in utero monitoring and serial MRI scans during labour and after birth would be 

conducted so that the initiation, length and effects of any insult to the developing fetus could 

be determined with pin point accuracy. However, this is obviously not practical or reasonable 

to expect of the mother and baby. However, secondary measures including FHR trace 

analysis at birth may allow greater diagnostic accuracy (Wibbens et al., 2007). Thus, 

development of early markers in conjunction with EEG monitoring could improve the time to 

diagnose “treatable” hypoxic-ischemic encephalopathy, and thus start hypothermia, which 

would improve the success of treatment, and allow other treatment options, when available, 

to be instigated.  

8.3.2 Hypothermia protocol 

In this thesis I made the decision to switch from selective head cooling to whole body cooling 

(approximately 3.5 °C decrease) as the most precise and accurate method of cooling is servo 

controlled whole body cooling (Hoque et al., 2010). Whole body cooling also provides more 

homogenous brain cooling (Gunn & Thoresen, 2006). There is also more clinical trial data on 

the use of whole body hypothermia in term-born infants (Edwards et al., 2010). From the 

experiments in this thesis and previous research, and from the one published clinical trial 

using whole body hypothermia in preterms, whole body hypothermia is reported as safe and 

well tolerated with no other effects reported that differ from those in term studies (Bennet et 

al., 2007; George et al., 2007; Gunn & Bennet, 2008; Hall et al., 2010). My data have shown 

that the window of opportunity for SVZ and WM protection is before 5 hours after occlusion. 

However, evidence from near-term sheep ischemia studies suggest that the striatum may be 

protected after a delay of hypothermia by 8.5 hours (Gunn et al., 1999). Thus, there is 
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regional heterogeneity in the brain in terms of the window of opportunity for hypothermic 

protection. A recent clinical trial of hypothermia reported a onset time for application of 

hypothermia of 5.0 ± 1.1 h (Simbruner et al., 2010). Thus, for preterm infants it is likely, 

given the evidence from my thesis, that an earlier average time to onset may be needed to 

confer protection of the SVZ and WM. However, there is still no definitive evidence that 

defines exactly how long and how much to cool the term or preterm brain to achieve 

maximum protection (Gunn & Gluckman, 2007; Shah et al., 2010). A temperature decrease 

of 3.5 °C is the most commonly used temperature (Edwards et al., 2010; Simbruner et al., 

2010). Future research should address the molecular mechanisms of hypothermic protection 

to give better understanding of the effects hypothermic treatment has on the brain of hypoxic-

ischemic infants (Feng et al., 2010). Although there are still unanswered questions, whole 

body hypothermia would appear to be a good candidate for human safety studies and clinical 

trials (Gunn & Bennet, 2008).      

8.4. Questions remaining. 

Having addressed the implications of my data in light of current evidence, some key 

questions remain unanswered. An important question remaining is what is the state of grey 

matter structures 7 days after asphyxia and hypothermia? It has been shown in the preterm 

fetal sheep that 72 h of hypothermia, initiated 90 min after umbilical cord occlusion, protects 

the striatum (but not GAD67+ inter-neurons), median nucleus of the thalamus, dentate gyrus 

and CA1, 2, and 3 regions of the hippocampus (Bennet et al., 2007; George et al., 2007). It is 

important to determine what the window of opportunity for grey matter protection is, in 

preterm infants, so that the maximum benefit of hypothermia can be conferred. It is also 

important to quantify proliferation in a longer-term protocol to determine whether 

oligodendrocyte numbers in the WM ever recover to sham values. Regardless, too much of a 

delay in return of oligodendrocytes could impact negatively on the actively myelinating and 

developing preterm brain. Thus, studies confirming the hypothesis of reduced proliferation 

giving rise to a reduction in O4+ pre-OL cells, and developing appropriate therapies to 

overcome this are also needed.  

Determining phenotypes of dying and proliferating cells in the preterm brain is also 

important. Using double and triple labelling studies to identify phenotypes will aid in 

targeting treatments to prevent or repair injury. For example, if, as suggested here, 

oligodendrocytes were the target, then using IGF-1 to promote oligodendrocyte proliferation 
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and protection could be a potential therapy (Guan et al., 2001a; Guan et al., 2001b; Cao et 

al., 2003; Lin et al., 2005; Wood et al., 2007). Growth factors, cell grafts, drugs, and other 

treatments are being researched and could be trialled alongside therapeutic hypothermia 

(Miller et al., 2005a; Welin et al., 2007; Chaudhari & McGuire, 2008; Fiedorowicz et al., 

2008; Hobbs et al., 2008; Manning et al., 2008; van Velthoven et al., 2009; Cilio & Ferriero, 

2010; Iwai et al., 2010; van Velthoven et al., 2010a, b).  

Currently there is no published data longer than 24 months follow up after hypoxia-ischemia 

and hypothermia. If hypothermia is able to make a lasting impression on infant brain function 

and learning capabilities then this would be a further success. It would also allow other 

therapies based on neuroplasticity and cognitive enhancement to be potentially more 

successful (Mahncke et al., 2006a; Mahncke et al., 2006b; Zhou & Merzenich, 2007; Fisher 

et al., 2009). Thus, further research is needed on the follow up and treatment plan for preterm 

and term survivors of neonatal encephalopathy.   

8.5. Conclusion.  

The studies presented in this thesis suggest that whole body hypothermia is safe and well 

tolerated in preterm fetal sheep at 7 days recovery from umbilical cord occlusion. Applying 

hypothermia as early as possible to the preterm brain was necessary to protect the SVZ and 

WM from asphyxia. In addition, early recovery was associated with faster recovery of EEG 

amplitude and SEF. Nitrite does not appear to be involved in the hypoperfusion response to 

umbilical cord occlusion. However, the reduction in cerebral blood flow associated with 

therapeutic hypothermia was highly correlated with nitrite, suggesting a direct effect of 

hypothermia on NOS activity. A new method of EEG amplitude analysis in the presence of 

temperature decreases may add clinical and prognostic value to term and preterm infant 

clinical management after hypoxia-ischemia. A secondary deterioration in the state of the 

SVZ and WM after asphyxia was shown that may require secondary synergistic treatment or 

prolongation of hypothermia. The lack of a protective effect of hypothermia on 

oligodendrocytes in the WM was likely due to a balance between early cell death on one 

hand, and reduced proliferation and replenishment of the oligodendrocyte pool. The studies in 

this thesis strengthen the call for future safety, and potential clinical trials of hypothermia for 

preterm brain injury after asphyxia to begin. Future research aimed at answering key 

questions on the efficacy and science of hypothermia will aid in providing effective treatment 

and management of the most vulnerable of patients, preterm infants.       
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