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1. Introduction
1.1. Neonatal hypoxic-ischaemic brain injury 

1.1.1 Background 

The vast majority of infants born at term or near-term (usually defined as ≥36 weeks of gestation) 

navigate seamlessly through the period immediately before, during, and after birth. However, 

complications around birth are not entirely predictable or preventable, and this period still remains the 

time of greatest potential risk of permanent injury or death in the term infant. The incidence of 

hypoxic-ischaemic (HI) brain injury following perinatal asphyxia remains around 1-4 per 1,000 live 

births in the Western world.1,2 Of those, around 25-50% (0.5-1 per 1,000) will develop a significantly 

altered state of cerebral function (encephalopathy), often referred to as hypoxic- ischaemic 

encephalopathy (HIE). In low- and middle- income countries, rates of HIE are at least 4-5 times higher 

than in the Western world and overall, perinatal asphyxia is thought to account for 23% of neonatal 

deaths (8% of all childhood deaths) worldwide. 2-5

1.1.2 Diagnosis, treatment, and outcome after perinatal HI brain injury 

The severity of HIE is defined as one of three “grades”: mild, moderate and severe.6,7 For those with 

moderate or severe HIE, therapeutic hypothermia (TH) is the current standard of care.1 In order to 

identify those infants with moderate or severe encephalopathy requiring active treatment with TH, 

diagnostic criteria include early deranged physiology (i.e. an acidosis of pH <7.0 and 10 minute Apgar 

score of ≤5) plus evidence of neurological dysfunction on examination. These were the criteria 

established as entry requirements for the large randomised controlled trials (RCTs) that investigated 

TH as a treatment for HIE.8-10 In addition to physiological and neurological examinations, the TOBY 

and CoolCap trials measured activity on the amplitude- integrated electroencephalogram (aEEG) to 

provide an objective indication of cerebral function and degree of encephalopathy (Table 1). This 

included abnormal or suppressed activity (measured using background voltage) with or without the 

presence of overt seizure activity. For infants with suspected perinatal asphyxia and the presence of 

moderate or severe HIE, TH – cooling to 33-34 C for 72 hours - has been the standard of care since 

2010.11
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Table 1. Diagnostic criteria for moderate -to-severe HIE. Diagnostic criteria to identify asphyxiated infants 
with moderate or severe HIE, as used for entry into the CoolCap and TOBY trials of therapeutic hypothermia.
Table from Smit and Thoresen.12

Though the presence of encephalopathy on neurological examination suggests a degree of cerebral 

injury, the two are not directly synonymous. The severity of encephalopathy is variable and reversible, 

and does not necessarily predict final outcome.13 It is generally thought those with mild HIE only need 

supportive care, with one meta-analysis suggesting that 0% of infants with mild HIE in the pre-cooling 

era experienced a poor outcome (defined as cerebral palsy, death, or cognitive impairment more than 2 

standard deviations below average).14 However, even those with mild encephalopathy appear to have 

an increased likelihood of behavioural problems in childhood.15 For those with moderate or severe HIE, 

an updated meta-analysis from the Cochrane collaboration in 2013, using data from all of the pilot 

studies and RCTs performed to date, found that active TH treatment provides a 15% reduction in 

absolute risk of death and major disability (61% vs 46%) compared to standard care at normothermia 

(NT, 37 C), with a number needed to treat (NNT) of 7.1 Unfortunately, despite this benefit, 40-50% of 

infants treated with TH are therefore still likely to have a poor outcome, including the majority of 

infants with severe HIE.14
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1.1.3 Aetiology and patterns of perinatal HI brain injury 

In general, it is yet not possible to predict which infants will require resuscitation or active treatment 

for encephalopathy until very late in the birthing process, and often not until after the child is delivered. 

Therefore, clinicians must currently initiate treatment after the insult has occurred. In addition, the 

progression and outcome of HIE is variable, even amongst infants with similar degrees of initial 

encephalopathy, and final outcome is still difficult to predict.13,16,17 The aetiology of HI brain injury 

and subsequent HIE is thought to begin with a reduction in umbilical or placental blood flow. This 

leads to “asphyxia” through systemic hypoxia and hypercapnia followed by a reduction in cardiac 

output, which results in global ischaemia and reduced cerebral blood flow (CBF).18 Chronic or sub-

acute antenatal precipitants such as pre-eclampsia, intrauterine infection, or being small for gestational 

age (SGA), may increase susceptibility to perinatal asphyxia and HIE.19-22 However, most cases of HIE 

are also associated with an acute perinatal event, such as obstructed labour, abruption of the placenta or 

umbilical cord prolapse.2,19,23-26  

The development of magnetic resonance imaging (MRI) techniques, in addition to previous post 

mortem data, has allowed for more detailed classification and identification of brain injury patterns in 

term infants with HI brain injury. These have also been correlated with similar patterns in non-human 

primate, and other animal, models of perinatal asphyxia.27 Term newborns with HI brain injury tend to 

display deep grey matter injury in the basal ganglia and thalamus ( the “BGT” pattern), and 

hippocampus.28,29 This may also be associated with injury to the cortex, particularly of the central 

sulcus, as well as involvement of the posterior limb of the internal capsule (PLIC), and differing 

severities of white matter damage.29 The brainstem and cerebellum can also be affected.30-32 A BGT 

pattern is thought to be associated with an acute sentinel event such as placental abruption or umbilical 

cord prolapse.29 By comparison, more prolonged partial asphyxia is associated with a “watershed” 

pattern of injury affecting the white matter and overlying cortex, particularly at the borders of anterior 

and posterior cerebral arteries with the middle cerebral arteries.28 However, some of the infants with a 

watershed pattern of injury may not present with overt HIE that qualifies for treatment with TH due to 

more delayed onset of neurological symptoms.28 Importantly, there is a large degree of overlap between 

the various patterns of injury, and many infants do not fall clearly into one pattern or another. 
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1.2 Importance of animal models of HI brain injury 

Approaches to neonatal resuscitation have been described for thousands of years,33 with problems 

during birth resulting in “asphyxia neonatorum”, and subsequent central nervous system damage, 

increasingly discussed in the 19th century.34-37 More recently, epidemiological studies have given 

insight into some of the risk factors for HIE, and the use of modern imaging and spectroscopic 

techniques in asphyxiated neonates has allowed clinicians to more accurately understand the 

physiology of HI injury in humans. However, the majority of our understanding of the pathological 

processes involved in hypoxia- ischaemia, and the methods and pathways by which we can treat HI 

brain injury, has come from preclinical work in animal models. 

In order to model HI brain injury experimentally, animals at ages considered to have equivalent central 

nervous system development to the term or near-term infant are exposed to an insult that combines an 

element of hypoxia with ischaemia, the latter usually produced via carotid artery occlusion or systemic 

hypotension. The first studies of experimental asphyxia involved a broad range of animals, but as the 

preclinical HIE field progressed, work largely focussed on the non-human primate, the newborn piglet, 

and the pre-term fetal sheep.38,39 Studies in rodents have also increasingly been used to explore the 

mechanistic aspects of HI brain injury, with early work in adult rats also providing the basis of TH 

treatment approaches later applied in the newborn rat.40,41 

As with any preclinical research, a balance will always need to be found between develop ing models 

that very accurately reproduce the exact pathophysiology seen in humans with models that are feasible 

to perform reproducibly in the experimental setting. Any useful model must also provide results that 

translate accurately to the clinic and improve patient care, helping to ensure that new treatments are 

efficacious and safe before being used in humans. In this context especially, preclinical HIE research 

appears to have an advantage. Sadly, for most (neurological) diseases, “translational” in vivo work 

rarely translates to provide significant improvements in patients.42 By comparison, multiple animal 

models of neonatal HIE were used to develop TH treatment,43 which was then shown to be 

neuroprotective in RCTs.1,8-10 The successful translation of TH from animal models to patients makes 

those same models promising grounds to understand the physiology and biochemistry of HI brain 

injury, and continue to improve treatment for asphyxiated infants. 
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1.2.1 Large animal models of neonatal HIE 

The most important early work into the physiology and patterns of injury after perinatal asphyxia is 

often considered to be that performed by Ronald Myers and co-workers using the non-human 

primate.27,39 Since then, expansion into other large animal models has provided further analysis of the 

underlying mechanism of HI brain injury, with different models particularly amenable to providing 

different types of experimental data. Therefore, our overall picture of the disease has been derived from 

a large body of work in multiple animals, all of which have their own strengths and weaknesses. 

1.2.1.1 Non-human primate models 

In 1959, Ranck and Windle described a model of asphyxia neonatorum in near-term macaques by 

performing a hysterotomy and detaching the placenta for 11-16 minutes before delivery. However, they 

were unable to directly compare the injury in their model to that seen in asphyxiated newborn 

humans.44 This initial work was then expanded upon by Myers et al., who laid the foundations of the 

current understanding of the physiological, biochemical, and pathological responses to perinatal 

asphyxia. Myers’ early work used a model of true total asphyxia in prenatal term monkey fetuses. The 

fetus was surgically exposed via hysterotomy under anaesthesia; a thin, saline-filled, rubber sac was 

placed over the fetal head, and the umbilical cord clamped for 10-25 minutes.45 Similar to the injury 

seen by Ranck and Windle,44 Myers et al. described that a single acute period of asphyxia primarily 

resulted in injury in the brainstem, as well as the thalamus and spinal cord, which did not reproduce the 

injury seen in asphyxiated term neonates.45 By comparison, prolonged partial asphyxia produced injury 

to the basal ganglia, involvement of the cortex, and white matter sclerosis. If acute total asphyxia was 

superimposed on a period of prolonged partial asphyxia, brain stem injury also occurred. Prolonged 

partial asphyxia lasting from 30 minutes up to several hours was produced by infusion of oxytocin 

agonists, compression of the maternal abdominal aorta, or halothane- induced maternal hypotension.45-47 

Therefore, by altering the conditions and length of the asphyxia, patterns of injury better representing 

those seen on post mortem examinations of asphyxiated infants were seen. In addition to descriptions 

of the pathology, Myers meticulously documented cardiovascular function and physiology, as well as 

respiratory and biochemical responses to total and partial asphyxia. During total asphyxia, he described 

an early decrease in fetal heart rate alongside fluctuations in blood pressure due to early activation of 

the sympathetic nervous system, followed by cardiosuppression after more prolonged asphyxia, 

resulting in hypotension.45 After a rapid initial decrease in arterial pO2, the pH and base excess 
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decreased, and pCO2 increased, almost linearly during the time course of asphyxia. Similar changes 

were seen during partial asphyxia, but occurred over a longer time course. These studies provided 

crucial insight into the effect of brain maturity on susceptibility to hypoxia, as well as the degree and 

severity of hypoxia and cerebral ischaemia required to see injury in the representative areas of the 

brain. 

Though the largest bodies of work in large animal models of HIE have focused on the piglet and fetal 

sheep,38 the non-human primate is an important experimental model to examine the development of 

complex brain structures.48 A recently re-established model of umbilical cord occlusion in macaques 

has also been used to examine the effect of TH with erythropoietin (EPO) as a therapeutic combination 

for HI brain injury, as well as providing in-depth analyses of the metabolomic response to asphyxia in 

primates.49-51 The latter will hopefully result in the development of biomarkers for identification and 

stratification of infants with HIE. One main benefit of non-human primate models is the evolutionary 

and genetic proximity of primates to humans. Additionally, the models usually involve true whole-

body asphyxia, with involvement of the peripheral organs and immune system. This is in contrast to the 

isolated cerebral injury that tends to be produced in other large animal and rodent models of hypoxia-

ischaemia. In newborn infants with HIE, immunoparesis, and dysfunction of the heart, kidneys, liver, 

lungs, gastrointestinal tract, and haematostatic systems are all common, and tend to worsen with 

severity of cerebral injury.52 As the peripheral immune system is actively involved in the injurious 

process after global hypoxia- ischaemia,53 and organ dysfunction will contribute to the difficulty 

treating HIE clinically, global injury models are more likely to accurately replicate the issues seen in 

asphyxiated neonates. 

The non-human primate model does have some limitations. As with all preclinical models, the highly-

standardised experimental methods required to create reproducible results as part of the scientific 

method will never replicate the infinitely diverse nutritional, socioeconomic, genetic, developmental, 

and environmental risk factors experienced by each individual human infant. All of these may 

influence the susceptibility to injury, as well as disease progression and long-term outcome, and 

introduce variabilities in injury and treatment response that are impossible to reproduce. Compared to 

the human, other primates are also born with relatively mature cerebral development (Figure 1.1), 

which is a potential disadvantage of the non-human primate model.39,54,55 This maturity at birth may be 

why the pattern of injury described by Myers after acute total asphyxia in term monkeys resembles that 

seen in adults after cardiac arrest.45 The necrotic injury seen in the primate also more closely resembles 
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adult rather than neonatal HI brain injury.39 Similarly, while TH is neuroprotective in humans and other 

neonatal animal models of hypoxia- ischaemia, recent work in a term primate model of HIE failed to 

show any robust neuroprotection from TH as a single therapy.50 Additionally, the complexity and 

ethical considerations of working with primates restricts the use of primate models to only a few 

specialised centres.  

 

Figure 1.1. Comparative brain growth spurts across species. First order velocity curves of brain 
growth expressed as weight gain as a percentage of final adult brain weight. Ordinate shows % of adult 
brain weight per time unit on abscissa. Time units are in months (man), weeks (pig), 5 days (sheep), 4 
days (rhesus monkey), 2 days (rabbit), or days (guinea pig, rat). From Dobbing and Sands (1979).55 
 

1.2.1.2 The preterm fetal sheep model 

Similar to the non-human primate, the sheep is relatively precocial at birth (Figure 1.1), and brain 

maturation at 80-90% of normal gestation (145 days) is considered to be equivalent to the term 

human.56,57 The majority of studies examining neonatal HI brain injury in sheep have therefore been 

performed in utero after appropriate preparation and instrumentation of the pregnant ewe. Experimental 

asphyxia has then been initiated using maternal hypoxia or hypotension,58-60 umbilical cord 

occlusion,61,62 or bilateral carotid artery occlusion of the fetus.63,64 In the latter model, vertebro-
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occipital anastomoses between the vertebral and carotid arteries are usually ligated so that CBF is 

derived solely from the carotid arteries.65 One large benefit of the fetal sheep model is the fact that the 

test subject can remain within the uterus during the insult period. As is the case in asphyxiated 

neonates, the presence of the uterus and maternal heat supply will prevent hypoxia-induced decreases 

in fetal temperature during the insult itself that may otherwise be neuroprotective. An in utero insult in 

the fetal sheep is therefore more physiological in this regard compared to models of injury produced in 

animals postnatally. With the fetus remaining in the uterus, the fetal sheep model also provides a robust 

support system for asphyxiated animals during the treatment period. For instance, work by Gunn et al., 

based on earlier work by Tania Gunn and Peter Gluckman simulating birth by wrapping water- filled 

coils around the fetus in situ,66 showed that in utero selective head cooling could be performed on the 

fetal sheep after bilateral carotid artery occlusion.64 This model provided the initial basis of the timing 

parameters for TH used clinically – cooling for 72 hours and starting within 5½ hours of the injury. 

Depending on whether a global or isolated cerebral (carotid artery occlusion) insult is applied, the 

preterm fetal sheep can model peripheral organ involvement after hypoxia- ischaemia. Unlike the 

human, however, the presence of the placenta and healthy maternal physiology provides an ability to 

deal with the negative peripheral sequelae of hypoxia- ischaemia (for instance a lactic acidosis and 

organ dysfunction) more efficiently than would be seen in the human. Clinically, if a fetus is exposed 

to a chronic insult, it is likely that some degree of placental or maternal pathology will be present, 

which will prevent optimal support of any deranged fetal physiology.25,26,67 Conversely, if the insult is 

more acute (i.e. during delivery), a surviving fetus will be required to look after itself, albeit with 

clinical assistance (if available). In this regard, the fetal sheep model is different to other large animal 

models, where the insult is applied either postnatally (piglet) or immediately before full delivery 

(primate), and constant care must be provided for the animal afterwards. Survival within the uterus 

therefore reduces the energy-intensive nature of caring for animals with HI injury, which means that 

longer survival periods are more common in fetal sheep research compared to piglet models. This 

allows for more in-depth examination of the evolution of injury, as well as evaluating treatments that 

extend past the traditional therapeutic period of 72 hours used for TH.57 Fetal sheep models have also 

been used to examine the development and response of the cerebral vasculature to asphyxia, and the 

effects of maturity on patterns of injury.56,58,68,69 Similar to the pattern of injury seen in human 

neonates, preterm equivalent ovine fetuses (65% normal gestation) showed greater injur y in the 

subcortical white matter after HI injury, with greater cortical injury in term-equivalent (90% gestation) 
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animals.56 At both ages, injury to the thalamus and striatum (basal ganglia) is seen.56 Additionally, as 

mentioned above (and in section 1.3 below), the fetal sheep model was also used to determine the 

evolution of metabolic and EEG changes (including seizures) after HI injury, which was crucial to 

delineating the available time window for the treatment of asphyxial brain injury with TH.63,69-71 

1.2.1.3 Newborn piglet models 

Two broad models of HIE have been developed for use in the newborn piglet. Many investigators have 

used a reversible bilateral carotid artery occlusion model, with a period of hypoxia or asphyxia applied 

in addition to the cerebral ischaemia.72-74 This produces a more isolated cerebral injury, with minimal 

systemic sequelae. Global injury models have also been developed, where hypoxia is either combined 

with systemic hypotension or hypercapnia,75,76 or followed by a period of pure asphyxia,77 before 

resuscitation. The animals are anaesthetised and instrumented with umbilical and arterial catheters to 

allow for monitoring similar to that which would be expected in a neonatal intensive care unit (NICU). 

The severity of the insult is controlled based on the period and degree of hypotension,76,78 the period of 

EEG suppression,79 or the degree and period of suppression of the high-energy phosphate pool (as 

nucleotide triphosphates or NTP; mainly ATP) seen on magnetic resonance spectroscopy (MRS).72,73 

One potential advantage of the piglet is that its size and brain maturity at birth is very similar to that of 

a human (Figure 1.1). Piglet models have been used extensively to track cerebral bioenergetics after 

hypoxia-ischaemia using non- invasive techniques such as MRS, including the initial and secondary 

failures of cellular energy production (so-called primary and secondary energy failure) that are 

considered to be pathognomonic of HI brain injury. Thoresen et al. developed a protocol of whole-

body hypothermia after hypoxia- ischaemia in newborn piglets to examine the effects of cooling on 

cerebral bioenergetics, which provided further grounding for the use of whole-body TH in human 

RCTs.80 Subsequent work by the Thoresen group developed survival models of global HI injury in the 

newborn piglet to allow for more detailed pathological analysis after reversal of anaesthesia, giving 

time for the injury to evolve.75 Work in newborn piglets has also tested new therapies such as Xenon 

before they were applied in clinical trials, and explored the potentially negative effects of resuscitation 

in 100% oxygen after HI brain injury.79,81 More recently, some of the effects of different TH protocols, 

including the risks of rapid rewarming and overcooling have also been elucidated in piglet models.73,82 

One caveat of the piglet model is its energy- intensive nature. Piglets that undergo a global HI insult 

require round-the-clock care, similar to an asphyxiated neonate in the NICU. This has resulted in a 

number of publications that examine outcomes less than 24 hours, and often less than 10 hours, after 
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the HI insult, and usually without the animal waking up from anaesthesia.81,83 This is potentially 

problematic, and does not reflect the clinical situation. Survival periods of a few hours cannot be used 

to determine the outcome of injuries, including immune activation and damage to the brain and 

peripheral organs, which develop over a much longer period.84 Compared to the global piglet model 

that survives multiple days, data resulting from studies involving only a few hours of survival must 

therefore be very carefully interpreted in order to apply that knowledge to the clinical situation, where 

the ultimate goal is to see improved outcomes many years after the initial injury. 

1.2.2 The Vannucci rodent model 

The most widely-utilised model of neonatal HI brain injury is the Vannucci model of unilateral 

hypoxia-ischaemia in rodents. Initially described in the adult rat by Seymour Levine,85 the model was 

developed in neonatal rats by John Rice III, Robert Vannucci, and James Brierly,86 before the 

combined work of Robert and Susan Vannucci led to the eponymous model now used ubiquitously in 

the world of HIE research.87 In 1997, an analysis of 292 preclinical studies suggested that rodents were 

used in 26% of HIE research, compared to 23% and 22% in piglets and sheep, respectively.38 However, 

considering the large body of work produced using the Vannucci model over the last two decades, the 

proportion of HIE research performed in rodents is likely to be far higher today.27,88  

Much of the work developing neonatal rodent models of HI brain injury, and treatments such as TH, 

was based on earlier work performed in adult rodent models of cerebral ischaemia. For instance, 

extensive work performed by the Ginsberg group in an adult rat model of global forebrain ischaemia 

elucidated a number of the underlying mechanisms involved in the pathophysiology of HI brain injury, 

as well as the effect of temperature manipulation.40,89,90 They were the first to show that 2-3 C 

reductions in both intra- ischemic and post- ischaemic brain temperature were enough to provide robust 

neuroprotection. This work ultimately provided the initial basis for applying TH in preclinical models 

of perinatal asphyxia such as the Vannucci model.  

The Vannucci model involves a two-step process of unilateral carotid artery ligation followed by a 

period of hypoxia. As the aetiology of HIE is thought to be largely due to the combined effects of 

reduced oxygen delivery to the brain (hypoxia) and a concurrent fall in cardiac output or cerebral blood 

flow (ischemia), the combined insult provides a similar scenario. The original process of carotid 

ligation followed by hypoxia (or progressive anoxia as described by Levine) was one of necessity. 
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Levine found that pure anoxia in adult rats caused either death or survival without injury, and carotid 

ligation alone did not result in sufficient ischaemia to produce lesions. This was likely due to the robust 

circle of Willis and extensive collateral circulation in rats.91 Similar results were then described in 

postnatal day 7 (P7) rat pups (day of birth is P1).86 The initial description of the Vannucci model 

involved left common carotid ligation of P7 Sprague-Dawley rats under halothane anaesthesia lasting 

less than 20 minutes. After 4-8 hours recovery with the dam, pups were then exposed to anoxia (pure 

nitrogen) or various grades of hypoxia (2%, 5%, or 8% oxygen) in groups of two or three in a jar 

submerged in a 37 C water bath.86 Mortality over time was monitored in each condition. To produce an 

insult that allowed most (79%) animals to survive with detectable brain injury, exposure to 8% oxygen 

for 3½ hours was chosen. Of these animals, 92% showed injury to the ligated hemisphere after short-

term (up to 50 hours) survival. Infarction of the cerebral cortex and hippocampus was seen in 56% of 

animals, though the degree of injury was highly variable. Over the next decade, the Vannucci group 

used this model to determine the effects of HI injury on cerebral metabolism and blood flow in the 

immature rat brain.92-94 This was the start of more than three decades of their work establishing the 

knowledge-base in this model. 

As the model was developed, pups were exposed to increasing periods of 8% oxygen (45, 60, 75 or 90 

minutes) to determine which areas of the brain were most susceptible to injury.95 The period of 

anaesthesia and delay between ligation and hypoxia were shortened to 10-12 minutes and 3-4 hours, 

respectively. Compared to the extensive infarction seen with longer periods (3-3½ hours) of hypoxia, 

subtler injury patterns were analysed using a graded neuropathology score. The incidence of injury 

ranged from 0% in the 45-minute hypoxia group to 50% in the 90-minute group. Longer periods of 

hypoxia continued to be used in certain studies using the Vannucci model,41,96 but the later versions of 

the model generally involved unilateral carotid artery ligation in the P7 rat followed by around 90 

minutes at 8% oxygen.97 In this model, the cerebral structures most likely to be damaged occur in the 

order cortex = hippocampus > striatum ≥ globus pallidus ≥ thalamus ≥ amygdaloid nucleus ≥ white 

matter.95 In general, it is thought that the unligated side remains largely undamaged outside of very 

severe injury.98 This has both advantages and drawbacks. With the contralateral hemisphere largely 

unaffected, it can act as an internal control and reference point for injury to the ligated side. This allows 

for simple measures of injury, such as loss of the ipsilateral hemispheric volume relative to the 

contralateral side, which correlates closely with both sensorimotor function and more formal pathology 

scores.99,100 The main drawback of this fact is that injury to only one side of the brain, with few 
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peripheral sequelae, is unlikely to fully model the global (neurological) injury seen in humans. 

However, recent work in the Vannucci model has shown suppression of EEG power after unilateral 

hypoxia-ischaemia, as is often seen in infants with HIE.101 In this model, seizure activity continues for 

up to 48 hours after the HI insult,101 and both degree of suppression of background EEG activity,102 and 

total seizure burden,103 have been found to correlate with final degree of injury. Similar correlations 

between abnormal background EEG activity and seizure burden with long-term outcome have been 

described in neonates with HIE.104,105 This suggests that, despite the unilateral nature of the injury, the  

Vannucci model replicates important aspects of the encephalopathy being treated clinically. 

Another critical aspect determining injury in the Vannucci model is intra-hypoxic temperature. The 

Vannucci group originally showed that pathology scores decreased  as intra-hypoxic environmental 

temperature was decreased from 37 C to 34 C to 31 C (core temperatures of 36.6 C, 34.8, and 34.6 C 

respectively).41 In the 31 C group, no overt brain injury was seen. In order to model HI injury and 

ensure adequate injury, core temperature during hypoxia must therefore be prevented from decreasing. 

In neonatal rats, a spontaneous decrease in core temperature is the normal response to hypoxia.106 A 

rapid decrease in core temperature after birth is also seen in asphyxiated neonates in the absence of 

active heating to maintain “normothermia”.107 However, as the fetus has passive temperature control 

that relies on maternal physiology, it cannot decrease core temperature in response to perinatal 

asphyxia. This will contribute to the aetiology of the injury, and strict maintenance of core temperature 

during hypoxia is therefore a key aspect of modelling the process of perinatal asphyxia. Over time, 

certain other experimental parameters in the Vannucci model have been further-controlled by keeping 

anaesthesia times for ligation under 10 minutes, starting hypoxia within 3 hours (180 minutes) o f 

ligation, and using rectal temperature probes to ensure tight thermoregulation during hypoxia. This is 

the model that has been extensively developed and utilised in the Thoresen lab, and is the basis of the 

majority of the work in this thesis (see section 3.1.1 below). 

Though most work in the Vannucci model involves investigations in the P7 rat, studies in mice 

generally show similar outcomes.108 The Vannucci model has also recently been applied in transgenic 

mice to investigate the effects of gene knock-out and constitutive gene activation on brain injury after 

unilateral hypoxia-ischaemia.109,110 Brain maturity at different postnatal ages in the rodent, and the age 

that best represents the brain development and injury seen in term infants, has also continued to be a 

key topic of discussion. Multiple authors and groups have compared markers of brain development and 

maturation in the neonatal rat with those of the developing human in order to ascertain the age at which 



 

14 
 

the Vannucci model is most relevant to the term infant.27,111 While it is now generally accepted that the 

P10 rat is perhaps closest to the term human infant with regards to development of the aEEG, 

neurotransmitter function, and degree of myelination,27,112,113 it is still not certain whether this truly 

reduces the applicability of results in the P7 rat to  term newborn humans (≥36 weeks of gestation). The 

susceptibility of the brain to an HI insult increases with increasing age, with the hippocampus 

becoming particularly susceptible between P5 and P10.98 However in the P7 Vannucci model, injury in 

the cortex, thalamus, basal ganglia, and hippocampus, as well as some involvement of the subcortical 

white matter, is seen. These injury patterns are dependent on the severity of the insult,86,98,100,114 but are 

broadly comparable to the injury patterns seen in term infants with HIE.28,29 After longer periods of 

survival in the P7 model, cortical cystic infarction is often seen, with distributions matching that of the 

middle cerebral artery. This is similar to the “watershed” injury pattern described in some infants after 

HI injury.28,86 Additionally, the brain growth spurt, which occurs at term in humans, also occurs around 

P7 in rats.55,113 Timing an experimental HI injury with the brain growth spurt may be particularly 

important in establishing a pattern of injury that closely resembles that seen in term newborns. This is 

because the growth spurt coincides with the onset of active myelination, which delineates the border 

between premature (i.e. periventricular leukomalacia) and more mature patterns of HI brain injury.27,115 

Taking these and a number of other factors into account, including the development of the immune 

system and inflammatory responses, the P7-P10 rat has recently been equated to a 36-40 week 

gestation infant.116  

As we continue to learn about the Vannucci model in general, it may be that different rat ages allow us 

to more accurately model different aspects of injury that can in the developing human brain around 

birth. While focal stroke models have been used in P10 rats for over a decade,117 a traditional unilateral 

Vannucci model in P10 rats is still relatively new, having perhaps been most robustly described by the 

Vannucci group in 2015.118 The most relevant aspect of the discussion regarding rodent age and 

applicability to term humans is the fact that TH worked in the P7 model, and has since translated 

successfully to humans. Other treatments (i.e Xenon, EPO, and melatonin) that provide neuroprotection 

in the P7 model have also advanced to RCTs in neonates with HIE via successful results in larger 

animals models.96,119-121 This suggests that the P7 Vannucci model remains highly relevant to 

investigation of HI brain injury in term newborns. 
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1.3 Pathophysiology of HI brain injury 

The aetiology and progression of HI brain injury occurs in at least three phases over a period of hours 

to months. The initial phase involves primary energy failure due to the insult itself, which is 

characterised by cell swelling, oxidative stress, and mitochondrial dysfunction. This is generally 

followed by a “latent period” where energy production improves, and during which treatments like TH 

need to be initiated in order to gain maximal benefit. Within 24 hours, cellular metabolism deteriorates 

again due to a secondary energy failure. This is associated with relative hyperperfusion, seizures, cell 

death, and inflammation. Once the direct metabolic sequelae of hypoxia- ischaemia have resolved, a 

tertiary injury phase caused by ongoing inflammatory responses is then seen. There is also the potential 

for a quaternary phase of restoration and repair, where environmental inputs may affect long-term 

development and neuroplasticity. 

1.3.1 Primary HI injury 

The initial cascade of HI injury occurs as a result of a failure to produce adequate cellular energy. Both 

oxygen and metabolic substrates (i.e. glucose, fatty acids, or ketone bodies) are required for optimal 

production of ATP, which is crucial to the maintenance of cellular homeostasis. During hypoxia-

ischaemia, the inability of neurons and supportive glia to produce adequate ATP leads to lactic 

acidosis, inappropriate neuronal depolarisation, and excessive release of excitatory neurotransmitters 

(also known as excitotoxicity) (Figure 1.2). This process begins with the initial development of hypoxia 

during the insult, which prevents aerobic production of ATP in the mitochondria due to a deficit of 

oxygen, the terminal electron acceptor in the mitochondrial electron transport chain (ETC). Instead, 

ATP is produced anaerobically from glucose, with lactate as the end product. Anaerobic metabolism is 

unable to fully support cellular energy demands, and eventually ATP-dependent processes such as the 

maintenance of Na+/K+ gradients across the neuronal membrane begin to fail. This results in a net 

influx of sodium into cells, along with water, that leads to cytotoxic oedema, and can result in acute 

cell lysis. The influx of sodium can also trigger action potentials, leading to “anoxic depolarisation” of 

neurons and extensive release of neurotransmitters such as glutamate. The release of excess glutamate 

into the synaptic cleft is exacerbated by the inability of astrocytes to re-uptake glutamate for recycling, 

as this is also an ATP-dependent process. At this stage, the failure of aerobic metabolism is then 

compounded by cerebral ischaemia due to decreased cardiac output as a result of cardiac hypoxia. This 
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results in reduced delivery of glucose to the brain, decreased capacity for anaerobic ATP production, 

greater inability of glia to support neuronal metabolism, and a feed-forward effect on cellular injury. 

As the initial insult ends, the cellular metabolic failure and accumulation of extracellular glutamate 

during hypoxia- ischaemia, followed by the reintroduction of oxygen to injured cells during 

resuscitation, has also been referred to as the excito-oxidative cascade.18 The newborn brain is 

particularly susceptible to the actions of glutamate due to the fact that N-methyl-D-aspartate glutamate 

receptors (NMDA-Rs) are upregulated in the neonatal period, as well as having an increased 

preponderance of NR2B subunits within those receptors, which makes the receptor have a lower 

threshold for activation, as well as staying open for longer once activated.122 Overactivation of NDMA-

Rs by glutamate, as well as the opening of other channels during this period of dysregulated 

neurotransmitter signalling during hypoxia, leads to a large calcium influx into neurons. 

Calcium, an important secondary messenger for a number of biochemical processes, can trigger an 

increase in oxidative stress, mitochondrial dysfunction, and apoptosis when present in excess. The 

failure of ATP-dependent calcium pumps also reduces the capacity to handle large intracellular 

increases in calcium during hypoxia- ischaemia, which directly injures mitochondria and activates a 

number of enzymes that can precipitate cellular breakdown.116 Calcium activates neuronal nitric oxide 

synthase (nNOS), which produces nitric oxide (NO).123 Though NO is another important signalling 

molecule, excess NO leads to oxidative damage. Reperfusion after hypoxia- ischaemia then provides 

oxygen to dysfunctional mitochondria, increasing the production of mitochondrial reactive oxygen 

species (ROS) such as superoxide, which reacts with NO to produce the highly-reactive peroxynitrite 

radical. Peroxynitrite can then go on to initiate lipid peroxidation or mitochondrial DNA (mtDNA) 

damage. Free radicals generated during hypoxia-ischaemia also directly damage protein complexes 

within the ETC, particularly complex I, leading to reduced mitochondrial function once perfusion and 

oxygenation is restored.124 Additionally, increased NO within the mitochondria can directly compete 

with oxygen at complex IV, preventing normal electron flow through the mitochondrial inner 

membrane, and increasing production of ROS. The effect of increased ROS generation is exacerbated 

in the newborn brain due to relatively immature antioxidant defences,125 and then compounded by 

reduced activity of the pentose phosphate pathway (PPP) during and after hypoxia- ischaemia, resulting 

in reduced ability to regenerate antioxidants such as glutathione.126 
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Figure 1.2. Mechanisms of primary HI injury. Hypoxia-ischaemia causes a failure of ATP production leading 
to an excito-oxidative cascade of cellular injury. Hypoxia impairs oxidative metabolism leading to neuronal 
depolarisation. Ischaemia reduces delivery of glucose necessary for anaerobic metabolism, which prevents 
neurotransmitter reuptake into perisynaptic astrocytes. The subsequent increase in synaptic glutamate triggers 
the opening of NMDA-Rs and other calcium channels, leading to excess calcium influx into neurons. Calcium 
activates NOS, and the subsequent NO reacts with superoxide to produce peroxynitrite, all of which can damage 
protein complexes within mitochondrial ETC. Signals from calcium and damaged mitochondria lead to apoptosis 
or programmed cell death, but complete mitochondrial failure results in necrosis. EAAT=excitatory aminoacid 
transporter. Gln=glutamine. Glu=glutamate. nNOS=neuronal nitric oxide synthase. NO=nitric oxide. 
VDCC=voltage-dependent calcium channels. Figure from Johnston et al..18 

 

The combination of high intracellular calcium and subsequent mitochondrial dysfunction triggers cell 

death through a number of pathways. Compared to the adult brain, cells in the newborn brain are more 
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likely to die via apoptosis. This is largely due to the fact that a number of pro-apoptotic proteins, such 

as the common effector caspase-3, are upregulated during the developmental period to facilitate 

physiological neuronal pruning.127 Despite this, necrosis still appears to predominate after experimental 

HI brain injury. In fact, neuronal cell death occurs along a continuum from apoptosis to necrosis, also 

including programmed necrosis, necroptosis, and parthanatos (cell death associated with the activation 

of poly-ADP-ribose polymerase, or PARP-1).128-130 A cell’s “decision” about which mode of death it 

will undertake is associated with the recruitment and activation of different mitochondrial factors, and 

all levels of cell death could be considered to be co-ordinated by the mitochondrial response to injury. 

For instance, though not assessed in this setting, some in vitro work suggests that the ability to undergo 

apoptosis requires functional mitochondria, but is independent of ATP production.131 In general, 

release of mitochondrial cytochrome c and activation of caspases will lead to apoptotic cell death, 

activation of PARP-1, often in combination with apoptosis- inducing factor (AIF), can lead to 

parthanatos and programmed necrosis, and complete loss of mitochondrial structure and activation of 

calpains will cause cellular necrosis. Therefore, greater mitochondrial dysfunction after more severe HI 

injury will likely lead to a more necrotic phenotype of cell death. 

1.3.2 Secondary energy failure 

Resuscitation after a period of hypoxia- ischaemia leads to a rapid restoration of cerebral bioenergetic 

status and resolution of primary cytotoxic oedema.63,80 This is followed by a “latent” period, which 

lasts up to 24 hours, depending on the severity of the insult. During the latent period, ATP generation 

improves, but EEG activity remains depressed. This is in part due to the action of molecules such as 

adenosine, which are released during and after an HI insult, and provide some inherent neuroprotection 

by suppressing neuronal activity.132 As a result, CBF and metabolism remain suppressed during the 

period after resuscitation, including overall flux through glycolysis and the Kreb’s cycle.126 Studies in 

the preterm fetal sheep suggest that seizures and cerebral hyperperfusion develop towards the end of 

the latent period, which demarcates the time after which TH may no longer be neuroprotective.71 This 

deterioration after the initial recovery, also known as secondary energy failure, occurs in line with a 

dramatic loss of cerebral energy status, similar to that seen during the primary insult.80 

Using MRS, studies during and after hypoxia- ischaemia in the piglet, and examinations of infants with 

HIE, have documented the decrease in cellular high-energy phosphate groups in the form of ATP or 

phosphocreatine (PCr, used to rapidly regenerate ATP) during secondary energy failure (Figure 1.3). 

This appears to be underpinned by the inability of mitochondria to regenerate ATP despite adequate 
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oxygen and glucose delivery to the brain. In fact, increases in lactate production due to an inappropriate 

reliance on anaerobic metabolism in the secondary phase can also be seen on MRS as an elevated 

lactate/NAA (N-acetylaspartate) ratio.133  In the Vannucci model, the mitochondria on the side 

ipsilateral to the carotid artery ligation become relatively reduced (low NAD+/NADH ratio) 1-4 hours 

after hypoxia-ischaemia, implying that glycolysis and the Kreb’s cycle are working to supply reducing 

equivalents to drive the ETC and produce ATP aerobically in the mitochondria.94 However, near infra-

red spectroscopy (NIRS) in the piglet after bilateral carotid artery occlusion shows that comple x IV 

(cytochrome aa3) is also initially reduced after the insult, but then becomes relatively oxidised 3-6 

hours after the insult.134 Though the fidelity of the NIRS method is uncertain, this data suggests that, as 

metabolic activity increases in the latent period leading up to secondary energy failure, mitochondrial 

failure results in an inability of the ETC to transfer electrons to complex IV. The lack of electron flow 

through the ETC prevents the maintenance of the mitochondrial membrane potential required to 

produce ATP and support cellular homeostasis, driving the evolution of secondary energy failure. 

As well as the degree of mitochondrial function after the injury, the ability for the body to supply 

metabolic substrates is a key determinant of outcome and severity of encephalopathy during the 

recovery period. For instance, data from the CoolCap trial show that maintenance of euglycaemia 

(preventing both hypo- and hyperglycaemia) may be an important determinant of outcome in infants 

being treated for moderate of severe HIE.135 Similarly, in neonates with suspected perinatal asphyxia, 

metabolomics of umbilical whole cord blood show an increase in the ketone body β-hydroxybutyrate 

(BHB),136 presumably as the stress response to the insult before or during delivery increases peripheral 

lipolysis to drive the production of ketones in the liver.137 Ketones are essential to human brain 

development, 138 and increased ketone production may be part of the reason why fasting after HI is 

neuroprotective in the neonatal rat.139 However, infants with severe HIE, particularly those for whom 

the insult is fatal, have a much lower level of BHB in the cord blood.136,140 This may be because a more 

extended or severe degree of hypoxia completely inhibits the aerobic oxidation of fatty acids to provide 

acetyl-CoA for ketone production.136 The absence of ketone bodies as a fuel source after the asphyxia l 

event may then exacerbate the ongoing injury. 

The presence and severity of secondary energy failure is directly tied to the final degree of injury 

sustained after an HI insult.80,141 During the secondary phase, which can last for at least 24-48 hours,80 

glutamate levels increase again, a large inflammatory response is initiated, and cellular injury may be 

exacerbated by secondary cytotoxic oedema and blood-brain-barrier (BBB) breakdown, the latter of 
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which can occur early after the initial injury.142 As secondary energy failure progresses, increased 

seizure activity is seen.63,143 In the setting of mitochondrial dysfunction, the higher energy demand 

created by seizure activity will then exacerbate energy failure.144,145 This may be why increased seizure 

activity in experimental hypoxia-ischaemia is associated with greater neurological injury.146 The feed-

forward effect of a decreased ability of the brain to match energy production with metabolic demand, 

as well as increases in secondary cytotoxic oedema and glutamate excitotoxicity during the secondary 

phase, can all lead to increased injury and cell death, which contributes to the long-term neurological 

damage seen after cerebral hypoxia-ischaemia.116 

 

 

Figure 1.3. Secondary energy failure after resuscitation. MRS analysis showing the fraction of the 
exchangeable phosphate pool (EPP) that consists of high-energy nucleotide triphosphates (NTP) such as ATP 
during and after hypoxia-ischaemia in newborn piglets. The NTP/EPP ratio recovers early after the insult (open 
circles), but then falls over 6-24 hours after resuscitation compared to control (open triangles). Piglets treated 
with whole-body hypothermia (closed circles) maintained their cellular energy state for at least 60 hours after 
hypoxia-ischaemia. Figure from Thoresen et al..80 



 

21 
 

 

Figure 1.4. Pathological phases of cerebral injury after hypoxia-ischaemia. The primary phase of HI, latent 
phase, secondary energy failure, and tertiary brain injury phase are shown. (A) MRS shows the biphasic pattern 
of NTP/EPP decline and lactate/NAA (N-acetylaspartate) increase during primary and secondary phases 
following HI insult. (B) aEEG showing normal trace at baseline, flat trace after HI, burst-suppression pattern in 
latent phase, emergence of seizures in secondary phase and normalisation in tertiary phase. (C) Following HI, 
there is a period of hypoperfusion followed by relative hyperperfusion in the secondary phase. (D) Cellular 
bioenergetics and mitochondrial function show a period of recovery followed by deterioration in the secondary 
phase, and partial recovery in tertiary phase. (E) Pathogenic mechanisms include generation of ROS, 
accumulation of EAAs, cytotoxic oedema, seizures and inflammation. Cell lysis occurs immediately, while 
programmed cell death occurs in secondary phase. The latent phase provides a therapeutic window. Persisting 
inflammation and epigenetic changes impede long-term repair. (F) Damage is maximal in the secondary phase, 
but persists into the tertiary phase as inflammation and gliosis evolve. Figure adapted from Hassell et al..133 



 

22 
 

1.3.3 Tertiary phase of injury 

In the hours and days after the initial insult, the immediate sequelae of hypoxia- ischaemia may resolve. 

However, throughout the initial phases and afterwards, an ongoing process of inflammation can 

propagate the development of injury, and may persist for weeks or months after birth.147 A summary of 

the injury phases and underlying physiology is shown in Figure 1.4. The delayed inflammatory 

response in the tertiary phase is caused by excitotoxicity, oxidative stress, and cell death, and can also 

propagate those phenomena. Activation of the immune response after hypoxia- ischaemia can trigger 

cellular recruitment of leukocytes into the brain, as well as activating local microglia and triggering 

neuronal cell death.148 However, the exact temporal influence of different cytokines and microglial 

phenotypes is still unknown, and though this inflammatory process was traditionally thought to be 

largely deleterious, the timing and magnitude of post- ischaemic inflammation may indicate both 

injurious and reparative processes.116,148 For instance, cytokines broadly classified as pro-inflammatory 

(i.e. TNF- , IL-1 , and IL-6), as well as those thought to have more “anti- inflammatory” properties (i.e 

IL-10 and IL-18), can all increase after HI injury, and have the potential to be used as biomarkers of 

injury.16 Greater initial injury is likely to lead to a larger proportion of injured cells dying via necrotic 

pathways, which is also associated with a greater inflammatory response.149 

In asphyxiated neonates, a systemic inflammatory response is seen, which can be measured 

peripherally.150,151 Analyses of infants being treated in trials of TH show early elevation in 

inflammatory cytokines, with a later increase in the acute-phase C-reactive protein (CRP), even in the 

absence of infectious risk factors.152,153 Elevated levels of pro- inflammatory cytokines in both the 

peripheral blood and cerebro-spinal fluid (CSF) correlate with greater neurological injury after 

HIE.151,154 A number of promising neuroprotective therapies for HIE have been shown to have anti-

inflammatory or immune-modulating properties, including TH, EPO, melatonin, and N-Acetyl 

Cysteine (NAC).155-157 This suggests that the prevention or modulation of pathological inflammation is 

an ongoing important target after HI brain injury. 

1.4. Therapeutic hypothermia for neonatal HIE 

Therapeutic hypothermia is currently the only specific and validated treatment for infants with 

moderate-to-severe HIE, and has been the standard of care according to guidelines set out by the 

International Liaison Committee on Resuscitation (ILCOR) since 2010.11 
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1.4.1 History of therapeutic hypothermia 

The use of hypothermia to treat injuries, for instance those sustained on the battlefield, as well as pain 

fever, and swelling, appears to stretch back to at least 3,500 BC and the Edwin Smith Papyrus.158 

Hypothermia could therefore be considered one of the first anti- inflammatory treatment, combating the 

four cardinal signs of inflammation – dolor (pain), calor (heat), tumor (swelling), and rubor (redness). 

Multiple reported uses of hypothermia have appeared across history, and as far back as the 1600s, a 

physician was reported to have used a tub of ice to revive a lifeless newborn infant:159 

“Sarah Parks... gave still-birth to a baby boy . . . A young doctor assisting the Parks’ regular physician 

begged for an opportunity to experiment with an idea he had to rouse the lifeless infant. A tub of ice 

was ordered and the young doctor plunged the baby into it. Out came the screaming little Parks and he 

was named Gordon after the doctor who prodded him to life.” — Sir John Floyer, 1697 

The application of hypothermia in modern medicine is often credited to Temple Fay, who was 

influenced by a number of 19th century physicians, and used both whole-body and localised brain 

cooling to treat the sequelae of metastatic cancer.158,160 In 1954, Göran Enhörning and Björn Westin 

presented the potentially beneficial effect of hypothermia on the survival of pre-viable aborted fetuses, 

who had “much shorter” survival after delivery when maintained at 37 C compared to those 

maintained at 25 C.161 In 1958 and 1959, Westin investigated the effects of hypothermia on 10 

severely-asphyxiated infants, who were rapidly (within 15 minutes of birth) immersed in cold running 

tap water until stable, breathing independently, and peripherally perfused, after which they were 

allowed to rewarm at their own pace (Figure 1.5).162 Nine of the infants survived, one of whom did not 

breathe for 52 minutes after birth, and reached a core temperature of 25 C before being re-warmed. 

After up to 24 months follow-up, all of the surviving infants had neurological examinations within 

what was considered the normal range at the time, after up to 24 months follow-up.162 In collaboration 

with James Miller, who had previously performed experiments with hypothermia on asphyxiated 

newborn guinea pigs, Westin then presented preliminary data on a trial of hypothermia in 65 

asphyxiated newborn infants who failed to respond to traditional resuscitation methods.163 Of those 

infants, 52 survived and were “found to be within normal ranges for growth, motor and speech 

development”. Though other small clinical trials were being carried out across Europe in the 1960s, 

some scepticism remained as to whether sick infants should be cooled. For instance, one trial of 

premature babies randomised to “normothermic” and “hypothermic” incubators for the fir st five days 
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after birth described improved survival (83.5% vs 68.1%) in the normothermic group,164 though this 

was mainly due to a negative effect of hypothermia in infants weighing <1000 grams.159 A number of 

studies shortly afterwards confirmed that hypothermia reduced survival in infants born 

prematurely.165,166 Similarly, worries from other studies of deep hypothermia in adults led to many 

clinicians abandoning the therapy due to increased risk of arrhythmias, infections and 

coagulopathies.158 Though some Russian clinicians continued to use the therapy,167 general scepticism 

surrounding the potential benefits of TH for neonates continued for almost four decades. In fact, even 

in 2006, Westin was still warning about the “present dogma of keeping all babies warm”.168 

 

 

Figure 1.5. Cold water immersion for asphyxiated neonates. Apparatus for cooling asphyxiated neonates with 
running cold tap water, as developed by Björn Westin. Alternatively, ice water could be used, as long as it was 
stirred effectively. From Miller et al..163 

1.4.2 Development of therapeutic hypothermia in animal models 

1.4.2.1 Temperature management in adult rat models 

Based on the early experiences of physicians applying cooling therapies in adults, experimental 

investigation of the mechanisms and effect of temperature on brain injury in adult animal models 

increased throughout the second half of the 20th century. In the 1980s, the Ginsberg group at the 

University of Miami published a number of studies showing the importance of intra- ischaemic 

temperature, and the neuroprotective effect of post-ischaemic hypothermia, on cerebral ischaemic 

injury.40 By comparing multiple different intra- and post- ischaemic temperatures, they were the first to 
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show the dramatic effect that even small changes in temperature can have on HI brain injury. In 1987, 

using an adult rat model of four-vessel forebrain ischaemia, Busto et al. showed that allowing a 

spontaneous reduction in cerebral temperature to 30-31 C during the insult resulted in infrequent 

ischaemic cell changes on neuropathological examination.40 When intra- ischaemic cerebral temperature 

was selectively controlled (maintaining rectal temperature at 37 C), reducing cerebral temperature by 

2 C from 36 C to 34 C produced significant neuroprotection, particularly within the striatum and 

hippocampus. Increasing intra- ischaemic temperature to 39 C resulted in a high degree of mortality, 

and increased injury in survivors. Finally, applying TH at 33 C for one hour immediately after 

ischaemia also resulted in around a 50% reduction in ischaemic cell counts in the striatum, and 

prevented the occurrence of high-grade injury in the cortex and hippocampus. Subsequent studies 

showed that 3 hours of TH at 30 C produced significant neuroprotection within the hippocampal CA1 

region if commenced within 5 minutes of reperfusion, but not if delayed by 30 minutes.169  

By 1990, the results of this work were confirmed and expanded by Minamisawa et al., who reproduced 

the results of Busto et al., and examined whether similar results would be seen with whole-body TH 

instead of isolated cerebral TH. They found that reducing intra- ischaemic temperature by 2 C or 4 C 

(compared to 37 C) “markedly reduced” and “virtually prevented” neuronal necrosis, respectively.170 

By altering both the duration of ischaemia (5, 10, or 15 minutes) and the intra- and post- ischaemic 

body temperatures (35 C, 37 C, or 39 C), they then showed that the effect of temperature and duration 

of ischemia was region-dependent, with almost linear effects of both in the hippocampus and 

neocortex. Conversely, a threshold of temperature and ischaemia duration was described in the 

caudoputamen (striatum), below which minimal damage occurred, and above which maximal damage 

was seen.171 Therefore, as well as the neuroprotective effects of intra- and post-ischaemia hypothermia, 

the combined work of the two groups also showed the potentially devastating effects of post- insult 

hyperthermia in the adult brain. 

Despite improvements in neuropathology seen by both groups in the short-term (3-7 days after the 

insult), the Ginsberg group subsequently found that TH neuroprotection did not necessarily extend into 

the long-term. Using the same TH protocol at 30 C for 3 hours after forebrain ischaemia, Dietrich et al. 

found that TH provided neuroprotection within all subsectors of the CA1 hippocampal region both 3 

and 7 days after the insult, but that this effect was lost after 2 months.90 This work underlined the 

importance of long-term survival studies when examining therapeutic strategies for HI brain injury. 
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1.4.2.2 Translation to models of neonatal HI brain injury 

Initial work by the Vannucci group, informed largely by the above work performed in the adult rat,  

showed that neuropathology scores decreased with decreasing intra-hypoxic temperatures (34 C and 

31 C) compared to 37 C, but saw no effect of hypothermia at either temperature if initiated 3 hours 

after the HI insult.41 In the period between 1995 and 1998 especially, work by multiple groups in the 

piglet, fetal sheep, and rat models of neonatal HIE then produced a large amount of evidence 

supporting post- injury cooling for HI brain injury. Studies in the bilateral carotid artery occlusion 

model in the newborn piglet showed that post-HI hypothermia resulted in a preservation of metabolic 

function and prevention of secondary energy failure (Figure 1.3).80,172 In the global ischaemia model in 

the piglet, 3 hours of immediate 4 C whole-body cooling (35 C vs 39 C) was neuroprotective after 

mild or moderate, but not severe HI insults.146 Studies in the P7 Vannucci model from the group at the 

University of Oslo found that 3 hours of hypothermia at 32.5 C initiated immediately after the end of 

hypoxia resulted in significant neuroprotection after one week of survival compared to treatment at 

“normothermia” (NT, 38.5 C).96 Similarly, 6 hours of hypothermia at 32 C (compared to NT of 37 C) 

provided both short- and long-term neuroprotection, particularly in the cortex, hippocampus, and 

thalamus.99 

During this time, the effects of extended cerebral cooling and delayed cooling were being examined in 

the term-equivalent fetal sheep by a group in New Zealand, who had also described the neuroprotective 

effect of 72 hours of hypothermia in a juvenile P21 version of the Vannucci rat model.173 After bilateral 

carotid artery occlusion in the fetal sheep, selective head cooling down to a mean extradural 

temperature of 32.4 C, maintaining a core temperature of 34-36 C (compared to NT of 38 C), and 

starting 90 minutes after reperfusion, resulted in significant reductions in neuronal loss in the cortex, 

hippocampus, striatum, and thalamus.64 In the same model, delaying treatment by 5½ hours, but before 

the onset of post- ischaemic seizures, was still neuroprotective. However, after a 5½ hour delay,  TH did 

not protect the CA1/2 region of the hippocampus as well as had been seen with only a 90 minute 

delay.143 Delaying treatment by 8½ hours, after the onset of seizures, abrogated the neuroprotective 

effects of head cooling.71 Later work by the Thoresen group then showed that selective head cooling 

with mild systemic hypothermia was also neuroprotective in the piglet global injury model.174 As a 

result of these studies, supported by work in the  newborn piglet and P7 Vannucci models, the 

“therapeutic window” for beginning TH is thought to be around 6 hours after the injury, with a target 

cooling depth of 2-6 C below NT.175  
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1.4.3 Pilot studies in humans 

Very soon after positive results of TH were seen in large animal models, controlled, incremental 

hypothermia studies were implemented in asphyxiated term newborns. Gunn et al. in New Zealand 

presented an early pilot trial of NT (36.8-37.2 C) compared to minimal (36.0-36.5 C) or mild (35.5-

35.9 C) hypothermia during selective head cooling (circulating water at 10°C through a coil of tubing 

wrapped around the head) for 72 hours in 22 infants with mild or moderate HIE.176 Though not 

powered to determine outcome, there was a suggestion that mild hypothermia might provide benefit, 

with all six infants in the TH group surviving without handicap at 6-12 months. In the United Kingdom 

(UK), early pilot studies using selective head cooling for 72 hours with a lower target core temperature 

of 34.0-35.0 C were also performed.167 This protocol was then used in the CoolCap trial.8 While the 

first RCTs were recruiting, further pilot studies suggesting potential benefits from cooling, as well as 

an absence of negative side effects of TH, were published by the NICHD (National Institute of Child 

Health and Human Development) group in the United States, as well as from groups in Turkey and 

Australia.177-180  

1.4.4 Clinical trials and establishment of standard of care 

The first two large RCTs of TH for moderate or severe HIE (see Table 1), the CoolCap and NICHD 

trials, were published in 2005.8,9 In the CoolCap trial, 234 term infants were randomised to standard 

care, or 72 hours of selective head cooling (using a water- filled cap at a temperature of 8-12ºC), with a 

target rectal temperature of 34.5±0.5ºC. The primary outcome was the combined frequency of mortality 

and severe neurodevelopmental disability in survivors at 18 months of age.8 Death or severe disability 

was seen in 73/110 (66%) of the NT group and 59/108 (55%) of the TH group, with an odds ratio (OR) 

of 0.6 (95% CI 0.34-1.09), which was not significantly different between groups (p=0.1). Based on 

subgroup analysis of aEEG changes, the 46 infants with severely encephalopathic patterns on baseline 

aEEG (severe suppression of background activity and seizures) had no benefit from cooling. However, 

in those with less severe baseline aEEG patterns (n=172), a significant benefit from cooling was seen 

(OR 0.47; 95% CI 0.26–0.87; p=0.02), with a number needed to treat (NNT) of 6. 

The NICHD trial randomised 208 term infants to standard care or 72 hours of TH, which consisted of 

whole-body cooling to a target oesophageal temperature of 33.5ºC using a servo-controlled blanket.9 

Death or moderate or severe disability at 18-22 months of age occurred in 45/102 infants (44%) in the 
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TH group and 64/103 infants (62%) in the control group, with a relative risk (RR) of 0.72 (95% CI 

0.54-0.95; p=0.01) and an NNT of 6. This benefit was seen regardless of baseline severity of 

encephalopathy based on neurological examination.9 However, unlike the CoolCap trial and later 

TOBY trial, the NICHD trial used a more extended neurological examination to determine severity of 

encephalopathy rather than include an examination of the aEEG. This may account for part of the 

difference in efficacy of TH in the severe HIE groups of the respective trials. 

The third large multi-centre RCT of TH was the TOBY (Total Body Hypothermia for Neonatal 

Encephalopathy) study.10 Using the same entry criteria as the CoolCap trial, and a whole-body cooling 

protocol similar to that used in the NICHD trial, a greater number of infants were included in order to 

increase the power to detect a long-term treatment effect. A total of 325 infants were randomised to 

standard care at NT (rectal temperature of 37ºC), or whole-body TH (target rectal temperature of 

33.5°C) for 72 hours. In the cooled group 74/163 (45%) died or survived with severe disability, 

compared to 86/162 (53%) in the control group. The relative risk (RR) was 0.86 (95% CI 0.68–1.07), 

which was not significantly different between groups (p=0.17). However, the cooled group had a 

significantly lower incidence of cerebral palsy (28% vs 41%, p=0.03), and significantly higher numbers 

of infants surviving with normal mental (70% vs 55%, p=0.01) and psychomotor (68% vs 53%, 

p=0.02) developmental indices at 18 months of age. 

Two smaller trials, one treating infants with whole-body TH (target rectal temperature 33.5±0.5°C),181 

and the other using the selective head cooling protocol from the CoolCap study,182 were also published 

in 2005 and 2006, respectively, showing positive outcomes. Benefit from 72 hours of whole-body TH 

at 33-34°C, including in the severe HIE group, was also seen in the European neo.nEURO.network trial 

published in 2010.183 Based largely on the results of these RCTs, consensus international neonatal 

resuscitation guidelines were released in 2010 that stated : “Newly born infants born at or near-term 

with evolving moderate to severe hypoxic- ischemic encephalopathy should be offered therapeutic 

hypothermia.” Though no exact temperature guidelines were given, both whole-body cooling and 

selective head cooling were considered appropriate if initiated within 6 hours of birth, continued for 72 

hours, and followed by a rewarming period lasting at least 4 hours.11 An updated meta-analysis from 

the Cochrane collaboration in 2013, using data from all of the pilot studies and RCTs performed to 

date, found that compared to standard care at NT, active TH treatment reduces death and major 

disability, with an NNT of 7. As of 2015, the recommendation to provide TH in “resource-abundant 
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areas” remains unchanged, as long as appropriate infants are selected for treatment based on the entry 

criteria from published RCTs.184 

1.4.5 Mechanisms of hypothermic neuroprotection 

A great deal of work in multiple animal models has been performed to elucidate the mechanisms 

through which TH is neuroprotective. While intra-hypoxic hypothermia provides robust protection and 

increased resistance to experimental HI brain injury,41 most clinical scenarios (other than prophylactic 

cooling during complex surgical interventions) require the initiation of TH after an insult. Unlike 

traditional small molecule and pharmacological approaches to disease treatment, TH appears to be 

particularly effective due to the fact that it acts upon multiple pathways simultaneously over various 

time periods (Figure 1.6). The first and most prominent action of TH is to ameliorate secondary energy 

failure and maintain relative NTP production and availability during that critical time period after 

hypoxia-ischaemia.80 This is thought to be due to the fact that cerebral metabolic rate decreases by 

about 5% per 1ºC decrease in temperature,185 resulting in decreased ATP utilisation during TH, and 

maintenance of energetic reserves.186 Cooling during reperfusion reduces pathological levels of NO, as 

well as the release of excitatory amino acids (EAAs) such as glutamate,187 though the opportunity to 

intervene during this period may have passed at the time when TH is normally started clinically (4.5-5 

hours after birth).188 Hypothermia started during the latent period also prevents hyperperfusion, 

prevents the accumulation of secondary cytotoxic oedema,143 and may reduce the cellular response to 

excitotoxins during or after hypoxia- ischaemia.189 However, some doubt has recently been casted on 

whether these three mechanisms of action are a significant part of the neuroprotective effect of TH.190 

Two important neuroprotective actions of TH initiated after injury are to suppress pathological 

inflammation and reduce cell death. Hypothermia inhibits microglial activation and ROS production, 

reducing external stimuli for cell death, and preventing further mitochondrial dysfunction.187,191 The 

anti- inflammatory effect is partly due to a dampening of the nuclear translocation and binding of 

nuclear factor kappa-B (NF-κB), an important regulatory transcription factor for inflammatory 

cytokines.189 As mentioned above (section 1.3.1), cell death after HI brain injury appears along a 

continuum from necrosis to apoptosis, via a number of structural phenotypes.129  
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Figure 1.6. Temporal and mechanistic aspects of hypothermic neuroprotection. Therapeutic hypothermia 
initiated during the latent phase reduces metabolic demand from dysfunctional mitochondria, reduces the 
excitotoxic effects of EAAs, stabilises CBF, and inhibits cell death. OFRs: oxygen free radicals; BBB: blood-
brain-barrier; EAAs: excitatory amino acids; NO: nitric oxide. Figure from Wassink et al..189 

Initial studies in the piglet suggested that TH primarily acted in an anti-apoptotic manner without 

reducing cellular necrosis.192 Since then it has been shown that early cell death after hypoxia- ischaemia 

appears to have more of a necrotic phenotype,193 which may represent the cell lysis that occurs during 

the primary injury and reperfusion phases, and is difficult to treat after the fact.194 By comparison, 

delayed cell death is relatively more apoptotic in nature, and TH inhibits apoptosis by reducing 

activated levels of the final effector caspase 3.191 In the Vannucci model, this anti-apoptotic effect is 

especially noticeable in the ischaemic core of the lesion.189,195 However, there is also evidence that, if 

initiated early enough, TH can prevent necrotic cell death.196 This is one large caveat with the use of 

TH as a neuroprotective therapy after HI insults. Many of the neuroprotective mechanisms are 

dependent on TH being started as early as possible. Ideally this would occur immediately during the 

reperfusion phase, and must occur before initiation of seizures and secondary energy failure. Clinically, 

RCTs have therefore aimed to commence cooling within 6 hours of birth based on the animal data. 

However, birth does not necessarily delineate the time at which the primary insult occurred. This may 

be another reason why initiating TH sooner after birth (and closer to an unknown time of insult) results 
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in improved outcomes.197 Starting TH as soon as possible, but allowing enough time to ensure correct 

identification of those with moderate or severe HIE who will benefit from therapy, is likely to remain a 

constant challenge in the clinical setting.189,197 

1.5 Ongoing questions 

1.5.1 Cooling strategies for neonates with HIE 

1.5.2.1 Potential to optimise current treatment strategies 

One of the main issues going forwards with respect to the use of TH for infants with HIE is whether 

there is any scope to optimise treatment protocols, especially considering the fact that small changes in 

cerebral temperature are known to affect outcome after HI brain injury. For instance,  the “Optimizing 

Cooling for Neonatal HIE” trial performed by Shankaran et al. recently investigated whether deeper 

(32ºC vs 33.5ºC) or longer (120 hours vs 72 hours) cooling might increase the therapeutic efficacy of 

TH in infants with moderate or severe HIE. After interim analysis, the trial was stopped at the halfway 

point due to a very small likelihood of benefit in the three experimental groups compared to standard 

therapy, as well as a potential for harm as a result of longer or deeper cooling.198 Importantly, very little 

animal work had been performed to directly compare multiple lengths and depths of TH before the trial 

began recruiting, and no robust benefit of deeper or longer cooling had previously been shown in the 

preclinical literature. In fetal sheep, selective head cooling that reduced extra-dural temperature by at 

least 5.5ºC (and reduction in oesophageal temperature of 2ºC) was required to see significant 

neuroprotection.64 In piglet models of HIE, reduction in core temperature by 2.5°C, 4°C, and 5°C have 

all shown to produce significant neuroprotection, with no direct evidence that one temperature is better 

than another.79,146,199 Since the publication of the Optimizing Cooling trial in 2014, large animal studies 

have shown that deeper cooling (5°C compared to 3.5°C) does not provide increased neuroprotection in 

the newborn piglet,73 and longer cooling does not improve neuroprotection in fetal sheep.57 

Crucial to the process of optimising TH treatment is the fact that treatment methods are yet to be 

broadly standardised, and it is not known which protocol of TH management is best. Across the three 

largest RCTs, a variety of cooling methods and target temperatures (33.0-34.5ºC) were used, all of 

which showed benefit within their target cohorts. However, these approaches have not been directly 

compared. Comparing the protocols of the TOBY and NICHD trials, the mean core temperatures in the 

TH groups of those trials are likely to have differed by close to 1ºC due to the different placement of 

the temperature probes. This is despite the same target temperature during cooling (33-34ºC). The 
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TOBY trial used a rectal probe, whereas the NICHD trial measured the temperature with an 

oesophageal probe. The two measurement methods were compared in a cohort of infants cooled 

according to NICHD criteria.200 Over the cooling period, rectal temperatures were significantly lower 

than oesophageal temperatures, with a median (range) difference in temperature between the two of 

0.8ºC (0.5-1.0ºC). With the oesophageal target temperature of 33.5ºC, rectal temperature remained 

below 33.0ºC throughout the cooling period. Considering this difference in temperatures, it is still not 

known whether rectal or oesophageal temperature measurements should be used to maintain the target 

of 33.0-34.0ºC during TH in order to get the best treatment effect from current protocols. Equally, 

however, it is possible that the difference between the two measurement methods may be small enough 

to have little overall impact on outcome. 

Importantly, before initiating further RCTs comparing small differences in TH target temperature, it is 

prudent to perform experiments in animal models first, particularly in those animal models that showed 

similar benefits of TH to those seen in neonates. Any further optimisation of cooling protocols will 

require careful preclinical work before future RCTs can be designed in order to minimise the likelihood 

of future RCTs failing to show benefit. With this in mind, the Vannucci model, which is amenable to 

large group sizes and easily-controlled treatment temperatures for multiple animals simultaneously, is a 

good place to start. However, multiple treatment temperatures over both a wide and narrow range, 

compared to a controlled NT group, have not previously been directly compared in this model. 

1.5.2.2 Potential failure of standard cooling in severe HIE 

Another important question that remains largely unanswered is whether TH provides significant 

improvement for infants with severe HIE. In the CoolCap study, TH was not effective for those infants 

with severe patterns on aEEG, whereas the TOBY, NICHD, and neo.nEURO.network trials did not 

find reduced efficacy in those with severe HIE. A meta-analysis performed in 2010 based on the largest 

RCTs suggested that infants with severe HIE may not benefit from TH,188 whereas the most recent 

Cochrane review in 2013 indicated that TH for severe HIE does provide an overall benefit.1 The 

discrepancies may well be due to the different methods of measuring the depth of cooling, as outlined 

above, as well as differences determining the severity of HIE in those RCTs. For instance, the CoolCap 

and TOBY trials selected eligible infants based on neurological examination to identify those who were 

moderately or severely encephalopathic, followed by analysis of the amplitude- integrated 

electroencephalogram (aEEG) before 5 ½ hours of age (Table 1.2.).8,10 The NICHD trial did not use 
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aEEG analysis as a final criterion, but instead had expanded neurological criteria.9 The strict definition 

and diagnosis of HIE is an ongoing clinical challenge, and standardisation of methods to select and 

treat encephalopathic infants may be necessary before the translation of small changes in treatment 

protocols can be implemented. 

Preclinical work to date suggests that severe HI insults may minimise the neuroprotective effects of 

standard TH treatment. Thoresen et al. showed that piglets with the most severe insults do not get a 

neuroprotective benefit from TH, and there may well be a metabolic transition point above which no 

benefit is seen from TH. In the original investigations of TH in the Vannucci model by Yager et al., TH 

at 31ºC or 34ºC initiated after hypoxia- ischaemia was not neuroprotective.41 However, this involved a 

3-hour period of hypoxia, and probably constituted what we would now consider a severe insult in this  

model. Later studies by the Vannucci group showed that between 90 and 120 minutes of hypoxia, the 

mitochondria transition from a reduced state (due to reduced availability of oxygen to accept electrons 

from the ETC) to a paradoxically oxidised state, which may reflect exhaustion of anaerobic substrate 

(i.e. glucose), and coincide with a transition to overt mitochondrial failure that cannot be rescued by 

TH. In order to further elucidate the differences in response to treatments after severe injury, our gro up 

recently developed a severe HI injury model by increasing the length and temperature of the hypoxic 

insult compared to the standard “moderate” injury model.100 In the severe injury model, standard TH 

treatment at 32ºC is not neuroprotective. However, it is possible that more severely- injured animals 

could benefit from a different treatment temperature, and multiple temperatures have not previously 

been compared in the severe injury model.  

1.5.2 Relevance of the Vannucci model 

The translation of animal data to humans is a process that is fraught with errors and potential for over-

extrapolation. For instance, it is surprisingly simple to provide neuroprotection after HI brain injury in 

rodents, but most of these treatments then fail to be translated to humans.201 The lissencephalic brain of 

the rodent will never be able to fully model the responses of the human brain to HI. In the Vannucci 

model, a unilateral insult is introduced using a permanent vascular occlusion, and in the absence of the 

negative peripheral effects seen with a global injury. This means that experimental results from 

newborn rats can only be an early step in the investigation of treatments for infants with HIE. However, 

the patterns of injury seen in the Vannucci model, with greater involvement of the cortex and deep grey 

matter, and lesser involvement of the subcortical white matter, do appear to broadly reflect the injuries 
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seen in term neonates.27 The successful use of TH in this model, a treatment that is also modestly 

neuroprotective in humans, suggests that results from the model are relevant to neonatal HIE. This is 

despite the fact that most of these results come from a version of the model performed in P7 rats, which 

are often considered to be too immature to accurately model the term infant.118 Importantly, a 

preclinical model only needs to provide information that is accurate enough to translate to an 

appropriate situation in humans. It may well be that the differences between the P7 and P10 versions of 

the Vannucci model do not necessarily result in one version being definitively more relevant than the 

other.  Multiple therapies other than TH that are neuroprotective in the P7 model have been shown to 

translate to other animals such as the newborn piglet and fetal sheep, and these larger animal models 

will remain an important step towards treatments in the clinic. Either way, as studies using the 

Vannucci model become increasingly complex, with the introduction of more modern laboratory 

techniques, a focus on the underlying physiology and behaviour of the model is important in order to 

improve the understanding of experimental results and their relevance to humans. 

1.5.2.1 Thermoregulation in neonatal rats 

One longstanding issue with models of HIE, especially in the newborn rat, is how TH treatment 

temperatures relate to NT in the rat at that age. In our previous work with the Vannucci model in the P7 

rat pup, we have repeatedly found a significant neuroprotective effect of cooling to 32 °C for 5  hours 

immediately after hypoxia compared to control rats maintained at 37 °C.99,100,119 This NT temperature 

was chosen largely due to the fact that adult rat NT is around 36.5°C-38.5°C.90,202,203 However, by 

comparison, the neonatal rat is largely poikilothermic at birth, and the first three weeks are critical to 

the development of thermal homeostasis.204-206 Initial experiments showing that developing rat pups 

had the same rectal temperature as adults took their readings at an ambient temperature of 35°C,203,204 

which is far above modern animal housing and laboratory temperatures. Similarly, others have shown 

that rectal temperature of P7 rats in an ambient temperature of 25°C was around 31.5°C, but increased 

to 35-37°C as ambient temperature was increased above 30°C.205 Therefore “normothermia” for P7-

P14 rats is likely to be highly variable, depending on age and ambient temperature, as well as the local 

environmental set-up. Despite this, very few studies of the Vannucci model present local NT data from 

their animals. Some studies do provide an average temperature, but give little information about 

measurement technique or temperature variability. For instance, one recent publication reported mean 

nesting temperature in P7 rats to be 36.6°C, but the temperature range (minimum and maximum) and 

ambient conditions were not given.207 Similarly, though they do not mention the time-delay between 
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removal from the nest and temperature measurement, two recent publications from another group show 

mean pre- ligation temperatures of 33.0°C-35.5°C in P7 rats.208,209 To extrapolate results of small 

changes in treatment temperature, which may be important in the process of optimising and tailoring 

TH treatment to individuals based on insult type and severity, development of temperature homeostasis 

should ideally be investigated and presented within each individual laboratory. Similar to NT in healthy 

rats, the effect of HI injury on innate thermoregulation is also an important consideration. As 

mentioned in section 1.2.2, the normal response to systemic hypoxia is a decrease in core temperature, 

which is also seen in asphyxiated neonates. This effect had not previously been investigated in the 

Vannucci model, and it may provide an important and simple physiological biomarker of injury that 

could be used clinically. 

1.5.2.2 Variability of injury in the Vannucci model 

The Vannucci model is well known to result in variable injury despite animals being exposed to the 

same insult.86,118 There are a number of factors inherent to the model that are potential sources of 

variability, which may or may not reflect what is seen in humans. Therefore, a number of aspects of 

experimental design and data analysis must also be taken into account when approaching the model. 

As with any rodent model of a human disease, we must accept that the animal population is much more 

standardised than the clinical cohort. Compared to humans, rodents bred for laboratory work will 

display less genetic and epigenetic variability. The multiparous rat also means we can examine the 

effect of an injury and treatment within a single homogeneous litter raised in a controlled setting, which 

is far removed from the wide variety of family environments that patients originate from and return to 

once discharged from hospital. For instance, lower socioeconomic status may result in worse outcomes 

after neonatal HIE, and this is a factor that is completely out of the control of the physician.210 That 

being said, a number of experimental factors that are also difficult to control may increase the degree of 

variability in the Vannucci model. For instance, the nurturing behaviour of rodent dams can have a 

significant effect on neurobehavioural outcome of the offspring.211 Similarly, the sex of the 

investigators, the nature of the human-animal interaction (i.e. attitude of the handler and stress of both 

the animal and the handler), and the environment provided in the animal cages, can all influence 

outcomes of preclinical research.212-215 These factors suggest that larger group sizes, including animals 

from multiple litters and multiple experiments, are likely to be necessary when examining 

neuroprotective therapies in order to prevent any litter- or environment-dependent factors from 
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significantly altering the final results. Similarly, experimental design must be performed in accordance 

with guidelines such as those set out by ARRIVE (Animal Research: Reporting of In Vivo 

Experiments), or similar, including appropriate randomisation by litter, weight, and sex, as well as 

blinding of investigators to treatment groups during data collection and analysis.216 

More specific to the Vannucci model is the pattern of variability of injury seen after unilateral HI injury 

in P7 rats. In our previous work, we have shown that the distribution of injury is not normally-

distributed, which necessitates the use of non-parametric statistical analysis.100,217 Data should therefore 

be described by the median and spread of the data. Where distributions of injury appear to be 

symmetrical, the Hodges-Lehmann median may be a more robust measure of the true middle point of 

the data-set compared to a traditional median.217 Rank ordering of experimental results, for example 

behavioural testing, can also be used to allow for linear regression analysis between dependent and 

independent variables, as well as to compare behavioural results with pathology.99 Finally, due to the 

fact that results across multiple treatment groups cannot be performed with a standard ANOVA, a 

series of non-parametric two-way tests may need to be performed, with a correction of the significance 

level for multiple comparisons. The most suitable correction would be the Bonferroni method, dividing 

the standard significance level (normally p=0.05) by the number of comparisons. Though robust, larger 

sample sizes are needed using this method in order to achieve the statistical power required to find 

significant differences between groups. 

To improve statistical power and overcome some elements of the variability in the Vannucci model, 

two general methods have been used. The first is to increase treatment group sizes.  This is the approach 

generally favoured by our group, and is often the main option open to those performing clinical 

research. An alternative approach is to do early MRI scans on animals to select those with the desired 

degree of injury before assigning animals to treatment groups,218,219 which is similar to pre-selecting 

infants with moderate or severe HIE before treatment with TH. Though infant selection is obviously 

done clinically, this is performed based on physiological and neurological criteria (some centres also 

use examination of the aEEG). Pre-treatment MRI scans are unavailable to most clinicians, are unlikely 

be sensitive enough to identify appropriate degrees of injury within a few hours of birth, and would 

therefore be limited to investigation of treatments started in the secondary or tertiary phases of 

injury.218 MRI examination would also introduce a delay before treatment that may be untenable if 

large group sizes are used, and requires anaesthesia during imaging that could alter the effects of the 

treatments being examined.220 Importantly, injury stratification approaches, such as those using MRI, 
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may not greatly reduce the total number of animals used, as animals with a low degree of injury are 

simply excluded.  

Further investigation into the causes of this variability in injury severity may both reduce the number of 

animals needed, as well as improve our ability to interpret results from the model. For example, greater 

knowledge of the effects of individual physiological responses to an HI insult, such as changes in CBF, 

are required to determine how that may influence variability in the model. The rat has a fully-

developed circle of Willis,91 and CBF is not altered by unilateral ligation alone.92 The Vannucci group 

originally showed that regional changes in blood flow mirror the pattern of injury seen in the model, 

but the extent to which CBF responses to hypoxia- ischaemia may differ between individual animals, 

and how that relates to final degree of injury, is still unknown. Similarly, greater investigation of the 

effect of experimental variables, sex, and individual temperature changes in response to hypoxia-

ischaemia may help both predict and understand variability in the model, increasing the ability to 

translate results to larger animal models and to the clinic.  
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2. Aims of the Studies 
 

 

Article I: The aim of this study was to compare the effects of therapeutic hypothermia over  

multiple treatment temperatures and injury severities. As standard cooling temperatures 
do not appear to reduce injury in the severe Vannucci model, and milder cooling 
temperatures have rarely been compared side-by-side in moderate injury models, five 
hypothermia temperatures over a 15.5 C temperature range were compared in moderate 
and severe models of injury. To determine the absolute degree of cooling used in each 
treatment group, a laboratory normal range for temperature in healthy developing rat 
pups was also developed. 

 

Article II: As pyrexia is also likely to worsen outcome after brain injury, the aim of this study was 
to determine the short- and long-term effects of incremental hyperthermia after 
experimental hypoxia-ischaemia. The influence of increasing post-hypoxic temperature 
by 1 C or 2 C on mortality, functional deficits, and neuropathology was determined. 
Spontaneous changes in core temperature after HI injury were also examined as a 
potential biomarker for severity of injury. 

 

Article III: The aim of this study was to develop a method to monitor cerebral blood flow in  

multiple animals simultaneously during hypoxia-ischaemia and resuscitation. Using 
laser speckle imaging, bilateral peripheral hemispheric blood flow was measured during 
the hypoxia period, and the variability in blood flow response to hypoxia- ischaemia 
determined. Resuscitation in 100% oxygen was compared to resuscitation in air to 
determine whether the laser speckle imaging could differentiate between treatments that 
alter cerebral blood flow. Individual variability in perfusion during the HI insult was 
used to examine the contribution of perfusion responses to hypoxia on the variability of 
injury seen in the Vannucci model. 

 

Article IV: The aim of this study was to further understand the variability in injury and therapeutic  

effect of hypothermia in the Vannucci model. A meta-analysis of every experiment 
comparing normothermia and hypothermia in the Oslo laboratory, including pilot and 
published data, was performed to determine how experimental and physiological 
variables determine outcomes in the model. 
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3. Methods 
 

The work described in this thesis focuses on investigations using the Vannucci model of unilateral HI 

brain injury in newborn rats. Outcomes after injury were determined using short-term and long-term 

behavioural testing and neuropathology, with the use of laser speckle imaging (LSI) to monitor CBF 

changes during hypoxia-ischaemia. Details of the methods are described below, with in-depth 

descriptions provided in each of the individual articles. 

3.1 Vannucci model of unilateral HI brain injury 

The Vannucci model of unilateral HI brain injury in neonatal rodents is traditionally performed in P7 

rats, which has also been the practice of our group.86,99,100,119 This model was employed in most of the 

studies included in this thesis. More recently, we developed a version of the  Vannucci model using P10 

rats.111 The LSI experiments in article III were performed in the P10 Vannucci model. 

3.1.1 Experimental HI 

All procedures were performed under protocols reviewed and approved by the University of Oslo’s 

animal ethics research committee, or under Home Office license in accordance with UK regulations, 

and approved by the University of Bristol’s animal ethical review panel. Experiments were carried out 

in accordance with the approved protocols, as well as the ARRIVE (Animal Research: Reporting in 

vivo Experiments) guidelines. Litters of both sexes were generally culled to 10 animals early after 

birth, and delivered to the local animal facility at least one day before the experiment. A median 

(range) of 5 (3-7) litters (30-70 pups) underwent unilateral hypoxia- ischaemia in each experiment. 

Before and after each experiment, pups were kept in an animal facility with their dams under a 12 h:12h 

dark:light cycle at an environmental temperature of21°C. Dams had access to food and water ad 

libitum, and pups were checked for health daily. 

3.1.1.1 Carotid artery ligation 

On P7, pups were separated from their dams, weighed and sexed, and randomised to experimental 

groups based on the pre-determined experimental protocol. Pups were given non-permanent colour-

coded markings based on their randomisation to allow for rapid allocation to treatments on the 
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experimental day. Anaesthesia was induced using 3% isoflurane in a 2:1 mixture of NO2/O2, supplied 

via a nose cone, under a dissecting microscope. The left carotid artery was identified, dissected away 

from the surrounding tissue, and ligated with two sutures of 6-0 surgical silk (Figure 3.1). The artery 

was then transected between the sutures, and the wound closed with 5-0 surgical silk. Pups were 

maintained under a heating lamp before and after undergoing the ligation procedure. After all the 

animals had recovered from anaesthesia, they were returned to the dams for a minimum of 30 minutes. 

In order to control experimental variables that may influence the variability of the model, median 

anaesthesia time was maintained under 6 minutes, and the total time from ligation to induction of 

hypoxia was maintained under 180 minutes (including the 30 minute recovery period with the dam).217 

 

Figure 3.1. Carotid artery ligation. (A) The pup is secured on the platform of a dissecting microscope with 
anaesthesia provided by a nose cone. (B) An incision is made on the left side, the carotid artery isolated, and two 
ligatures placed. (C) After ligation, the wound is sutured closed. 

 

3.1.1.2 Hypoxia 

After recovery with the dam, pups were placed in individual cells within a specially-designed metal 

cage. The cage was then placed inside a polycarbonate chamber (Figure 3.2), with a water-filled mat 

underneath the cage to provide a constant and equal temperature across the cells. The temperature of 

the water mat was servo-controlled in response to continuous temperature measurements recorded from 

two probe animals in each chamber – one carrying a custom rectal probe (IT-21, Physitemp 

Instruments, Clifton, NJ), and the other with a skin probe attached to the abdomen. Both probes were 

calibrated to ±0.1°C using a certified mercury- in-glass thermometer (BS593; Zeal, London, UK) over a 

20.0 to 40.0°C temperature range. The temperature management system (CritiCool, MTRE, Yavne, 

Israel) used to control the insult temperature had a custom-built temperature management algorithm 
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provided by the manufacturer to prevent large swings in temperature during correction of over- or 

under-heating. Once the chamber was sealed, medical air was supplied while temperature in the 

chamber stabilised. The design of the chamber is such that each cell within the cage has an individual 

gas supply connected in parallel to a single external gas port. For a standard “moderate” injury, which 

is defined as producing a median 30-40% area loss of the left hemisphere, target rectal temperature in 

the probe animal was 36 C.100 The moderate model was used in at least one aspect of all four articles 

included in this thesis. Once temperature had remained stable at 36 C for 5 minutes, the gas supply was 

switched to 8% O2 (92% N2). Oxygen concentration within the chamber was continuously analysed 

using an anaesthesia monitor attached to the Criticool temperature management system. Once the 

oxygen concentration within the chamber reached 8%, this was maintained for 100 minutes. If two 

animals died during the hypoxic insult (around 4% mortality), the insult was ended early. During 

hypoxia, an overhead heater was used to provide additional temperature management and prevent 

spontaneous decreases in core temperature. 

 

 

Figure 3.2. Chamber design. Pups were placed in a cage with a heat-conductive floor (A), in individual cells 
(B). The cage was inserted into a sealed polycarbonate chamber (C). A water mat (D) under the cage was 
connected (E) to a Criticool machine (not shown) to provide servo-controlled temperature management. Gas (air 
or 8% oxygen) entered at the front of the chamber, exited at the back, and was continuously sampled for O2 and 
CO2 levels. Figure from Smit et al..221  
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3.1.2 Post-hypoxic temperature treatments 

All the articles presented in this thesis employed immediate temperature management after the end of 

the HI insult. Depending on the experimental design, up to three additional chambers were pre-cooled 

(TH treatment; articles I, II, and IV) or pre-heated (hyperthermia treatment; article II) before the end of 

the hypoxia period. Animals were immediately transferred to the pre-assigned chamber for a treatment 

period of five hours. In general, NT control animals remained in the chamber used for the insult, which 

was then increased to 37 C.100,119 Temperature management during the treatment period was performed 

using the same equipment as that used during the hypoxic insult. A total of eight treatment 

temperatures were used across articles I, II, and IV: 18 C, 26 C, 30 C, 32 C (standard TH treatment), 

33.5 C, 37 C (standard NT), 38 C, and 39 C. Immediately after the end of the temperature treatment, 

pups were returned to the dam. However, in groups cooled below 32°C, animals were first rewarmed at 

1°C every 15 minutes until they reached a temperature of 33–34°C. This was to prevent rapid 

rewarming due to handling and nesting, as rapid rewarming can negate some of the neuroprotective 

effects of HT after HIE.82 After being returned to the dam, litters were returned to the local animal 

facility, as described above. 

3.1.3 Longitudinal temperature measurements 

To better understand the temperature physiology of our model, two longitudinal temperature 

measurement studies were performed (articles I and II). In the first study (article I), the temperature of 

healthy nesting rat pups was measured daily from P5 to P14 using the same temperature equipment 

employed during hypoxia and temperature treatment. Temperature measurements commenced on P5 to 

ensure animals were large enough to accommodate the rectal temperature probe. In the second study 

(article II), P7 rat pups underwent a moderate HI insult. Temperatures were measured immediately 

after hypoxia before the pups were returned to the dam. Nesting temperatures were measured 1, 2, 6, 

12, and 24 hours after the end of the hypoxia, and then measured daily until P14. 

3.1.4 Model variations 

3.1.4.1 Severe injury model 

In order to model a more extensive cerebral injury, our group recently developed a “severe” Vannucci 

HI injury model.100 This model was employed in article I. To increase the degree of damage, intra-

hypoxic temperature was elevated to 37 C, and the period of hypoxia increased to 150 minutes. This 
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results in around 50% greater injury (median 60% area loss of the left hemisphere compared to the 

right), which does not respond to the traditional TH treatment protocol (5 hours at 32 C) used by our 

group. All other experimental protocols remained the same. 

3.1.4.2 P10 model 

Recent discussions surrounding the level of brain maturity across neonatal rats of various ages have 

suggested that the P10 rat is more relevant to the term infant with HIE (see section 1.2.2 above). 

Though the P7 model is far more widely-studied, including its use in the development of TH and 

subsequent translation to clinical trials in humans, we have also begun to develop a P10 version of the 

Vannucci model, as it may be better suited for studying certain aspects of HIE physiology. A modified 

P10 model was used for the LSI experiments (see section 3.4 below) as the greater hemispheric surface 

area of older animals, whilst still having a skull thin enough through which to measure CBF, increased 

the ability to measure peripheral cerebral perfusion across multiple animals simultaneously. 

3.2 Behavioural testing 

In article II, both short- and long-term behavioural testing was employed to ascertain the effects of 

hyperthermia after hypoxia-ischaemia, and to allow for comparison between functional markers and 

pathology scoring in this model.  

3.2.1 Negative geotaxis 

Negative geotaxis (i.e. active movement away from the action of gravity) is an innate neurological 

reflex in rats that develops in the second week after birth.222 To quantify the function of this reflex, 

animals are placed head-down on an inclined plane angled at 45  (Figure 3.3). The time taken for the 

pup to turn around and climb up the board is then recorded. After unilateral HI injury in P7 rats, 

development of negative geotaxis is delayed compared to control animals, with significantly slower 

times to rotate seen after injury.222 For short-term behavioural testing in article II, negative geotaxis 

was assessed at P14, one week after the insult. The time (in seconds) taken to rotate to face uphill (i.e. a 

rotation of 180º) was recorded.  After a maximum of four attempts, if the pup fell from the platform or 

did not complete the task in 60 seconds, it was assigned a maximum score of 60.  If, on their best 

attempt, a pup managed to get halfway but then fell off the board, they were given a score of 59.  Pups 

that died after hypoxia but before negative geotaxis testing were assigned a score of 61 so that 

outcomes could be ranked for non-parametric statistical outcome analysis across groups. 
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Figure 3.3. Behavioural testing. To test negative geotaxis (a), pups were placed at the midpoint of a sloping 
platform (A, left panel) facing downward. The time taken to rotate to face upward was recorded. In the Montoya 
staircase test (b), rats entered the chamber through an opening at the rear and mounted the platform (A, right 
panel). Staircases (B, right panel) either side of the platform, comprising seven steps with central recessed wells, 
were each baited with three sugar pellets. Retrieving pellets from the bottom five steps requires fine motor 
control from the paw on the corresponding side to manipulate and grasp the pellets from the well. Figure adapted 
from Hobbs et al.119 

 

3.2.2 The Montoya staircase test 

Due to the generally unilateral nature of cerebral injury seen in the Vannucci model, behavioural tests 

that identify unilateral impairments can be particularly powerful in identifying functional deficits. One 

long-term test that has previously been shown to be able to quantify unilateral motor impairment, and 

improvement with neuroprotective treatments, is the Montoya staircase test.119,223 In the test, adult rats 

are placed on an elevated platform inside an enclosed Perspex chamber, with seven descending “stairs” 

either side of the platform, which can be baited with sugar pellets (Figure 3.3). The narrow design of 

the chamber is such that a rat can only reach the pellets from the left staircase with its left paw, and 

from the right staircase with its right paw.  Thus, by baiting one staircase at a time, each forepaw is 

tested independently. From 8 weeks of age onwards, rats were tested five days per week for three 

weeks. During the first five days of testing, rats were allowed 7½ minutes with each baited staircase.  

After the first week, the testing period was reduced to 3½ minutes for a second week of training.  

During the third week, the number of pellets retrieved was recorded daily, and the average for the last 
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three days was calculated.  To enable the ranking of outcomes for non-parametric statistical testing 

between groups, rats that died after hypoxia, but prior to eight weeks of age, were assigned a score of -

1 in the staircase test. 

3.3 Neuropathology and hemispheric area loss 

The main outcome measures used in this thesis are based on both short-term (articles I-IV) and long-

term (article II) assessment of neuropathology. In article II, global and regional pathology was assessed 

using a nine-step scale. In articles I, III, and IV, percent area loss of the left hemisphere (ipsilateral to 

the carotid ligation) relative to the right hemisphere was used as a surrogate marker of global 

pathology.100 

3.3.1 Preparation 

Animals were deeply-anaesthetised before transcardiac perfusion with saline followed by 4% 

formaldehyde. After further post- fixation in formalin, a standardised matrix was used to cut 3mm 

coronal blocks through each brain, which were then embedded in paraffin. Sections of 5-6 μm were 

then taken from the blocks best representing the cortex, thalamus, basal ganglia, and hippocampus, and 

mounted on glass slides. 

3.3.2 Neuropathology scoring 

For neuropathology scoring and hemispheric area loss analysis (section 3.3.3 below), slides were 

deparaffinised and stained with haematoxylin and eosin (H&E). The left hemisphere of each brain was 

scored on a nine-step pathology scale from 0.0 (no injury) to 4.0 (≥80% injury). A global score was 

then calculated as the average of the score from the cortex, thalamus, basal ganglia, and hippocampus. 

 

Table 3.1. Neuropathology scoring system. The nine-step neuropathology scale used in article II. A grade of 0 
indicates no injury. Table adapted from Thoresen et al., and Sabir et al..96,100 

 

Grade Area affected Morphologic changes (cortex, basal ganglia, and thalamus) Morphologic changes in the hippocampus
1 ≤ 10% Small, patchy, complete or incomplete infarcts Necrotic neurons only in most lateral areas, i.e. CA2 and CA3
2 20-30% Partly confluent complete or incomplete infarcts Patchy areas of necrotic neurons in CA1-CA4 regions
3 40-60% Large confluent complete infarcts More extensive areas of necrotic neurons in CA1-CA4 regions
4 80-100% Large complete infarcts or total disintigration of the tissue Complete infarction of hippocampus including dentate gyrus



 

46 
 

3.3.3 Hemispheric area loss 

Due to the large degree of variability in the Vannucci model, resulting in a need to use large group 

sizes to screen new therapies (i.e. article I) and see global trends (i.e. article IV), methods to rapidly 

screen injury in tens or hundreds of animals can speed-up the investigation of new therapeutic 

approaches for HI brain injury. One example of this is hemispheric area loss analysis, which correlates 

highly with formal neuropathology scoring (section 3.3.2 above; Figure 3.4).100 

 

 

Figure 3.4. Area Loss and Global Pathology. Linear regression of hemispheric area loss compared to formal 
global neuropathology scoring for 122 animals at P14 (one week after unilateral HI at P7). Figure adapted from 
Sabir et al..100 

 

For area loss analysis, four H&E stained sections (two from each of two coronal blocks cut 3mm 

apart), encompassing the cortex, basal ganglia, thalamus, and hippocampus, were scanned and exported 

as high-resolution (600 dpi) image files. These were then imported into ImageJ software, and the area 

and density of each hemisphere used to calculate a percent area loss of the ligated (left) side compared 

to the uninjured (right) side (Figure 3.5). The average of the four sections from each brain was used as 

a final proxy of injury severity. 
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Figure 3.5. Calculation of hemispheric and hippocampal area loss. (A) Method and calculation of left 
hemispheric area loss in ImageJ. In this example, 60.7% area loss was seen. (B) Calculation of hippocampal area 
loss. Lines were manually drawn around the left and right hippocampi and area loss calculated using the same 
formula. Figure from Smit et al..221 

3.3.4 Hippocampal area loss 

As the hippocampus is particularly sensitive to HI injury, as well as the neuroprotective benefits of 

TH,98,99 analysis of hippocampal area loss was also used in article I (Figure 3.5).224 Slides were re-

scanned at a higher resolution (2400 dpi) and the hippocampi manually identified. Percent loss on the 

left side was performed using the same calculation as for hemispheric area loss (Figure 3.5). 

3.3.5 Immunohistochemistry 

In studies where hemispheric and hippocampal area loss were used as primary outcome markers 

(articles I and III), immunohistochemical staining and counting of neurons within the hippocampus was 

also performed in a representative subset of animals. Antigen retrieval of deparaffinised slides was 

performed in citrate buffer. After blocking, a primary antibody against NeuN was applied overnight at 

room temperature. Slices were rinsed with PBS and incubated with a secondary fluorescent antibody. 
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Slides were rinsed again, and coverslipped with a mounting agent that included DAPI (4’,6-diamidino-

2-phenylindole). Slides were scanned with a virtual microscopy scanner (Axio Scan.Z1, Carl Zeiss, 

Jena, Germany) in fluorescence mode at 20x, and exported as image files. Three consecutive non-

overlapping regions of interest (ROIs) were assessed from the CA1 region of both hippocampi. Cell 

counting was performed by an observer blinded to the treatment group. At least 25% of regions were 

re-counted by another blinded observer to ensure reproducibility. Cells located within the pyramidal 

layer, which were visible within the plane of focus, and positive for both NeuN (a neuronal marker) 

and DAPI (a nuclear marker), were counted as neurons. Healthy neurons were identified as those with 

large, round nuclei, and paler areas indicating unstained nucleoli. The total number of viable pyramidal 

neurons across the three ROIs from each hippocampus was then summed to allow comparison across 

multiple treatment groups. 

3.4. Laser Speckle Imaging 

One of the core underlying components of HI brain injury is the relat ive loss of CBF (ischaemia). A 

number of methods have been used to quantify blood flow changes during hypoxia- ischaemia in the 

Vannucci model, and these were summarised as part of the discussion in article III. Though each 

method has benefits and drawbacks, the ability to continuously monitor blood flow changes throughout 

the HI insult has the potential to elucidate the contribution of CBF changes to the pathophysiology of 

HI injury in the Vannucci model. Therefore, we developed a method using laser speckle imaging (LSI) 

to monitor peripheral cortical blood flow (measured in the arbitrary units of “flux”) during hypoxia-

ischaemia and resuscitation. Speckle contrast analysis is a method first described by Fercher and Briers, 

who photographed retinal tissue after short exposure to a beam of light, to produce a velocity flow map 

of blood within the tissue.225 Tissue exposed to a near- infrared laser field will backscatter the light, 

producing a speckle pattern that is detected by a charged-couple device (CCD) camera. In stationary 

tissue, as the laser light comes into contact with red blood cells (RBCs), the speckle pattern becomes 

blurred by their movement, with the degree of blurring directly related to the speed of movement. The 

speckle pattern can then be used to provide a map of superficial blood flow in real-time.226 Continuous 

LSI has been used to monitor CBF in rodents after a number of experimental interventions, including 

middle cerebral artery occlusion (MCAO), and cortical spreading depression.227,228 This method has 

also now been validated for measuring (micro)vascular blood flow clinically, including monitoring of 

skin microcirculation during plastic surgery, and CBF during neurovascular surgery.229,230 For CBF 

monitoring with LSI, the scalp of the rat has to be retracted or removed in order to measure flux in the 
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cerebral tissue. However, in the neonatal rat, the skull can be left intact. The skull of the P10 rat is less 

than 160 μm thick, allowing the laser to penetrate around 500μm into the cerebral tissue.231,232 Once the 

pup is in place within the laser field, flux values can be monitored continuously over predefined ROIs 

across the brain. In our model, one ROI was placed over each cerebral hemisphere, posterior to the 

bregma, and on either side of the sagittal suture (Figure 3.6). Initial pilot experiments were undertaken 

with single animals placed directly under the LSI camera (FLPI-2, Moor Instruments, Axminster, UK), 

using 2-3% isoflurane anaesthesia in a 2:1 gas mixture of NO2/O2. Due to the fact that the animal must 

remain completely still in order to accurately measure flux using LSI, isoflurane anaesthesia is often 

used during imaging.228 However, studies using LSI to examine the effects of anaesthesia on cerebral 

autoregulation have shown that isoflurane completely abolishes autoregulation of CBF, but etomidate 

or ketamine/xylazine anaesthesia partially preserve it.233 As the intention was to track CBF during 

hypoxia-ischaemia inside our hypoxia chamber (Figure 3.2), further development of the model 

included intraperitoneal (i.p.) anaesthesia to allow for easier manipulation of gas input to the chamber. 

A ketamine/medetomidine mixture was chosen based on local veterinary guidelines, with the added 

benefit of better preservation of CBF autoregulation compared to isoflurane. A final set-up was 

developed so that six animals could be monitored at once (Figure 3.6). 

On P10, rat pups underwent a modified HI insult based on the method described above (section 3.1.1). 

Ligation of the left carotid artery was performed under anaesthesia with 3% isoflurane in a 2:1 gas 

mixture of NO2/O2. After carotid artery ligation and 30 min recovery with the dam, pups received an i.p 

injection of ketamine/medetomidine. The dose was chosen to allow the animals to self-ventilate, but 

still provide adequate anaesthesia during the whole experimental period. Once fully-anaesthetised, a 

midline incision was made across the scalp, and the scalp removed. The normal cage set-up was 

removed from the hypoxia chamber, and groups of six pups were placed on a metal tray within the 

hypoxia chamber on top of the servo-controlled water- filled mat. One animal carried a rectal 

temperature probe to maintain a target temperature of 36.5°C. The chamber was sealed, and ventilated 

with 21% oxygen while the LSI equipment was placed over the clear polycarbonate lid of the chamber, 

with the exposed skulls within the field of view of the camera (Figure 3.6).  
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Figure 3.6. Laser speckle imaging set-up. Experimental design (A) and representative images (B) of CBF 
measurements taken using LSI before, during, and after hypoxia. The lower panel shows six animals within the 
hypoxia chamber, with scalps exposed. Animals faced in alternating directions to minimise breathing restrictions. 
Representative bilateral ROIs over the ligated (L) and unligated (R) hemispheres are shown in the animal on the 
right. Figure adapted from Wood et al..234 
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One virtual ROI was placed over each cerebral hemisphere (12 total), and flux values recorded every 

four seconds. Baseline flux measurements from each ROI were taken for 15 minutes before the 

chamber was flushed with 8% oxygen to initiate the 27-minute period of hypoxia. This was a 

significant decrease in the hypoxia time compared to our standard P7 model, or other P10 models of HI  

injury.118 However, pilot experiments showed a significant increase in intra-hypoxic mortality if 

exposure to 8% oxygen was continued for more than 30 minutes. This was assumed to be due to the 

combined cardiorespiratory effects of anaesthesia plus hypoxia. At the end of the hypoxia period, the 

pups were resuscitated by flushing the chambers with either 21% or 100% oxygen for 30 minutes, 

followed by a further 45-minute recovery period in 21% oxygen. Pups were then removed from the 

chamber and sacrificed. 

3.5. Statistical analysis 

Statistical analyses were performed using SPSS software version 22 (SPSS Inc., Chicago, IL, USA) 

and GraphPad Prism version 6.00 (GraphPad Software, La Jolla, CA, USA). Visualisation and 

graphical representation of the data was performed using GraphPad Prism. Due to the variability and 

spread of behavioural and pathology results in the Vannucci model, outcome data was analysed using 

non-parametric methods, and generally presented as a scatter plot (to show all of the data) alongside a 

floating bar chart depicting the 95% confidence intervals of the median to allow for easier visual 

comparison between groups. Most between-group comparisons were made using a two-sided 

Wilcoxon-Mann-Whitney U-test, and a p-value <0.05 was generally considered to be statistically 

significant. However, if outcomes from multiple treatment groups were being compared simultaneously 

(i.e. in articles I and II), a maximum of five pre-determined comparisons were considered important. 

The results of these comparisons were then adjusted using a Bonferroni correction. Therefore, for 

multiple comparisons across treatment groups, a p-value <0.05/5=0.01 was considered to be 

statistically significant. In article III, continuous CBF flux measurements before and during hypoxia 

(pre-resuscitation) were analysed separately from post-resuscitation measurements. For pre-

resuscitation flux measurements, the unligated and ligated sides of all animals were compared in a 

pairwise manner using the Wilcoxon matched-pairs signed rank test at 15 min intervals to investigate 

the effect of ligation and hypoxia within each animal. After the end of hypoxia, the median blood flux 

value for the ligated and unligated hemisphere in each animal was found. Median flux values were then 

compared between groups. In article IV, area loss results in the NT and TH groups of multiple 

experiments were compared and analysed. Within each experiment, and with the combined data, 
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median difference between NT and TH groups (with 95% confidence intervals, CI), percent 

neuroprotection provided by HT, and the relative risk (RR, with 95% CI) of having severe injury 

(defined as >50% area loss) were calculated.   
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4. Summary of Results 
Article I 

In this study we found that cooling to 33.5°C, 32°C, or 30°C for 5 hours resulted in equivalent 

protection of hemispheric and hippocampal area loss one week after moderate HI injury. More 

significant neuroprotection of hippocampal neuron counts in the CA1 region was seen in the 33.5°C 

and 32°C groups compared to the 30°C group. Longitudinal temperature measurements in healthy rat 

pups showed that the NT temperature range for P7 rats in our lab was 33.2–36.2°C (median 35.4°C). 

Overall, these results show that cooling by 2-3.5°C below median NT provides significant 

neuroprotection after moderate HI injury in P7 rats, and deeper cooling does not provide additional 

benefit. After severe injury, TH was not neuroprotective, regardless of treatment temperature. After the 

failure of deeper cooling in clinical trials, and based on our results, we suggested the current clinical 

TH protocols (cooling by 2-3°C) are likely to be close to optimal, though milder cooling may be 

appropriate for certain infants. Additionally, those with severe HIE may benefit from treatments other 

than TH. 

 

Article II  

In this study we found that graded hyperthermia (38°C or 39°C) for 5h after a moderate HI insult 

produced a significant short-term behavioural deficit (impaired negative geotaxis), and increased long-

term neuropathological injury. Compared to control animals, global and regional pathology scores in 

the thalamus, basal ganglia, cortex, and hippocampus increased with increasing temperature after 

hypoxia-ischaemia across the TH (32°C), NT (37°C), 38°C and 39°C groups. Compared to 

hyperthermia at 38°C, 5 hours at 39°C also resulted in an increase in mortality from 0% to 50%. Rat 

pups returned to the nest immediately after hypoxia showed a significant decrease in core temperature 

for up to 24 hours afterwards. Lower core temperatures 1 hour after the end of hypoxia also predicted 

greater injury one week after hypoxia- ischaemia. These results show that prevention of early 

hyperthermia is an important therapeutic target after HI brain injury, and suggest that measurement of 

innate temperature responses to asphyxia may provide a simple physiological biomarker of injury 

severity that could be used clinically. 
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Article III 

Using LSI during a modified P10 version of the Vannucci model, we found that unilateral ligation of 

the left carotid artery induced a 30% reduction in CBF to the left side relative to the right side. Hypoxia 

caused a 55% reduction in CBF bilaterally, which was only partially restored by resuscitation. 

Resuscitation in 100% oxygen resulted in a 45% greater return of CBF to the ligated hemisphere 

compared to resuscitation in air, without affecting pathology. We hypothesised that the use of higher 

concentrations of oxygen during resuscitation may benefit certain infants. With respect to the 

physiology of the Vannucci model, the coefficient of variation for the CBF change to the ligated side 

during hypoxia was compared to the coefficient of variation for hemispheric area loss at P14. This 

suggested that up to 24% of the variability in the model is due to individual variation in blood flow 

responses to hypoxia-ischaemia.  

 

Article IV 

Across data from three years and 21 experiments including 1,042 animals that underwent unilateral HI 

injury at P7, TH at 32°C resulted in a median (95% CI) 19.5% (18.8-28.9%; n=317) neuroprotection of 

area loss compared to NT (n=305). In the TH group, the relative risk of severe injuries (>50% and 

>60% area loss) was 0.66 (0.54-0.80) and 0.58 (0.41-0.81), with NNTs of 6 and 10, respectively. These 

results suggest that, with large enough group sizes, the response of injury in the Vannucci model to TH 

treatment appears to closely replicate that seen in randomised clinical trials. However,  the 

neuroprotective effect of TH was dominated by a significant effect in female animals. There was a 

much smaller (non-significant) therapeutic effect in males, who also had less initial injury. Within our 

experimental set-up, the total anaesthesia time, and the delay between ligation and hypoxia, did not 

significantly influence outcome. We concluded that the P7 Vannucci model can accurately model 

certain human outcomes if pre-clinical study group sizes are large enough. However, this will likely 

require larger collaborations between research groups and laboratories to ensure reproducible outcomes 

that are clinically relevant, before therapies are advanced to human trials. 
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5. Discussion 
5.1 Influence of temperature on injury after neonatal hypoxia-ischaemia 

Significant influences of intra- and post-hypoxic temperature on brain injury have been documented for 

decades. This includes the potentially neuroprotective effects of mild or moderate hypothermia, as well 

as the injurious effects of hyperthermia and inappropriately deep hypothermia. However, few studies 

have directly compared multiple temperatures over broad and narrow ranges in the same model, which 

may allow for a dose-response curve to be constructed. This was part of the objective for articles I and 

II. Similarly, the results in articles II and IV leverage the high degree of individual variability in the 

Vannucci model, for instance to further post-hypoxic temperature as a physiological determinant of HI 

injury. Article II included experiments investigating how innate temperature regulation after hypoxia-

ischaemia may reflect initial injury, and article IV compared results over multiple experiments and 

multiple years within the Oslo laboratory to look at the overall effect of TH in the Vannucci model, and 

how that compares to the clinical setting. 

5.1.1 Temperature regulation in the Vannucci model 

In order to adequately discuss and interpret results from an experimental model, especially with regard 

to variables such as temperature regulation, the normal physiology must be adequately described first. 

In the Vannucci model, previous convention has often described an NT temperature of 37°C in the 

control group, with a 5 hour period of TH at 32°C repeatedly providing significant 

neuroprotection.41,99,119 However, both NT and TH temperatures are difficult to standardise, as 

temperature measurements are often based on environmental or skin temperature rather than core 

(rectal) temperature.157,207,235 This makes the interpretation of absolute temperature changes difficult, 

because core temperatures spontaneously drop both during106 and after an HI insult despite a constant 

environmental temperature, as shown in article II. As discussed in the introduction (section 1.5.2.1), 

local NT temperatures for healthy rat pups of the same age are rarely described in studies that 

manipulate temperature in the Vannucci model. This is particularly important in rodent studies, where 

temperatures in developing pups are variable, depending on both the position in the nest and the 

environmental temperature. This was shown in article I, where the median nesting temperature of 

healthy P7 rats was 35.4°C, with a 3°C range of 33.2°C to 36.2°C. As other groups describe both 

higher,207 and lower,208 pre-HI temperatures in P7 rats, two conditions should probably be met before 

any robust conclusions can be drawn regarding small changes in TH temperature and later outcome: 1) 
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local temperature development and core temperature ranges in healthy nesting pups should be 

investigated, and 2) controlled TH temperature groups should be based on absolute changes in 

temperature relative to what is normal for that laboratory. It may well be that temperatures in the rodent 

Vannucci model are too variable to do this in a manner to produce results that can be faithfully 

translated to larger animals or humans, but there is certainly scope for researchers in the field to work 

with that goal in mind. 

Similar to the variability in normal temperatures seen in healthy developing rat pups, nesting 

temperatures after hypoxia- ischaemia are also highly variable, as shown in article II. One hour after the 

end of hypoxia, the median temperature of pups exposed to a moderate HI insult was 34.2°C, with a 

5°C range from 30.8°C to 35.9°C. This spontaneous decrease in core temperature, also known as 

anapyrexia, is a normal physiological response to systemic hypoxia.236 As hypoxia reduces the capacity 

for aerobic metabolism, a decrease in total metabolic rate will lead to decreased core temperature. The 

anapyrexic response appears to be an evolutionarily-conserved physiological response that is at least 

partly regulated. For instance, rodents exposed to hypoxia actively select lower environmental 

temperatures, presumably to match metabolic rate to a reduced aerobic metabolic capacity.237 A similar 

response is also seen in asphyxiated neonates after birth.107 This response reflects both the degree of 

hypoxia and the resulting degree of mitochondrial dysfunction, which then determines metabolic rate, 

and is analogous to the decreased cerebral metabolism seen after HI injury in fetal sheep.69 Importantly, 

anapyrexia in the asphyxiated infant may give the clinician early insight into the degree of injury that 

the infant has sustained. In experiments examining serial nesting temperature measurements after 

hypoxia-ischaemia on P7, we found that the temperature one hour after the end of hypoxia was 

significantly correlated with global pathology score one week later. This was particularly evident at 

either end of the temperature range, with those animals whose temperature dropped below the 95% CI 

of the median (<33.2°C) having significantly greater pathology scores than those whose temperature 

remained above the 95% CI of the median (>34.4°C). Incidentally, the lower bound of the 95% CI of 

the median temperature one hour after HI injury in article II was the same as the lower bound of the 

range of normal temperatures in healthy P7 rats in article I. This suggests that those animals whose 

temperatures fall below the normal range early after hypoxia- ischaemia are likely to have a high degree 

of injury. 

A number of early physiological measurements are used to determine the severity of insult and risk of 

HIE including pH, lactate, and Apgar score at 5-10 minutes. However, the ability to predict severity of 
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injury early after the insult is currently limited by the available biomarkers, and none have yet been 

shown to correlate strongly with outcome.238 Ensuring the early identification of infants that require 

treatment will be a key aspect of improving neonatal care, and combinations of biomarkers are likely to 

be necessary. Based on our results, we suggest that early temperature responses in asphyxiated 

neonates could provide a simple measurement to be included in diagnostic panels. For instance, 

Burnard and Cross showed that the mean core temperature of moderately-asphyxiated neonates 

dropped by around 1.5°C more than that of healthy control infants 0-4 hours after birth, and recovered 

more slowly.107 With colleagues at Ullevål University Hospital in Oslo, we also examined data from a 

clinical cohort treated with TH, which suggested that infants with a poor outcome at 18-24 months 

were significantly cooler before the onset of TH compared to  infants with a good outcome (Figure 

5.1).239 Based on our observations in the neonatal rat, it is tempting to suggest that infants who 

experience a more severe asphyxial insult and greater degree of cerebral injury are less able to maintain 

thermoregulation, which is reflected in their early temperature measurements. This would allow early 

temperature measurement to be an additional physiological biomarker that could assist in the early 

diagnosis and prognostication of infants with HIE. Ideally this would be tested in a controlled 

prospective manner as the environment and clinical temperature management will also affect core 

temperature independent of injury. However, this may also not be necessary. Temperature can be 

measured in any clinical setting, so analysis of previous and future temperature data from asphyxiated 

infants can hopefully help determine whether early spontaneous temperature changes are a useful 

biomarker of injury severity. 

Our observations of spontaneous temperature changes after hypoxia- ischaemia in the P7 Vannucci 

model are seemingly in opposition to recently-published data from a P10 version of the model.118 After 

unilateral HI injury on P10, Patel et al. exposed pups to TH at an environmental temperature of 30°C 

for 4 hours. After pilot studies, they showed that pups whose temperatures did not drop below 33°C 

during TH had significantly greater injury after 2 weeks, and these were excluded from the final 

analysis. Greater injury in those with higher temperatures after hypoxia- ischaemia in the P10 model 

does not agree with what is seen in our P7 model, or in clinical data from asphyxiated neonates. As 

thermoregulation develops rapidly over the second week of life in rats,203-206 it is possible that 

thermoregulatory responses in P10 pups are too mature to model what is seen clinically. For instance, 

thermogenesis in humans is suppressed in utero, with temperature controlled by umbilical cord blood 

flow and maternal physiology, and normal temperature regulation deve lops over the first 24 hours of 
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life.107 Therefore, the immature thermoregulation seen in newborn humans is perhaps more accurately 

modelled by the more immature P7 rat compared to the P10 rat. In this respect, one aspect of neonatal 

HIE that could be overlooked is the fact that the injury develops while the infant is being exposed to 

extra-uterine environment for the first time. This means that a number of physiological processes that 

develop in response to birth, such as thermoregulation and cerebral autoregulation, will be relatively 

immature during the injury.66,107,240 Where possible, this should be accounted for in animal models.  

Therefore, as we learn more about the Vannucci model, perhaps different ages within the P7-P10 range 

could be used to model different aspects of HI injury to provide the best possible chance of translating 

results to larger animal models and to the clinic.  

 

Figure 5.1. Box plot of maximum pre-cooling temperature stratified by outcome. In a cohort of Norwegian 
infants with perinatal asphyxia and moderate or severe depression on background aEEG, the highest rectal 
temperature before initiation of TH was recorded. Poor long-term outcome was determined as death or disability 
(<85 on a composite Bayley III Scales of Infant and Toddler Development cognitive and motor score at 18-24 
months). In infants with a poor outcome, median (IQR) highest core temperature before TH was 34.6°C (33.5-
35.6°C, n=12). This was 0.9°C lower than the temperature in infants with a good outcome (35.6°C, 35.0-36.5°C; 
n=18), which was statistically significant (p=0.04). Figure adapted from Wood et al..239 
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5.1.2 The J-shaped curve of post-hypoxic temperature and injury 

Articles I and II investigated the effects of graded hypothermia and graded hyperthermia, respectively, 

and their effect on short- and long-term brain injury. In article I, we described a U-shaped curve of 

hypothermic neuroprotection after a moderate HI insult when animals were immediately treated for 5 

hours at NT (37 °C), or one of five TH temperatures: 33.5°C, 32°C, 30°C, 26°C, and 18°C. When 

comparing both milder and deeper TH in this model, significant neuroprotection was seen in the 

33.5°C, 32°C, and 30°C groups, with no protection below 30°C. Cooling to 26°C did confer some 

neuroprotection of hippocampal CA1 pyramidal neurons, which are particularly susceptible to injury in

this model.98 Hippocampal neuron counts after milder TH in the 33.5°C group were not significantly

different compared to the 32°C group, and a trend towards grea ter hippocampal neuroprotection was 

seen in these two groups compared to 30°C. More detailed pathological scoring, 

immunohistochemistry, and behavioural testing is likely to be necessary in order to determine whether 

temperatures milder than 32°C provide greater neuroprotection in this model. However, it appears very

unlikely that temperatures even slightly cooler will provide additional benefit. While over-cooling 

below 30°C is unlikely in the clinic,241 the reduced neuroprotective benefit seen in the 26°C group, and 

absence of benefit in the 18°C group, highlight the negative side effects reported with overcooling or 

deep hypothermia.52,242 For instance, the negative neurological effects of deep cooling have been

described in both canine models of cardiac arrest,243 as well as in children undergoing deep 

hypothermic circulatory arrest during complex cardiac or neurosurgery.244 Though all of the animals 

survived the cooling treatments, even in the 18°C group, cardiac complications including arrhythmias 

and ventricular fibrillation are known to increase with deep hypothermia.245 In adults, hypothermia 

increases both myocardial conduction time and absolute refractory period, resulting in ECG changes 

such as prolonged PR, QRS and QT intervals, as well as the classic positive deflection between the 

QRS and ST segments known as the Osborne (or “J” wave). However, the latter has not been described 

in neonates undergoing more mild hypothermia, and the neonatal heart may respond differently to TH 

due to differences in the maturity of  L-type calcium channel activation.52 Though no direct evidence of 

these was seen in rats exposed to 26°C or 18°C, other potential negative effects of deep cooling include 

immunosuppression and increased risk of bleeding due to impaired haemostasis.246 In this model, it is 
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more likely that at least part of the loss of neuroprotection with deeper cooling is due to a greater 

degree of oxidative stress, which negates the beneficial effects of TH.247

At the other end of the temperature spectrum, we investigated the effect of graded hyperthermia (38°C 

and 39°C) for 5 hours after hypoxia- ischaemia in article II. Perinatal hyperthermia in the mother and 

neonatal hyperthermia after perinatal asphyxia are both risk factors for poor outcome and cerebral 

palsy.105,248,249 In agreement with this, we found a step-wise increase in pathology for every 1°C above 

NT, as well as a large increase in mortality in the 39°C group. As a result of the success of TH 

treatment in resource-abundant settings, and the known importance of post-asphyxial temperatures on 

injury, it is unlikely that infants in those areas will spend long periods of time being significantly 

hyperthermic without intervention. However, it is clear that temperatures above NT can rapidly worsen 

HI injury. In order to create a dose-response curve for temperature in the Vannucci model across the 

18-39°C range, the data from articles I and II have been collated in Figure 5.2. In article I we described 

the temperature effect as U-shaped. Considering the fact that all animals survived the coldest 

temperature treatment (18°C), and 50% of animals died during treatment at 39°C, the overall effect is

perhaps more J-shaped, at least using these eight treatment temperatures over this specific temperature 

range. In reality, it is difficult to make exact comparisons between the hyperthermia and hypothermia 

data from articles I and II for two reasons. Firstly, the hyperthermia data is based on global pathology 

data, which has been converted to an estimated area loss based on the linear correlation between 

pathology score and hemispheric area loss.100 Similarly, the animals that died in the 39°C group had to 

be assigned an area loss greater than the maximum seen in any survivors in order to allow for that data 

to be included in the graph. Secondly, the hyperthermia data is from adult animals (11 weeks of age), 

while the other data is from animals after one week of survival after hypoxia- ischaemia (P14). There 

will undoubtedly be differences in recovery from injury and final pathology over that intervening time 

period. However, our group has previously randomised animals to either one week survival or six 

weeks of survival into adulthood, and seen very similar patterns of injury at both ages. This includes

almost identical gross pathology scores at P14 and at P49, in both the control and TH group,99 which 

suggests that the general trend and shape of the temperature curves shown in Figure 5.2. is likely to be 

fairly close to what would be seen if all animals had been part of the same experiment. 
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Figure 5.2. Immediate temperature treatments after hypoxia-ischaemia display a J-shaped curve of 
injury. Combined data from articles I and II (n=267 animals) show a J-shaped curve of injury as a result of 
immediate temperature treatments, ranging from 18°C to 39°C (x-axis to scale), administered for 5 hours 
immediately after the hypoxia period. A) Median area loss with 95% CI. B) Scatter plot depicting all data points. 
The 18°C-37°C data are from article I. Area loss was estimated for the 38°C and 39°C groups (from article II) 
based on a linear correlation of area loss with formal pathology scores.100 Animals that died during temperature 
treatment (denoted by †) were assigned an area loss of 85%. 
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5.1.3 Optimising cooling temperatures 

By comparing temperature data from healthy animals with animals after hypoxia- ischaemia and 

subsequent temperature treatments, the results from articles I and II may bring us closer to the ideal TH 

treatment temperature in the P7 Vannucci model. In both rats and asphyxiated infants, convention has 

been to maintain the control group at a “normothermia” of 37°C. However, none of our healthy P7 rat 

pups in article I had a core temperature of 37°C within the nest. Animals in the 37°C control group of 

these studies are therefore actively heated up after HI to maintain that temperature. Though we have 

not investigated a control group maintaining a true NT (i.e. around 35.4°C), we can interpolate from 

Figure 5.2, which suggests that maintaining true NT would produce less injury than that seen in the 

37°C group. The significant neuroprotective effect of TH is therefore partly due to an increase in 

temperature in the control group, which we know will increase injury relat ive to the treatment groups 

and inflate the treatment effect. 

In articles I and II, we discuss that an inflated treatment effect in the TH groups is also likely to have 

occurred in the published RCTs that resulted in TH becoming standard of care for asphyxiated infants. 

In both the TOBY and NICHD trials, the average temperature in the TH group before cooling was 

36.6°C.9,10 However, these are from a period of time when standard of care was to warm the infants in 

order to prevent hypothermia. More recently, in the Oslo cohort discussed in section 5.1.1, mean peak 

temperature before the initiation of TH was 35.3°C in 30 infants with moderate or severe depression on 

background aEEG. Average temperatures in each infant are likely to have been even lower. Similarly, 

in a recent pilot RCT of TH in a low-resource setting (i.e. without access to the overhead heaters used 

in Western NICUs), mean temperature at randomisation was 33.7°C in the TH group and 34.4°C in the 

control group. In 1958, Burnard and Cross described an average temperature of around 34.5°C in 

moderately-asphyxiated infants 2-4 hours after birth. Even in healthy infants, mean temperature was 

initially around 36°C, and did not reach 37°C within the first 20 hours after birth (Figure 5.3).107

Overall, these data suggest that 37°C is around 1°C warmer than is normal for a healthy term infant in 

the first 24 hours after birth, and perhaps around 2.5°C warmer than asphyxiated infants are on average 

early after birth, if allowed to regulate their own temperature. 

As we know that spontaneous hypothermia after hypoxia is a partly co-ordinated response that provides 

innate neuroprotection,106 rapidly heating infants by 2.5°C (i.e. to 37°C; Figure 5.3) after birth asphyxia 

is likely to have increased injury in the control groups of the CoolCap, NICHD, TOBY, and other, 
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RCTs. While this may have increased the relative treatment effect of TH, it is important to 

acknowledge that RCTs can only be performed in the context of best practice care at the time, which 

previously included rewarming after delivery. Additionally, it may well be that TH provides a better 

neuroprotective effect if infants haven’t been actively warmed before allocation to treatment. Ea rly 

passive cooling for infants with suspected HIE, especially during transport, is now much more 

commonplace.250 Though this has not been actively investigated in preclinical studies or RCTs, one 

small pilot trial in India has suggested that permissive anapyrexia results in improved short-term 

outcomes after HIE compared to controlled NT at 36.5-37.5°C.251 This result is potentially analogous 

to what has been seen in adults after out-of-hospital cardiac arrest (OHCA). On presentation to 

hospital, the average core temperature of resuscitated OHCA patients is 35.0-36.0°C, with greater 

subsequent increases in temperature associated with worse outcome.252,253 The recent Targeted 

Temperature Management (TTM) trial therefore randomised  adults resuscitated after OCHA to 24 

hours of TTM at 36°C or TH at 33°C.254 Though the validity of their early (72 hours after end of 

treatment) outcome measures are still debated,255 they found no difference in cognitive outcome 

between the two groups, and concluded that prevention of fever was the main benefit of TH in this 

patient cohort.254 Similar to the temperature response to HI brain injury discussed in section 5.1.1, 

those with a favourable outcome after OHCA have a higher median temperature within 4 hours of 

resuscitation (35.8°C vs 35.2°C), which potentially suggests a smaller degree of initial injury.252 In 

both neonates and adults with HI brain injury, a llowing and supporting the spontaneous anapyrexia 

response (and preventing a relative hyperthermia) is almost certainly one of the main benefits of TH. 

As a result of work in a number of animal models, the therapeutic range of TH for neonates with HI 

brain injury is thought to be 2–6°C below NT,175 with the wide range at least in part due to variation in 

normothermia based on the animal model. For instance, in fetal sheep, a reduction in extradural 

temperature of more than 5.5 °C (to below 34°C from an NT of 39.5°C), and oesophageal temperature 

by around 2°C, was required to see significant neuroprotection.64 In piglet models of HIE, whole-body 

TH to achieve reductions in core temperature by 2.5°C,199 4°C,146 and 5°C79 (NT of 38.5°C) have all 

produced significant neuroprotection. Cooling by 3.5°C or 5°C to 35°C or 33.5°C, respectively, in a 

piglet model of bilateral carotid artery occlusion, provided equivalent neuroprotection, with increased 

damage at lower temperatures.73 In the Vannucci model, we have traditionally cooled by 5°C to 

32°C.99,119,217 However, in both rats and humans at least, it appears that a control temperature of 37°C 

is above physiological NT.
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Figure 5.3. Graphs of rectal temperature from actively cooled and control groups in the TOBY study (A) and a 
pilot RCT of cooling in Uganda (B). In the latter study, infants in the standard care group were warmed by 
swaddling and gloves filled with water. Compared to the effect of radiant heaters and incubators in the TOBY 
study (A), temperature in the control group rose much more slowly in (B), and took 15.6 hours (±14.6 hours) to 
reach a target temperature of >36.5°C. Figure adapted from Azzopardi et al. and Robertson et al..4,10 
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Based on the data from article I, there is currently little to choose from between the 33.5°C and 32°C, 

which suggests that the ideal cooling temperature is somewhere in or very near that range. This would 

be equivalent to 1.9-3.4°C below median temperature for healthy rat pups at P7 (35.4°C), or 0.7-2.2°C 

below median temperature of nesting pups on hour after the HI insult (34.2°C). Target rectal 

temperatures from the TOBY trial (33.5°C), estimated rectal temperatures from the NICHD trial 

(32.7°C – 0.8°C below an oesophageal target of 33.5°C), and an estimation of average spontaneous 

temperature in asphyxiated neonates (around 34.0±0.5°C)4,107 would allow for similar comparisons to 

be made. Current cooling protocols would therefore be 2.5-3.3°C below a healthy newborn NT of 

36°C, or 1.0-1.8°C below average temperatures for asphyxiated neonates. These rough comparisons, as 

well as the fact that deeper cooling has failed to produce improved outcomes in both humans and 

animal models, suggest that current cooling protocols are close to optimal.198

To further improve cooling protocols, some degree of personalisation will be necessary. Though 

modern medicine operates in large groups and averages, no patient is average. Therefore, the optimal 

treatment for each infant is unlikely to be one that is designed to be given to hundreds of heterogeneous 

patients to provide an average overall benefit. A good place to start with tailoring of treatment would 

be to take guidance from individual spontaneous changes in temperature, as these may reflect the 

temperature required to maintain a metabolic rate that can be supported by the infant’s physiology. 

Using individual spontaneous temperature changes to guide TH treatment would reflect the approach 

that Björn Westin used over five decades ago, with infants being exposed to cold water until they began 

to breathe spontaneously, and then allowed to re-warm slowly at a pace determined by their own 

metabolism.162

5.2 Insights into the Vannucci model 

To build on the temperature experiments in articles I and II, articles III and IV can hopefully increase 

insight into the Vannucci model in general by investigating some of the experimental and pathological 

variables that determine injury. While there has been a large push to reduce variability in rodent models 

such as the Vannucci model in order to minimise the use of animal resources, it is worth considering 

that this may make translation of results to the clinic even harder. It is important to not be wasteful of 

animal lives and research resources, but also important to put those resources in the context of the 

patients that will be involved as new treatments are trialled in RCTs. For instance, the protocol for the 

Optimizing Cooling for Neonatal HIE trial cites a number of preclinical studies, with typical treatment 



66

group sizes of 4-17 animals.198,256 The largest single treatment group of all of the referenced preclinical 

studies included only 31 animals (rats).99 These experimental numbers are in stark contrast to the 726 

infants that were planned to be included in the trial before it was stopped at the halfway point due to 

lack of predicted benefit in the experimental groups. While the antenatal and perinatal determinants of 

HIE and later outcome are still being elucidated, there is potential benefit from models with a high 

degree of variability, as they are more likely to capture the wide variety of patients seen in the clinic. In 

this setting, the high degree of variability in the Vannucci model could be seen as a strength rather than 

a weakness. The caveat would be that larger group sizes and collaborative studies may need to be 

performed to identify translatable treatment effects. 

5.2.1 Effect of hypothermia in the P7 Vannucci model 

In article IV, we present all the data from experiments in our laboratory that included both a 37°C (NT) 

control group and 32°C TH group. Though one consecutive set of experiments was published in article 

I, the majority of the data is from pilot work and other studies where treatments were given in addition 

to TH, usually in a four-group design. Across three years, 21 experiments, and 622 animals, we found 

that TH at 32°C for 5 hours immediately after hypoxia- ischaemia produces 19.5% neuroprotection of 

hemispheric area loss, with results favouring TH in 15 of 21 experiments. This is around 50% less 

neuroprotection than has previously been seen in this model.119,217,257 However, the benefit of this 

method is that it will get us closer to the degree of neuroprotection that can be reliably expected from 

TH in the Vannucci model. In fact, the results from article IV are surprising similar to those from 

clinical studies. Using cut-offs of 50% or 60% area loss to estimate severe injury,100,219 we found that 

the NNTs to prevent severe injury were 6 and 10, respectively. These numbers are very similar to those 

seen for reduction in death and major disability (RR 0.75, 0.68-0.83; NNT = 7) in the largest meta-

analysis of clinical trials to date.1 Though rodents are unlikely to ever faithfully model the exact pattern 

and extent of injury seen in asphyxiated neonates, these results suggest that overall responses to 

treatment may be similar enough to determine whether new therapies may have an effect in the clinic,

provided adequate group sizes are used. With regard to which age of rat is most appropriate for 

modelling term HI brain injury, these results support the idea that the P7 rat is well-suited to the 

investigation of treatment for term infants with HIE. 

Based on the discussion of temperature factors presented in section 5.1 it is possible that the cooling 

protocol in the Vannucci model could be optimised to provide greater overall neuroprotection. 

However, it may also be that this is difficult to accurately control in large groups due to the large 



67

variability in temperature response seen after hypoxia- ischaemia. One of the main benefits of our 

experimental set-up is the ability to perform the HI insult and treatment in up to 70 animals 

simultaneously, with customised temperature treatment chambers that are servo-controlled based 

directly on rectal temperature measurements within the chamber. However, only a small proportion of 

animals are monitored with probes, which means that we cannot be certain of the rectal temperature 

during treatment for the majority of animals. In article II, we found an almost 5°C range in nesting 

temperatures after HI injury, despite environmental conditions that were presumably fairly similar. It 

would be possible to measure the rectal temperature of more animals during treatment, but we know 

that the stress of being restrained by a temperature probe is neuroprotective, and would change the 

results of the study.258 The individual differences in temperature response to hypoxia- ischaemia may 

therefore remain a source of variability in the Vannucci model that is difficult to control, and must be 

accepted as part of the response to HI brain injury. 

5.2.2 Cerebral blood flow 

In article III we developed a new imaging method to monitor CBF changes in the Vannucci model 

before, during, and after hypoxia-ischaemia in multiple animals at once. The LSI method had 

previously been used in single mice undergoing the Vannucci model, as well as before and after (but 

not during) hypoxia in P7 rats.228,232 Relevant to the model, in particular, we found that the coefficient 

of variation for differences in CBF responses to hypoxia-ischaemia on the ipsilateral side may explain 

up to 24% of the variability in injury in this modified version of the Vannucci model. A greater degree 

of ischaemia during hypoxia is associated with greater injury, and regional variability in CBF changes 

in the Vannucci model have previously been found to correlate with the pattern of injury seen after 

unilateral HI injury.92 Though we did not continue measurements past 75 minutes of resuscitation, the 

degree of later reperfusion may also determine eventual injury. Using LSI in P7 rats, Ohshima et al.

found that a greater ratio of ipsilateral/contralateral CBF 24 hours after hypoxia- ischaemia correlated 

with greater preservation of cerebral volume on the ipsilateral side on P14. In the fetal sheep, greater 

cortical reperfusion 24 hours after bilateral carotid artery occlusion was correlated with less neuronal 

loss.259 Similar to our results in the P10 rat during the resuscitation period, where CBF did not return to 

baseline in either hemisphere, cortical blood flow in the fetal sheep remains suppressed for 2-4 hours 

after hypoxia-ischaemia. Overall, however, it appears to be difficult to precisely describe the exact 

effects of a unilateral HI insult on CBF in the Vannucci model. None of the methods used to investigate 

CBF changes in the model directly agree with one-another, which was our motivation for constructing 
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Table 3 in article III. The most accurate CBF measurement method may be the use of 

iodo[l4C]antipyrine as described by Vannucci et al., but this precludes longitudinal or continuous 

measurements.92 Based on all the available data, we summarised that rodent models of unilateral HI 

injury suggest that carotid ligation results in a reduction of CBF to the ipsilateral hemisphere relative to 

the unligated hemisphere, with a further decrease caused by subsequent hypoxia, which is at least 

partially restored by resuscitation. 

Using LSI to monitor CBF continuously during and after hypoxia-ischaemia in multiple animals at 

once can give some insight into how changes in CBF in the model affect later injury. However, it is 

currently unclear how this may relate to the injury seen in asphyxiated infants. Permanent carotid artery 

ligation does not necessarily reflect the reversible ischaemia seen in perinatal asphyxia. Blood flow to 

the ipsilateral hemisphere may return to normal after the period of hypoxia in P7 rats, but falls again 3-

6 days later, possibly due to the evolving injury.260 Though the Vannucci group found that CBF 

returned to normal bilaterally within 30 minutes of the insult, we saw a more prolonged suppression of 

CBF after hypoxia, as has been seen in other studies using LSI.228 This may be due to suppression of 

metabolism after the insult, but could be at least in part due to the fact that anaesthesia is required 

during LSI measurements. We used a mixture of ketamine and medetomidine to minimise the effects 

on cerebral autoregulation, but it is possible that the combined effect of anaesthesia plus hypoxia 

resulted in cardiosuppression and sustained hypotension after hypoxia- ischaemia. If the cerebral 

circulation remained more pressure-passive after injury, this would then result in suppressed CBF after 

resuscitation. Alternatively, the combination of poor peripheral cerebral perfusion during hypoxia plus 

the exposed scalp may have led to thrombosis within some of the small cortical vessels within the ROI 

being studied, which could then not be recanalised upon resuscitation. Experiments where the scalp can 

be replaced for longer-term monitoring of CBF over days and weeks in the same animals may help 

elucidate which of these scenarios is being seen in our model. 

5.2.3 Resuscitation in 100% oxygen 

The final aspect of article III was the resuscitation gas mixture used in the CBF experiments, 

comparing 100% oxygen to 21% oxygen (air). The experimental design was largely a proof-of-concept 

to investigate whether resuscitation in 100% oxygen would more rapidly restore CBF after hypoxia-

ischaemia, as has been seen with other imaging methods in rodents and piglets,261,262 and whether this 

could be detected with LSI. We found that resuscitation with 100% oxygen did increase the return of 
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CBF to the ipsilateral side. However, this did not appear to affect short-term measures of 

neuropathology. Experimentally, resuscitation in 100% oxygen has shown mixed effects on HI brain 

injury. While it is generally accepted that high concentrations of oxygen administered during 

resuscitation will increase generation of ROS and mitochondrial damage,81,263,264 and potentially 

exacerbate injury, results in preclinical models are conflicting. For instance, our group has previously 

shown that resuscitation in 100% oxygen increases injury in the Vannucci model, and counteracts the 

neuroprotective effects of TH.217 Others have shown no difference between 100% oxygen and air,265 or 

potential benefit from resuscitation in 100% oxygen.261 A recent study from our group also found that 

resuscitation in 100% oxygen was not detrimental in the severe injury Vannucci model.221 The overall 

poor quality and contradictory nature of the preclinical data, and lack of robust human data, concerning 

the effect of cardiopulmonary resuscitation in 100% oxygen has been highlighted in the most recent 

International Consensus on Cardiopulmonary Resuscitation and Emergency Cardiovascular Care 

Science.184

Before the implementation of distinct guidelines in 2010, administration of 100% oxygen was often 

considered to be beneficial during neonatal resuscitation, though robust clinical evidence was 

lacking.266 Guidelines now recommend that neonates be resuscitated in room air, with provision for 

supplemental oxygen if necessary.267 These resuscitation recommendations were based on two meta-

analyses that suggested an increase in mortality in infants resuscitated in 100% oxygen, with a number  

needed to harm (NNH) of 20.266,268 Though they found a significant reduction in mortality in the group 

resuscitated in air, due to methodological flaws, lack of blinding and randomisation in many trials, and 

recruitment of patients largely based in developing countries, the authors of the meta-analysis felt that 

caution should be exercised in the application of their findings.268 Due to a number of methodological 

concerns surrounding the few available trials comparing resuscitation of neonates with either 100% 

oxygen or air, the general consensus remained that resuscitation in 100% oxygen was not better, but 

robust long-term data regarding outcome in survivors is still lacking.11,266 For instance, the Resair 2 

trial published follow-up at 18-24 months, with no difference between the two treatment groups,269 and 

longer-term follow-up of the children included in this trial is still awaited. Though it is likely that the 

majority of neonates will receive adequate and optimal resuscitation using air, it remains possible that a 

certain subset would benefit from immediate administration of 100% oxygen. 
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5.2.4 Experimental variables and distribution of injury 

By combining the results from multiple (n=21) studies over multiple years, article IV allowed us to 

examine the distribution of injury seen in the moderate Vannucci model, and how that is affected by 

experimental variables. In articles I and IV especially, a distinct bimodal pattern of injury (percent area 

loss) can be seen. In general, the majority of animals (87.9% of 622 animals in article IV) have either 

>40% or <20% area loss one week after an HI insult at P7, and the proportion of animals in the <20% 

group decreases at either end of the temperature range displayed in Figure 5.2. As discussed in article 

IV, it is likely that individual variability in CBF changes during the HI insult will largely determine the 

resulting injury in the Vannucci model.  

Early work examining CBF in the Vannucci model found that the pattern of injury correlates with 

regional decreases in CBF during HI.92 We also showed in article III that variability in CBF responses 

to HI may account for up to 24% of variability in injury. However, the LSI method is unable to 

measure changes in CBF in the deeper white and grey matter, where much of the individual variability 

will occur. Some authors have tried to create a neonatal rodent injury model with less variability in 

injury by performing focal middle cerebral artery electrocoagulation in P12 mice,270 in a manner 

similar to neonatal intra-arterial stroke.271 This model showed much more consistent injury compared 

to the traditional Vannucci model, but the injury was confined to the cortex, making it less applicable 

to more global cerebral injury.270 However, the method shows that reproducible injury can be produced 

in the neonatal rodent if the degree of ischaemia is consistent. In the Vannucci model, the ability of 

collateral perfusion to compensate for a unilateral loss of flow in the common carotid artery is therefore 

likely to account for a large degree of the variability in injury. The rat is known to have a functioning 

circle of Willis,91 but lacks the anterior communicating artery seen in the human. The posterior cerebral 

arteries supplying blood from the basilar trunk also tend to be asymmetrical.272 Recent work using laser 

Doppler flowmetry in P7 rats found that the absence of lesions after regional ischaemia was related to 

the ability of other vessels to compensate for the occlusion.273 In a bilateral carotid artery ischaemia-

reperfusion model, the size of the lesion was inversely proportional to the CBF velocity in the basilar 

trunk during ischaemia.273 The ability of blood flow from the basilar trunk to compensate for the 

unilateral ligation is therefore likely to be highly variable between animals, and may determine whether 

an animal experiences a large (>40% area loss) or smaller (<20% area loss) injury. In fact, this affect 

appears to be almost binary, resulting in the two distinct groups of injury one week after the insult. 
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Due to the likelihood that collateral circulation could affect variability of injury in the model, we have 

historically ensured that the time between ligation and the start  of hypoxia does not extend past three 

hours (180 minutes).100,217 This was to minimise the time available for collateral circulation to be 

established before the HI insult. However, it appears that an adequate collateral circulation is either 

present or not, rather than increasing over time. In article IV, we found that the time between ligation 

and hypoxia (range 59-196 minutes) did not affect final injury. Of the 622 animals, only 10 were 

outside the 180 minute cut-off. Similarly, the length of exposure to anaesthesia during ligation did not 

affect final injury. This suggests that the majority of baseline experimental variables are sufficiently 

controlled to prevent them having an effect on outcome, and the result ing variability is inherent to the 

animals themselves. As mentioned above, this should not necessarily be seen as a weakness of the 

model, as long as it is understood and adequately taken into account. 

5.2.5 Sex and outcome in the Vannucci model 

Perhaps the most surprising result seen in article IV is the absence of a significant neuroprotective 

effect of TH in male animals. In the NT group, female animals had a median area loss was 44.6% 

(n=159), with a trend towards lower injury in males (median 39.1% area loss, n=146; p=0.07). In 

males, a non-significant 10.1% neuroprotection of area loss was seen compared to 28.2% 

neuroprotection in females, which was highly significant (p<0.001). In the NT group, the trend towards 

greater injury in females was also associated with a larger proportion of females with >40% area loss. 

This effect was reversed in the TH group, in line with the greater neuroprotection in females. 

Accordingly, the percentage of animals with <20% injury also increased by a greater extent in females 

after TH compared to males. Despite the bimodal distribution of injury discussed in section 5.2.4, these 

results suggest that animals are not destined to remain in the >40% injury group.TH may be able to 

reverse the majority of injury in a certain subset of animals that might otherwise have had >40% injury, 

but this effect is more likely to occur in females. 

The variability in response to TH between experiments (as discussed in section 5.2.1) was at least 

partly explained by the trend towards greater overall neuroprotection from TH in experiments where a 

greater proportion of the animals were female. While we have always aimed for an overall balance of 

males and females, with an average of 53% female animals in experiments included in article IV, an 

exact ratio of sexes has not previously been included in our experimental protocols. This is due to the 

fact that we have not generally found a difference in outcome between the sexes with regard to 
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neuropathology.100,119,234,274 However, we have seen improved functional outcomes in female animals 

based on neurobehavioural testing.99,274 An analysis of data from article II also shows how 

neuropathology does not necessarily reflect behavioural outcomes (Figure 5.4). Comparing ranked 

performances in the staircase test to rank of global pathology score, there is a significant correlation 

between the two, but the variability is large. We have previously shown that the correlation between 

performance in the staircase test and pathology is more robust in female animals compared to male 

animals.275 This is an important reminder that functional outcomes are a crucial part of preclinical 

research, particularly as improved functional outcomes are what matters to patients and their families. 

Robust assessment of function is also relatively much harder in the piglet and fetal sheep models 

compared to testing in rodents, where much of the work looking at function after HI injury and 

response to therapy, will need to be performed. 

Figure 5.4. Linear regression of global pathology score and staircase test performance. Further analysis of 
data from article II (n=99 rats). A better ranked performance in the staircase test predicted a lower rank of global 
pathology score, but the variability of the scatter suggests poor predictability for individual animals. 
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A number of groups have recently investigated the sexually dimorphic responses of rodent models to 

hypoxia-ischaemia and subsequent treatment. Smith et al. have shown that both female and male 

animals benefit from TH after HI brain injury,276 but a greater benefit across a broader range of 

neuropathological and behavioural outcomes is seen in females, perhaps due to increased plasticity or 

improved compensatory processes during recovery.207,277 Similar differences have been seen in 

responses to the glutathione precursor NAC as a neuroprotective agent after severe HI injury, with 

males requiring longer therapy after the insult to see benefit.278 Considering the fact that the 

mitochondria seem to act as hubs of injurious and metabolic processes after hypoxia- ischaemia, the 

differences in response to HI injury between the sexes can be linked to differences in mitochondrial 

physiology in males and females. When metabolically stressed, males tend to rely on protein 

catabolism to provide energy substrates, whereas females are more likely to resort to fat and ketones.279

This provides a potential survival advantage to the female due the relative availability of substrates, 

with the neonatal fat supply able to supply ketones to the developing brain in the recovery period.138

Microarray-analysis of male and female brains also suggest that the developing female brain has 

constitutively higher levels of the DNA repair polymerase delta 1, and subunits of the transcription 

factor capable of upregulating NRF-2 (nuclear factor erythroid 2–related factor 2).280,281 The latter is 

potentially important because NRF-2 is a crucial transcription factor regulating the production of ETC 

complexes and mitochondrial biogenesis, which could potentially improve metabolic recovery after 

hypoxia-ischaemia.282

Though the pathways have not been fully elucidated specifically in newborn HI brain injury, sex 

differences in cellular response to injury are likely to determine which cell death pathways are 

activated, as well as the response seen to a particular therapy (Figure 5.5). Male neurons are more 

susceptible to glutamate excitotoxicity,283 and are more likely to accumulate mitotoxic calcium.284 This 

may be why the glutamate antagonist dextromethorphan is selectively neuroprotective in males.285

Though cellular caspase activation and apoptosis are prevalent in both males and females after HI brain 

injury, mitochondrial cytochrome c release and classical caspase-dependent apoptosis appears to be 

more prevalent in females, who therefore receive greater neuroprotective benefit from caspase 

inhbibitors.279 Compared to the inhibition of other cell death pathways, if TH provides a greater anti-

apoptotic effect by maintaining metabolic and mitochondrial function, this may be one reason why we 

saw a greater benefit of TH in females. Related to this is the thought that, at a given level of caspase 

activation, females may be more resistant to apoptotic cell death compared to males.279 Therefore, if 
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better maintenance of metabolic function by TH moves the cell towards apoptosis on the cell death 

continuum, as well as suppressing caspase activation, this may also benefit the female brain. By 

comparison, males are more likely to activate caspase- independent cell death by activation of PARP-1 

and release of AIF,286 with cell death induced in part by PARP-1 consuming NAD+. The classical role 

of NAD+ is to transfer reducing equivalents from the cytosol and Kreb’s cycle to the ETC in the 

mitochondria. However, NAD+ is also the key regulator of cellular redox state, as well as an important 

co-activator of sirtuin deacetylases, which co-ordinate the adaptive response to metabolic stressors.287

Figure 5.5. Sexually dimorphic cell death responses after neuronal injury. Male predominant pathways 
are represented in blue, with female predominant pathways in pink. Following injury, glutamate 
excitotoxicity triggers calcium influx and NOS activation to a higher degree in male cells. 
Mitochondrial calcium uptake increases oxidative phosphorylation, ROS generation, DNA damage, 
and mitochondrial swelling. Oxidative damage is greater in males due to poorer antioxidant defense 
systems compared to females, which activates PARP-1 consumption of NAD+. In surviving cells, 
oxidation of cardiolipin, more common in males, causes a conformational flip to the outer membrane, 
where oxidsed cardiolipin promotes mitophagy. In severe injury, calcium overload can lead to 
activation of the mitochondrial permeability transition pore (mPTP), acute loss of ATP and necrosis or 
mitochondrial release of cytochrome c and AIF. Cytochrome c release results in caspase-dependent 
apoptosis in female cells while the combination of NAD+ depletion and AIF release leads to caspase-
independent parthanatos in male cells. Figure from Demarest et al..279
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The predilection for caspase- independent cell death in males may be due to decreased antioxidant 

defences and increased susceptibility to ROS and peroxynitrite production.279 After unilateral HI injury 

in P7 rats, males show a greater dysfunction in mitochondrial bioenergetics, particularly in capacity to 

accept electrons at complex I.124 Complex I dysfunction after hypoxia- ischaemia contributes to 

oxidative stress and injury,288 which may be compounded by reduced mitochondrial glutathione levels 

in males.289 In premature and very- low birthweight (VLBW) infants, it is generally accepted that males 

have worse outcomes than females.290 Males may also have higher incidences of stroke and cerebral 

palsy.18 Despite this, RCTs in term newborns with HIE do not appear to have definitively questioned 

whether any outcome parameters in asphyxiated infants treated with TH are affected by sex.1,9,198,277,291 

This information is crucial to the ongoing effort to refine neuroprotective strategies for infants with 

HIE, as optimisation of treatment protocols will probably require different approaches based on the sex 

of the patient. With further investigation, it may be that male infants respond less well to standard TH 

treatment, as is thought to be the case for infants with severe injury.100,146,188,234 Males may benefit from 

a different TH temperature compared to females,292 or they may be better served receiving a different 

treatment strategy altogether, potentially including sex hormone therapies such as progesterone.293 

Similarly, females may be more likely to obtain benefit from therapies currently under investigation in 

clinical trials, such as EPO.294 

5.3 Future directions and closing thoughts 

The use of animal models to investigate the pathophysiology of HI brain injury has a long and 

fascinating history. Importantly, neonatal HIE appears to be one of few human diseases where multiple 

animal models have provided us with the evidence to robustly trans late a treatment to the clinic. 

Though TH was being used in humans long before it was employed in preclinical experiments, its 

neuroprotective effect in animal models, and later in RCTs, supports the use of these models in the 

development and refinement of therapies. The Vannucci model of unilateral hypoxia- ischaemia in 

rodents has become an important cornerstone in HIE research, and while the temptation will always 

remain to investigate increasingly complex mechanisms behind HI brain injury, there is still a great 

deal to be learned about the basic physiology of the model. This includes CBF and thermoregulatory 

changes in response to injury that may help us to both understand results from the model, as well as 

translate those results to the clinic.  
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Examining the history of TH in neonates and animal models, including more recent RCTs and the data 

presented in this thesis, some interesting potential patterns appear. In the decades before the publication 

of the CoolCap, NICHD, and TOBY trials, conventional treatment for term newborns with suspected 

HI brain injury included ensuring that “normothermia”, usually around 37°C, was achieved early after 

birth. Though the premise was to prevent hypothermia, it now appears that the opposite strategy may be 

optimal. This includes allowing asphyxiated infants to cool down after birth, as occurs 

spontaneously.107 Similar to the effect in adults, prevention of hyperthermia probably contributes a 

significant amount of the benefit of TH. As 37°C is a relative hyperthermia for all infants in the first 

hours after birth, previous convention may have increased injury in those with HI injury. While 

clinicians can only be expected to do what is best considering the weight of the evidence at the time, 

the use of 37°C as the control temperature in RCTs of TH is likely to have inflated the treatment effect 

of active cooling. Despite this, based on the information available to date, it appears that the current 

cooling protocols are close to an optimal uniform treatment strategy. Further improvements in cooling 

strategies must include ways to ensure earlier initiation of TH,197,295 but there is also scope to develop 

personalised and perhaps more physiological cooling therapies. As with the treatment of any disease, it 

is unlikely that the same TH protocol is ideal for all infants with moderate and severe HIE. The main 

challenge will be rapidly diagnosing and stratifying infants, and identifying the optimal treatment 

strategies for different subgroups of patients. 

One potential approach for the stratification of patients based on degree of injury would be to use early 

temperature measurements as a biomarker, and matching or basing TH temperature and duration to the 

physiological responses of the infant. This would be very similar to the approach used by Björn Westin, 

where infants were cooled and rewarmed based on their own metabolic rate.162 This would require a 

significant degree of research in order to apply it more widely, but could be initially modelled in the 

laboratory. For instance, rectal temperature could be measured 1 hour after the end of hypoxia in the 

Vannucci model, and the degree of spontaneous anapyrexia used to stratify rats to one of multiple 

incremental TH temperatures. This would allow for individualisation of treatment without delaying the 

initiation of cooling beyond the optimal early therapeutic window. A similar method could be 

employed in larger animal models, and perhaps most easily in the newborn piglet. This approach would 

be in line with the idea of improving outcomes by enhancing endogenous neuroprotection.133  

Based on a rapidly- increasing body of experimental work, including data from our laboratory, it 

appears that sex-specific therapies will be necessary in order to give each infant with HI brain injury 
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the best chance of improved long-term outcome. As we learn more about how cells and their 

mitochondria respond to injury, and how that differs between the sexes, different inhibitors or therapies 

that target different cell death pathways could be employed based on the sex of the patient. However, it 

is worth remembering that small molecule or single pathway inhibitors rarely translate successfully to 

provide neuroprotection in the clinic. In fact, a multi-pronged therapeutic approach over days, weeks, 

or even months, is likely to provide optimal benefit. This should include early provision of metabolic 

substrates to support mitochondrial energy production. For instance, exogenous ketone bodies have 

shown promise as a neuroprotective strategy in other acute neurological injuries.296 Importantly, ketone 

bodies such as BHB can bypass defective ETC complexes, protect against excitotoxicity, are anti-

epileptic, and suppress inflammation.136,296-298 As low levels of BHB are also associated with more severe 

encephalopathy in neonates after perinatal asphyxia,136 exogenous metabolic fuels beyond simple 

glucose may be an important key to treatment both within the latent and secondary phases of injury as 

well as in the longer term. The neonatal brain relies on ketones as a fuel source, and higher ketone 

levels may be why fasting has been shown to be neuroprotective after HI injury in the Vannucci 

model.139  In fact, the more we learn about neonatal brain injury, the more it appears that the best 

treatment strategies will be linked to what the physiology “tells” us to do.  

In addition to early interventions, therapies that have neurotrophic effects and support reparative 

processes will also be important. Mesenchymal stem cells, and cell populations derived from umbilical 

cord blood, are promising therapies that have been shown to migrate to the injured brain, support local 

cellular repair in a paracrine manner, and provide neuroprotection when given in addition to TH in the 

Vannucci model.299-302 Therefore an optimal combination of tailored therapies may include those based 

on sex and early physiological markers of severity, plus early therapies that can augment TH 

neuroprotection (such as Xenon), followed by therapies that support long-term repair, such as MSCs 

and EPO.79,133 Unfortunately, investigating these treatment combinations is more easily said than done. 

Most preclinical studies involve the investigation of a single therapy in a single model based on the 

expertise of the research group. Once applied to the clinic, multiple treatment combinations in a multi-

armed RCT will lead to costs and patient group sizes that can rapidly become untenable. This means 

that extensive work in animal models will need to be done first, and probably include large numbers of 

animals as well as collaborative work between research groups with experience in different therapies 

and animal models. As was the case with TH, novel treatments and treatment combinations should be 

shown to work in rodents, followed by larger animal models (i.e. the non-human primate, fetal sheep, 
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and piglet models), before being applied in humans. This is a translational path that has proven to be 

successful previously, and the results of the recent Optimizing Cooling trial should remain as a 

reminder that we perhaps don’t understand the physiology of HIE as well as we’d like to. The hard 

work of first examining treatments thoroughly in animal models is worth the effort considering the goal 

of improving long-term outcome for infants with HI brain injury. 

While rodent models will never be able to accurately replicate the patterns of injury seen in humans, 

conserved responses across species can provide a promising starting point to leverage physiology to the 

clinician’s advantage. It is my sincere hope that the work presented here using the Vannucci model can 

provide a starting point from which to explore that approach further, and ultimately improve the 

outcome of infants afflicted by brain injury due to perinatal asphyxia. 
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