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Abstract 
Postnatal infection is an ongoing issue in neonatal intensive care units, disproportionately affecting 

preterm born infants. Accordingly, exposure to severe infection and the resulting inflammatory response 

is associated with persistent disturbances in brain development and neurobehavioral outcomes. However, 

a causative role for less severe but prolonged postnatal infection and inflammation in these deficits, and 

the underlying cellular mechanisms, remain elusive. Further, at present there are no effect treatments to 

improve neurological outcomes in these infants. First, my research showed that exposure to postnatal 

systemic inflammation induced long-term microstructural alterations to the brain involving impairments 

in oligodendrocyte maturation and axonal myelination in the white matter, and in neuronal dendritic 

development in the cerebral cortex. These deficits could be detected using advanced image techniques, 

and functionally manifested as impaired motor coordination and cognition. Second, my research showed 

that disturbances in central IGF receptor signalling may contribute to this diffuse pattern of brain injury 

following postnatal systemic inflammation, and that treatments targeted towards promoting IGF receptor 

signalling were neuroprotective. Finally, my research showed that directly targeting the immune 

response to treat inflammation-related preterm brain injury may not be a clinically translatable 

intervention due to the adverse systemic side effects. Together, these studies further our understanding 

of the mechanisms of preterm brain injury, its detection, and potential treatments.  
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Chapter 1. Introduction 
 

1.1 Implications of Preterm Birth 
The transition from intrauterine to extrauterine life is a complex cascade of events, involving the rapid 

adaptation of the metabolic, endocrine, cardiovascular, and respiratory systems that healthy term born 

infants are able to complete without any serious complications. The success of this transition is critical 

for the avoidance of neurodevelopmental sequelae. However, for preterm born infants (born before 37 

weeks of gestation), this is not always the case, as they may not have the capacity to endure 

environmental stressors due to the immaturity of multiple organ systems. As a result, surviving preterm 

born infants are at an increased risk of neonatal complications including respiratory distress syndrome, 

intraventricular haemorrhage, hypothermia, hypoglycaemia, and sepsis (Askin, 2002; Purisch et al., 

2017), which in turn places these infants at a higher risk of developing persisting adverse 

neurodevelopmental outcomes.  

Globally, ~15 million infants are born prematurely each year, accounting for ~11% of all births (Liu et 

al., 2016). However, this number continues to increase because of an increasing incidence of risk factors 

such as teen pregnancy, multiple births, births to mothers over 35 years old, environmental and lifestyle 

factors (e.g., obesity, smoking, and drug use during pregnancy), and increased use of fertility treatments 

(Beck et al., 2010). Despite significant advances in obstetrics and neonatal intensive care, which have 

drastically increased the survival of preterm born infants, prematurity remains the leading cause of death 

for newborns (Liu et al., 2016; Schindler et al., 2017) and is the second leading cause of death among 

children under the age of five years (Byass, 2016; Liu et al., 2016). For example, in 2015 the fetal death 

rate in New Zealand was 6.1 per 1000 total births (disproportionately affecting European ethnic groups) 

and the infant death rate was 4.3 per 1000 live births (disproportionately affecting Pacific ethnic groups) 

(Ministry of Health, 2018).  

In survivors, the adverse sequelae of preterm birth impose a considerable burden on individuals, families, 

and society, and increases with decreasing gestational age. For example, ~5% of surviving moderate-to-

late preterm born infants (born between 32−36 weeks of gestation) develop adverse neurodevelopmental 

outcomes, which is twice that of their term counterparts (Cheong et al., 2017; Johnson et al., 2015). 

Further, ~24% of surviving very preterm born infants (born between 28–32 weeks of gestation) and up 

to 52% of surviving extremely preterm born infants (born before 28 weeks of gestation) exhibit some 

degree of neurodevelopmental impairment (Anderson et al., 2017). For society, this places a significant 

burden on health care during the early years of life (Boyle et al., 2017; Harrison et al., 2016). Indeed, 

average first year medical costs for each preterm born infant in the USA are 10 times greater than their 

term born counterparts ($32,325 vs $3,325 USD, respectively) (Howson et al., 2013). In Canada, the 

total national costs for all infants over the first 10 years of life was estimated as $587.1 million; this 

comprised $123.3 million for early preterm infants, $255.6 million for moderate preterm infants, and 
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$208.2 million for late preterm infants (Johnston et al., 2014). Further, in the USA, the lifetime direct 

cost of the most severe outcome of prematurity, cerebral palsy, was estimated as $921,000 USD per case 

in 2003 (Control et al., 2004). It is important to remember that the burden associated with preterm birth 

is not just limited to ongoing healthcare requirements, but also involves an increasing burden on 

educational budgets, as these infants require additional educational requirements as well as the associated 

psychosocial and physical burdens affecting both the families and affected individuals (Harrison et al., 

2016). 

Brain injury is one of the most severe complications associated with prematurity, ranging from subtle 

alterations in brain development to severe necrotic injury. For example, ~10% of preterm infants exhibit 

permanent motor deficits that range from mild to severe (e.g., cerebral palsy) (Himpens et al., 2008; 

Trønnes et al., 2014). Further, up to 50% develop fine motor deficits, cognitive and learning impairments, 

behavioural disturbances, and sensory deficits that persist throughout life (Anderson et al., 2017; Bos et 

al., 2013; Counsell et al., 2003; Janssen et al., 2016; Zhang et al., 2015). While the underlying causes of 

the disabilities observed in preterm born infants are likely multi-factorial, there is now strong evidence 

that maternal/fetal and early postnatal infection/inflammation play a central role. However, the exact 

mechanisms by which infection and inflammation cause brain injury in preterm born infants remain 

unclear, and at present, there are no effective treatments to prevent or restore normal brain development 

after infection/inflammation. Therefore, further preclinical studies in relevant animal models are required 

to understand how perinatal infection/inflammation causes preterm brain injury and to develop potential 

therapeutic interventions.  

The studies undertaken in this thesis are designed to examine a specific role for prolonged, mild-to-

moderate postnatal inflammation in the pathogenesis of preterm brain injury, including the cellular 

mechanisms of injury and the utility of magnetic resonance imaging (MRI) for detecting this injury 

)Chapter 3). Further, this thesis will examine whether systemic treatments related to either promoting 

insulin-like growth factor (IGF) signalling (Chapter 5) or blockade of the inflammatory response 

(Chapter 6) may be viable strategies for promoting normal brain development following early life 

inflammation. This introduction outlines the normal patterns of brain development and explores the 

mechanisms of inflammation-related preterm brain injury. This is followed by a review of perinatal 

models of inflammation-related brain injury and the treatment options for affected preterm infants. 

Finally, this introduction explores our current understanding of how the IGF system is involved in brain 

development and the potential for targeting this system for the treatment of inflammation-related preterm 

brain injury. 

 

1.2 Human White and Grey Matter Development 
The human brain undergoes profound changes during the first two decades of life, which involves a 

series of intricately orchestrated cellular, morphological, and biochemical neurodevelopmental events. 
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As a result, by the time the fetus nears full term, the brain has reached a level of organisation and 

maturation that enables the term born infant to adapt to the normal extrauterine environment (Fig.  1.1). 

However, for preterm born infants, multiple events essential for normal brain development that occur 

during 24−40 weeks of gestation are now occurring outside of the normally protective in utero 

environment. This has the potential to disrupt the normal growth and maturational trajectories of the 

brain, resulting in abnormal brain development and adverse neurodevelopmental outcomes (Hüppi et al., 

1996; Peterson, 2003; Volpe, 2009).  

Human brain development begins during the first trimester (~2 weeks of gestation), and involves the 

formation of the neural plate, which gives rise to the brain and spinal cord. This is followed by a 

prolonged period of neurogenesis in the ventricular and sub-ventricular zones and the ganglionic 

eminence that gives rise to glial precursor cells and neuronal stem cell populations (Miller, 2003; Skoff 

et al., 2014; Vasung et al., 2019). These cell populations then undergo both symmetric and asymmetric 

division to produce oligodendrocyte progenitor cells (OPCs) and neuronal progenitor cells. This is a 

staggered process as in the grey matter, neuronal stem cells are first generated at ~4 weeks of gestation 

in humans (~6 days of gestation in the rat), whereas in the white matter, OPCs are first observed at ~9 

weeks of gestation (~10 days of gestation in the rat) (Kostović et al., 2019; Tolcos et al., 2016; Van 

Tilborg et al., 2018). Following various intrinsic and extrinsic signals, post-mitotic neurons then begin 

to migrate to their final destinations at ~9 weeks of gestation. The bulk of neuronal migration is 

completed by ~20 weeks of gestation (Haynes et al., 2005), although there is evidence for limited 

neurogenesis and migration, including of interneurons, into the neocortex for several months after full 

term (Akter et al., 2020). Similarly, with the aid of local cues (e.g., growth factors and extracellular 

matrix proteins), the migration of OPCs begins at ~8 weeks of gestation in humans (~10 days of gestation 

Fig.  1.1 A comparative overview of perinatal brain development in the human and rat, highlighting the key stages 
of oligodendrocyte and neuronal development. Oligodendrocyte progenitor cells, OPCs; Pre-oligodendrocytes, 
Pre-OLs 
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in the rat) and is largely completed before 24 weeks of gestation (at birth in the rat) (Bergles et al., 2015; 

Van Tilborg et al., 2018).  

Following the bulk of neuronal migration during the late second trimester, neurons begin to develop 

growth cones that guide axonal and dendritic outgrowth, which promotes contact with neighbouring 

neurons and onset of synaptogenesis (Kostović et al., 2019; Shatz, 1992). Comparatively, once OPCs 

have migrated to their final destination they begin to rapidly proliferate and expand their endogenous 

pool, and then differentiate into pre-oligodendrocyte cells (preOLs) (Tolcos et al., 2016; Van Tilborg et 

al., 2018). At the same time (~18 weeks of gestation in humans; ~16 days of gestation in the rat) there is 

a progressive increase in programmed death of OPCs and neurons, which forms a crucial part of circuit 

refinement during brain development (Kuan et al., 2000; Raff et al., 1994). It is important to note that 

neurogenesis, neuronal migration, and OPC migration are largely completed by the end of the  second 

trimester, and therefore, these events are not thought to play a major role in the pathogenesis of preterm 

brain injury. Nevertheless, there is some evidence for late migration of cortical interneurons throughout 

the third trimester of pregnancy, which may be altered in infants born prematurely (Arshad et al., 2015; 

Paredes et al., 2016).  

The third trimester of pregnancy (24–40 weeks of gestation) is characterised by a peak phase of brain 

growth (Semple et al., 2013). This is largely driven by a marked increase in dendritic arborisation, axonal 

elongation to establish connections, and synaptogenesis of neurons (Jiang et al., 2016; Semple et al., 

2013; Tau et al., 2010). At the same time, programmed cell death continues to refine connections and 

eliminate excess processes, although this peaks postnatally. In terms of white matter development, 

preOLs are the predominant cell type present in the white matter at the beginning of the third trimester 

(24 weeks of gestation in humans; ~PND0 in the rat), accounting for ~90% of the total oligodendrocyte 

population (Back et al., 2002b; Buser et al., 2012). Mid-way through the third trimester (~32 weeks of 

gestation in humans; ~PND5 in the rat), preOLs begin to rapidly differentiate into immature 

oligodendrocytes, which then transition into mature oligodendrocytes capable of producing components 

of the myelin sheath and initiating axonal myelination. Myelination continues postnatally, with major 

axonal tracts undergoing continued myelination well into the second and third decades of life (Semple 

et al., 2013; Tolcos et al., 2016; Van Tilborg et al., 2018). Importantly, given the wide range of intrinsic 

and extrinsic signals that tightly regulate cellular proliferation, differentiation, and maturation during the 

third trimester of pregnancy, disturbances in these developmental events have potential for serious and 

long-lasting consequences to the normal trajectory of brain development. Indeed, this period of brain 

development overlaps with the period of greatest risk for preterm brain injury (24−32 weeks of gestation 

in humans; equivalent to ~PND1−PND5 in the rat). The main patterns of brain injury associated with 

preterm birth are detailed below. 
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1.3 The Changing Spectrum of Preterm Brain Injury 
The spectrum of preterm brain injury depends on the severity and timing of injury, but predominantly 

involves damage to the white matter structures of the brain, albeit with increasing evidence for secondary 

or more delayed grey matter involvement. White matter injury is generally classified into three main 

patterns⸻cystic injury (i.e., focal cystic necrosis), non-cystic injury (i.e., focal microscopic necrosis), 

and non-necrotic diffuse white matter injury (Inder et al., 2003; Volpe, 2003)⸻which may have 

overlapping underlying causes, risk factors, and neurodevelopmental outcomes.  

 

1.3.1 Cystic white matter damage 
Historically, the most common pattern of brain injury associated with prematurity and cerebral palsy was 

cystic white matter damage (Pinto-Martin et al., 1995; Sankar et al., 2005; Volpe, 2009). This is the most 

severe form of preterm brain injury and is predominantly characterised by multifocal areas of severe 

white matter necrosis (>1 mm diameter) involving all cellular elements (including axonal degeneration), 

cyst formation, widespread gliosis, myelination deficits (Khwaja et al., 2008; Volpe, 2003), and reduced 

white matter volumes (Inder et al., 1999; Soul et al., 2017). Of note, many infants with cystic white 

matter injury also exhibit cystic lesions and significant neuronal cell death in a range of grey matter 

structures, including the cerebral cortex, thalamus, basal ganglia, and cerebellum (Marín-Padilla, 1997; 

Paneth et al., 1990; Pierson et al., 2007; Robinson et al., 2006), with associated reductions in grey matter 

volumes (Inder et al., 1999). However, it remains unclear whether this neuronal loss is secondary to 

damage to axons in the cerebral white matter, whether the injurious event causes direct neuronal injury, 

or both. The major neurological outcomes associated with cystic white matter damage include permanent 

and severe motor disabilities such as cerebral palsy with spastic diplegia or quadriplegia (Van Tilborg et 

al., 2016), severe psychomotor delay, and seizures (Imamura et al., 2013; Monset-Couchard et al., 1988; 

Resch et al., 2016). Importantly, despite being the most severe pattern of brain injury associated with 

prematurity, the incidence of cystic white matter damage has markedly decreased over the last 20 years, 

and only accounts for <2% of all cases of white matter injury in preterm born infants as detected by 

imaging studies (Buser et al., 2012; Counsell et al., 2003; Inder et al., 2003). 

 

1.3.2 Non-cystic white matter injury 
Non-cystic white matter injury (or focal microscopic necrosis) is characterised by areas of microscopic 

focal necrosis (microcysts: <1 mm). These lesions are largely undetectable by clinical field-strength MRI 

(Back et al., 2014). In modern cohorts of preterm born infants, non-cystic white matter injury accounts 

for up to ~90% of the total lesion burden (Coq et al., 2016) and is a significant contributor to both motor 

and cognitive deficits (Woodward et al., 2006). These lesions are mostly haemorrhagic or ischemic in 

nature and evolve over several weeks into lesions (also known as glial scars) enriched in cellular debris, 

degenerating axons, activated microglia, and peripheral macrophages (Back et al., 2014; Riddle et al., 



Chapter 1: Introduction 

6 

2012; Volpe, 2009). Further, the severity of adverse neurodevelopmental outcomes associated with non-

cystic white matter injury depends on the number and distribution of these glial scars. This pattern of 

white matter injury is often accompanied by ventricular dilation, failure of preOLs to mature into myelin 

producing oligodendrocytes (Billiards et al., 2008), and decreased white matter volumes (Inder et al., 

2005). As for cystic white matter injury, non-cystic injury can also be associated with neuronal loss in 

the thalamus, basal ganglia, and cerebral cortex (Pierson et al., 2007), and reduced grey matter volumes 

(Inder et al., 2005). Importantly, non-cystic white matter injury now accounts for only 5% or less of the 

total burden of white matter injury observed in preterm infants (Back, 2017). 

 

1.3.3 Diffuse white matter injury 
In modern cohorts of preterm infants, the major pattern of brain injury is characterised by less severe, 

but more diffuse white matter damage, which is observed in as many as 79% of all preterm survivors 

(Back, 2017; Counsell et al., 2003). Pathologically, diffuse white matter injury is characterized by acute 

degeneration of preOLs (without evidence of major axonal injury), concurrent reactive gliosis, and 

chronic deficits in axonal myelination and reduced white matter volumes (Back et al., 2005a; Back et al., 

2007; Counsell et al., 2003; Inder et al., 2003; Riddle et al., 2012). Importantly, diffuse white matter 

injury is still associated with a wide range of persisting neurodevelopmental impairments, including 

intellectual disabilities related to learning, cognition, visuospatial integration, executive function, 

attention, and socialization in childhood and later life (Counsell et al., 2008; Woodward et al., 2006; 

Woodward et al., 2005).  

In contrast to cystic and non-cystic white matter injury, pathology and imaging studies have shown 

limited overt injury to the grey matter structures of the brain in infants with diffuse white matter injury. 

Despite this, diffuse white matter injury is associated with long-term changes in grey matter 

development, including marked reductions in cortical, subcortical (e.g., thalamus, hippocampus, basal 

ganglia), and cerebellar growth (Counsell et al., 2003; Inder et al., 2005; Miller et al., 2003), and reduced 

cortical surface area, folding, and complexity (Ajayi-Obe et al., 2000; Hinojosa-Rodríguez et al., 2017), 

which persist into adolescence and adulthood (Nagy et al., 2009; Narberhaus et al., 2009; Nosarti et al., 

2002; Nosarti et al., 2011; Schafer et al., 2009). Importantly, these grey matter abnormalities are thought 

to underlie many of the adverse neurodevelopmental outcomes associated with preterm birth. For 

example, reduced cortical volume in preterm born infants is strongly associated with difficulty encoding 

new information in working memory at 2 years of age (Woodward et al., 2005) and with poor visual and 

language skills, and lower IQ, at 7 years of age (Zhang et al., 2015). In addition, abnormal cortical folding 

in preterm born infants is associated with poor reading recognition scores at 8 years of age (Kesler et al., 

2006) and lower IQ at 27 years of age (Hedderich et al., 2019).  
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1.4 The Pathogenesis of Preterm Brain Injury 
Despite this shift in the prevalence of severe cystic white matter injury to a milder, but diffuse pattern of 

injury in preterm born infants, the precise aetiology and cellular mechanisms of injury remain poorly 

defined. Nevertheless, there is increasing clinical and experimental evidence for key causative events in 

prenatal and early postnatal life, including exposure to hypoxia or infection/inflammation. It should be 

noted that these insults can interact to sensitise or precondition the brain to injury⸻for example, prenatal 

infection/inflammation can alter the sensitivity to a secondary hypoxic insult, such as that observed 

during normal birth (Peebles et al., 2002), while multiple exposures to postnatal infection can increase 

the risk of white matter injury (Glass et al., 2008; Kuban et al., 2015).  

As described (section 1.2; Fig.  1.1), preOLs are the predominant stage of oligodendrocytes expressed 

in the human white matter during period of greatest risk for white matter injury (23−32 weeks’ gestation) 

(Back et al., 2002b), after which preOLs rapidly mature into immature/mature oligodendrocytes that 

produce myelin required for normal axonal signalling (Semple et al., 2013). Importantly, human and 

experimental animal studies show that preOLs are the main cellular target in white matter injury (Back 

et al., 2001) and that preOLs are particularly sensitive to injury relative to OPCs and mature OLs (Back 

et al., 2002a; Miller et al., 2009; Segovia et al., 2008). Historically, this marked increase in acute death 

of preOLs, leading to depletion of the total oligodendrocyte pool available to mature into myelin-

producing oligodendrocytes, was considered to underlie the chronic deficits in white matter myelination 

observed in preterm infants (Back et al., 1997). However, recent human and experimental studies have 

found that preOLs exhibit a remarkable plasticity, whereby they rapidly regenerate following injury 

(Segovia et al., 2008; Wright et al., 2010), but fail to mature into myelinating cells, and thus fail to 

produce myelin (Buser et al., 2012). As such, the chronic diffuse deficits in white matter axonal 

myelination observed in modern cohorts of preterm infants are now considered to represent a failure of 

oligodendrocyte maturation (Back, 2017). 

The exact mechanisms underlying the persisting deficits in the growth and connectivity of grey matter 

structures of the brain in preterm infants with diffuse white matter injury remains controversial. As 

described (section 1.2; Fig.  1.1), neuronal migration from the germinative zones to their final destination 

is a key event in early brain development. While the majority of neuronal migration into the cortex and 

other grey matter regions is largely completed by 23−25 weeks of gestation, migration of gamma-

aminobutyric acid (GABA)ergic interneurons (~20% of the total neuronal population) does not peak 

until the late fetal-to-early postnatal period and continues until ~7 months of age (Paredes et al., 2016; 

Xu et al., 2011). As such, impaired GABAergic interneuron migration may contribute to deficits in the 

growth and connectivity of grey matter structures of the brain in preterm infants. For example, there is 

limited evidence from human autopsy and imaging studies reporting abnormal neuronal accumulation of 

GABAergic interneuron in the migratory white matter tracts, reflecting disturbances in interneuron 

migration (Kubo et al., 2017; Robinson et al., 2006). More recently, interneuron deficits were also 
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reported in contemporary cohorts of preterm born infants with less severe white matter injury (Stolp et 

al., 2019). Experimentally, in utero hypoxia in mice embryos was associated with delayed neuronal 

migration and ectopic neurons in the white matter, with later cognitive deficits in offspring (Kubo et al., 

2017), while hypoxemia in preterm fetal sheep was associated with delays in neuronal migration and 

abnormal cortical folding of the frontal lobe (Rees et al., 1997).  

Human post-mortem studies in historical cohorts of preterm infants with severe cystic white matter injury 

have also reported widespread death of neurons in the brain (Andiman et al., 2010; Inder et al., 1999; 

Marín-Padilla, 1997; Pierson et al., 2007), including of subplate neurons (Kinney et al., 2012), layer V 

pyramidal neurons (Andiman et al., 2010), and late-migrating interneurons (Robinson et al., 2006), which 

may contribute to the associated reductions in grey matter volumes. In contrast to these findings, post-

mortem studies in modern cohorts of infants with diffuse white matter injury show no evidence of 

neuronal loss, despite MRI-defined reductions in grey matter growth and development (Back et al., 

2005a). This is likely because the milder insults underlying diffuse white matter injury are insufficient 

to induce neuronal degeneration (Back et al., 2005a; Dean et al., 2013). Given the absence of neuronal 

loss, a number of studies have addressed alternative mechanisms for these long-term reductions in grey 

matter growth. As described (section 1.2; Fig.  1.1), in humans the dramatic growth and connectivity of 

the cerebral cortex and other grey matter structures that occurs over the last trimester (De Graaf-Peters 

et al., 2006; Kriegstein, 2005) primarily reflects a prolific increase in growth and complexity of neuronal 

dendrites (Lu et al., 2013b; Mrzljak et al., 1992). Importantly, recent studies in a preterm fetal sheep 

model of diffuse white matter injury demonstrated that impaired cortical and striatal growth following 

hypoxia-ischemia was driven by impairment of neuronal dendritic development, as well as reduced 

numbers of neuronal synapses (Dean et al., 2013; Mcclendon et al., 2014). Further, in a newborn rat 

model of hypoxic-ischemic brain injury, pups exhibited reduced dendritic development and spine 

formation of cortical pyramidal neurons, with associated depression of electroencephalography (EEG) 

activity (Ranasinghe et al., 2015). Supporting these experimental findings, in a small case series, some 

preterm born infants showed reduced dendritic complexity and numbers of neuronal spines in the visual 

cortex, consistent with arrested neuronal development (Takashima et al., 1982). Further, very preterm 

infants were reported to exhibit abnormal EEG cortical activity (Selton et al., 2010) and reduced 

structural connectivity between the thalamus and cortex in childhood (Ball et al., 2012).  

Overall, these findings support a paradigm shift from supposedly irreversible brain injury to a more 

subtle, but diffuse dysfunction in brain maturation related to impaired oligodendrocyte and neuronal 

development in preterm infants (Back et al., 2014; Molnar et al., 2013). Nevertheless, the exact causes 

and mechanisms underlying this impairment of brain maturation in modern cohorts of preterm infants 

remains unclear. Roles for prolonged, mild-moderate postnatal inflammation and subsequent deficits in 

central IGF-1 signalling are explored in Chapter 3 and Chapter 4, respectively, of this thesis.  
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1.5 Detection of Preterm Brain Injury by MRI 
MRI is extensively used for non-invasive detection of brain pathology and microstructural abnormalities, 

and for predicting the severity of adverse neurodevelopmental outcomes, in preterm born infants (Glass 

et al., 2008; Glass et al., 2018; Inder et al., 2005). Diffusion-weighted MRI (DWI) is the gold standard 

technique for safe and reliable diagnosis of neonatal brain injury, as it can detect more subtle white matter 

and grey matter changes compared with standard T1- and T2-weighted imaging and cranial ultrasound 

(Van Wezel-Meijler et al., 2010). DWI measures the diffusion of water molecules within the brain, which 

reflects the underlying brain microstructure (Hinojosa-Rodríguez et al., 2017; Pecheva et al., 2018; 

Vasung et al., 2019). Diffusion tensor imaging (DTI) is the most widely used DWI method for assessing 

brain microstructure (Pecheva et al., 2018). However, as discussed below, DTI has a number of 

limitations, and newer multi-compartmental diffusion models, such as neurite orientation dispersion and 

density imaging (NODDI), have been developed to provide additional information on changes in the 

underlying tissue microstructure (Zhang et al., 2012).  

 

1.5.1 DTI 
The diffusion tensor model represents water diffusion characteristics within each voxel as an ellipsoid, 

and can provide detailed information on the diffusion characteristics related to tissue microstructure (i.e., 

cellular structures) (Benzinger et al., 2007). DTI provides a number of quantitative measures of diffusion, 

including the apparent diffusion coefficient (ADC), radial diffusivity (RD), axial diffusivity (AD), and 

fractional anisotropy (FA) (Ment et al., 2009; Pandit et al., 2013).  

Numerous clinical studies have used DTI to characterise normal brain development and maturation. For 

example, in the white matter, ADC values decrease (Neil et al., 1998) and FA values increase (Hüppi et 

al., 1998) with increasing gestational age. This is thought to reflect restrictions in water diffusion 

perpendicular to white matter fibres, indicating the onset of myelination (Hüppi et al., 1998; Ment et al., 

2009; Miller et al., 2002), as well as an increase in the number of axonal microtubule-associated proteins 

and axonal calibre (Hüppi et al., 1998; Lodygensky et al., 2010). By contrast, preterm infants with 

evidence of cystic white matter pathology (Chau et al., 2012; Counsell et al., 2003; Hüppi et al., 1998; 

Miller et al., 2002) or diffuse white matter injury (Anjari et al., 2007; Barnett et al., 2018) show higher 

ADC values and lower FA values at term compared with healthy term born infants. These changes are 

proposed to reflect reduced white matter myelination, axonal damage, or decreased fibre coherence 

(Counsell et al., 2003; Counsell et al., 2008) and are also predictive of adverse long-term outcomes. For 

example, preterm born infants showed lower white matter FA values at 4−9 years of age, which was 

associated with poorer performance in cognitive, language, and motor outcomes (Duerden et al., 2013; 

Young et al., 2018). Additionally, when evaluated at 12 years of age, preterm born infants exhibited 

lower white matter FA values compared with healthy term born controls, which was associated with poor 

cognitive and language scores (Constable et al., 2008). Finally, in preterm born infants, reduced FA and 

increased MD values were reported in the white matter at term-equivalence, in childhood, and at 15 years 
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of age, indicating the life-long consequences of prematurity (Skranes et al., 2007). Importantly, in this 

cohort, white matter FA values were positively correlated with total IQ at 18−22 years old, a phenomenon 

not observed in control term-born subjects (Eikenes et al., 2011).  

There is also increasing evidence for persisting changes in DTI parameters in various grey matter 

structures of the brain in infants born prematurely. In the cerebral cortex there is a progressive decrease 

in both ADC and FA values with increasing gestational age (e.g., from ~30 weeks of gestation) 

(Schneider et al., 2016), before trending towards a plateau (FA) or decreasing (ADC) near term (Batalle 

et al., 2019). These developmental changes are proposed to reflect neuronal migration along the radial 

glial scaffolding (Hüppi et al., 2006), the increasing structural complexity of neurons (Dean et al., 2013), 

increased cellular density (Sizonenko et al., 2007), and elaboration of radial glial cells into mature 

astrocytes (Mckinstry et al., 2002). Of note, these DTI changes are not homogenous throughout the brain, 

but rather show considerable regional differences. For example, the developmental decrease in FA first 

occurs in the precentral cortex, followed by the occipital cortex and the frontal cortex, reflecting the 

spatiotemporal gradient of cortical maturation (Deipolyi et al., 2005). By contrast, infants born 

prematurely were reported to have higher cortical FA and ADC values at term-equivalent compared with 

healthy term born infants (Ball et al., 2013; Eaton-Rosen et al., 2015; Vinall et al., 2013), which was 

associated with impaired cortical growth and reduced neurodevelopmental function at 2 years of age 

(Ball et al., 2013). Further, in preterm born adults, reduced FA values were reported in the thalamus and 

striatum compared with age-matched term born adults (Meng et al., 2016).  

Despite the sensitivity of DTI for detecting changes in the white matter and grey matter of infants born 

prematurely, DTI parameters lack specificity for the different cellular components that can contribute to 

changes in microstructure (Counsell et al., 2014; Jones et al., 2013). For example, DTI parameters are 

unable to resolve multiple crossing fibres that have different orientations (Dudink et al., 2008) and cannot 

differentiate components of brain microstructure such as cellular density, fibre orientation, free water 

content, or myelination state (Eaton-Rosen et al., 2015). Therefore, more elaborate models have been 

proposed to provide more specific information about tissue microstructure, as detailed below.  

 

1.5.2 Neurite orientation and dispersion density imaging 
NODDI is a multi-compartmental diffusion MRI model recently developed to provide more specific 

cellular markers of brain microstructure (Zhang et al., 2012). NODDI uses two high angular resolution 

diffusion-imaging shells to increase image resolution above that of DTI, and models water diffusion in 

both the intracellular and extracellular compartments. Importantly, the intracellular compartment 

captures diffusion inside cellular processes, including dendrites and axons, while the extracellular 

compartment represents the space occupied by cell bodies, including of glial cells and neurons (Pecheva 

et al., 2018). As such, NODDI can distinguish between the microstructural components that contribute 

to FA; i.e., the neurite density index (NDI; also termed the intracellular volume fraction [ficvf]), which 

represents the proportional space occupied by cellular processes (e.g., dendrites and axons), and the 



Chapter 1: Introduction 

11 

orientation dispersion index (ODI), which reflects the bending and fanning of neurites and axons, and 

areas of crossing fibres (Dean et al., 2017; Pecheva et al., 2018; Zhang et al., 2012).   

At present, only a limited number of studies have utilized NODDI to examine brain development and 

the impact of prematurity. In the white matter, NDI increases and ODI decreases with increasing 

gestational age, reflecting the developmental increase and alignment of myelinated fibres (i.e., increased 

myelination and increased axonal packing) (Batalle et al., 2017; Kunz et al., 2014; Lynch et al., 2020). 

Note that changes in NODDI parameters vary across white matter regions, concordant with different 

microstructural properties and different rates of structural maturational (Batalle et al., 2017; Dean et al., 

2017; Young et al., 2019). For example, the corpus callosum is comprised of highly organised myelinated 

axons and is associated with lower ODI values than the peripheral white matter regions in the brain, 

which mature at a slower rate (Dean et al., 2017). Importantly, infants born prematurely were reported 

to show a lower NDI (Batalle et al., 2017) and higher ODI (Kelly et al., 2016; Young et al., 2019) in 

various white matter regions compared with healthy term-born counterparts, which may reflect a 

reduction in the normal coherent organization of axons and/or delayed white matter maturation.  

In the cerebral cortex, both NDI and ODI were reported to increase up to 38 weeks of gestation, reflecting 

increased dendritic arborisation and neurite growth, before trending towards a plateau (ODI) or 

continuing to increase (NDI), reflecting increasing cellular and organelle density (Batalle et al., 2017; 

Batalle et al., 2019). Although there are no NODDI studies examining grey matter changes associated 

with prematurity, infants with congenital heart disease exhibited lower cortical ODI values compared 

with healthy control infants, with no change in NDI (Kelly Christopher et al., 2019), suggestive of 

abnormal grey matter development.  

These studies suggest that both DTI and NODDI can be used to detect microstructural changes in the 

developing brain. However, NODDI may provide more specific information on the underlying 

pathological changes within the brain. Although, histological validation of the changes in NODDI 

parameters in preterm brain injury has not been performed. Thus, the utility of NODDI versus DTI for 

the detection of the cellular mechanisms related to preterm brain injury following prolonged, mild-

moderate postnatal inflammation was explored in Chapter 3 of this thesis. 

 

1.6 Infection/Inflammation and Neonatal Brain Injury 
Although the causes of preterm brain injury and the associated adverse neurological outcomes are 

complex and likely multifactorial, there is considerable evidence for a role of exposure to antenatal and 

postnatal infection and inflammation. Preterm born infants are disproportionately affected by infection 

and inflammation during the prenatal and postnatal periods, with the risk of developing serious infection 

increasing with decreasing gestational age (Bassler et al., 2009; Natarajan et al., 2016; Rand et al., 2016). 

For example, moderate-to-late preterm born infants are at approximately five-fold higher risk of culture-

positive infections compared with their term born counterparts (Natarajan et al., 2016). Further, very 
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preterm born infants have the highest rates of infection-related hospital admissions in their first year of 

life compared with moderate-to-late preterm born infants (Miller et al., 2016), suggesting that heightened 

susceptibility to infection in preterm born infants is not just limited to the neonatal period.  

The association of perinatal infection/inflammation with brain injury and adverse neurological outcomes 

is dose related (O'shea et al., 2012). For example, a combination of infectious events (e.g., antenatal and 

postnatal exposure to infection/inflammation) is associated with an increased risk of abnormal brain 

development and severe neurodevelopmental outcomes (Yanni et al., 2017) compared with infants 

exposed to antenatal or postnatal inflammation alone. Further, severe fetal and postnatal infections such 

as sepsis, meningitis, or necrotizing enterocolitis are a major contributor to neonatal brain injury (Harvey 

et al., 1999; Lawn et al., 2010; Strunk et al., 2014; Wang et al., 2006; Yanni et al., 2017). Children with 

signs of neonatal sepsis or necrotizing enterocolitis are more likely to exhibit a watershed patter of injury 

(injury to the intervascular boundary-zone white matter, plus cortical grey matter when severe) than those 

without infection or with less severe infection (Jenster et al., 2014; Shah et al., 2008). However, while 

the overall rate of these severe infections has not changed significantly (Adams-Chapman et al., 2006; 

Stoll et al., 2005), there is increasing evidence that preterm brain injury is also associated with less severe 

infections, repeated infectious insults, as well as non-specific inflammation (e.g., pathogen-free 

inflammation caused by mechanical trauma, ischemia, stress, or environmental conditions) (Groneck et 

al., 1994; Patra et al., 2017; Watterberg et al., 1996). 

 

1.6.1 Intrauterine infection and inflammation 
There is growing evidence that intrauterine infection/inflammation contributes to neonatal infection-

related morbidity. Intrauterine infection accounts for ~15% of term births (Becroft et al., 2010), 30% of 

very preterm births (Strunk et al., 2014), and up to 60% of extremely preterm births (Bastek et al., 2011; 

Bastek et al., 2014). However, this is likely an underestimate as molecular polymerase chain reaction 

techniques combined with histological examination have shown evidence of microbial invasion and 

inflammation of the amniotic cavity in women with negative cultures (Oh et al., 2017; Park et al., 2017; 

Zlatnik et al., 1990).  

Intrauterine infection commonly presents as chorioamnionitis, where inflammation of the chorion, 

amnion, and placenta is induced by invading microorganisms that gain access to the amniotic cavity and 

fetus by ascending the vagina and cervix (Quinn et al., 1987; Zlatnik et al., 1990). Chorioamnionitis 

resulting in early onset sepsis (≤72 h of life) is thought to arise from gram-negative pathogens such as 

Ureaplasma urealyticum, Gardnerella vaginalis, Listeria monocytogenes, and Escherichia coli (E. coli) 

(Goldenberg et al., 2000; Shane et al., 2017b). Exposure to these pathogens is associated with high 

cytokine concentrations in the amniotic fluid, which can result in fetal inflammatory response syndrome 

(FIRS) and further increases the risk of neonatal morbidity and mortality (Czikk et al., 2011; Gomez et 

al., 1998). FIRS is defined by elevated production of pro-inflammatory cytokines and other cytotoxic 

mediators, including interleukin 1 (IL-1), IL-6, interferon-γ (INF-γ), and tumour necrosis factor-alpha 
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(TNF-α) (Gomez et al., 1998; Malaeb et al., 2009; Romero et al., 2007), and involves inflammation of 

multiple organs in utero, whereby inflammatory factors from maternal tissues are transferred to the fetus 

via the placenta (Gomez et al., 1998). Importantly, FIRS is closely associated with preterm birth, poor 

growth, an increased risk for intraventricular haemorrhage, white matter damage, and adverse 

neurological outcomes, which in severe cases presents clinically as cerebral palsy (O’shea et al., 2013; 

Stoll et al., 2004; Van Steenwinckel et al., 2014).  

It is important to note that the incidence of severe intrauterine infection is becoming less common in 

developed countries (Van Den Hoogen et al., 2010). As such, intrauterine infection does not always 

translate to early onset sepsis or FIRS in preterm born infants. For example, evidence of 

subclinical/histological chorioamnionitis (i.e. identified through pathologic examination of the placenta) 

alone can actually reduce the risk of late-onset neonatal sepsis (>72 h of life) in preterm born infants 

(Strunk et al., 2012) and decrease the risk of major neonatal morbidity and mortality compared with 

preterm born infants born to mothers with a combination of subclinical/histological chorioamnionitis and 

clinical chorioamnionitis (diagnosed primarily by maternal fever) (Pappas et al., 2014). This reduction 

in the severity and incidence of neonatal morbidity and mortality is, at least in part, because 

subclinical/histological chorioamnionitis is associated with less pathogenic bacteria, including coagulase 

negative staphylococci (CoNS), group B streptococcus, low virulence organisms such as Mycoplasma, 

and fungal organisms such as species of Candida (Czikk et al., 2011). These milder infectious pathogens, 

in combination with the natural suppression of maternal immune systems during pregnancy, is thought 

to allow incubation of microbes without symptoms for long periods during pregnancy (La Rocca et al., 

2014; Luppi, 2003; Warning et al., 2011). This may be why women with histological chorioamnionitis 

often have no obvious clinical symptoms during pregnancy. Nevertheless, multiple studies have shown 

that in infants with evidence of intrauterine infection and, postnatal complications (e.g., ventilation, 

postnatal infection, and hypotension) can significantly increase the risk of white matter injury and have 

a greater impact on neurodevelopmental outcomes than infants born to mothers with histological 

chorioamnionitis who do not experience postnatal complications (Chau et al., 2009; Schlapbach et al., 

2010).   

1.6.2 Postnatal infection and inflammation 
Clinical and experimental evidence suggests that the damaging effects of infection and inflammation are 

not limited to during pregnancy, with the risk of brain injury and associated motor and behavioural 

impairments increasing two-fold following postnatal infection (Chau et al., 2012; Dammann et al., 2002; 

Hansen-Pupp et al., 2008; Ortega et al., 2011). Up to 25% of very preterm born infants and 65% of 

extremely preterm born infants contract a postnatal infection during neonatal intensive care, with the rate 

of infection increasing with decreasing gestational age (Rand et al., 2016; Stoll et al., 2004; Strunk et al., 

2014). Importantly, approximately 50% of these infants exhibit neurodevelopmental impairments on 

follow-up at 2 years of age, even when the infection was diagnosed on clinical signs only, but was culture 

negative (O'shea et al., 2012; O'shea et al., 2013). These high rates of postnatal infection after birth are 
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in part related to exposure to invasive procedures, incomplete keratinization of the skin (Brady, 2005), 

and an immature immune system, including low reserves of immune cells and impaired defences (Hannet 

et al., 1992; Melville et al., 2013; Strunk et al., 2007). Further, as many preterm births are due to maternal 

infection/inflammation, preterm infants may also develop an ‘immune tolerance’ and will respond more 

weakly to later immune insults (Burt Trevor, 2013; Dauby et al., 2012).  

Not surprisingly, infants born prematurely in developing countries are up to 20% more likely to develop 

a postnatal infection than those born in developed countries (Zaidi et al., 2005), which is related to poor 

intrapartum and postnatal infection-control practices and the type of infectious pathogen (Ganatra et al., 

2010; Osrin et al., 2004; Zaidi et al., 2005). For example, developing countries have higher rates of E. 

coli, Klebsiella species, Staphylococcus aureus, Streptococcus pyogenes, omphalitis, and gastroenteritis 

(Ganatra et al., 2010; Khan et al., 2017; Osrin et al., 2004). These pathogens are typically associated with 

severe infection such as neonatal sepsis or pneumonia (Ganatra et al., 2010) and with an increased risk 

of neurodevelopmental disorders (e.g., cerebral palsy, mental retardation, and motor impairment) (Chau 

et al., 2012; Glass et al., 2008; Hansen-Pupp et al., 2008). However, in developed countries, low-level 

or subclinical infections induced by less pathogenic bacteria including CoNS, and group B streptococcus 

are more common (Stoll et al., 2004; Van Steenwinckel et al., 2014). For instance, CoNS is the most 

common cause of postnatal infection in preterm infants in developed countries, observed in >50% of all 

late onset infections (infection after the first 72 h of life) (Camacho-Gonzalez et al., 2013; Strunk et al., 

2014). Other microorganisms include gram-negative organisms (e.g., Enterobacter species), Candida 

species, Ureaplasma, Mycoplasma species, and yeast infections. Postnatal infection with neurotropic 

viruses such as herpes group B are also observed in preterm infants, albeit less commonly (Kemp et al., 

2010; Polin, 2008). Importantly, infections with these less pathogenic microorganisms are still associated 

with an increased risk of cerebral palsy (Mitha et al., 2013; Mittendorf et al., 2001) and adverse 

neurological outcomes (Adams-Chapman et al., 2006; Stoll et al., 2004; Van Steenwinckel et al., 2014). 

Repeated postnatal infection and/or sustained inflammation can further increase the risk of adverse 

outcomes (Glass et al., 2008; Korzeniewski Steven et al., 2014; Kuban et al., 2015; Romero et al., 2015; 

Wang et al., 2014; Yanni et al., 2017). For example, recurrent culture-positive postnatal infection in 

preterm born infants was associated with progressive white matter injury, where white matter lesions 

become larger and increased in number on repeated MRI scans (Glass et al., 2008). Further, in a recent 

longitudinal study, preterm born infants with multiple postnatal infections showed an increased risk of 

developing cerebellar haemorrhage, greater delays in MRI-assessed brain maturation, and poorer motor 

outcomes at 3 years of corrected age compared with infants that had experienced only one or two 

infections (Glass et al., 2018). 

It is important to note that systemic inflammation (e.g., intrauterine or postnatal) and non-specific 

inflammation (e.g., that related to cerebral hypoxia-ischemia, pre-eclampsia, intrauterine growth 

restriction, and with standard clinical care including mechanical ventilation and invasive procedures) are 

also associated with poor neurological outcomes (Groneck et al., 1994; Patra et al., 2017; Watterberg et 
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al., 1996). For example, in the ELGANS (extremely low gestational age newborns) study, very preterm 

born infants with evidence of persistent inflammation (but without infection) at 1 week after initial 

diagnosis were at a significantly increased risk of microcephaly (Leviton et al., 2011c). In extremely 

preterm born infants, persisting inflammation up to 2 weeks after initial diagnosis was also associated 

with impaired mental, motor development and attention deficits at 2 years of age (O'shea et al., 2012; 

O’shea et al., 2014). Further, recurrent or persistent elevations in inflammation-related proteins were 

more strongly associated with white matter injury and a severely reduced Bayley mental development 

index at 2 years of age (O'shea et al., 2013). Similarly, a combination of antenatal infection followed by 

postnatal infection was associated with an increased risk of abnormal brain development, spastic cerebral 

palsy, and microcephaly at 2 years of age (Yanni et al., 2017). Finally, in a follow-up study, preterm born 

children with cerebral palsy and who had experienced perinatal inflammation had continued elevations 

of systemic TNF‐α, suggesting persisting alterations in the inflammatory responses (Lin et al., 2010).  

Taken together, these clinical findings highlight the increasing prevalence of repeated postnatal infection 

and/or sustained inflammation, and their associations with persisting adverse neurodevelopmental 

outcomes. These observations suggest the hypothesis that inflammation itself, independent of severe 

infection, may be a major contributor to long-term disability on preterm infants. However, the extent to 

which less severe but sustained postnatal infection and inflammation are associated with the persistent 

disturbances in brain maturation and neurobehavioral outcomes in survivors of preterm birth is unclear 

and forms the basis of Chapter 3 in this thesis. Importantly, in order to test this hypothesis, the use of 

clinically relevant animal models that reproduce the full spectrum of changes to the developing human 

brain observed in modern cohorts of preterm born infants is vital. Thus, an overview of commonly used 

experimental animal models of inflammation-related preterm brain injury is provided below.  

 

1.7 Experimental Modelling of Inflammation-Related Preterm Brain Injury  
A number of perinatal infection/inflammation-based animal models have been developed, which vary in 

the species (Bell et al., 2002; Dean et al., 2009; Xiaoyang Wang et al., 2009; Yoon et al., 1997b), timing 

of insult (Pang et al., 2003; Rousset et al., 2006; Wang et al., 2006), and the infectious/inflammatory 

agent used (Dean et al., 2009; Favrais et al., 2011). For example, live bacteria or viruses such as E.coli, 

Staphylococcus aureus, and group B streptococcus have been used model severe bacterial/viral infections 

(Kemp et al., 2010; Yoon et al., 1997b). However, while live bacterial/viral models provide progressive 

immune activation, as observed clinically, they are difficult to titrate and are often associated with high 

mortality and variable outcomes. Alternatively, many studies use agents to mimic the inflammatory 

response induced by infection in the absence of overt infection, such as the gram-negative bacterial cell 

wall component lipopolysaccharide (LPS) (Wang et al., 2006; Xiaoyang Wang et al., 2009), toll-like 

receptor (TLR) agonists (e.g., polyinosinic:polycytidylic acid (poly[I:C])) (Du et al., 2011; Falck et al., 

2018), and exogenous cytokines (e.g., IL-1β) (Ådén et al., 2010). Of these agents, LPS is by far the most 
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widely used in experimental animal models of perinatal inflammation-related brain injury (Burd et al., 

2012; Dean et al., 2015; Hagberg et al., 2005).  

Intrauterine models of inflammation are widely used to model intrauterine infection/inflammation such 

as chorioamnionitis. Typically, LPS is administered to the pregnant animal intraperitoneally (i.p.) (Cai 

et al., 2000) or intracervically (Bell et al., 2002) or administered directly to the fetus intravenously (Dean 

et al., 2011d; Keogh et al., 2012; Peebles et al., 2003). In these models, LPS has been administered either 

as a single dose (Burd et al., 2010; Elovitz et al., 2011) or repeatedly (Duncan et al., 2002; Rousset et al., 

2006). For example, in rodents, maternal LPS administration during a period equivalent to the second 

trimester in humans was associated with neuronal loss in the hippocampus (Golan et al., 2005), decreased 

dendritic arborisation and altered neuronal outgrowth in the prefrontal cortex and hippocampus 

(Baharnoori et al., 2009), and increased reactive astrocytosis, oligodendrocyte cell death, and decreased 

myelination (Bell et al., 2002) in the offspring. Further, maternal exposure to LPS during a period 

equivalent to the third trimester in humans was associated with white matter gliosis, apoptosis, and 

hypomyelination in rodent offspring (Rousset et al., 2006), as well as decreased dendritic arborisation 

and spine density in the retrosplenial cortex (Balakrishnan et al., 2013) and programmed cell death and 

cysts in the periventricular white matter (Debillon et al., 2000) in newborn rabbits. In fetal sheep, LPS 

administration directly to the fetus during mid-to-late gestation was also associated with severe white 

matter injury, loss of cortical neurons, loss of the normal maturational increase in cortical EEG amplitude 

(Dean et al., 2011d), focal white matter lesions as detected by MRI (Van De Looij et al., 2012), and 

axonal damage (Duncan et al., 2002). However, in rodents, critical developmental processes occur 

postnatally over a period of days (see Fig.  1.1). Therefore, intrauterine rodent models may not 

completely replicate the full spectrum of brain injury observed clinically in modern cohorts of preterm 

born infants.  

The majority of rodent models of postnatal infection/inflammation administer LPS to pups from PND5 

onwards. In these models, LPS exposure is associated with a robust inflammatory response and white 

matter injury characterised by microglial activation, oligodendrocyte cell death, and hypomyelination, 

as well as neurobehavioral deficits (Cai et al., 2003; Fan et al., 2005a; Pang et al., 2003). For example, a 

single high dose intracerebral injections of LPS (1 mg/kg) on PND5 to neonatal rats of both sexes was 

associated with increased cytokine production, reactive gliosis, decreased immature oligodendrocyte 

immunoreactivity, and reduced myelin basic protein staining in the brain (Pang et al., 2003). Peripheral 

LPS administration (0.3 mg/kg) to neonatal rats on PND3 and PND5 was also associated with a severe 

pattern of white matter brain injury characterised by demyelination in the cortex and corpus callosum, 

cystic lesions in the white matter, and motor impairment at 12 and 24 months of age (Singh et al., 2017). 

Further, administration of lower dose LPS (0.05 mg/kg) to neonatal rats on PND3 and PND5 was 

associated with more subtle behavioural deficits including increased anxiety-like behaviours at PND85 

(Sominsky et al., 2012). Of note, from ~PND5 in the rodent, the white matter contains predominantly 

immature/mature oligodendrocytes with initiation of axonal myelination, more consistent with the 
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developmental stage of the near term human brain (Boksa, 2010; Dean et al., 2015; Girard et al., 2009). 

By contrast, the white matter of rodents from ~PND1–PND3 predominantly contains preOLs, without 

evidence of myelination, which is more representative of human brain development at 24–32 weeks of 

gestation (Dean et al., 2015). Further, these models typically utilise ‘single-hit’ or ‘dual exposure’ of the 

inflammatory agents, which does not necessarily reflect the ongoing nature of the inflammatory response 

observed clinically.  

As such, a number of studies have modelled a more repeated or persisting inflammation that spans several 

days. For example, in newborn rats, repeated alternating injections of low dose LPS (0.2 mg/kg) from 

PND0–PND8 was associated with increased permeability of the blood−brain barrier (BBB) and 

neurobehavioral deficits that became more evident with age (Stolp et al., 2011). Repeated low dose LPS 

(0.3 mg/kg) from PND3–PND11 in mice was also associated with loss of oligodendrocytes and myelin 

immunoreactivity in the white mater, and reduced grey matter volume, at PND12 (Xiaoyang Wang et 

al., 2009). Further, repeated systemic injection of low-dose IL-1β from PND1–PND5 in mice was 

associated with a long-lasting impairments in oligodendrocyte maturation and white matter myelination, 

as well as cognitive impairments, in male but not female pups at PND30 (Favrais et al., 2011), and 

reduced interneuron spine density at PND40 (Stolp et al., 2019). It is important to note that the majority 

of studies of inflammation-related neonatal brain injury have focused on the white matter rather than the 

grey matter. Thus, it remains unclear whether these models reflect the full spectrum of injury observed 

in preterm born survivors.  

 

1.8 Potential Mechanisms of Inflammation-Related Preterm Brain Injury 
Data from in vitro and animal models have significantly improved our understanding of the mechanisms 

underlying the relationship between inflammation and diffuse white matter injury observed clinically in 

preterm born infants. Systemic inflammation can exert rapid negative effects on cerebral function that 

precedes peripheral organ dysfunction, and can occur without bacterial invasion of the central nervous 

system (CNS) (Hagberg et al., 2015). The mechanisms driving this propagation of systemic inflammation 

into the brain are complex and involve intricate interactions between innate host defences and impaired 

adaptive immune responses. The potential mechanisms by which systemic inflammation can lead to the 

maturation deficits observed in inflammation-related preterm brain injury are detailed below (Fig.  1.2).  

 

1.8.1 From systemic inflammation to neuroinflammation: An imbalance of cytokines 
Following systemic infection/inflammation, the propagation of peripheral immune responses into the 

CNS, involving the upregulation of pro-inflammatory cytokines, is considered a key contributor to 

preterm brain injury. Under physiological conditions, the CNS is considered an immune privileged site 

that is relatively protected from the peripheral immune system by the BBB, which restricts the movement 

of various molecules and immune cells. However, once inflammation is established, the CNS immune 
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privilege is severely undermined, and the brain may become highly immunologically active (Forrester et 

al., 2018).  

Peripheral immune stimulation results in a rapid inflammatory response, which is mediated by pattern 

recognition receptors (PRRs) of the innate immune system (Jeong et al., 2011). Activation of these 

receptors in the periphery, triggers specific intracellular signalling pathways, including nuclear factor-

Fig.  1.2 Proposed mechanisms for inflammation-related diffuse preterm brain injury.  NB. The mechanisms 
underlying neuronal dysmaturation are currently unknown and it remains unclear whether neuronal dysmaturation 
occurs concurrently with, or secondary to white matter injury. For simplicity reasons, only molecules/signalling 
pathways altered by systemic inflammation and pharmacologically targeted in this thesis have been included. 
Cyclooxygenase enzyme 2 [COX–2; pharmacologically inhibited with indomethacin]; nuclear factor-κB [NFκB; 
pharmacologically inhibited with sulfasalazine]; tumour necrosis factor–α [TNF–α; pharmacologically inhibited 
with etanercept]; insulin-like growth factor 1 [IGF–1; pharmacologically stimulated by recombinant human IGF-1 
and cyclic-glycine proline]; pre-oligodendrocyte [preOL].  
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κβ (NFκB) signalling, resulting in increased production of circulating pro- and anti-inflammatory 

cytokines (e.g., IL-1β, IL-6, TNF-α, and INF-γ) and other immune molecules (e.g., C-reactive protein, 

and prostaglandins), as well as the recruitment of leukocytes (e.g., monocytes, lymphocytes, and 

neutrophils) to the sites of inflammation (Hagberg et al., 2012; Hagberg et al., 2015). In preterm born 

infants with evidence of brain injury, an increase in circulating pro-inflammatory cytokines and  

chemokines has been reported in the amniotic  fluid (Yoon et al., 1997a) and umbilical cord blood 

(Hansen-Pupp et al., 2005). This upregulation of pro-inflammatory cytokines and chemokines was 

associated with depressed brain electrical activity within the first 72 h of life (Wikström et al., 2008) and 

impaired cognitive function at 2 years of adjusted life (O'shea et al., 2012). Increase expression of pro-

inflammatory cytokines and chemokines has also been reported in the cerebrospinal fluid (Bose et al., 

2013; Ellison et al., 2005) and brain tissues (Kadhim et al., 2001; Yoon et al., 1997c) of preterm born 

infants with brain injury, suggesting propagation of the peripheral inflammatory responses into the CNS. 

The propagation of the systemic inflammatory response into the CNS is mediated by peripheral immune 

cell interactions with antigen-presenting cells and PRRs that interface with the choroid plexus, meninges, 

circumventricular organs, and ventricles (Mallard, 2012). Alternatively, peripheral immune cells and 

pro-inflammatory cytokines can directly disrupt BBB function and increase BBB permeability through 

the recruitment and activation of matrix metalloproteinases, which degrade tight junctions and 

extracellular matrix components of the BBB (Rosenberg, 2002). This allows the entry of cytokines and 

leukocytes into the brain and increases the expression immunoglobulin adhesion molecules (Fleiss et al., 

2012; Malaeb et al., 2009). This cytokine-induced infiltration of immune cells promotes further entry of 

cytotoxic mediators and immune cells into the brain, which activates resident microglia and astrocytes 

and stimulates local production of cytokines and other cytotoxic molecules (e.g., nitric oxide and 

associated free radicals). Together, this inflammatory cascade is thought to be toxic to oligodendrocytes 

and neurons within the brain, resulting in cell death and disturbances in cellular maturation (Dammann 

et al., 2008; Rees et al., 2011; Rousset et al., 2006). For example, in vitro studies have shown that TNF-

α can directly induce preOL apoptosis (Andrews et al., 1998) and reduce neurite outgrowth and branching 

of neurons (Neumann et al., 2002). Similarly, exposure to a combination of pro-inflammatory cytokines 

was reported to impair preOL differentiation into mature myelinating cells (Feldhaus et al., 2004) and 

impair dendritic development and complexity of developing cortical neurons (Gilmore et al., 2004). 

Further, cytokine induced stimulation of microglia can preferentially kill oligodendrocytes (Lehnardt et 

al., 2002), via mechanisms described below.   

 

1.8.2 Gliosis: The role of microglia and astrocytes 
Under normal physiological conditions, microglia are known to play key roles in brain development, 

plasticity and homeostasis by active remodelling of synaptic circuits and facilitating neuronal turnover 

during developmental cell death (Mallard et al., 2019; Marín-Teva et al., 2004; Tremblay et al., 2011). 

Microglia are the resident immune cell of the CNS, enabling homeostatic cross-talk with the periphery 
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and providing the first line of defence against invading microorganisms (Degos et al., 2010; Tay et al., 

2017). In response to immune activation, over-activation of microglia can result in loss of their normal 

developmental and homeostatic functions, resulting in the death and impaired maturation of developing 

oligodendrocytes and neurons. Activated microglia are able directly induce cell injury via the release of 

pro-inflammatory cytokines, chemokines, adhesion molecules, and growth factors, as well as by further 

microglial activation (Burd et al., 2012; Volpe, 2008). Activated microglia can also directly induce cell 

injury via the release of potential excitotoxic molecules such as glutamate (Burd et al., 2012; Girard et 

al., 2009; Volpe, 2008). Further, the release of reactive oxygen and nitrogen species can induce cellular 

damage via activation of NFκB, mitogen-activated protein kinase, and extracellular signal-regulated 

kinase pathways (Girard et al., 2009; Rousset et al., 2006; Volpe, 2008).  

Although glial scars (i.e., sites of previous injury) enriched with reactive astrocytes are a hallmark feature 

of severe cystic white matter injury (Bilbo et al., 2012; Volpe, 2009), the involvement of diffuse reactive 

astrogliosis in the setting of mild inflammation is not as widely studied. Under normal physiological 

conditions, astrocytes play key roles in maintaining CNS homeostasis and neural function, by providing 

energy and structural support, glucose metabolism, removal of waste, and regulating neuronal 

proliferation, maturation, survival, and signalling (Bilbo et al., 2012). Importantly, astrocytes are also 

immunocompetent cells that express a wide range of bacterial and viral pathogen receptors, enabling 

them to respond to inflammation in a similar manner to microglia. For example, astrocytes can promote 

an anti-inflammatory environment via the production of transforming growth factor‐β (Norden et al., 

2014), provide neurotrophic support via the production of glial-derived neurotrophic factor (Appel et al., 

1997), and regulate the trafficking of lymphocytes across the brain endothelial barriers (Hudson et al., 

2005). However, in response to non-physiological immune stimulation (e.g., following cell death) or 

inflammation, astrocytes can start rapidly proliferating, becoming hypertrophic (Elovitz et al., 2006; 

Mallard et al., 2014), in a process termed reactive astrocytosis. Reactive astrocytes have been shown to 

impair preOL maturation via induction of cyclooxygenase-2‐prostaglandin E2 signalling (Shiow et al., 

2017), increased production of astrocyte-derived platelet growth factor (Gard et al., 1995), and release 

of high molecular weight hyaluronan (Back et al., 2005b). Further, reactive astrocytes can impair the 

development of neuronal dendrites and spines (Ibi et al., 2013), and impair neuronal differentiation via 

upregulation of interferon-induced transmembrane protein 3 (Yamada et al., 2018). Together, these 

studies implicate cytokines and reactive gliosis in the pathogenesis of inflammation-related brain injury 

in preterm born infants (Fig.  1.2). 

 

1.9 Potential Treatments for Inflammation-Related Brain Injury  
There are no established treatments to prevent or reduce infection/inflammation-related brain injury in 

preterm born infants. At present, therapeutic hypothermia is the only approved treatment that can 

improve the survival and neurological outcomes in full-term infants with moderate to severe hypoxic-
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ischemic brain injury. However, in its current form, therapeutic hypothermia is not considered safe for 

preterm born infants, or infants with infection (Day et al., 1964; Rao et al., 2017). Critically, population-

based studies have also shown that use of prophylactic antibiotics in mothers at risk of preterm labour is 

associated with either no effect or increased risk of infant death and disability, including cerebral palsy 

(Flenady et al., 2013; Kenyon et al., 2008). For example, while the use of antibiotics lowered the risk of 

maternal infection, there was evidence for increased perinatal mortality (Kenyon et al., 2003) and 

increased risk of cerebral palsy (Brocklehurst et al., 2013; Jacobsson et al., 2002; Kenyon et al., 2008) 

in surviving preterm born infants. Further, in a metaanalysis, while the use of antibiotics prolonged 

pregnancy and reduced neonatal morbidity in women with premature rupture of membranes, it did not 

improve developmental outcomes in infants born before 34 weeks of gestation (Hutzal et al., 2008). It is 

unclear why antibiotic treatment of prenatal or postnatal infection is associated with no improvement or 

even worse outcomes. Although, this may relate to the timing of treatment, such that systemic and central 

inflammatory responses may have already occurred before antibiotic therapy. For example, in preterm 

infants, infection was typically diagnosed 2 days after plasma cytokine levels first began to increase 

(Castro et al., 2004). Additonally, systemic and central inflammation may persist well after the resolution 

of infection. Of note, in a recent randomised placebo-controlled clinical trial, pentoxifylline (a methyl-

xanthine derivative with anti-inflammatory actions) administered as an adjunct therapy to preterm born 

infants with suspected late-onset sepsis and necrotizing enterocolitis was well tolerated without 

treatment‐limiting adverse effects (Salman et al., 2019), and was compatible with other common neonatal 

medications (Lauterbach et al., 2018). However, the long-term outcomes have not yet been reported. 

Alternatively, the use of bactericidal antibiotics, which kill bacteria causing the release of bacterial 

fragments, may actually increase inflammation and injury (Kohanski et al., 2007; Nau et al., 2002). 

An alternative approach for the treatment of inflammation-related brain injury involves targeting the 

inflammatory responses that occur following infection, rather than targeting the infection per se. The 

potential anti-inflammatory strategies range from the broad-spectrum inhibition of the inflammatory 

response to the inhibition of specific cytokines. Examples of clinically-available anti-inflammatory 

agents are briefly outlined below. The utility of these drugs for reducing postnatal inflammation-related 

brain injury in a clinically-relevant animal model forms the basis Chapter 6 of this thesis.  

 

1.9.1 Indomethacin 
Although not specifically targeted towards infection, non-steroidal anti-inflammatory drugs (NSAIDs) 

such as indomethacin have been used clinically for the treatment of patent ductus arteriosus. Clincicaly, 

indomethacin therapy for patent ductus arteriosus was associated with reduced moderate-to-severe white 

matter injury on MRI in infants born extremely prematurely (Gano et al., 2015; Miller et al., 2006) and 

improved long-term neurodevelopmental outcomes (e.g., mental development index and psychomotor 

development index) at up to 2-years of corrected age in extremely preterm infants (compared with infants 

that had received surgical ligation of patent ductus arteriosus at birth) (Madan et al., 2009; Rheinlaender 
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et al., 2010). However, despite these promising findings, a number of adverse side effects of 

indomethacin treatment were reported in very preterm infants, including nephrotoxicity (Pacifici, 2014), 

adverse cerebral hemodynamics (Patel et al., 2000), and increased risk of serious neonatal complications 

(e.g., intracranial haemorrhage and necrotizing enterocolitis) (Norton et al., 1993; Schmidt et al., 2001).  

 

1.9.2 Sulfasalazine 
Various non-specific NF-κβ inhibitors are another class of clinical anti-inflammatory drugs. 

Sulfasalazine is a potent, specific inhibitor of NF-κB transcription (Wahl et al., 1998) and is approved 

for use in pregnancy to treat rheumatoid arthritis and inflammatory bowel disease. To our knowledge, 

the effects of maternal sulfasalazine exposure on neurological outcomes in premature infants have not 

been examined. Although, a number of studies have reported no evidence of increased neonatal mortality 

(Moskovitz et al., 2004; Rahimi et al., 2008) or neonatal morbidity (Mogadam et al., 1981; Nielsen et 

al., 1983; Nørgård et al., 2001). However, a number of case reports have associated sulfasalazine use 

during pregnancy with embrotoxicity (Craxì et al., 1980), congenital abnormalities (Newman et al., 

1983) and fetal haemolytic anaemia (Bokström et al., 2006). 

 

1.9.3 Etanercept 
A further class of clinical anti-inflammatory agents are targeted towards blocking the actions of pro-

inflammatory cytokines. For example, the highly specific TNF antagonist, etanercept, is an FDA (Food 

and Drug Administration) approved fusion protein used clinically to treat various inflammatory diseases 

(e.g., rheumatoid arthritis) and is considered safe for use in pregnant women (Scioscia et al., 2011; Sinha 

et al., 2006). Two small studies using etanercept to mothers during pregnancy reported no cases of fetal 

abnormalities or congenital malformations in offspring (Chakravarty et al., 2003; Hyrich et al., 2006). 

However, no studies have reported the neurological outcomes associated with in utero exposure to 

etanercept. Nevertheless, in adults, etanercept treatment improved cognition in patients with moderate-

to-severe Alzheimer’s disease (Tobinick et al., 2006) and following chronic stroke and traumatic brain 

injury (Page, 2013).  

 

1.10 The Insulin-Like Growth Factor Axis and Prematurity 
An alternative approach to treat inflammation-related preterm brain injury involves interventions that 

block acute cell death or promote cellular maturation. As detailed below, the IGF signalling pathway is 

involved in numerous aspects of brain development and is altered by preterm birth and 

infection/inflammation, making it a promising target for treatment of inflammation-related preterm brain 

injury.  
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The IGFs belong to a superfamily of evolutionarily-conserved and functionally diverse insulin-related 

proteins that include growth factors (IGF-1 and IGF-2), binding proteins (IGFBP1−6), and cell surface 

receptors (IGF-IR and IGF-IIR) (Clemmons, 2016; Le Roith, 2001). Within this family, IGF-1 is a 

naturally occurring single chain non-glycosylated polypeptide with a molecular weight of approximately 

7.5 kDa (Werner et al., 1990). IGF-1 circulates in the blood plasma at concentrations of approximately 

20−80 nM (Bentov et al., 2013; Humbel, 1990; Laron, 2001), where it plays a critical role in the growth 

and development of many tissues via regulation of cellular proliferation, differentiation, migration, 

apoptosis, and metabolism (Bentov et al., 2013; Le Roith, 2001). In the periphery, IGF-1 is well known 

for its role in normal embryonic and postnatal growth, with various studies showing associations of IGF-

1 deficiencies with growth retardation and impaired development. For example, in genetic deletion 

studies, both IGF-1(-/-) and IGF-IR(-/-) mice exhibited severe embryonic and postnatal growth retardation 

compared with wild-type littermates (Liu et al., 1993).  

 

1.10.1 IGF-1 synthesis and distribution in the brain 
The synthesis of IGF-1 is unique compared with other peptide hormones, as it is rapidly synthesised and 

secreted when required, instead of being produced and stored prior to use (Bentov et al., 2013). IGF-1 is 

a relatively simple molecule, but with a very large and complex gene structure that spans across 

approximately 70 kb on chromosome 12 (Bondy et al., 2004). The IGF-1 gene first appears in fetal 

circulation at ~15–16 weeks of gestation (embryonic day 16 in the rodent) and consists of six exons and 

five introns with multiple transcription start sites located on exons 1 and 2 (Demendi et al., 2012; 

Stahlbom et al., 1991). Typically, liver-derived IGF-1 gene transcription is initiated by exon 2, whereas 

brain-derived IGF-1 gene transcription is initiated by exon 1, with alterative splicing producing three 

different isoforms of the pre-pro-IGF-1 peptide (Laron, 2001; Winston et al., 2006). All three pre-pro-

IGF-1 peptides undergo the same posttranscriptional processing, where the signalling domain is first 

cleaved to form the pro-IGF-1 peptide and the E-domain is then cleaved during secretion from the golgi 

body. This gives rise to the mature IGF-1 peptide that circulates the body either bound to high affinity 

binding proteins or unbound as free IGF-1 (D'ercole et al., 1996; Winston et al., 2006). 

Synthesis of IGF-1 was initially proposed to be restricted to the liver and directed by pituitary growth 

hormone (GH). Therefore, for IGF-1 to reach the brain, systemically produced IGF-1 would have to 

interact with IGF-IR receptors in the BBB (Guan et al., 2009; Pardridge, 1997) and the blood CSF barrier 

(Carro et al., 2005). However, there is now increasing evidence that while the liver-derived IGF-1 

accounts for ~70%−90% of circulating concentrations, IGF-1 is produced by almost every cell type 

within the body, including all major cell types within the CNS (Froesch et al., 1963; García-Segura et 

al., 1991). Further, while IGF-1 production is largely under the influence of GH in the adult, because of 

the low expression of GH receptors during the fetal and early postnatal life, GH is not the dominant 

regulator of IGF-1 production during this period (Klempt et al., 1993a). Specifically, during fetal life, 

circulating IGF-1 concentrations are primarily driven by insulin and glucose (Leroith et al., 1993; Oliver 
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et al., 1996), whereas IGF-1 production is largely under the influence of nutrition during early postnatal 

life (Gluckman et al., 2003). 

Only limited studies have examined changes in IGF-1 levels in the brain during development and the 

majority have examined IGF-1 mRNA expression. IGF-1 mRNA is abundant in the developing rodent 

brain, specifically in regions exhibiting high levels of cellular proliferation, including the cerebral cortex, 

hippocampus, brainstem, and olfactory bulb. This expression pattern is maintained into adulthood, albeit 

at much lower levels (Bondy et al., 2004; Fernandez et al., 2012; García-Segura et al., 1991). In humans, 

circulating plasma concentrations of IGF-1 levels gradually increase with advancing gestation, such that 

peak IGF-1 levels are observed during the third trimester of pregnancy (Hansen-Pupp et al., 2011; 

Hansen-Pupp et al., 2013). Further, following birth, there is a rapid global decline in circulating 

concentrations of IGF-1 levels, which remain relatively consistent into adulthood (Fernandez et al., 2012; 

Hansen-Pupp et al., 2011). 

 

1.10.2 The regulation and degradation of IGF-1 
There are three primary mechanisms that modulate the levels of free IGF-1: (1) the rate of IGF-1 

production, (2) the binding to specific IGFBPs, and (3) the degradation/clearance of IGF-1 (Ballard et 

al., 1991; Clemmons, 2016). IGF-1 circulates at concentrations ~1000 times greater than most peptide 

hormones. However, ~99% of circulating IGF-1 is reversibly bound to a family of evolutionarily related 

high-affinity binding proteins (Bibollet-Bahena et al., 2009; Clemmons, 2016; Weinzimer et al., 2002; 

Winston et al., 2006). In humans, there are six characterised IGFBPs (IGFBP1–6), all of which are a 

single polypeptide chain and share a common cysteine motif in their amino and carboxyl terminals that 

enables IGF-1 binding (Clemmons, 2016; Weinzimer et al., 2002). The primary role of the IGFBPs is to 

inhibit or potentiate the actions of IGF-1 by modulating its bioavailability and protecting it from 

degradation, thus prolonging its half-life while in circulation (Bondy et al., 2004; Clemmons, 2016). For 

example, proteolytic cleavage of the IGFBPs reduces the affinity for IGF-1 (Laursen et al., 2007), while 

phosphorylation of the IGFBPs has the potential to increase the affinity for IGF-1 (Clemmons, 1993). 

Further, the IGFBPs play a role in transporting IGF-1 between the plasma and tissues, providing tissue 

and cell-specific localization, thus regulating the metabolic clearance (Bibollet-Bahena et al., 2009; Jones 

et al., 1995; Weinzimer et al., 2002). 

Biologically active IGF-1 circulates freely throughout tissues, where it is enzymatically metabolised by 

acid proteases into a truncated form of IGF-1 (des-N-[1-3]-IGF-1 [des-IGF-1]) and the N-terminal 

tripeptide of IGF-1 (glycine-proline-glutamate [GPE]) (Guan et al., 2015; Guan et al., 2013). While both 

des-IGF-1 and GPE are biologically active, only des-IGF-1 is able to bind to the IGF-IR, albeit at 

substantially lower concentrations than IGF-1 (Francis et al., 1988), while only GPE contains the N-

terminal binding site that enables binding to the IGFBPs (Ballard et al., 1991; Clemmons, 2016). This 

ability to bind to the IGFBPs is proposed to underlie the actions of GPE (e.g., maintenance of cell 
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survival) (Guan et al., 1996), while the inability to bind to the binding proteins has been suggested to 

increase the hypoglycaemic and anabolic effects of des-IGF-1 (Sara et al., 1990). However, it should be 

noted that while not much is known about the stability of des-IGF-1, GPE is enzymatically unstable and 

is rapidly metabolised into single amino acids and dipeptides, including cyclic glycine-proline (cGP) 

(Ballard et al., 1991; Guan, 2008; Guan et al., 2013).  

 

1.10.3 The role of IGFBPs 
The liver is the major site of IGFBP synthesis, although each IGFBP exhibits different expression 

patterns and roles within the body. IGFPB-1 is predominantly expressed in utero in the amniotic fluid 

and placenta, at concentrations approximately 100−150 times higher than in serum, and is involved in 

regulating fetal growth via the sequestration of fetal-derived IGF-1 (Murphy, 1998; Shimasaki et al., 

1991). As such, increased fetal IGFBP-1 during pregnancy is an indicator of intrauterine growth 

restriction caused by placental insufficiency and hypoxia (Hills et al., 1996). Further, in response to 

postnatal infection/stress, circulating IGFBP-1 concentrations were reported to be increased in preterm 

born infants and associated with impaired brain development, suggesting an inhibitory role in brain 

growth (Hansen-Pupp et al., 2007).  

IGFBP-2 exhibits widespread expression patterns during fetal development and is the most predominant 

IGFBP in the brain. IGFBP-2 is highly expressed during early embryogenesis and early postnatal 

development, where it is primarily synthesized in the choroid plexus of the ventricles and then 

transported to the subcortical white matter (Ahani et al., 2014; Logan et al., 1994). Only limited studies 

have examined the role of IGFBP-2 in the developing brain. In early adolescent rats, prolonged cerebral 

hypoxia increased the expression of IGFBP-2 in the ligated hemisphere immediately following the insult, 

as well as at 7−10 days post insult (Klempt et al., 1993b). Studies in adult rats have also highlighted the 

importance of IGFBP-2 in the CNS. Specifically, IGFBP-2 was reported to be involved in targeting IGF-

1 to the white matter tracts (Guan et al., 2000; Logan et al., 1994) and mediating the neuroprotective 

effects of IGF-1 therapy following hypoxic-ischemic brain injury (Guan et al., 1996).  

IGFBP-3 is the most abundantly expressed binding protein and is primarily synthesised by the liver in 

response to GH, with only very low levels in the brain (Anderson et al., 2002; Russo et al., 2009). IGFBP-

3 circulates as ternary a complex with IGF-1 and an acid labile subunit, binding to approximately 80%–

90% of circulating IGF-1 (Clemmons, 2016; Demendi et al., 2012; Winston et al., 2006). As such, 

IGFBP-3 concentrations are often used as a clinical biomarker of GH secretion and IGF-1 activity 

(Friedrich et al., 2014). Interestingly, preterm born infants with retinopathy of prematurity were reported 

to have reduced circulating IGFBP-3 concentrations compared with term counterparts (Hansen-Pupp et 

al., 2011).  

IGFBP-4 is the smallest binding protein and is most abundantly expressed in the adult liver and smooth 

muscle. In the circulation, IGFBP-4 exists as a ternary complex, where it acts as one of the main 
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inhibitors of both IGF-1 and IGF-2 function (Bach, 2018) and inhibits angiogenesis via interactions with 

vascular endothelial growth factor (Moreno et al., 2006). IGFBP-4 is also expressed in the ventricular 

zone of the embryonic rat brain, where it is thought to play a role in regulating the differentiation and 

proliferation of neural stem cells (Jiang et al., 2013; Niu et al., 2017).  

IGFBP-5 exhibits a widespread expression pattern throughout the body. Up to 50% of circulating IGFBP-

5 exists as a ternary complex with either IGF-1 or IGF-2 and an acid labile subunit (Baxter et al., 2002). 

IGFBP-5 has an important role in the development of several different organ systems, including the CNS, 

via inhibition of cellular differentiation (Green et al., 1994; James et al., 1996; Russo et al., 2009) and 

neuronal apoptosis (Qiao et al., 2014). Further, IGFBP-5 was reported to directly inhibit the actions of 

pro-inflammatory cytokines such as TNF-α (Hwang et al., 2011).  

Finally, IGFBP-6 is expressed in many tissues, including the CNS, and exhibits a markedly higher 

affinity for IGF-2 (thus inhibiting the actions of IGF-2) (Bach, 2005). In transgenic mice, despite the ~50 

fold lower binding affinity for IGF-1, overexpression of IGFBP-6 was associated with reduced plasma 

IGF-1, as well as reduced brain and body weights (Bienvenu et al., 2004). IGFBP-6 was also reported to 

inhibit the survival and proliferation of oligodendrocyte precursor cells (Kühl et al., 2003) and play a 

role in plaque formation in multiple sclerosis via the facilitation of oligodendrocyte cell apoptosis and 

impaired myelin synthesis (Kühl et al., 2003; Wilczak et al., 2008).  

 

1.10.4 IGF receptor signalling  
The specific biological roles of IGF-1 are mediated by specific IGF cell surface receptors. In mammals, 

unbound IGF-1 binds to four different receptors: the IGF type I and type II receptors (IGF-IR and IGF-

IIR, respectively), the insulin receptor, and a hybrid insulin/IGF receptor (Winston et al., 2006). Of the 

four receptors, multiple studies have shown that IGF-IR is the primary receptor associated with IGF-1 

signalling. In rodents, localisation studies have demonstrated that IGF-IR mRNA expression is highest 

during brain development in the cerebral cortex, hippocampus, and thalamus, and is moderately 

expressed in the olfactory bulb, hypothalamus, and cerebellum (Bondy et al., 1992; Werner et al., 1990). 

Further, IGF-IR expression in the brain rapidly decreases following birth in rodents due to gradual 

decrease of IGF-1 peptides (Clemmons, 2016; Russo et al., 2009), supporting a key role of IGF-1 

signalling during early brain development.  

The IGF-IR belongs to a family of tyrosine-kinase membrane receptors and exists as an α2β2 

heterotetrameric integral membrane glycoprotein (Bibollet-Bahena et al., 2009; Winston et al., 2006). 

The IGF-IR gene is located on chromosome 15, spanning 100 kb of genomic DNA, and is transcribed as 

a single polypeptide chain (Bentov et al., 2013; Laron, 2001). Posttranslational cleavage of the 

polypeptide chain generates two mature extracellular α subunits and two mature membrane-spanning β 

subunits (Bibollet-Bahena et al., 2009; Joseph D'ercole et al., 2008). The glycosylated α subunits are 

linked by disulphide bonds and contain cysteine-rich domains essential for IGF-1 binding (Bondy et al., 
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2004; Joseph D'ercole et al., 2008). The β subunits are comprised of short extracellular domains that are 

joined to the α subunits, a transmembrane domain, and an intracellular domain that contains the ATP 

binding site and tyrosine kinase domains essential for activation of intracellular signalling pathways (Fig.  

1.3) (Bondy et al., 2004; Leroith et al., 1993; Werner et al., 2014).  

 Under normal physiological conditions, IGF-1 binds to the two extracellular α-subunits of the IGF-IR 

with a stoichiometry of 1:1, inducing conformational changes in the β subunits. This results in the trans-

autophosphorylation of three key tyrosine kinase residues (1131, 1135, and 1136), which is critical for 

intracellular signalling pathway activation (Bondy et al., 2004; De Meyts, 2008; Russo et al., 2009). 

Autophosphorylation of the tyrosine residue 950 then forms a binding site on the intracellular component 

of the β subunits for cytoplasmic adaptor proteins, such as the insulin receptor substrates 1 and 2 and the 

Src homology and collagen domain protein (Bibollet-Bahena et al., 2009; Mccusker et al., 2007). This 

IGF-IR activation leads to activation of the mitogen-activated protein kinase/ERK and phosphoinositide 

3-kinase pathways, which in addition to promoting oligodendrocyte proliferation and differentiation, 

culminates in the various physiological roles of IGF-1, such as cellular maturation and survival 

(Mccusker et al., 2007; Winston et al., 2006). Interestingly, binding of a second ligand to IGF-IR 

accelerates the dissociation of the first ligand by reducing the binding affinity through a process termed 

negative cooperativity (De Meyts, 2008; Xu et al., 2018). Importantly, the network of molecular events 

activated by IGF is transient and controlled by several mechanisms, including phosphorylation, 

dephosphorylation, and/or degradation of certain components involved directly and indirectly with the 

IGF signalling pathway.  

By contrast, the structure of IGF-IIR is markedly different to IGF-IR. IGF-IIR, also known as the cation-

dependent mannose-6-phosphate receptor, is a monomeric transmembrane protein that binds IGF-2 (also 

termed mannose 6-phosphate) with higher affinity than IGF-1 (Bondy et al., 2004; Leroith et al., 1993; 

Mccusker et al., 2007). Structurally, the IGF-IIR exists as a single polypeptide chain with a large 

extracellular domain that binds ligands but lacks tyrosine kinase activity (Olivecrona et al., 1999). Ligand 

binding to the IGF-IIR promotes the internalisation and degradation of IGF-2 via G-protein activation, 

therefore acting as a clearance receptor to regulate extracellular IGF-2 levels (Bondy et al., 2004; Guan 

et al., 2003; Leroith et al., 1993). While IGF-2 is thought to be involved in fetal growth and viability via 

IGF-IR, as concentrations of IGF-2 are highest during embryonic development (Bondy et al., 1990), the 

IGF-IIR is not thought to play an important role in brain development (Wylie et al., 2003).  

 

1.11 The Role of IGF-1 in Brain Development and the Effects of Prematurity 
IGF-1 levels are relatively low during early gestation, but rapidly increase and peak during the third 

trimester (a period of marked fetal growth and development), before rapidly decreasing at birth. Clinical 

studies have highlighted the key roles of IGF-1 during brain development. For example, growth restricted 

infants with microcephaly have been reported to have mutations in either the IGF-1 gene (Netchine et 
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al., 2009) or the IGF-IR gene (Juanes et al., 2015; Walenkamp et al., 2005). These adverse outcomes 

were proposed to result from the pleiotropic action that IGF-1 exerts on all major neural cell types in the 

developing brain. Specifically, in vitro studies have shown that IGF-1 is involved in promoting 

proliferation, differentiation, and maturation of all stages of the oligodendrocyte lineage, as well as 

stimulation of oligodendrocyte myelin expression and axonal myelination (Mcmorris et al., 1993; 

Mcmorris et al., 1986; Roth et al., 1995). Further, IGF-1 has key roles in promoting neuronal proliferation 

(Hodge et al., 2004; Joseph D'ercole et al., 2008), neuronal survival (by inhibiting apoptosis), free radical 

scavenging to protect neurons against the negative effects of oxidants (Cao et al., 2003; Doré et al., 2000; 

Fig.  1.3 A simplified overview of insulin-like growth factor (IGF)-1 signalling pathways in the brain.  IGF-1 is 
able to enter the central nervous system (CNS) via IGF-receptor mediated transport across the blood−brain barrier. 
IGF-1 is also locally produced by neuron, oligodendrocytes, astrocytes, and microglia. IGF binding proteins 
IGFBPs; IGF type I receptor IGF-IR 
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Russo et al., 2005), and in controlling neurite outgrowth, arborisation, and synaptogenesis (De La Monte 

et al., 2005; Nilsson et al., 1988; O'kusky et al., 2000). IGF-1 was also reported to facilitate neuronal 

glucose utilization and promote glucose uptake, glycogen storage, and neurofilament stabilization 

(Bondy et al., 2002; Cheng et al., 2000).  

Animal studies have further highlighted the critical role of IGF-1 in normal brain development. For 

example, functional studies have shown that IGF-1 can modulate synaptic plasticity by regulating the 

synthesis and trafficking of glutamate and GABA receptor subunits, ion channel activity, and neuronal 

excitability, as well structural changes in the synapse (Fernandez et al., 1999; O'kusky et al., 2000). 

Further, genetic knockout animal models have shown that ablation of IGF-1 results in high mortality 

rates, with surviving animals exhibiting severely reduced brain growth related to reduced 

oligodendrocyte proliferation and myelination (Ye et al., 2002), reduced axonal myelination, as well as 

the loss of hippocampal and striatal neurons (Beck et al., 1995). By contrast, IGF-1 overexpression is 

associated with significant increases in postnatal brain growth, likely related to stimulation of 

neurogenesis and promotion of cell survival (Hodge et al., 2004; Popken et al., 2004), as well as 

facilitation of oligodendrocyte development and stimulation of myelin production (Carson et al., 1993; 

Ye et al., 2000). These effects are summarised in Fig.  1.3.  

As described above (see section 1.10.1), fetal IGF-1 concentrations are regulated by maternal nutrient 

supply and significantly increase during the third trimester, a critical period of oligodendrocyte and 

neuronal development (Bona et al., 1994). In a series of key studies, Hansen-Pupp and colleagues 

reported that infants born prematurely did not experience the surge in circulating IGF-1 levels normally 

associated with the third trimester of pregnancy (Hansen-Pupp et al., 2011; Hansen-Pupp et al., 2013), 

with an average five-fold reduction in circulating cord blood IGF-1 concentrations compared with their 

in utero gestational age counterparts (Hansen-Pupp et al., 2007; Hansen-Pupp et al., 2011; Hellström et 

al., 2016). Further, in preterm born infants with appropriate for gestational age birthweights, reduced 

IGF-1 concentrations and elevated IGFBP-1 concentrations in cord blood were associated with elevated 

concentrations of IL-6 and IL-8 (Hansen-Pupp et al., 2007); note that there was no associations of IGF-

1, IGFBP-1, and IGFBP-3 levels in cord blood with maternal infection, chorioamnionitis, preeclampsia, 

or premature rupture of membranes. Critically, this reduction in circulating IGF-1 concentrations in 

preterm infants was associated with reduced weight gain, decreased growth of the cerebral white matter, 

grey matter, and cerebellum, decreased overall microstructural brain complexity by MRI, and poorer 

neurobehavioral outcomes at two years of adjusted age (Hansen-Pupp et al., 2008; Hansen-Pupp et al., 

2011; Hansen-Pupp et al., 2013). Further, these infants exhibited impaired energy metabolism, poor 

postnatal vascular development, bronchopulmonary dysplasia, retinopathy of prematurity, and an 

increased susceptibility to infection (Hansen-Pupp et al., 2011; Hansen-Pupp et al., 2013; Hellström et 

al., 2016).  

Overall, these studies suggest a potential link between inflammation, altered IGF signalling, and 

neurological outcomes in preterm infants. However, despite these associations, the exact mechanisms 
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driving the specific temporal changes in systemic and central IGF-1 concentrations following early life 

exposure to inflammation, and the relationship to impaired brain development, remain unclear and are 

explored in Chapter 4 of this thesis.  

 

1.12 The Neuroprotective Effects of IGF-1 and its Derivative cGP 
Given the potent neurotrophic actions of IGF-1 in the brain, the concept of targeting IGF-1 signalling 

has been extensively studied for a variety of neuropathological conditions. IGF-1 activates pro-survival 

pathways, inhibits apoptosis and the actions of pro-inflammatory cytokines, and promotes cellular 

proliferation and maturation. While many studies have shown neuroprotective actions of recombinant 

human IGF-1 (rhIGF-1; see section 1.12.1) therapy, the clinical application of IGF-1 for treatment of 

brain injury remains limited because of its large molecular size, short half-life, and poor central uptake 

across the BBB. Further, despite the lack of severe medical contraindications associated with rhIGF-1 

drug therapies, there are still concerns regarding the potentially deleterious metabolic and mitogenic 

effects associated with increasing IGF-1 concentrations above homeostatic levels (Guan, 2011; Guan et 

al., 2009; Yi Pang et al., 2010). Given these limitations, a number of novel compounds have been 

developed to target the IGF-1 signalling pathway without the potential deleterious effects associated with 

rhIGF-1. For the purpose of this thesis, only rhIGF-1 and the enzymatically stable IGF-1 derivative, cGP 

will be discussed. 

 

1.12.1 Recombinant human IGF-1  
Clinically, the most well-known application for rhIGF-1 is for the treatment of growth failure in children 

with severe primary IGF-1 deficiency or GH gene deletion (Chernausek et al., 2007; Fintini et al., 2009). 

Clinical trials have also investigated the short- and long-term neuroprotective effects of IGF-1 in a variety 

of neurological disorders. For example, in phase I and II clinical trials for the treatment of amyotrophic 

lateral sclerosis, rhIGF-1 treatment was reported to slow disease progression attenuating the decline in 

quality of life experienced by amyotrophic lateral sclerosis patients with limited medical 

contraindications (Dore et al., 1997; Lai et al., 1997). However, in a 2-year phase III clinical trial 

(ClinicalTrials.gov Identifier: NCT00035815), rhIGF-1 did not alter disease progression or provide any 

additional benefit (Sorenson et al., 2008).  

A number of early phase clinical trials have also used rhIGF-1 or IGF-1 analogues in various childhood-

onset neurodevelopmental disorders including Rett Syndrome (ClinicalTrials.gov Identifier: 

NCT01777542), Autism Spectrum Disorders (ClinicalTrials.gov Identifier: NCT01970345), and 

retinopathy of prematurity/other comorbidities of prematurity (ClinicalTrials.gov Identifier: 

NCT01096784). While the phase II clinical trial for Autism Spectrum Disorder is still recruiting, phase 

II clinical trials for Rett syndrome demonstrated that rhIGF-1 is safe and may ameliorate some breathing 

and behavioural problems (Khwaja et al., 2014). Similarly, in phase II clinical trials of combined rhIGF-
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1/IGFBP-3 administration for prevention of retinopathy of prematurity and other comorbidities of 

prematurity, rhIGF-1/IGFBP-3 was well tolerated and did not appear to increase the incidence of adverse 

events (e.g., hypoglycaemia) (Hansen-Pupp et al., 2017; Ley et al., 2013). However, recent reports from 

this phase II clinical trial reported no improved outcomes in preterm born infants (Ley et al., 2018), 

which may be related to significant variations in the steady state IGF-1 level observed during continuous 

infusion (Klevebro et al., 2020). Overall, more critical analysis of these equivocal results is required.  

At present, there are no clinical trials in progress for the direct treatment of inflammation-related brain 

injury in preterm born infants. Nevertheless, a number of preclinical experimental studies have assessed 

the neuroprotective effects of rhIGF-1 for treatment of neonatal brain injury. For example, subcutaneous 

and intranasal administration of rhIGF-1 to neonatal rats following hypoxia-ischemia on PND7 reduced 

brain injury via inhibition of apoptosis, enhanced cellular proliferation of neurons and OPCs, and 

improved behavioural performance (Lin et al., 2009; Zhong et al., 2009). Similarly, in near-term fetal 

sheep after cerebral ischemia, rhIGF-1 treatment reduced caspase-3 activation and oligodendrocyte cell 

death, and increased oligodendrocyte and glial proliferation and myelination (Cao et al., 2003; Guan et 

al., 2001; Guan et al., 2003). In addition, in a mouse model of Phelan−McDermid syndrome characterised 

by mutation in the SHANK3 gene, intraperitoneal injections of rhIGF-1 reversed the electrophysiological 

deficits and improved motor outcomes (Bozdagi et al., 2013).  

Only limited experimental studies have used rhIGF-1 for treatment on inflammation-related brain injury 

and the findings are conflicting. For example, following intraventricular injection of LPS into neonatal 

rats, intraventricular injection of low-dose rhIGF-1 reduced brain inflammation and preOL cell death, 

whereas high dose rhIGF-1 was associated with increased mortality and intracerebral haemorrhage (Pang 

et al., 2010b). Using the same model of neonatal CNS inflammation, intranasal administration of high-

dose rhIGF-1 was reported to attenuate the loss of oligodendrocyte progenitor cells and mature 

oligodendrocytes, improve myelination, improve behavioural outcomes (Cai et al., 2011), and ameliorate 

neuronal injury and motor deficits (Tien et al., 2017). However, these studies only investigated the 

neuroprotective actions of rhIGF-1 after severe brain inflammation induced by direct injection of LPS 

into the brain, and at animal ages when white matter development is more consistent with that in the near 

term human brain. Further, these studies did not establish the pharmacokinetic and safety profiles of 

rhIGF-1 treatment following injury.  

 

1.12.2 Cyclic glycine-proline 
cGP is the bioactive, terminal metabolite of IGF-1, and there is increasing interest in its therapeutic use 

for targeting IGF signalling. Compared with rhIGF-1, cGP is more resistant to enzymatic degradation, 

and therefore has a longer half-life (Guan et al., 2009). Further, because of its small size and lipophilic 

nature, cGP had a more efficient central uptake than rhIGF-1 and can cross the BBB independent of 

injury (Guan, 2008; Guan et al., 2007).  
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The neuroprotective actions of cGP are thought to involve regulation of IGF-1 homeostasis via 

competitive binding to IGFBPs. For example, under pathological conditions when IGF-1 concentrations 

are low, endogenous cGP is thought to increase free IGF-1 concentrations by displacing it from IGFBPs, 

thus releasing it into circulation, normalising the amount of bioavailable IGF-1 and thereby increasing 

the actions of IGF-1. Conversely, when IGF-1 concentrations are high, endogenous cGP is thought to 

dissociate from the IGFBPs, allowing free IGF-1 to bind to the IGFBPs, thus removing it from the 

circulation and reducing the actions of IGF-1 (Guan et al., 2014). This unique mechanism of cGP in 

regulation of IGF-1 homeostasis suggests that exogenous cGP treatment may be useful for restoring IGF-

1 function, without the potentially deleterious metabolic and mitogenic effects associated with increasing 

IGF-1 concentrations above homeostatic concentrations (Guan, Moon et al., 2012).  

However, only a limited number of studies have evaluated efficacy and safety profiles of cGP. For 

example, in vitro studies have shown that cGP induces cellular proliferation when receptor signalling is 

compromised, suggesting that cGP can promote IGF-1 function following injury (Guan et al., 2012). In 

vivo, cGP was shown to attenuate scopolamine-induced spatial learning and memory deficits (Guan et 

al., 2010) and partially prevent neuronal damage and vascular remodelling following cerebral hypoxia-

ischemia in adult rats (Guan et al., 2014; Guan et al., 2007), with limited contraindications. Exogenous 

cGP administration was also shown to significantly improve long-term motor function in a rodent model 

of Parkinson’s disease (Krishnamurthi et al., 2009). Further, in the absence of injury, maternal 

administration of cGP during lactation improved the bioavailability of IGF-1 in the offspring, which in 

turn improved recognition memory the offspring (Singh-Mallah et al., 2016), suggesting that cGP may 

play a role in neurodevelopmental programming. Finally, in a case study for the treatment of Rett 

syndrome, combinational therapy with rhIGF-1, melatonin, blackcurrant extract (an exogenous source 

of cGP), and neurorehabilitation showed improved neurological outcomes in a patient (Devesa et al., 

2018). However, further clinical and preclinical studies with larger sample size are required.   

Taken together, these studies illustrate that despite limited preclinical and clinical evidence, improving 

IGF signalling represents a potential therapeutic strategy for promoting normal brain development and 

function following injury. However, whether cGP is able to elicit similar or improved neuroprotective 

effects compared with rhIGF-1 for treatment of inflammation-related brain injury is unknown. Therefore, 

Chapter 5 of this thesis provides a direct head-to-head comparison between rhIGF-1 and cGP to 

determine whether targeting IGF signalling is a viable therapeutic intervention to treat inflammation-

related preterm brain injury. 
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1.13 Hypothesis and Aims of this Thesis 
The first part of this thesis investigated a role for sustained postnatal inflammation, without severe 

infection, in causing persistent disturbances in brain maturation and neurobehavioral outcomes in 

associated with preterm birth, and the utility of NODDI and DTI for the detection of brain injury. These 

studies investigated the specific hypotheses that: 

1. Systemic postnatal inflammation induced by exposure to repeated LPS during early brain 

development will be associated with white matter injury characterised by oligodendrocyte cell 

death, gliosis, and impaired oligodendrocyte maturation and axonal myelination, and cortical 

deficits characterised by impaired neuronal dendritic maturation, but without neuronal cell death, 

as well as long-term motor impairments, at PND21 (Chapter 3).   

2. White and grey matter microstructural alterations induced by repeated postnatal inflammation 

will be detectable by DTI and NODDI (Chapter 3). 

 

The second part of this thesis investigated whether postnatal inflammation modulates the IGF-1 system 

and whether restoring IGF-1 signalling can improve the associated brain injury. These studies 

investigated the specific hypotheses that: 

1. Repeated postnatal inflammation will impair IGF-1 bioavailability and therefore IGF-1 receptor 

signalling in the brain, independent of other related factors (e.g. IGF-2, GH, and insulin) 

(Chapter 4).  

2. Treatment with rhIGF-1 or cGP during LPS exposure will reduce brain injury and improve 

neurobehavioral outcomes at PND21 (Chapter 5). 

 

The final part of this thesis investigated whether blockade of the systemic inflammatory response could 

attenuate infection/inflammation-related preterm brain injury. These studies investigated the specific 

hypotheses that: 

1. Inhibition of TNF-α with etanercept during LPS exposure will attenuate oligodendrocyte cell 

death in the white matter (Chapter 6).  

2. Inhibition of NF-kβ with sulfasalazine during LPS exposure will attenuate oligodendrocyte cell 

death in the white matter (Chapter 6).  

3. Inhibition of systemic inflammation with the non-steroidal anti-inflammatory drug, 

indomethacin, during LPS exposure will attenuate oligodendrocyte cell death in the white matter 

(Chapter 6).
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Chapter 2. General Methods 
 

This chapter provides an overview of the general methodology for the studies performed in this thesis. 

Specific methodologies and analysis techniques pertaining to individual experiments are described in the 

relevant chapters. The studies of this thesis were undertaken at the University of Auckland, New Zealand. 

All animal procedures were approved by the Animal Ethics Committee at The University of Auckland 

(no. R1045, R1634, and R2019),in accordance with the New Zealand Animal Welfare Act, and the Code 

of Ethical Conduct for animal species in research established by the Ministry of Primary Industries, 

Government of New Zealand. 

 

2.1 The Clinical Translatability of the Neonatal Rat 

2.1.1 The neonatal rat 
Numerous experimental in vivo models and approaches have been employed to examine the 

electrophysiological, neurochemical, and molecular responses of the brain to infection and/or 

inflammation. However, no one model can satisfactorily reproduce the range of distinct histological and 

imaging patterns of brain injury observed clinically, which is a potential factor limiting the translation 

of knowledge from preclinical studies to a clinical setting. Ideally, animal models of inflammation-

related preterm brain injury should mimic the etiological basis of the injury, reflect the spectrum of 

histopathological outcomes, and display the functional outcomes commonly observed in surviving 

human preterm infants.  

While the evolutionary divergence of rodents from humans is a limitation for modelling the 

neuropathology of human preterm brain injury—for example, the small white matter volume relative to 

total brain size and the absence of cortical gyri—the rat has many advantages. Rats are easy to use, 

inexpensive, and have a short gestation period (21–22 days) with large litter sizes, allowing for rapid 

data collection and achievable sample sizes within a reasonable period of time (Mallard et al., 2015). In 

addition, within the rodent family, rats are larger than mice, and therefore provide a number of practical 

advantages such as tolerating various surgical interventions (Iannaccone et al., 2009), easier to handle, 

and are less easily stressed by human contact (Meijer et al., 2007). For these reasons, in this thesis the 

neonatal rat was selected as the species in which inflammation-related preterm brain injury was 

modelled, in order to examine the underlying cellular and molecular pathways and for the development 

of therapeutic interventions. 

 

2.1.2 Brain development in the neonatal rat 
A key consideration when using experimental species to model aspects of human neonatal brain injury 

relates to the timing of neurodevelopmental events with respect to birth. Precise comparisons are clearly 
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unrealistic considering the differing rates of maturation of different systems in each species, but global 

analogies can be drawn. The specific timeline of human brain development is detailed in Chapter 1, and 

Fig.  1.1, in which key developmental events occur in utero over a period of weeks to months, and 

continue postnatally into adulthood. By contrast, the rat is altricial, exhibiting a relatively immature brain 

at birth, with critical developmental processes occurring largely postnatally and over a much shorter 

timespan than in humans. For example, in humans the peak rate of brain growth occurs around birth. The 

brain weight at birth is approximately 27% of that in adults—total brain volume then increases by 

approximately 1% per day in the period immediately after birth, such that 90%−95% of the adult brain 

weight is reached by 2−3 years of age (Dobbing et al., 1973; Dobbing et al., 1979). By contrast, in rats, 

the brain weight at birth is only approximately 12% of the adult brain weight and the peak brain growth 

velocity occurs at approximately postnatal day (PND) 7 (Dobbing et al., 1979). Further, neurogenesis 

begins at approximately 4 weeks of gestation in the human infant, and is largely completed by the end 

of the second trimester, whereas in the rat neurogenesis is not completed until PND15 (Rice et al., 2000). 

Similarly, synaptogenesis in humans begins during the third trimester and continues postnatally into early 

childhood (up to 5 years of age), whereas synaptogenesis begins postnatally in the rat, with the bulk of 

synaptogenesis begins in the cortex around PND10, and is largely completed by PND25. Further, axonal 

myelination is initiated during the third trimester in humans, and continues postnatally into adulthood, 

where this is a largely postnatal event in the rat (Semple et al., 2013).  

Of particular relevance to the clinical translatability of the studies performed in this thesis, the timing of 

injury and recovery time-points were selected based on the timeline of oligodendrocyte development 

with respect to human infants. In the rat, oligodendrocyte development begins at approximately 6 days 

of gestation (4 weeks of gestation in humans) and continues until at least PND30−PND40 (20−30 years 

of life in humans) (Semple et al., 2013). During this time, the peak number of pre-oligodendrocytes 

occurs between PND1−PND3, which is consistent with the 23−32 week gestation human infant (Dean 

et al., 2011b); neurons at this age also exhibit a relatively simple morphology, as observed in the preterm 

human (Huang et al., 2008) (Fig.  3.4b). From PND5−PND7, there is a switch from a predominance of 

the pre-oligodendrocyte population of oligodendrocytes in the cerebral white matter into immature 

oligodendrocytes, which is consistent with the 32–36 week gestation human infant (Craig et al., 2003). 

This marks the onset of white matter myelination, reaching the peak rate of myelin accumulation by 

PND20, which continues until approximately postnatal day 39, at which point adult levels of myelin are 

attained (Craig et al., 2003; Semple et al., 2013). Therefore, in terms of oligodendrocyte development, 

the rat brain at PND1–PND3 is broadly equivalent to the human preterm infants at approximately 24−32 

weeks of gestation, the period of high-risk for preterm brain injury. 
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2.1.3 LPS as in immunostimulant 
Experimentally, lipopolysaccharide (LPS) is widely used as a robust inflammatory catalyst to stimulate 

neuroinflammatory responses in a variety of animal models of brain injury, including in neonatal rodents. 

In this thesis, systemic inflammation was induced using Escherichia coli LPS, a cell wall component of 

gram-negative bacteria. The actions of LPS are mediated through activation of toll-like receptor (TLR) 

4, which is expressed on systemic inflammatory cells, endothelial cells, and inflammatory cells in the 

brain (Lehnardt et al., 2002). In turn, this causes activation of the NF-κB inflammatory cascade, which 

results in transcriptional activation of pro-inflammatory genes, as well as genes associated with cell 

death. This induces systemic production of inflammatory molecules including pro-inflammatory 

cytokines and chemokines, which are thought to enable propagation of peripheral inflammation to the 

brain (Kielian, 2006).  

 

2.2 Animals  

2.2.1 Animal supply and housing 
Pregnant Sprague-Dawley rats were purchased from the Vernon Jansen Unit (VJU; Auckland, New 

Zealand), and gave birth within small animal facility at the VJU. The day of birth was defined as PND0. 

To minimize stress, the dams and pups were not disturbed until PND1. On PND1, litters were culled to 

10−12 pups to standardize the litter sizes. To minimize the effects of circadian rhythm, all experimental 

procedures, including injections and behavioural testing, were performed at the same time every day. To 

avoid the potential confounding effects of birth weight, for each individual study the animals outside ±2 

standard deviations of the mean birth weight were removed from all analyses. Further, to avoid any sex 

bias, both male and female offspring were included in this study. 

Dams and pups were housed in conventional open top north kent plastic cages (NKP-Isotec, Selbitz, 

Germany) containing wood chip bedding, in a 12 h light/dark cycle (light hours: 06:00–18:00), within a 

decommissioned neonatal incubator. On PND1, dams and pups were moved into the incubator, and given 

at least 2 h to acclimatize to the new environment. Air temperature within the incubator was set to 20–

23°C, and humidity was maintained at 50%−60%, both of which were constantly monitored throughout 

the experimental period. Food (Purina 5008 rodent chow, Purina, Auckland, NZ) and water were 

available ad libitum.  

 

2.2.2 Handling and care 
On PND1, rat pups were randomly allocated into control (saline), injury (LPS), drug control (saline + 

drug), or drug injury (LPS + drug) groups. During the injection period (PND1–PND3), pups and the dam 

were monitored at +2 h, +4 h, and +20 h post injections for signs of distress. Maternal assessment 

included feeding of pups, nesting behaviour, and signs of neglect (Appendix Fig.  8.1a). Assessment of 
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the pups included a healthy pink colour versus a pale appearance, responsiveness to touch, temperature, 

and signs of a dark, swollen abdomen (Appendix Fig.  8.1b). At the +4 h health check, pups exhibiting 

signs of dehydration were administered subcutaneous saline therapy for hydration (sterile saline at 10 

μl/g body weight). Following the injection period, pups were monitored once daily until the end of the 

experimental period for appearance, breathing, temperature, natural activity, and reflexes 

(neurodevelopmental milestone assessment). Daily body weights were recorded from surviving rat pups 

until euthanasia. The sex of each pup was visually determined at PND1, and then confirmed at post-

mortem. 

 

2.2.3 Animal identification 
For short-term studies (PND1–PND7), animals were identified using a non-toxic felt-tip marker. For 

long-term studies (PND14–PND21), animals were identified by tail tattoo (ATS-3 General Rodent 

Tattoo System; AIMS, Braintree Scientific Inc., Braintree, MA, USA). To minimize neonatal distress, 

animals were tattooed on PND4, the day after the final set of injections, and then again on PND10 if 

required. This involved manually restraining neonatal rats, disinfecting their tails using the AIMS skin 

prep solution, and tattooing their tails using a safe non-toxic black pigment. This procedure took less 

than 30 s per animal, with no obvious adverse effects. Pups were then returned to the dam to recover. If 

animals were required to undergo experimental procedures on the day of tattooing, they were given at 

least 30 min to recover with the dam.  

 

2.2.4 Termination and tissue collection 
For euthanasia, the rat pups were collected from their dams, and the dams returned to the VJU and 

retained as breeding stock. Rat pups at PND1, PND2, PND4, and PND7 were euthanized by decapitation; 

up until PND10, decapitation is the preferred method of euthanasia, as neonatal rodents are relatively 

resistant to inhalant anaesthetics such as CO2 (Pritchett-Corning, 2009). Rats at PND14 and PND21 were 

either euthanized by CO2 euthanasia or CO2 narcosis followed by decapitation, unless stated otherwise. 

Deep CO2 gas inhalation was performed in a container filled with 100% CO2 gas for ~3−4 min, at an 

inflow rate of ~20% of the container volume/min, which is sufficient to induce a rapid loss of 

consciousness before the concentration of CO2 in the container becomes stressful/noxious for the animal 

(Pritchett-Corning, 2009). These methods are fully consistent with the methodologies recommended by 

the NIH Office of Animal Care and Use. Once euthanized, whole blood, brains, and livers were 

immediately collected and processed as detailed below. Spleen and thymus weights were also recorded 

at post mortem for studies details in Chapter 5 and Chapter 6. 
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2.3 Lipopolysaccharide Administration 
Stock solutions (1 mg/mL) of ultrapure Escherichia coli LPS (055:B5, LOT 4231A1; Sapphire 

Bioscience Ltd., Auckland, NZ) were prepared in sterile saline (Health Support, Auckland, NZ), and 

were stored in 20 μL aliquots at −20°C until use. On each experimental day, a 0.03 mg/mL working 

solution of LPS was prepared in sterile saline, and allowed to warm to room temperature before 

injections. 

For all experiments, pups received either single or repeated intraperitoneal (i.p.) injection of LPS at 0.3 

mg/kg body weight, unless stated otherwise. For acute studies, pups received a single i.p. injection of 0.3 

mg/kg LPS or an equivalent volume of sterile saline on PND1, and rats were sacrificed after the first 

injection. For longer-term studies, rat pups received daily i.p. injections of 0.3 mg/kg LPS or sterile saline 

from PND1–PND3, and rats were sacrificed at the end of the experimental period. The specific recovery 

time-points are details in the relevant chapter.  

 

2.4 Drug Administration 
Specific details on the experimental design of all neuroprotection studies are described in the relevant 

chapter. All drugs used in this thesis were administered concomitantly with LPS administration from 

PND1–PND3. The individual drug preparations are described below.  

 

2.4.1 Recombinant human insulin-like growth factor-1  
For experiments described in Chapter 5, stock solutions (10 mg/mL) of recombinant human insulin-like 

growth factor-1 (rhIGF-1; Genetech; South San Francisco, CA, USA) were prepared in sterile saline, and 

were stored in 20 μL aliquots at −20°C until use. From the stock solution, 0.05 mg/mL, 0.5 mg/mL, and 

10 mg/mL working solutions were prepared in sterile saline immediately before injections. Specific 

details on the experimental design are described in Chapter 5. 

 

2.4.2 Cyclic glycine-proline  
For experiments described in Chapter 5, fresh stock solutions (1 mg/mL) of cyclic glycine-proline (cGP; 

BioScientific PTY Ltd., Sydney, Australia) were prepared in sterile saline on each experimental day. 

From the stock solution, 0.001 mg/mL, 0.01 mg/mL, and 0.02 mg/mL working solutions were prepared 

in sterile saline immediately before injections. Specific details on the experimental design are described 

in Chapter 5.  
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2.4.3 Indomethacin  
For experiments described in Chapter 6, fresh stock solutions (2 mg/mL) of indomethacin (Sigma-

Aldrich) were prepared in sterile saline on each experimental day. From the stock solution, 0.2 mg/mL 

and 1 mg/mL working solutions were prepared in 1% ethanol dissolved in sterile saline immediately 

before injections. Specific details on the experimental design and dosing are described in section 8.2; 

Appendix 2. 

 

2.4.4 Sulfasalazine  
For experiments described in Chapter 6, fresh stock solutions (20 mg/mL) of sulfasalazine (Sigma-

Aldrich, St. Louis, MO, USA) were prepared in sterile saline on each experimental day. From the stock 

solution, 0.5 mg/mL, 10 mg/mL, and 20 mg/mL working solutions were prepared in sterile saline 

immediately before injections. Specific details on the experimental design and dosing are described in 

section 8.2; Appendix 2. 

 

2.4.5 Etanercept   

For experiments described in Chapter 6, fresh stock solutions (2 mg/mL) of etanercept (Enbrel; where 

1 mg etanercept is equal to 3.048 mg of Enbrel; Onelink, Auckland, NZ) were prepared in sterile saline 

on each experimental day. From the stock solution, 0.5 mg/mL and 2 mg/ml working solutions were 

prepared in sterile saline immediately before injections. Specific details on the experimental design and 

dosing are described in section 8.2; Appendix 2.  

 

2.5 Physiological Recordings 

2.5.1 Temperature 
Core body temperatures were monitored on the days that rat pups received sterile saline, LPS, or drug 

injections using Type T thermocouple probes (Physitemp Instruments, Inc., Clifton, NJ, USA) in 

conjunction with data acquisition software (DASYLab; Measurement Computing Corporation, Norton, 

MA, USA). Axillary body temperature was measured by inserting the tip of the probe into the skin pocket 

between the left forepaw and the chest wall of the rat pup for a period of 30 s, allowing for temperature 

stabilization. Axillary rather than rectal temperatures was measured in neonatal rat pups to reduce stress 

to the pups during the injection period. Further, our preliminary data suggested a strong positive 

correlation between rectal and axillary temperatures (Pearson correlation coefficient, Control: r = 0.80; 

LPS: r = 0.84), indicating that axillary temperature was a good indicator of core body temperature in the 

neonatal rat. Specific time-points are detailed in the methods sections of the relevant chapters (Chapter 

3, Chapter 5 and Chapter 6). 
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2.5.2 Peripheral oximetry  
Peripheral oximetry (MouseSTAT™ - Pulse Oximeter & Heart Rate Monitor; Physiosuite, Kent 

Scientific, CT, USA) were recorded on the days that rat pups received sterile saline, LPS, or drug 

injections. The forepaw of each rat was placed in an annular sensor, and blood oxygen saturation and 

heart rate were recorded with a sampling rate of 10 ms, and then averaged over a period of 30 s. Specific 

time-points are detailed in the methods sections of the relevant chapters (Chapter 3 and Chapter 5). 

 

2.5.3 Arterial blood sampling  
Arterial blood samples were analysed for pH, O2 content, partial pressure of CO2, hemoglobin content, 

base excess, and potassium ion concentration (ABL800 FLEX blood gas analyser, Radiometer, 

Copenhagen, Denmark), and glucose and lactate levels (YSI 2300 STAT PLUS Glucose & L-Lactate 

Analyzer, Yellow Springs, OH, USA). Immediately following decapitation, blood samples were rapid 

collected from the neck using pre-heparinized capillary tubes (100 µl; Radiometer), and then 

immediately analysed. Specific time-points are detailed in the relevant chapters’ methods section 

(Chapter 3 and Chapter 5). 

 

2.6 Behavioural Assessment 

2.6.1 Neonatal developmental milestones 
Neonatal rats received a daily battery of behavioural tests to assess functional development from 

PND4−PND21, where the protocol was developed based on previously documented tests for 

neurobehavioral toxicity (Altman et al., 1975; Wood et al., 2003). Behavioural tests included negative 

geotaxis, cliff aversion, open field, and the emergence of auditory startle. A brief overview of these tests 

is included in Table 2.1. Testing was performed at the same time each day, and if the pup was unable to 

complete the test within the time limit, the time taken was recorded as the maximum amount of time 

allowed for the test. For further details, refer to Chapter 3.  

 

2.6.2 Open field test 
Global psychomotor function was assessed in rats using the open field paradigm. Briefly, on PND18, 

rats were placed in an arena (21 cm × 28 cm) for 10 min, and allowed to explore before being returned 

to their cage. Specific details on the open field protocols and analysis are described in Chapter 5. 
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2.6.3 Novel object recognition test 
Non-spatial learning and memory functions was assessed using the novel object recognition test (NORT). 

Briefly, on PND19, rats were placed in the arena with two identical objects, and left to explore for 5 min. 

One hour later, one of the identical objects was removed and replaced with a distinctly different object, 

and the rats were placed back into the arena and allowed to explore freely for 5 min. On PND20 (24 h 

later), one of the distinctly different objects was removed and replaced with a different distinctly different 

object, and the rats were placed into the arena and allowed to explore freely for 5 min. Specific details 

on the NORT protocols and analysis are described in Chapter 5. 

 

2.6.4 Accelerating rotarod test 
Global motor function and coordination was assessed using the accelerating rotarod (ROTO-ROD Series 

8; IITC Inc. Life Sciences, Woodland Hills, CA, USA). Briefly, rats were trained on the rotarod at 

constant speeds (5, 10, and 20 revolutions per minute; rpm) for up to 2 min on PND17–PND20. On 

PND21, rats were placed on the rotarod, which was set to accelerate linearly from 4–40 rpm over 5 min. 

Specific details on the accelerating rotarod protocols and analysis are described in Chapter 3 and 

Chapter 5. 

 

2.7 Detection of Inflammatory Markers by Reverse Transcription-

Quantitative PCR 
mRNA expression of inflammatory markers in the white matter and grey matter was assessed using 

quantitative real time PCR. Following euthanasia, whole brains were rapidly extracted, and the 

subcortical white matter and overlying neocortex were isolated from at least three sections under a 

dissecting microscope, and tissues snap frozen in liquid nitrogen and stored at −80°C until use.  

Assessment  Description 

Negative Geotaxis  Pups were placed face down on an inclined board (15° slopes for PND4 and PND7 

animals, 25° slopes for PND14 and PND21 animals). Time taken until they faced up 

the slope was recorded.  

Cliff Aversion  Pups were placed with their forepaws over the edge of a workbench, with the pup 

able to grip the edge of the bench. The time taken for the pup to move parallel to the 

edge of the bench as they moved away was recorded.  

Open Field Activity  Pups were placed in the centre of a circle drawn on a piece of paper with a diameter 

of 15 cm, and the time it took for the pups to reach the edge of the circle and place 

their forepaws outside the circle was recorded. 

Auditory Startle  Pups were placed face down on a flat surface and the first day they noticeably  

responded to an auditory stimuli (handclap at a distance of 10 cm) was recorded  

Table 2.1 Neurodevelopmental milestones performed to assessed reflex development in the rat 
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Total RNA was isolated from samples using TRIzol® Reagent (Life Technologies Ltd., Auckland, New 

Zealand), the RINO Bead Lysis Kit (Next Advance, Inc., Troy, NY, USA), and the Bullet Blender Storm 

24 (Next Advance, Inc.), according to the manufacturer’s protocols. cDNA synthesis from RNA was 

performed with 5X iScript™ Reverse Transcription Supermix for RT-qPCR (Bio-Rad Laboratories Pty 

Ltd, Auckland, NZ) in a T1000™ Thermal Cycler (Bio-Rad Laboratories Pty., Ltd., Auckland, New 

Zealand) under the following conditions: 5 min at 25°C, 30 min at 42°C, 5 min at 85°C, and cooling to 

12°C. cDNA was stored at −20°C until use. The specific qPCR protocol and the ΔΔCq method for 

relative gene expression are detailed in Chapter 3 of this thesis.  

 

2.8 Enzyme-Linked Immunosorbent Assays and Enzymatic Assays 
Inflammatory protein concentrations and protein concentrations of factors related to IGF axis in the 

plasma and brain were quantified using enzyme-linked immunosorbent assay (ELISA). Following 

euthanasia, blood samples were rapidly collected in ethylenediaminetetraacetic acid-treated microvette 

tubes (Sarstedt AG & Co., Nümbrecht, Germany) on ice to prevent coagulation, and the plasma fraction 

of the blood samples was extracted by repeated centrifugation (1 G for 20 min at 4°C, then 10 G for 10 

min at 4°C) and stored at −80°C until use. Whole brains and livers were rapidly extracted, hemisected 

(for brains), snap-frozen in liquid nitrogen, and stored at −80°C until use. For protein extraction, the left 

hemisphere or liver sample was homogenised 1:1 in a tissue lysis buffer (50 mM Tris-HCl, pH 8.0, 150 

mM NaCl, 1% Triton-X-100, 1% protease inhibitor cocktail [cOmplete ULTRA Tablets, Mini, 

EASYpack; Sigma-Aldrich]) and centrifuged (10 G for 20 min at 4°C) to extract the cytosolic fraction. 

Brain and liver protein samples were stored at −80°C until use. A brief overview of the ELISA kits used 

in this thesis are described below, with specific details for each kit described in the relevant chapters 

(Chapter 3, Chapter 4 and Chapter 5).  

 

2.8.1 Detection of cytokines by ELISA 
Inflammatory cytokine and chemokine concentrations were quantified using a pre-mixed MILLIPLEX® 

MAP Rat 27-plex cytokine/chemokine magnetic bead panel in a 96-well plate assay (Merck Millipore, 

Auckland, NZ). Briefly, plasma samples were diluted in the provided assay matrix, while brain protein 

samples were diluted in the provided lysis buffer, and solutions were added to the ELISA plate according 

to the manufacturer’s instructions. Cytokine concentrations were determined using the MAGPIX® 

machine (Luminex Co., Austin, TX, USA) and MILLIPLEX® Analyst v5.1 software (Merck Millipore). 

Specific details on the MILLIPLEX® MAP Rat 27-plex cytokine/chemokine magnetic bead panel 

ELISA kit are described in Chapter 3 and Chapter 4. 
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2.8.2 Detection of IGF-1 by ELISA 
IGF-1 concentrations were quantified using pre-mixed rat IGF-1 ELISA kits or pre-mixed human IGF-

1 ELISA kits in a 96-well plate assay (Crystal Chem., Elk Grove Village, IL, USA). Briefly, plasma 

samples, brain samples, and liver samples were diluted in the provided dilution buffer, and solutions 

were added to the ELISA plate according to the manufacturer’s instructions. The plate was imaged using 

the The EnSight™ multimode plate reader (PerkinElmer, Waltham, MA, USA), and a calibration curve 

was used to determine IGF-1 concentrations. Specific details on the pre-mixed IGF-1 ELISA kits are 

described in Chapter 3 and Chapter 4. 

 

2.8.3 Detection of IGF-2 by ELISA 
IGF-2 concentrations were quantified using the Quantikine® mouse/rat/porcine/canine IGF-II ELISA 

kit (R&D Systems®, Minneapolis, MN, USA). Briefly, plasma samples, brain samples, and liver samples 

were diluted in the provided dilution buffer, and solutions were added to the ELISA plate according to 

the manufacturer’s instructions. The plate was imaged using the The EnSight™ multimode plate reader, 

and a calibration curve was used to determine IGF-2 concentrations. Specific details on the Quantikine® 

mouse/rat/porcine/canine IGF-II ELISA kit are described in Chapter 4. 

 

2.8.4 Detection of IGF binding protein 2 by ELISA 
IGFBP-2 concentrations were quantified using a pre-mixed Rat IGFBP-2 ELISA kit in a 96-well plate 

assay (Crystal Chem). Briefly, plasma samples, brain samples, and liver samples were diluted in the 

provided dilution buffer, and solutions were added to the ELISA plate according to the manufacturer’s 

instructions. The plate was imaged using the The EnSight™ multimode plate reader, and a calibration 

curve was used to determine IGFBP-2 concentrations. Specific details on the pre-mixed IGFBP-2 ELISA 

kits are described in Chapter 4. 

 

2.8.5 Detection of IGF binding protein 3 by ELISA 
IGFBP-3 concentrations were quantified using a pre-mixed rat IGFBP-3 ELISA kit in a 96-well plate 

assay (Crystal Chem). Briefly, plasma samples, brain samples, and liver samples were diluted in the 

provided dilution buffer, and solutions were added to the ELISA plate according to the manufacturer’s 

instructions. The plate was imaged using the The EnSight™ multimode plate reader, and a calibration 

curve was used to determine IGFBP-3 concentrations. Specific details on the pre-mixed IGFBP-3 ELISA 

kits are described in Chapter 4. 

2.8.6 Detection of growth hormone by ELISA 
Growth hormone (GH) concentrations were quantified using a pre-mixed Rat GH ELISA kit in a 96-well 

plate assay (Crystal Chem). Briefly, plasma samples and brain samples were diluted in the provided 
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dilution buffer, and solutions were added to the ELISA plate according to the manufacturer’s 

instructions. The plate was imaged using the The EnSight™ multimode plate reader, and a calibration 

curve was used to determine GH concentrations. Specific details on the pre-mixed GH ELISA kits are 

described in Chapter 4. 

 

2.8.7 Detection of insulin by ELISA 
Insulin concentrations were quantified using a pre-mixed rat insulin ELISA kit in a 96-well plate assay 

(Crystal Chem). Briefly, plasma samples and brain samples were diluted in the provided dilution buffer, 

and solutions were added to the ELISA plate according to the manufacturer’s instructions. The plate was 

imaged using the The EnSight™ multimode plate reader, and a calibration curve was used to determine 

insulin concentrations. Specific details on the pre-mixed insulin ELISA kits are described in Chapter 4. 

 

2.8.8 Detection of glucose by enzymatic assay 
Glucose concentrations were quantified using an enzymatic rat glucose assay (Crystal Chem). Briefly, 

plasma samples and brain samples were added to a 96-well plate, and the solutions were added according 

to the manufacturer’s instructions. The plate was imaged using the The EnSight™ multimode plate 

reader, and a calibration curve was used to determine glucose concentrations. Specific details on the 

enzymatic rat glucose assay are described in Chapter 4 and Chapter 5. 

 

2.9 Quantification of IGF-I Receptor Signalling and IGF-II Receptor 

Expression by Western Blot 
Semi-quantification of IGF type I receptor (IGF-IR), phosphorylated-IGF-IR, and IGF-IIR expression 

was performed using fluorescent western blotting. Following euthanasia, whole brains were rapidly 

extracted, hemisected, snap-frozen in liquid nitrogen, and stored at −80°C until use. The right hemisphere 

was homogenised 1:7 in chilled radioimmunoprecipitation assay lysis buffer (50 mM Tris-HCl, 150 mM 

NaCl, 0.1% Triton-X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 1% protease 

inhibitor cocktail, and 1% phosphatase inhibitor cocktail [PhosphoSTOP; Sigma-Aldrich]), gently 

agitated for 20 min at 4°C, and centrifuged (15 G for 20 min at 4°C) to extract the cytosolic fraction. 

Brain protein samples were stored at −80°C until use. A BioRad DC protein assay (Bio-Rad Laboratories 

Pty Ltd.), was used to determine the protein concentration in each sample, according to the 

manufacturer’s protocol. The fluorescent western blotting protocol was based on the V3 Western 

Workflow system (Bio-Rad Laboratories Pty Ltd.), and is detailed in Chapter 4. 
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2.10 Neurohistopathogical Studies 

2.10.1 Immunofluorescence studies  
Immunofluorescence was used for the quantification of cell death, oligodendrocyte lineage survival, 

proliferation, and maturation, and gliosis, as well as for stereological analysis of neuronal counts and for 

total measurement of cortical and white matter volumes. Following euthanasia, whole brains were rapidly 

extracted and immersion fixed in 4% paraformaldehyde for 3−5 days at 4°C. Fixed brains were then set 

in 1% agarose in 50 mM phosphate buffered saline. Serial coronal sections (50-µm thick) were cut using 

a Leica VT1000S Vibratome (Leica Biosystems, Nussloch, Germany) and stored in cryoprotectant (30% 

sucrose, 30% ethylene glycol, 15% 0.2 M phosphate buffer) at 4°C prior to immunohistochemical 

analyses. The primary antibodies and secondary antibodies used in this thesis are shown in Table 2.2 

and Table 2.3. The specific immunofluorescent protocols and methods for quantification of cellular 

densities and design-based stereology are described in Chapter 3 and Chapter 5. 

 

2.10.2 Dendritic reconstruction and dendritic spine density 
Dendritic morphology of cortical pyramidal neurons was assessed using Neurolucida software 

(Microbrightfield Inc.) as previously described (Dean et al., 2013), with minor modifications. Following 

euthanasia, whole brains were rapidly extracted at PND21, and then processed for Golgi-Cox staining 

using the FD Rapid GolgiStain™ kit (FD Neurotechnologies, Inc., Columbia, MD, USA) as per the 

manufacturer’s instructions. Each brain was serially sectioned (150-µm thick) in the coronal plane using 

a Leica CM3050S Cryostat (Leica Biosystems, Wetzlar, Germany). Region-matched tissue sections at 

the level of bregma/mid-striatum were mounted onto gelatin-coated slides, processed for Golgi 

visualization, and mounted with DPX non-aqueous mounting medium (Merck Millipore Auckland, NZ). 

Detailed information on the sampling of pyramidal neurons, dendritic reconstruction, and spine analysis 

are described in Chapter 3.  

 

2.10.3 Transmission electron microscopy for assessment of myelination  
Axonal myelination was determined using g-ratio calculations, as previously described (Partadiredja et 

al., 2003) with minor modifications. Following euthanasia, whole brains were collected for transmission 

electron microscope (TEM) analysis of axonal myelination. Animals were anaesthetised with isoflurane,  

and  perfusion  fixed  with  intracardial  injection  of  2.5%  paraformaldehyde  and  2.5%  glutaraldehyde 

in 0.1 M PB. Perfusion fixed whole brains were extracted and post-fixed overnight in the same fixative. 

For each brain, the left hemisphere was sectioned in the coronal plane (50-µm thick) using a Leica 

VT1000S Vibratome, and sections were stored in 0.1 M PB at 4°C prior to processing for TEM. Detailed 

information on the processing of brain sections for TEM and the g-ratio analysis are described in 

Chapter 3. 
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Antibody  Target 
 

Manufacturer  CAT  
Host 
Species 

 Isotype  Dilution  Permeabilization  Antigen Retrieval  

Cleaved Caspase-
3 (CC3)  

 Apoptotic Cells 
 

Cell Signaling 
Technology 

 CTE9661S  Rabbit  IgG  1:1000  
PBS + 0.4% triton 
X-100 

 
sodium citrate buffer (10 
mM, pH 6.0) at 90°C for 
10 min 

 

Oligodendrocyte 
Transcription 
Factor 2 (Olig2) 

 Oligodendrocytes 
 

Merck Millipore 
 MABN50  Mouse  IgG2a  1:1000 

 
PBS + 0.4% triton 
X-100 

 
sodium citrate buffer (10 
mM, pH 6.0) at 90°C for 
10 min 

 
 AB9610  Rabbit  IgG  1:500 

Platelet Derived 
Growth Factor 
Receptor α 
(PDGFR-α) 

 
Oligodendrocyte 
Progenitor 
Population 

 

R&D Systems  AF307NA  Goat  IgG  1:1000  
PBS + 0.4% triton 
X-100 

 
sodium citrate buffer (10 
mM, pH 6.0) at 90°C for 
5 min 

 

O4  
Pre-
Oligodendrocytes 

 Dr Ben Emery 
(OHSU)* 

 –  Mouse  IgM  1:250  
PBS + 0.1% triton 
X-100 

 –  

Adenomatus 
Polposis Coli 
Clone (APC-CC1) 

 
Mature 
Oligodendrocytes 

 
Calbiochem, 
Germany 

 OP80  Mouse  IgG2b  1:500  
PBS + 0.4% triton 
X-100 

 
sodium citrate buffer (10 
mM, pH 6.0) at 90°C for 
10 min 

 

Glial Fibrillary 
Acidic Protein 
(GFAP) 

 Astrocytes 
 

DAKO Australia  X0334  Rabbit  IgG  1:500  
PBS + 0.4% triton 
X-100 

 
sodium citrate buffer (10 
mM, pH 6.0) at 90°C for 
10 min 

 

Biotinylated 
Lycopersicon 
Esculentum 
Lectin 

 
Microglia and 
Blood Vessels 

 
Vector 
Laboratories 

 VEB1175  –  –  1:500  PBS + 0.4% triton 
X-100 

 
sodium citrate buffer (10 
mM, pH 6.0) at 90°C for 
10 min 

 

Ki67  Proliferating Cells 
 

Merck Millipore  AB9260  Rabbit  IgG  1:500  
PBS + 0.4% triton 
X-100 

 
sodium citrate buffer (10 
mM, pH 6.0) at 90°C for 
10 min 

 

Neuronal Nuclei 
(NeuN) 

 Neurons 
 

Merck Millipore  MAB377  Mouse  IgG1  1:500  
PBS + 0.4% triton 
X-100 

 
sodium citrate buffer (10 
mM, pH 6.0) at 90°C for 
10 min 

 

Table 2.2 Primary antibodies used for free floating immunofluorescent studies. 
*Generously gifted 
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2.11 Magnetic Resonance Imaging Assessment of Brain Microstructure 
Brain microstructure was assessed using ex-vivo Magnetic Resonance Imaging (MRI). Following 

euthanasia, whole brains were rapidly extracted at PND21, and then immersion fixed in 4% 

paraformaldehyde for 5 days. Fixed brains were stored in 0.1 M PB, and then immersed in fomblin, a 

fluorinated lubricant that does not transmit any MR signal, prior to MRI protocols. Imaging and 

assessment was performed by colleagues at the Division of Child Development & Growth in the 

Department of Paediatrics at the University of Geneva, (Geneva, Switzerland). 

Briefly, ex-vivo MRI image acquisitions were performed on an actively shielded 9.4 T/31 cm magnet 

(Varian Inc., Palo Alto, CA, USA) equipped with 12 cm gradient coils (400 mT/m, 120 µs) with a 25 

mm transceiver birdcage radiofrequency coil. A spin-echo sequence was used to generate a multi-b-value 

shell diffusion-weighted imaging protocol. A field of view of 21 × 16 mm2 was sampled on a 128 × 92 

Cartesian grid. Twelve slices (slice thickness = 0.6 mm) were acquired in the axial plane, which largely 

enclosed the genu to the splenium of the corpus. Scans were averaged 3× with an echo time and repetition 

time of 45 ms and 2000 ms, respectively. A total of 96 diffusion-weighted images were acquired. Fifteen 

of these images were the b0 reference image, and the remaining 81 directions were non-collinear and 

uniformly distributed in each shell with the following distributions, represented as the number of 

directions/b-values: 21/1750 s/mm2, 30/3400 s/mm2, and 30/5100 s/mm2. Detailed information on 

diffusion tensor imaging and neurite orientation and dispersion index image processing are described in 

Chapter 3 and Chapter 5. 

 

Secondary Antibody  Conjugate  Manufacturer  CAT  Isotype  Dilution 

Goat anti-mouse  Alexa Fluor® 488  Life Technologies  
A32723 

 
IgG 

 1:500 
A21042 IgM 

Goat anti-rabbit   Alexa Fluor® 488  Life Technologies  A32731  IgG  1:500 

Donkey-anti-mouse   Alexa Fluor® 488  Life Technologies  A21202  IgG  1:500 

Goat anti-mouse   Alexa Fluor® 594  Life Technologies  A11032  IgG  1:500 

Goat anti-rabbit   Alexa Fluor® 594  Life Technologies  A11037  IgG  1:500 

Donkey-anti-goat  Alexa Fluor® 594  Life Technologies  A11058  IgG  1:500 

Donkey-anti-rabbit  Alexa Fluor® 647  Life Technologies  A31573  IgG  1:500 

Streptavidin   Alexa Fluor® 594  Life Technologies  S11227  –  1:500 

Table 2.3 Secondary antibodies used for free floating immunofluorescent studies. 
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2.12 Statistical Analyses 
All data analyses were performed with statistical software (IBM SPSS Statistics v20.0; Armonk, NY, 

USA; GraphPad Prism v7.0; La Jolla, CA, USA). For all experiments, Shapiro−Wilks test for normality 

was performed to ensure a normal distribution. Statistical significant was defined as P < 0.05, and all 

data are presented as mean ± standard error of the mean. Specific details on the relevant statistical 

analyses are described in each experimental chapter.  
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Chapter 3. Long-term Coordinated Microstructural Disruptions 

of the Developing Neocortex and Subcortical White Matter after 

Early Postnatal Systemic Inflammation 
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This article is in revision as Prasad et al., (2020) in Brain, Behavior and Immunity 

 

3.1 Preface 
Surviving preterm born infants are at a significantly higher risk of brain damage and subsequent adverse 

neurodevelopmental outcomes. Further, up to 65% of preterm infants experiencing at least one postnatal 

infection while in neonatal intensive care. While severe postnatal systemic infection is highly associated 

with persistent disturbances in brain development and neurobehavioral outcomes in preterm survivors, 

the contribution of less severe but prolonged postnatal infection and inflammation to such disturbances 

is unclear. Further, the ability of advanced imaging techniques to detect the underlying changes brain 

microstructure in these infants remains to be validated. This chapter aims to expand the underlying 

patterns of inflammation-induced white and grey matter pathologies, as well as examining the associated 

behavioural deficits in a neonatal rodent model of repeated postnatal inflammation. This chapter also 

compares the utility of the multi-compartment MRI model, NODDI, to traditional DTI models in the 

detection of inflammation-related neonatal brain injury.  
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3.2 Introduction 
Postnatal infection occurs in 20%−65% of very premature infants (Strunk et al., 2014), and is highly 

associated with greater mortality, brain injury, and adverse neurodevelopmental outcomes (Cheong et 

al., 2017; Hagberg et al., 2015; Stoll et al., 2002). Severe infections such as culture-positive sepsis, 

meningitis, or necrotizing enterocolitis can cause severe white matter pathology (Adams-Chapman et al., 

2006; Procianoy et al., 2012). with long-term impairment of learning and cognition, visual and auditory 

dysfunction, and cerebral palsy (Mwaniki et al., 2012; Stoll et al., 2015; Van Vliet et al., 2013). Repeated 

infectious or inflammatory events further increase these risks (Glass et al., 2008; Korzeniewski et al., 

2014; Yanni et al., 2017). However, such events account for a minority of long-term disability. It is 

notable that less severe but prolonged postnatal systemic inflammation is still associated with poor 

neurodevelopmental outcomes (Kuban et al., 2017; Leviton et al., 2019; O'shea et al., 2013), even for 

non-infectious causes such as mechanical ventilation (Bose et al., 2013), supporting the hypothesis that 

inflammation itself is a major contributor to long-term disability independent of severe infection 

(Hagberg et al., 2015). 

In contemporary preterm cohorts, the neuropathology underlying neurodevelopmental disability involves 

diffuse impairment of oligodendrocyte maturation, axonal myelination (Back, 2017; Buser et al., 2012; 

Dean et al., 2014; Riddle et al., 2011), and neuronal development (Ardalan et al., 2019; Dean et al., 2013; 

Mcclendon et al., 2014; Tibrewal et al., 2018), with associated chronic reductions in white matter and 

grey matter growth and connectivity (Ball et al., 2012; Kersbergen et al., 2016; Lee et al., 2011; Ment et 

al., 2009; Pascoe et al., 2019; Smyser et al., 2019; Thompson et al., 2019). It remains unclear to what 

extent less severe but prolonged postnatal infection and inflammation contributes to this mild spectrum 

of human preterm brain pathology, independent of other inflammation-inducing events such as hypoxia 

or barotrauma (Galinsky et al., 2018). In part, this may relate to difficulties in accurately assessing the 

timing and severity of infection and inflammatory responses in very premature infants (Kuster et al., 

1998). Further, although recent human imaging studies have reported associations of postnatal systemic 

infection and inflammation with reduced white matter and grey matter growth (Kuban et al., 2019; Shah 

et al., 2008) and altered microstructural development (Chau et al., 2012; Dubner et al., 2019; Glass et 

al., 2018; Rogers et al., 2016), there are contrasting findings (Boardman et al., 2007; Hemels et al., 2012; 

Kuban et al., 2019). Additionally, similar associations of other clinical factors, including steroid use, 

surgery, procedural pain, and social factors, with these imaging findings have been reported (Brummelte 

et al., 2012; Kersbergen et al., 2016; Rogers et al., 2016). 

Extensive clinical diffusion tensor imaging (DTI) studies have shown persisting changes in white matter 

and grey matter microstructure and connectivity at term equivalent and older after preterm birth (Ball et 

al., 2013; Nagy et al., 2003; Pascoe et al., 2019; Thompson et al., 2019; Vinall et al., 2013). However, 

despite its high sensitivity, a major limitation of DTI is its low specificity; i.e., it is difficult to directly 

attribute changes in DTI-derived parameters to changes in any single microstructural aspect, especially 

in grey matter (Jones et al., 2013; Pecheva et al., 2018). For example, restriction of water diffusion in the 
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brain depends on numerous factors, including cellular process density, diameter, and orientation (e.g., of 

axons and dendrites), membrane permeability, and myelination. Recently, the development of advanced 

diffusion imaging techniques such as neurite orientation dispersion and density imaging (NODDI) has 

provided more specific markers of cellular microstructure, including separate indices of cellular process 

density (the intra-cellular volume fraction [ficvf]) and dispersion (orientation dispersion index [ODI]) 

(Zhang et al., 2012). Changes in NODDI indices in the white matter and grey matter, and associations 

with functional outcomes, have been reported in very preterm infants (Batalle et al., 2017; Eaton-Rosen 

et al., 2015; Kelly et al., 2016; Murner-Lavanchy et al., 2018; Young et al., 2019). However, the impact 

of infection/inflammation and the specific neurohistopathologic correlates of these changes are 

unknown.  

Herein, we tested the hypothesis that prolonged postnatal systemic inflammation disrupts the 

microstructural development of the subcortical white matter and neocortex involving coordinated 

impairment of oligodendrocyte maturation and neuronal dendrogenesis, and that these subtle cellular 

changes can be detected by advanced diffusion imaging techniques. Postnatal systemic inflammation 

was induced using the gram-negative bacterial endotoxin lipopolysaccharide (LPS) in newborn rats from 

postnatal day (PND)1−PND3, an age when brain development is broadly equivalent to that of extremely 

preterm infants (<28 weeks gestation) (Semple et al., 2013). We used high-field ex-vivo DTI and NODDI 

combined with neurohistopathologic analysis to reveal that prolonged postnatal inflammation can cause 

diffuse abnormalities in oligodendrocyte maturation and axonal myelination, and neuronal dendritic 

arborization and spine formation, which may explain the motor and cognitive disturbances observed in 

preterm infants. The NODDI parameter ODI may be particularly useful for clinical detection of such 

subtle microstructural deficits. 

 

3.3 Materials and methods 

3.3.1 Animals and experimental design 
All animal experiments were performed in accordance with the principles of laboratory animal care (NIH 

publication No. 86-23, revised 1985), and were approved by the Animal Ethics Committee, the 

University of Auckland (#R1045, #R1634). Pregnant Sprague-Dawley rats (specific pathogen free) were 

provided by the Vernon Jansen Unit (University of Auckland), and delivered within the small animal 

facility. On the day of birth (designated as PND0), litter sizes were standardized to 10 pups of both sexes. 

Dams and pups were housed in a 12 h light/dark cycle in a temperature- and humidity-controlled 

environment. Food and water were available ad libitum.  

On PND1, rat pups in each litter were randomly allocated into control (sterile saline) and LPS (from 

Escherichia coli, O55:B5; Sapphire Biosciences Ltd., Auckland, NZ; 0.3 mg/kg body weight) groups. 

Saline or LPS were administered as single daily intraperitoneal injections (at 10 µl/g body weight). To 

minimize the effects of circadian rhythm, saline/LPS administration was performed at the same time 
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each day (~12:00 h). Rat pups were sacrificed at either 4 h, 12 h, or 24 h (PND2) after the first LPS 

injection (by decapitation), or at PND4, PND7, PND14, or PND21 (by decapitation or CO2 

asphyxiation/cervical dislocation) after three repeated LPS injections from PND1−PND3. Body weights 

were measured daily, while brain weights and animal sex were assessed at post-mortem. Blood and brain 

tissues were collected at post-mortem for various analyses. A timeline of the experimental protocol is 

shown in Fig.  3.1.   

A total of n = 500 rat pups were used (n = 250 control; n = 250 LPS). To avoid the potential confounding 

effects of birth weight, animals outside ±2 standard deviations of the mean PND1 body weight 

(6.89±1.64 g) were removed from final analyses ([n = 7 control; n = 3 LPS]. Thus, n = 490 animals were 

included in the final study (n = 243 control; n = 247 LPS). Note that the number of animals used for each 

of the specific outcome measures described below are detailed in the figure legends.  

 

3.3.2 Temperature and heart rate recordings 
At baseline, 2 h, 4 h, 20 h, and 24 h after each saline/LPS injection, the tip of a temperature probe (type 

T thermocouple; Physitemp Instruments, Inc., Clifton, NJ, USA) was inserted into the skin pocket 

between the left forepaw and the chest wall of rat pups. Axillary body temperature was recorded using 

data acquisition software (DASYLab; Measurement Computing Co., Norton, MA, USA) after a 30-s 

stabilization period. Axillary temperatures were used as a surrogate for body temperature to reduce the 

handling stress associated with rectal recordings (Xue et al., 2005). These time-points were chosen to 

cover acute (2 h and 4 h) and delayed (20 h and 24 h) recovery times after saline/LPS exposure and also 

aligned with the timing of our daily animal health and welfare checks. To avoid disturbance of the 

animals during the nocturnal period, the acute time-points allowed animal monitoring before lights out 

(18:00), while the 20 h delayed time-point was performed the following morning during the day light 

cycle; ~08:00). The 24 h recovery time-point overlapped with timing of the subsequent saline/LPS 

injection (i.e., at ~12:00).  

Fig.  3.1 Experimental design. Neonatal rats received single daily intraperitoneal (i.p.) injections of 
lipopolysaccharide (LPS) or saline on postnatal days (PND)1–PND3, and were recovered to a range of time 
points for various outcome measures. ●, Time points for brain extraction and plasma collection. HR, heart 
rate; RT-qPCR, reverse transcription-quantitative PCR; TEM, transmission electron microscopy. 
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At baseline and 4 h after the first saline/LPS injection, the left hindpaw of each rat pup was placed into 

an annular sensor (MSTAT-5mm; MouseSTAT Pulse Oximeter Paw sensor for rat pups; Kent Scientific, 

Torrington, CT, USA), and heart rate was recorded using a data acquisition system (MouseSTAT™ Pulse 

Oximeter & Heart Rate Monitor; Kent Scientific) after a 30-s stabilization period (sampling rate, 10 ms; 

data averaged over 30 s recording). 

 

3.3.3 Blood gas, electrolyte, and metabolite profiles 
At 4 h after the first saline/LPS injection, rat pups were decapitated, and blood samples (100 µl) were 

collected from the neck using pre-heparinized capillary tubes (Radiometer, Copenhagen, Denmark). 

Each blood sample was immediately analyzed for pH, O2 content, partial pressure of CO2, hemoglobin 

content, base excess, and K+ concentration (ABL800 FLEX blood gas analyzer; Radiometer), and 

glucose and lactate levels (2300 STAT PLUS Glucose & L-Lactate Analyzer; YSI Life Sciences, Yellow 

Springs, OH, USA).  

 

3.3.4 Detection of inflammatory markers by reverse transcription-quantitative PCR 
mRNA expression of the inflammatory markers interleukin (IL)-1β and tumor necrosis factor (TNF)-α 

in subcortical white matter and neocortical tissue samples was determined by reverse transcription-

quantitative PCR (RT-qPCR). Animals were euthanized at PND2 and PND4, and the brains rapidly 

removed and processed in sterile ice-cold Hanks’ Balanced Salt solution (Life Technologies, Auckland, 

NZ) for enrichment of the subcortical white matter and neocortex, as described (Raymond et al., 2011). 

In brief, intact brains were removed from the overlying pial structures and cut into 300-µm-thick sections 

with a series of straight razors. The subcortical white matter and overlying neocortex were isolated from 

at least three sections under a dissecting microscope, and tissues snap frozen in liquid nitrogen and stored 

at −80°C until use. For RNA extraction, the tissues were homogenized in TRIzol® Reagent (1 ml per 

100 mg tissue; Life Technologies) using the RINO Bead Lysis Kit (Next Advance, Inc., Troy, NY, USA) 

and the Bullet Blender Storm 24 (Next Advance, Inc.). Total RNA was isolated according to the 

manufacturer’s protocol, and then stored −80°C until use. RNA concentration and purity were assessed 

using the NanoDrop 2000 (Thermo Fisher Scientific, Walthan, MA, USA).  

For cDNA synthesis, 1 µg of total RNA per reaction was transcribed into cDNA (5× iScript™ Reverse 

Transcription Supermix for RT-qPCR; Bio-Rad Laboratories Pty., Ltd., Auckland, NZ) in a thermal 

cycler (T1000™; Bio-Rad Laboratories Pty., Ltd.) using 5 min at 25°C, 30 min at 42°C, 5 min at 85°C, 

and cooling to 12°C. cDNA was stored at −20°C until use. qPCR was performed in 384-well clear optical 

reaction plates (Life Technologies) using the 7900HT fast PCR system (Applied Biosystems, Auckland, 

NZ). Each qPCR reaction was performed in triplicate, with a final volume of 10 µl containing 2 µl cDNA 

template, 5 µl TaqMan® gene expression master mix (Life Technologies), 0.5 µl probe-based assay 

(PrimeTime Predesigned qPCR Assays; Integrated DNA Technologies, Coralville, IA, USA; IL-1β 

[NM_031512(1)]: #Rn.PT.58.38028824; TNF-α [NM_012675(1)]: #Rn.PT.58.11142874; 
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peptidylprolyl isomerase A [NM_017101(1)]: #Rn.PT.39a.22214830), and 2.5 µl RNAse-free water. All 

assays were pre-optimized by the manufacturer to maximize efficiency of amplification, were guaranteed 

to perform with efficiencies of 90%–110%, and were exon-spanning to minimize the possibility of 

detecting genomic DNA. cDNA template was omitted for negative control wells. The qPCR conditions 

were as follows: hold stage (50°C × 2 min, 95°C × 10 min), PCR stage (95°C × 15 s, 60°C × 1 min), 

with a ramping speed of 1.6°C/s, for 40 PCR cycles. 

Quantification cycle data were calculated with Data Assist v3.01 software (Applied Biosystems) using a 

manual baseline threshold of 0.1, while other calculations were performed in Microsoft Excel (Microsoft 

Co., Redmond, WA, USA). Technical replicates were averaged for each gene/sample, and mRNA fold 

changes were quantified by the ΔΔCq method for relative gene expression (Schmittgen et al., 2008), 

using the housekeeping gene peptidylprolyl isomerase A as the normalizer, and control (saline) tissues 

as reference samples for fold-change calculations.  

 

3.3.5 Detection of cytokines by ELISA 
Blood samples and brain tissues for ELISA were collected from control and LPS animals recovered until 

4 h and 12 h after the first LPS injection, PND2 (24 h after first LPS injection), PND4 (24 h after final 

LPS injection), PND14, and PND21. Blood samples were rapidly collected in ethylenediamine 

tetraacetate-treated microvette tubes (Sarstedt AG & Co., Nümbrecht, Germany) to prevent coagulation, 

and the plasma fraction was extracted by repeated centrifugation, and stored −80°C until use. Whole 

brains were rapidly extracted, hemisected, snap-frozen in liquid nitrogen, and stored at −80°C until use. 

For protein extraction, the left hemispheres were homogenized (RINO Bead Lysis Kit, Bullet Blender 

Storm 24) 1:1 (w/v) in tissue lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton-X-100, 

1% protease inhibitor cocktail [cOmplete ULTRA Tablets, Mini, EASYpack; Sigma-Aldrich, St. Louis, 

MO, USA]), centrifuged to extract the cytosolic fraction, and stored at −80°C until use.  

Cytokine concentrations in the plasma and brain samples were measured using a pre-mixed 

MILLIPLEX® MAP Rat 27-plex cytokine/chemokine magnetic bead panel in a 96-well plate assay 

(Merck Millipore, Auckland, NZ). Plasma samples were diluted 1:2 in the provided assay matrix, while 

brain protein samples were diluted 1:2 in the provided lysis buffer, and solutions were added to the 

ELISA plate according to the manufacturer’s instructions. The ELISA plate was read with a MAGPIX® 

machine (Luminex Co., Austin, Texas, USA) using the associated xPONent (Luminex Co.) and 

MILLIPLEX® Analyst v5.1 software (Merck Millipore).  

 

3.3.6 Immunofluorescence studies 
Whole brains were rapidly extracted from control and LPS animals at PND2, PND4, PND7, PND14, and 

PND21, and immersion fixed in 4% paraformaldehyde for 3−5 days at 4°C. For sectioning, fixed brains 

were set in 1% agarose in 50 mM PBS, and serial coronal sections (50 µm) were cut from the level of 

the onset of the forceps minor of the corpus callosum to the end of the hippocampus (e.g., from Plates 
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8−89 by (Paxinos et al., 2013)) in a 1:12 series using a Leica VT1000S vibratome (Leica Biosystems, 

Nussloch, Germany), and stored in cryoprotectant (30% sucrose, 30% ethylene glycol, 15% 0.2 M PB) 

in a 12-well culture plate at 4°C until use. These tissues were used for either assessment of total neuronal 

cell counts (by design-based unbiased stereology; PND21 brains only; see section 3.3.8) or cell 

death/glial cell density (see section 3.3.7). Note that the stereological analyses were performed using the 

collected 1:12 tissue series, while for cell density analyses, multiple adjacent sections at the required 

brain level were obtained from multiple adjacent wells of the 1:12 tissue series.  

Free-floating brain sections were washed three times in 50 mM PBS and between each subsequent step 

unless stated otherwise. All sections were incubated in sodium citrate buffer (10 mM, pH 6.0) at 90°C 

for 10 min for antigen retrieval, washed, and then blocked in 5% normal goat serum (Life Technologies) 

or normal donkey serum (Life Technologies) in PBS + 0.4% triton X-100 or PBS + 0.1% triton X-100 

(O4 antibody) for 1 h at room temperature. Sections were then incubated in various combinations of 

primary antibodies diluted in 3% normal goat serum or 3% normal donkey serum in PBS + 0.4% triton 

X-100 or PBS + 0.1% triton X-100 (O4 antibody) for three nights at 4°C, then incubated in appropriate 

secondary antibodies (1:500 dilution in PBS; Alexa Fluor® goat anti-mouse 488, goat anti-rabbit 488, 

donkey-anti-mouse 488, goat anti-mouse 594, goat anti-rabbit 594, donkey-anti-goat 594, donkey-anti-

rabbit 647, Streptavidin 954 conjugate; Life Technologies) for 3 h at room temperature. The primary 

antibodies were rabbit anti-cleaved caspase-3 (apoptosis marker; 1:1,000 dilution; #CTE9661S; Cell 

Signaling Technology, Inc., Danvers, MA, USA), mouse anti-oligodendrocyte transcription factor 2 

(Olig2; pan-oligodendrocyte marker; 1:1,000 dilution; #MABN50; Merck Millipore), rabbit anti-Olig2 

(1:500 dilution; #AB9610; Merck Millipore), platelet derived growth factor receptor alpha (PDGFR-α; 

early oligodendrocyte progenitor cell [OPC] marker; 1:500 dilution; #AF307NA; R&D Systems, Inc., 

Minneapolis, MN, USA), mouse anti-O4 (pre-oligodendrocyte [preOL] and immature/mature 

oligodendrocyte marker; 1:250 dilution; generously supplied by Dr. Ben Emery, OHSU, Portland, OR, 

USA), rabbit adenomatus polposis coli clone CC1 (CC1; mature oligodendrocyte marker; 1:500 dilution; 

#OP80; Calbiochem, Merck Millipore), mouse anti-neuronal nuclei (NeuN; post-mitotic neuron marker; 

1:500 dilution; #MAB377; Merck Millipore), rabbit anti-glial fibrillary acidic protein (GFAP; astrocyte 

marker; 1:500 dilution; #X0334; Dako Australia Pty., Ltd., Sydney, Australia), biotinylated lectin from 

Lycopersicon esculentum (tomato lectin; microglial marker; 1:500 dilution; #VEB1175; Vector 

Laboratories, Burlingame, CA, USA), and rabbit anti-Ki67 (cell proliferation marker; 1:500 dilution; 

#AN9260; Merck Millipore). Tissue sections were counterstained with Hoechst 33324 (Sigma-Aldrich) 

to visualize nuclear morphology and define regional boundaries. Sections were then mounted onto glass 

slides (SuperFrost Plus; Thermo Fisher Scientific, Auckland, NZ), left briefly to dry (<1 min to minimize 

shrinkage in the z-plane), coated with mounting medium (Vectashield mounting medium; Vector 

Laboratories), and then coverslipped. The average brain section thickness measured at cell quantitation 

was 47.7 µm. Negative control sections without the primary antibody were included for all experiments 

to confirm the specificity of staining. 
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Immunofluorescence staining was visualized with a Zeiss Axio Imager M2 upright fluorescent 

microscope (Carl Zeiss, Oberkochen, Germany) and the ZEISS Apotome 2 (Carl Zeiss), and 

photographed with a cooled scientific complementary metal-oxide semiconductor camera (ORCA-

Flash4.0 V3 Digital CMOS camera; Hamamatsu Photonics, Hamamatsu City, Japan) driven by Zen Pro 

(Carl Zeiss) or StereoInvestigator (MBF Bioscience Inc., Williston VT, USA) software.  

 

3.3.7 Quantification of cell death, oligodendrocyte lineage survival, proliferation, and 

maturation, and gliosis 
The density of degenerating (identified by nuclear condensation/fragmentation with Hoechst (Segovia et 

al., 2008)) and cleaved caspase-3+ cells, GFAP+ astrocytes, and lectin+ microglia throughout the 

subcortical white matter and neocortex, and of Olig2+ oligodendrocytes, PDGFR-α+ OPCs, O4+ 

oligodendrocytes, CC1+ mature oligodendrocytes, and Ki67+ proliferating cells throughout the 

subcortical white matter, were assessed using StereoInvestigator software (Riddle et al., 2011).  

Regions of interest (ROIs) outlining the entire neocortex (including the motor and somatosensory 

cortices; see Fig.  3.4A) or subcortical white matter (including the corpus callosum, cingulate gyrus, and 

external capsule; see Fig.  3.5A) were traced at 2.5× objective (Carl Zeiss) on two adjacent sections per 

animal at the level of bregma/mid-striatum (e.g., Plate 33 by (Paxinos et al., 2013)). For each ROI, 

positive cells were counted under 40× (for cleaved caspase-3, Olig2, PDGFR-α, O4, CC1, and Ki67; 

Plan-Neofluar/0.75; Carl Zeiss) or 63× (for GFAP and lectin; Plan-Apochromat/1.4 Oil DIC M27; Carl 

Zeiss) objectives from 40−50 randomized sampling sites (60 × 60 µm counting frame). Section thickness 

was also measured at a minimum of 10 separate sites within each ROI. Cell density (cells/mm3) was 

calculated as: total cell markers / (number of sampling sites × counting frame size [µm2] × section 

thickness [µm]) × 109. An averaged cell density from the two sections was calculated for each ROI for 

each animal.  

 

3.3.8 Estimation of total neuronal numbers and cortical and white matter volumes 
The total number of neurons in the neocortex of control and LPS rats at PND21 was evaluated by design-

based unbiased stereology (StereoInvestigator software), as we reported (Dean et al., 2013). ROIs 

outlining the entire neocortex or subcortical white matter were traced on NeuN/Olig2-stained sections 

(1:12 series) with a 2.5× objective. Cortical neurons were counted by light microscopy (63× oil objective) 

within the cortical ROIs using the optical fractionator probe (digital sampling grid, 800 × 1200 µm; 

counting frame, 40 × 40 µm; optical disector [height of unbiased virtual counting zone], 15 µm; guard 

zone [distance from the top of section to optical disector], 5 µm). Section thickness was measured at 

every sampling site and the number of NeuN-positive neurons was calculated using the ‘Estimated Total 

by Number Weighted Section Thickness’ output. Inclusion criteria were a distinct and complete NeuN-

positive nucleus in which the maximal nuclear diameter was in sharp focus within the optical disector. 
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This counting scheme resulted in counting between 770−1200 neurons in 400−600 optical disectors from 

a total of 15−16 sections per animal, and a mean number of disector neurons sampled per optical disector 

volume that ranged from 1.5 to 2.9 for both groups, which fulfilled or exceeded the general reported 

guidelines (Gundersen et al., 1999; West et al., 1991). Neocortical and subcortical white matter volumes 

were also determined from the ROIs defined above using the Cavalieri principle (Dean et al., 2011d). 

 

3.3.9 Transmission electron microscopy analysis of white matter axonal myelination  
Control and LPS rats at PND21 were anaesthetized with isoflurane, and the brains fixed by intracardiac 

perfusion with ice-cold PBS for ~1 min, followed by a mixture of 2.5% paraformaldehyde + 2.5% 

glutaraldehyde in 0.1 M PB for 5 min. Brains were post fixed overnight in the same solution. The left 

hemisphere of each brain was cut serially in the coronal plane into 50-µm-thick sections (Leica VT1000S 

vibratome), which were stored in the same fixative until processing for transmission electron microscopy 

(TEM). Three adjacent brain sections at the level of bregma (mid-striatum) were selected per animal. 

Each brain section was prepared as previously described (Partadiredja et al., 2003), with minor 

modifications. In brief, sections were osmicated in 0.1% osmium tetroxide (pH 7.0) in 0.1 M PB for 1 h 

at room temperature, and sequentially dehydrated in 50%, 70%, and 90% ethanol for 15 min each, 100% 

ethanol for 3 × 20 min, and propylene oxide for 2 × 15 min. Sections were then sequentially incubated 

in a 2:1, 1:1, and 1:2 ratios of propylene oxide:resin for 30 min each, followed by overnight incubation 

in fresh 100% EMbed 812 Resin (TAAB Laboratories Equipment Ltd., Reading, UK). The resin-

infiltrated sections were then flat-embedded between ACLAR® film at 60°C for 48 h. Before 

ultramicrotomy, an approximately 2 × 2 mm trapezoid-shaped area of the callosal periventricular white 

matter and the external capsule regions (Fig.  3.5A) were excised from each flat-embedded section. 

Finally, a resin chuck was positioned over each isolated white matter region, and the tissue was blocked 

and polymerized in fresh 100% resin by incubating at 60°C for 48 h. The final resin blocks were trimmed 

into a trapezoidal shape for ultramicrotomy, and ultrathin sections were cut from each block (1 μm then 

80 nm sections), collected onto copper-mesh grids, and then stained with uranyl acetate and lead citrate 

in an ultrostainer. 

TEM was performed with a Tecnai™ G² Spirit Twin TEM (FEI, Canberra, ACT, Australia), with a G3 

Morada camera (Olympus Soft Imaging Solutions, Münster, Germany). For each white matter region, 

15 consecutive images were taken per section at 9700× magnification, starting in a random slot of the 

copper grid containing myelinated axons. Starting from the first image, the first 100 myelinated 

coronally-cut axons per white matter region were used for assessment of axonal diameter, 

oligodendrocyte diameter, and the total fiber diameter (Fiji for ImageJ v2.0 software; NIH, Bethesda, 

MD, USA). Axons were included if they met the following criteria: i) the axon was fully encircled by a 

dark ring of myelin, ii) no blurring or lamellar separation occurred at the widest point of the axon, and 

iii) a distinction could be made between the bi-layered cell membrane and the overlying myelin sheath, 

as reported (Partadiredja et al., 2003). The g-ratio, a gold-standard measure for axonal myelination, was 
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then calculated as: Axonal diameter / ([Fiber diameter − Oligodendrocyte diameter] + Axonal diameter) 

(Fig.  3.5B). 

 

3.3.10 Pyramidal neuron sampling criteria and dendritic reconstruction 
Whole brains were rapidly extracted from control and LPS animals at PND21, and processed for Golgi-

Cox impregnation using the FD Rapid GolgiStain™ kit (FD Neurotechnologies, Inc., Columbia, MD, 

USA), as per the manufacturer’s instructions. Each brain was serially sectioned (150-µm thick) in the 

coronal plane (Leica CM3050S cryostat; Leica Biosystems). The sections were mounted onto gelatin-

coated slides, processed for Golgi visualization, dehydrated in a graded alcohol series, and cover-slipped 

with DPX non-aqueous mounting medium (Merck Millipore). Region-matched Golgi-stained tissue 

sections at the level of bregma/mid-striatum were used to assess the dendritic morphology of cortical 

pyramidal neurons using Neurolucida software (MBF Bioscience), as previously described (Dean et al., 

2013). From one to two adjacent sections per animal, separate ROIs for the motor cortex (both primary 

and secondary motor cortices) and somatosensory cortex (both primary and secondary somatosensory 

cortices) containing all cortical layers were outlined on both hemispheres (e.g., Plate 33 by (Paxinos et 

al., 2013)) under a 2.5× objective (Fig.  3.4A). Using the meander scan function under 20× objective, all 

pyramidal neurons (except for Betz cells [giant pyramidal neurons]) within each ROI were digitally 

selected when they met the following criteria (Juarez et al., 2008): (i) triangular-shaped soma and apical 

dendrite perpendicular to pial surface, (ii) complete Golgi-impregnation of the neuron allowing for 

visualization of the entire dendritic arbor and spines, (iii) neuronal soma and processes not obscured by 

other neurons, glia, or vasculature, and (iv) neurons exhibiting largely complete basilar dendritic tree 

with few truncated or cut processes. These criteria were confirmed on the preselected neurons under 40× 

objective to provide the final population of pyramidal neurons used for dendritic reconstruction. No 

distinctions were made between subtypes of pyramidal neurons. This sampling procedure provided 

randomized and unbiased selection of pyramidal neurons throughout the cerebral cortex, which was 

independent of cortical gyrus or layer. 

By light microscopy (63× oil objective; ZEISS Axiocam 506 color digital camera; Carl Zeiss), the 

outlines of the neuronal soma and the entire basilar dendritic tree structure were traced in the x, y, and z 

coordinates. Apical dendrites were excluded from analysis because of their high rates of truncation after 

tissue sectioning. A total of 150 and 148 cortical pyramidal neurons were reconstructed in the sham 

group (motor cortex, n = 71; somatosensory cortex, n = 79) and LPS group (motor cortex, n = 71; 

somatosensory cortex, n = 77), respectively. Morphometric analysis of total dendritic length (summed 

lengths of all basal dendritic branches per neuron) and dendritic complexity, including the number of 

branches, branch points (nodes), and terminal tips (endings), for basal dendrites of all reconstructed 

neurons was performed with Neuroexplorer software (MBF Bioscience). Branch order analysis was also 

performed for these parameters according to a centrifugal nomenclature (Uylings et al., 1986), where the 

dendritic branches arising from the soma are considered first-order segments until they branch into 
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second-order segments, which branch into third-order segments, etc. For further analysis of dendritic 

complexity, Sholl analysis (Sholl, 1956) was performed on all reconstructed neurons to calculate the 

number of intersections of dendrites per each Sholl ring (5-µm interval concentric spheres centered on 

the soma).  

 

3.3.11 Analysis of dendritic spine density 
The density of dendritic spines was assessed on the same population of cortical pyramidal neurons 

sampled for dendritic morphology, with all traced motor cortex neurons and every third traced 

somatosensory cortex neuron selected for analysis. With light microscopy (63× oil objective), spine 

density was determined for each neuron by counting all visible spines on a maximum of five terminal 

second-order branches of basal dendrites that were at least 20 µm long (Dean et al., 2013). Other neuronal 

exclusion criteria included dendrites that were incompletely filled or that were obscured by other 

processes. No distinction was made between subtypes of spines. Spine densities were calculated from a 

total of 95 and 101 cortical pyramidal neurons in the sham group (motor cortex, n = 64; somatosensory 

cortex, n = 31) and LPS group (motor cortex, n = 69; somatosensory cortex, n = 32), respectively. Spine 

data were calculated on a per-neuron basis by averaging the spine densities from all assessed dendrites 

for each neuron. Data are presented as number of spines per micrometer.  

 

3.3.12 MRI assessment of brain microstructure 
Whole brains were rapidly extracted from control and LPS animals at PND21, immersion fixed in 4% 

paraformaldehyde for 3−5 days at 4°C, and stored in 0.1 M PB at 4°C for a minimum of 6 weeks until 

MRI. The brains were then immersed in Fomblin® solution prior to MRI protocols. Ex-vivo MRI image 

acquisitions were performed on an actively shielded 9.4 T/31 cm magnet (Varian Inc., Palo Alto, CA, 

USA) equipped with 12 cm gradient coils (400 mT/m, 120 µs) with a transceiver 25 mm birdcage 

radiofrequency coil. A spin-echo sequence was used to generate a multi-b-value shell diffusion-weighted 

imaging protocol. A field of view of 21 × 16 mm2 was sampled on a 128 × 92 Cartesian grid. Twelve 

slices (slice thickness = 0.6 mm) were acquired in the axial plane, centered on the level of the mid-

striatum (e.g., Plate 33 by (Paxinos et al., 2013); Fig.  3.3A), which largely enclosed the genu to the 

splenium of the corpus callosum (e.g., Plates 14−76 by (Paxinos et al., 2013); Fig.  3.3B). 

Scans were averaged three times with an echo time and repetition time of 45 ms and 2000 ms, 

respectively. A total of 96 diffusion-weighted images were acquired. Fifteen of these images were the b0 

reference image, and the remaining 81 directions were non-collinear and uniformly distributed in each 

shell with the following distributions, represented as the number of directions/b-values: 21/1750 s/mm2, 

30/3400 s/mm2, and 30/5100 s/mm2. The diffusion tensor images were spatially normalized to the study-

specific DTI template using DTI-TK (http://dti-tk.sourceforge.net/pmwiki/pmwiki.php), and from this 

mean diffusivity (MD) and fractional anisotropy (FA) were derived.  
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Acquired data were then fitted using the NODDI toolbox to estimate diffusion in each voxel as three 

independent compartments: the isotropic volume fraction (fiso), ficvf, and the extra-cellular volume 

fraction. Fiso represents water diffusing isotropically (i.e., with the diffusivity of free water), ficvf 

represents the proportion of the remaining space occupied by cellular processes (i.e., the density of 

processes within a voxel; also termed the neurite density index), while the extra-cellular volume fraction 

represents diffusion hindered perpendicular to processes. The dispersion of water diffusion along a 

cellular process was also used to calculate the ODI, which represents the angular variation of cellular 

process orientations, reflecting the bending and fanning of processes and areas of crossing fibers; low 

ODI values represent tightly-aligned diffusion (i.e., aligned cellular processes/fibers), while high ODI 

values represent more dispersed diffusion (i.e., more dispersed cellular processes/fibers). Note that a 

supplementary parameter, the intra-restricted volume fraction, was used to improve the analysis of ex-

vivo imaging data, which corresponds to water trapped in the tissue following fixation and without any 

diffusion (Dhital et al., 2018). 

To avoid partial volume effects, direction-encoded color maps were then used to delineate ROIs in the 

neocortex (motor cortex, somatosensory cortex) and subcortical white matter (corpus callosum, 

periventricular white matter, external capsule, and internal capsule) on eight different image planes (i.e., 

eight axial slices) from the splenium to the genu of the corpus callosum (Fig.  3.3B). DTI- (MD and FA) 

and NODDI- (ficvf, fiso, and ODI) derived parameter values were averaged across the eight different image 

planes to obtain one data set per structure for each rat.  

 

3.3.13 Assessment of developmental milestones 
The emergence and maturation of reflexes and other sensorimotor behaviors in control and LPS rats was 

assessed in a series of behavioral tests on PND4, PND7, PND14, and PND21. The testing protocol 

developed was based on previously documented tests in neonatal rodents(Altman et al., 1975; Fan et al., 

2008; Kiziltan et al., 2015; Lubics et al., 2005) and included negative geotaxis, cliff aversion, open field 

activity, and auditory startle (Table 2.1). Testing was performed at the same time each day (10:00 h). If 

the pup was unable to complete the test within the time limit (30 s), the time taken was recorded as 30 s 

for that test. 

 

3.3.14 Assessment of motor function 
Global motor function and coordination of rats at PND21 was assessed using the accelerating rotarod 

test (ROTO-ROD Series 8; IITC Inc., Life Sciences, Woodland Hills, CA, USA) (Jones et al., 1968). 

Animals received daily rotarod training on PND17−PND20. At 1 h prior to training or testing, animals 

were brought into the behavioral testing room and left to habituate. On training days, rats were first 

placed on a still rod for 2 min to acclimate, followed by progressive training on a rotating rod at constant 

speeds of 5, 10, and 20 revolutions per min for approximately 2 min each, with 5 min intervals between 

each trial. On the testing day (PND21), rats were placed on the rotarod set to accelerate linearly from 4–
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40 revolutions per min over 5 min. Each rat received three trials, and the average latency to fall was 

calculated. 

 

3.3.15 Statistical analysis 
All data analysis was performed with statistical software (IBM SPSS Statistics v20.0; IBM, Armonk, 

NY, USA; GraphPad Prism v7.0; GraphPad Software, San Diego, CA, USA). Kaplan−Meier curve 

analysis was used to assess mortality following LPS exposure, in which the Gehan−Breslow−Wilcoxon 

test was used to assess statistical significance between control and LPS animals. The Shapiro−Wilks test 

for normality was performed to test data distribution. For normally distributed data, the effects of 

treatment (control versus LPS) at a single time-point were assessed by an unpaired t-test, the effects of 

treatment × sex at a single time-point were assessed by two-way ANOVA, and the effects of treatment 

× sex × age (i.e., at multiple time-points) were assessed by three-way ANOVA. Note that the effects of 

treatment on dendritic complexity (treatment × distance from soma) or on the g-ratio relative to axonal 

diameter (treatment × axonal diameter) were also assessed by two-way ANOVA, while the effects of 

treatment on body temperature (treatment × age) or behavior (treatment × age) were assessed by repeated 

measures ANOVA. When there was a significant interaction of treatment × age, treatment × sex, 

treatment × distance from soma, or treatment × axonal diameter (P < 0.05), post hoc analysis was 

performed using the Holm−Sidak’s multiple comparisons test. For data without a normal distribution 

(MRI data), overall differences in MRI parameters between the groups were assessed using the Kruskal–

Wallis test. When there was a significant effect of group (P < 0.05), the Mann−Whitney U post hoc was 

performed. Specific details of the statistical tests performed in this study are provided in the figure 

legends. Note that there were no effects of sex on any of the measured parameters apart for spine density. 

All data are presented as mean±standard error of the mean. All analyses were performed by investigators 

blinded to the study groups. 

 

3.4 Results 

3.4.1 Systemic exposure to LPS reduces survival and postnatal growth status 
In infants born prematurely, exposure to postnatal infection and inflammation is associated with 

increased mortality and altered postnatal growth status (including persisting reductions in brain 

volumes), which is an important predictor of adverse neurodevelopmental outcomes (Belfort et al., 2011; 

Ehrenkranz et al., 2006; Franz et al., 2009). Thus, the survival, body and brain growth trajectories, and 

volumes of the neocortex and subcortical white matter following early life inflammation were examined 

in rats exposed to LPS from PND1−PND3 (Fig.  3.2) 

Compared with controls, LPS animals showed significantly higher mortality (Fig.  3.2A; control: n = 2 

deaths [0.8%]; LPS: n = 37 deaths [15.0%]). All deaths occurred within the first 2 days of the 
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experimental period (control: 0.8% after the first injection, 0% after second injection; LPS: 13.4% after 

first injection, 15.3% after second injection). LPS animals showed a significant overall reduction in body 

(Fig.  3.2B) and brain (Fig.  3.2C) growth trajectories from PND4–PND21 compared with age-matched 

controls. At PND21, LPS animals showed significantly smaller volumes of the neocortex (by ~15%; Fig.  

3.2D) and subcortical white matter (by ~23%; Fig.  3.2E). 

These findings indicate that prolonged systemic exposure to the gram-negative bacterial endotoxin LPS 

during early postnatal life causes persisting impairment of body and brain growth trajectories.  

 

3.4.2 Systemic exposure to LPS alters MRI-defined microstructure in the developing 

neocortex and subcortical white matter 
To determine the utility of MRI for detecting microstructural changes in the brain following early life 

inflammation, ex vivo high-field advanced diffusion imaging was performed in PND21 rats exposed to 

LPS from PND1−PND3, using the DTI-derived parameters MD and FA, and the NODDI estimates ficvf, 

fiso, and ODI (Fig.  3.3A, B). 

Fig.  3.2 Survival and postnatal growth following repeated LPS exposure. (A) Kaplan−Meier curve analysis 
of survival in saline-treated controls (CON; solid line, n = 243) and LPS-treated (LPS; dashed line, n = 247) 
animals. Gehan−Breslow−Wilcoxon test, P < 0.0001. (B, C) Postnatal (B) body weight and (C) brain weight 
growth trajectories (CON: black bars, n = 28−45 per age; LPS: white bars, n = 20−40 per age). Three-way 
ANOVA with treatment × sex × age (treatment × age effect [body weight: P = 0.022; brain weight: P = 0.018]) 
and Holm−Sidak’s multiple comparisons test (MCT) post hoc. (D, E) Volumes of the (D) neocortex and (E) 
subcortical white matter (WM) measured by stereology at PND21 (CON: n = 5−6; LPS: n = 5−6). Two-way 
ANOVA with treatment × sex (treatment effect [cortical volume: P = 0.004; WM volume: P < 0.0001]). For 
all measured parameters, there were no effects of sex between CON and LPS animals. Data are expressed as 
mean±standard error of the mean (SEM). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Fig.  3.3 Repeated peripheral LPS exposure induces microstructural abnormalities in the neocortex and 
subcortical WM at PND21.(A) Representative images of diffusion-derived parameters (mean diffusivity 
[MD], s/mm2; fractional anisotropy [FA]; red, green, blue [RGB] color encoded maps; intra-cellular volume 
fraction [ficvf]; isotropic volume fraction [fiso]; orientation dispersion index [ODI]) at PND21 in CON and LPS 
animals. (B) Representative images of the posterior-to-anterior brain levels and brain regions assessed using 
MRI (motor cortex [M CTX]; somatosensory cortex [SS CTX]; corpus callosum [CC]; periventricular WM 
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Compared with controls, LPS animals showed a significantly higher FA in both the motor and 

somatosensory cortices (Fig.  3.3C), but no changes in MD. LPS animals also showed a significantly 

lower ODI in both the motor and somatosensory cortices, but no changes in ficvf or fiso. Note that the 

changes in FA and ODI in LPS animals were most pronounced in the motor cortex (FA: motor cortex, 

13% higher than controls versus somatosensory cortex, 4% higher than controls; ODI: motor cortex, 21% 

less than controls versus somatosensory cortex, 4% less than controls).  

Compared with controls, LPS animals showed a significantly lower FA in the internal capsule (10% 

reduction), and a similar pattern of change in the corpus callosum (6% reduction), periventricular white 

matter (5% reduction), and external capsule (5% reduction) (Fig.  3.3D), while there were no changes in 

MD in any region. LPS animals also showed a significantly higher ODI in the periventricular white 

matter (22% increase) and external capsule (29% increase), and a similar pattern of change in the corpus 

callosum (21% increase) and internal capsule (22% increase). Further, LPS animals showed a significant 

increase in ficvf in the periventricular white matter (10% increase) and external capsule (7% increase), 

while there were no changes in fiso in any region. 

These findings show that prolonged inflammation in early postnatal life alters the long-term 

microstructural development of the brain. Further, the DTI and NODDI techniques may provide a similar 

sensitivity for detecting alterations in the neocortex, while NODDI may be more sensitive for detecting 

white matter alterations. 

 

3.4.3 Systemic exposure to LPS disrupts neuronal arborization and spine formation in 

the developing neocortex 
To determine the specific cellular pathology underlying the changes in MRI-defined microstructure in 

the neocortex following early life inflammation, three-dimensional morphological reconstruction of 

basal dendritic development and spines of pyramidal neurons in the motor and somatosensory cortices 

was performed in PND21 rats exposed to LPS from PND1−PND3 (Fig.  3.4A, B). 

Compared with controls, LPS animals showed a significantly lower number of basilar dendritic branches 

(Fig.  3.4C), total basilar dendritic length (Fig.  3.4D), total number of basilar nodes (Fig.  3.4E), total 

number of basilar endings (Fig.  3.4F), and spine density on terminal second-order basal dendritic 

branches (Fig.  3.4G) in the motor cortex (Fig.  3.4B). Note that there was also a significant independent 

effect of sex on spine density (male LPS: 8% reduction versus controls; female LPS: 11% 

[PVWM]; external capsule [EC]; internal capsule [IC]). (C, D) Diffusivity in the (C) neocortex and (D) 
subcortical WM of CON (black bars; n = 10) and LPS (white bars; n = 9) animals. Mann–Whitney U test 
(treatment effect [M CTX: FA, P = 0.019, ODI, P = 0.030; SS CTX: FA, P = 0.025, ODI, P = 0.034; PVWM: 
ficvf, P = 0.037, ODI, P = 0.041; EC: ficvf, P = 0.029, ODI, P = 0.001; IC: FA, P = 0.010]). Note that because 
of the data distribution, a treatment × sex interaction could not be tested. Data are expressed as mean±SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Fig.  3.4 Repeated peripheral LPS exposure reduces pyramidal neuron complexity and spine density  in the 
motor cortex at PND21.(A) Representative image of the rat brain indicating regions of interest used for 
neocortical cell counts and Golgi-cox analysis. (B) Golgi-cox stained pyramidal neurons showing the effects 
of LPS on dendritic development (scale bar = 15 µm) and spine density (scale bar = 5 µm) in the M CTX. 
(C−G) Golgi-cox analysis of (C) number of basilar dendritic branches, (D) total basilar dendritic length, (E) 
total number of basilar dendritic nodes, (F) total number of basilar dendritic endings, and (G) spine density 
on terminal dendritic branches at PND21 in CON (black bars; M CTX: n = 71 neurons, SS CTX: n = 79 
neurons [from eight animals]) and LPS (white bars; M CTX: n = 71 neurons, SS CTX: n = 77 neurons [from 
seven animals]) groups. Two-way ANOVA with treatment × sex (M CTX: treatment effect [number of 
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reduction versus controls). By contrast, there were no significant changes in any parameters in the 

somatosensory cortex (Fig.  3.4C−G).  

These region-specific changes in pyramidal neuron basilar dendritic complexity were confirmed by Sholl 

analysis, which showed significantly less dendritic intersections at 40−105 µm from the neuronal soma 

in LPS animals compared with controls in the motor cortex (Fig.  3.4H), but no changes in the 

somatosensory cortex (Fig.  3.4I). Further analysis according to centrifugal nomenclature (branch order 

analysis) suggested that this decrease in dendritic complexity in the motor cortex in LPS animals was 

driven by a decrease in total basilar branch number at branch orders 2−4 (Fig.  3.4J), total basilar 

dendritic length at branch orders 2−3 (Fig.  3.4K), and the total number of basilar nodes at branch orders 

1−3 (Fig.  3.4L). There were no changes in any parameters by branch order analysis in the somatosensory 

cortex (data not shown).  

There were no differences in the number of primary basilar dendrites (motor cortex: control, 8.1±0.3 

versus LPS, 7.4±0.3; somatosensory cortex: control, 8.0±0.3 versus LPS, 8.0±0.3) or neuronal soma size 

(motor cortex: control, 354.6±17.8 µm2 versus LPS, 350.9±13.2 µm2; somatosensory cortex: control, 

306.1±8.5 µm2 versus LPS, 317.9±9.0 µm2). Further, the deficits in neuronal development were 

independent of cellular degeneration (Fig.  3.4M), apoptotic cell death (Fig.  3.4N), or neuronal loss 

(Fig.  3.4). 

These findings suggest a persisting, motor cortex-specific, disruption of the normal maturation of basal 

dendrites of cortical pyramidal neurons following prolonged exposure to inflammation in early postnatal 

life. These deficits in neuronal development may underlie the microstructural changes in the motor cortex 

identified by DTI and NODDI MRI (Fig.  3.3C). 

 

branches: P = 0.029; total dendritic length: P = 0.014; number of nodes: P = 0.010; number of endings: P = 
0.036; spine density: P = 0.021]; M CTX: sex effect [spine density: P = 0.018]). (H, I) Sholl analysis of the 
number of dendritic intersections at different distances from the cell soma in the (H) M CTX and (I) SS CTX 
in CON (•) and LPS (□) animals. Two-way ANOVA with treatment × distance from soma (treatment × 
distance from soma effect [M CTX: P < 0.0001]) and Holm−Sidak’s MCT post hoc. (J−L) Branch order 
analysis of (J) the number of basilar dendritic branches, (K) total basilar dendritic length, and (L) the total 
number of basilar nodes in the M CTX. Two-way ANOVA with treatment × distance (treatment × distance 
effect [total branch number: P = 0.0032; total dendritic length: P = 0.036; total number of nodes: P < 0.0001]) 
and Holm−Sidak’s MCT post hoc. (M, N) Quantification of (M) degenerating cells (identified with Hoechst) 
and (N) apoptotic cell death (identified with cleaved caspase-3 [CC3+]) in CON (n = 7–10 per age) and LPS 
(n = 7–9 per age) animals. Two-way ANOVA with treatment × age. (O) Stereological quantification of 
neuronal number in the entire neocortex for CON (n = 6) and LPS (n = 6) animals at PND21. Two-way 
ANOVA with treatment × sex. Unless stated, there were no effects of sex between CON and LPS animals for 
all measured parameters. Data are expressed as mean±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001. 
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3.4.4 Systemic exposure to LPS disrupts axonal myelination in the developing 

subcortical white matter 
To determine the specific cellular pathology underlying the changes in MRI-defined microstructure in 

the white matter following early life inflammation, TEM was used as the gold-standard measure for 

axonal myelination. Specifically, the g-ratio, myelin thickness, and axonal diameter were calculated from 

myelinated axons in the periventricular white matter and external capsule at PND21 in rats exposed to 

repeated LPS from PND1−PND3 (Fig.  3.5). 

Compared with controls, LPS animals showed a significantly higher g-ratio in both the periventricular 

white matter and external capsule (Fig.  3.5C). Analysis based on axonal caliber showed that this 

involved axons of 0.2−1.8 µm in diameter (Fig.  3.5F). Further, this increase in the white matter g-ratio   

in LPS animals was driven by a significant reduction in axonal myelin thickness (Fig.  3.5D), rather than 

a change in axonal caliber (Fig.  3.5E). Note that LPS animals also showed evidence of frequent lamellar 

separation of the myelin sheath on TEM images (Fig.  3.5G).  

These findings suggest persisting deficits in axonal myelination and myelin microstructure in the white 

matter following prolonged exposure to inflammation in early postnatal life. These deficits in white 

matter myelination may underlie the changes in white matter microstructure identified by DTI and 

NODDI MRI (Fig.  3.3D). 

 

3.4.5 LPS-induced deficits in subcortical white matter myelination involve disruption of 

pre-myelinating oligodendrocyte development 
To determine the cellular mechanisms underlying the chronic deficits in white matter myelination, the 

temporal patterns of survival, proliferation, and maturation of cells within the oligodendrocyte lineage 

were assessed in the subcortical white matter of rats exposed to LPS from PND1−PND3 (Fig.  3.6).  

Compared with controls, LPS animals showed a significant overall increase in the number of 

degenerating cells (identified with Hoechst) (Fig.  3.6B) and apoptotic cells (identified with cleaved 

caspase-3; from PND2−PND7; Fig.  3.6C) throughout the subcortical white matter. Double-labelling of 

cleaved caspase-3 with Olig2 (labels all stages of oligodendrocyte development) confirmed that this cell 

death was largely oligodendrocyte specific (Fig.  3.6D; Fig.  3.6F−H). 

Next, the specific population of oligodendrocytes affected was assessed by labelling for OPCs (identified 

as PDGFR-α+) and preOLs (identified as O4+; note that although O4 labels both preOLs and 

immature/mature oligodendrocytes, OPCs and preOLs are the predominant population before PND5 in 

the rat (Dean et al., 2011a)). Compared with controls, LPS animals showed a significant overall decrease 

in the number of PDGFR-α+ OPCs (at PND2 and PND4; Fig.  3.6I) and O4+ preOLs  (Fig.  3.6K)  

throughout the subcortical white matter. However, immunohistochemical evidence of cellular 

degeneration (identified by nuclear condensation/fragmentation with Hoechst or by cleaved caspase-3 
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co-localization) was only observed in the O4+ preOL population (Fig.  3.6H), with no degenerating 

PDGFR-α+ OPCs (not shown). Overall, these changes were associated with a significant reduction in the 

total pool of oligodendrocytes (Olig2+) throughout the subcortical white matter from PND2−PND14 in 

LPS animals compared with controls (Fig.  3.6E). Nevertheless, despite this depletion of 

oligodendrocytes, LPS animals continued to show a progressive increase in the total number of 

Fig.  3.5 Repeated peripheral LPS exposure reduces axonal myelination in the subcortical WM at PND21.(A) 
Schematic of the rat brain indicating regions of interest used for the assessment of axonal myelination with 
TEM, and (B) the formula used to calculate the g-ratio, axonal diameter [AxonD], fiber diameter [FiberD], 
and oligodendrocyte diameter [OligD]. (C–E) Quantification of the (C) g-ratio, (D) myelin thickness, and (E) 
axonal diameter in the PVWM and EC in CON (black bars; n = 800 myelinated axons from eight animals) and 
LPS (white bars; n = 900 myelinated axons from nine animals) animals. Two-way ANOVA with treatment × 
sex (treatment effect [g-ratio: P < 0.001 for both regions; myelin thickness: P < 0.0001 for both regions]). (F) 
The relationship between the g-ratio and axonal diameter for all axons combined from the PVWM and EC in 
CON and LPS animals. Two-way ANOVA with treatment × axon diameter (treatment × axon diameter effect 
[P = 0.0004]) and Holm–Sidak’s MCT post hoc. (G) Representative image of axonal myelination in the EC 
assessed with EM in CON and LPS animals (Left panels: original magnification 26,500×, scale bar = 500 nm; 
Right panels: original magnification 135,000×, scale bar = 100 nm). Note the evidence of frequent lamellar 
separation of the myelin sheath in LPS animals (arrow heads). For all measured parameters, there were no 
effects of sex between CON and LPS animals. Data are expressed as mean±SEM. *P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001. 
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Fig.  3.6 Repeated peripheral LPS exposure induces oligodendrocyte cell death and disrupts oligodendrocyte 
maturation in the subcortical WM.(A) Developmental timeline of oligodendrocyte maturation in the neonatal 
rat brain, and the equivalent trajectory observed in humans. Scale bar = 15 µm. (B−E) Quantification of (B) 
Hoechst+ degenerating cells, (C) CC3+ apoptotic cells, (D) CC3+/oligodendrocyte transcription factor 2 
[Olig2]+ apoptotic oligodendrocytes, and (E) the total number of Olig2+ oligodendrocytes throughout the 
subcortical WM in CON (black bars; n = 8–12 per age) and LPS (white bars; n = 8–9 per age) animals. Two-
way ANOVA with treatment × age (treatment × age effect [Olig2+ cells: P = 0.0021; CC3+ apoptotic cells: P 
= 0.0278]; treatment effect [Hoechst+ degenerating cells: P < 0.0001]) and Holm−Sidak’s MCT post hoc, or 
unpaired t-test (CC3+/Olig2+: P < 0.0001). (F, G) Representative double labelled immunofluorescent staining 
of apoptotic (CC3+; red) oligodendrocytes (Olig2+; green; arrowheads) in the EC in (F) CON and (G) LPS 
animals. Scale bar = 25 µm. (H) Representative double labelled immunofluorescent staining of apoptotic 
(CC3+; red) pre-oligodendrocytes (O4+; green) in the EC in LPS animals. Scale bar = 10 µm. (I−M) 
Quantification of (I) platelet derived growth factor receptor alpha [PDGFR-α]+ oligodendrocytes, (J) 
percentage of proliferating PDGFR-α+ oligodendrocytes, (K) O4+ oligodendrocytes, (L) adenomatus polposis 
coli clone CC1 (CC1)+ oligodendrocytes, and (M) the percentage of mature CC1+ oligodendrocytes in CON 
or LPS animals (n = 8–12 per treatment/age). Two-way ANOVA with treatment × age (treatment × age effect 
[PDGFR-α+: P = 0.0405; CC1+: P = 0.0495; mature CC1+: P = 0.0017]; treatment effect [proliferating 
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oligodendrocytes with increasing age, and by PND21, total oligodendrocyte numbers were restored to 

control levels (Fig.  3.6E). This recovery of oligodendrocyte numbers in LPS animals was associated 

with a significant overall increase in proliferation of PDGFR-α+ OPCs (Ki67+; Fig.  3.6J) compared with 

controls. 

Finally, changes in the mature oligodendrocyte population throughout the subcortical white matter were 

assessed by double-labelling with Olig2+ and CC1+ (post-mitotic oligodendrocyte marker). LPS animals 

showed a significant decrease in the number of CC1+ oligodendrocytes at PND14 and PND21 compared 

with controls (Fig.  3.6L). This was associated with a significantly lower proportion of CC1+ 

oligodendrocytes to total Olig2+ oligodendrocytes at PND14 and PND21 in LPS animals (Fig.  3.6M), 

despite the restoration of total oligodendrocyte numbers at PND21 (Fig.  3.6E).  

These findings provide evidence for acute preOL degeneration, a regenerative response driven by OPC 

proliferation, but disrupted maturation into mature oligodendrocytes, throughout the subcortical white 

matter following prolonged exposure to inflammation in early postnatal life. This impaired maturation 

of pre-myelinating oligodendrocytes may underlie the deficits in axonal myelination (Fig.  3.5) and 

altered white matter microstructure on MRI (Fig.  3.3D). 

 

3.4.6 LPS-induced neuropathology is associated with central inflammation, without 

hyperthermia, hypoxia, or bradycardia 
To confirm that systemic inflammation induces central inflammation and is a driving factor underlying 

the long-term disruptions in brain maturation, the acute phase (PND1–PND4) and chronic phase   

(PND14, PND21) changes in inflammatory mediators in the plasma and brain were examined in rats 

exposed to LPS from PND1–PND3 (Fig.  3.7). 

Compared with controls, LPS animals showed significant changes in protein concentrations of the pro-

inflammatory cytokines IL-1α, IL-1β, and TNF-α in both the plasma (Fig.  3.7D−F) and the brain (Fig.  

3.7G−I). In the acute phase, plasma IL-1α (Fig.  3.7D), IL-1β (Fig.  3.7E), and TNF-α (Fig.  3.7F) levels 

were significantly increased at 4 h and 12 h after the first LPS injection, but returned to control levels by 

PND2 (24 h after the first LPS injection), and were also similar to controls at PND4 (24 h after the final 

LPS injection). In the chronic phase, plasma IL-1α (Fig.  3.7D) and IL-1β (Fig.  3.7E) levels were 

significantly decreased at PND14 in LPS animals, but restored by PND21, while plasma TNF-α levels 

were unchanged at PND14 in LPS animals, but significantly increased at PND21 (Fig.  3.7F).  

  In the acute phase, brain IL-1α (Fig.  3.7G), IL-1β (Fig.  3.7H), and TNF-α (Fig.  3.7I) levels were 

significantly increased at 4 h after the first LPS injection, but returned to control levels by 12 h after the 

first injection of LPS and at PND2 (24 h after the first LPS injection). At PND4 (24 h after the final 

PDGFR-α+: P < 0.0001; O4: P = 0.0394]) and Holm−Sidak’s MCT post hoc. Data are expressed as 
mean±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Fig.  3.7 . Repeated peripheral LPS exposure induces systemic and central inflammation.(A) Schematic of the 
brain indicating regions of interest used for the assessment of (B, C) cytokine gene expression, (D−I) cytokine 
protein concentrations, and (J−L) astrocyte and microglial gliosis. Relative mRNA expression (versus 
controls) of (B) interleukin [IL]-1β and (C) tumor necrosis factor [TNF]-α in the subcortical WM and CTX of 
LPS animals at PND2 and PND4 (n = 3–5 per group). Plasma and brain protein concentrations of (D, G) IL-
1α, (E, H) IL-1β, and (F, I) TNF-α during the acute phase (4 h, 12 h, and 24 h [PND2] after the first LPS 
injection, and 24 h after the final LPS injection [PND4]) and chronic phase (PND14, PND21) of recovery in 
CON (black bars; n = 10) or LPS (white bars; n = 8−10) animals. Two-way ANOVA with treatment × age 
(acute phase: treatment × age effect [plasma IL-1α: P = 0.0006; brain IL-1α: P < 0.0001; plasma IL-1β: P < 
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LPS injection), brain IL-1β and TNF-α levels were similar to controls, while brain IL-1α levels were 

significantly increased. In the chronic phase, there were no changes in brain cytokine concentrations. 

LPS animals also showed a significant increase in the relative gene expression of IL-1β mRNA in the 

subcortical white matter (Fig.  3.7B) and neocortex at PND2 (~three-fold increase for both regions) and 

PND4 (~4-fold increase for both regions), but no changes in TNF-α mRNA expression (Fig.  3.7C). 

This central inflammatory response to LPS was also associated with a significant increase in the density 

of GFAP+ astrocytic cell bodies (Fig.  3.7J, L) and lectin+ microglia (Fig.  3.7K, L) throughout the 

subcortical white matter at PND4, but no changes in the neocortex (Fig.  3.7J, K). These changes were 

most evident in the periventricular white matter, cingulum, and medial aspects of the external capsule, 

and were suggestive of reactive gliosis (Fig.  3.7L).  

To determine other potential contributors to neuropathology, the body temperature, heart rate, and blood 

gas/electrolyte/metabolite profiles were examined in rats exposed to LPS from PND1−PND3 (Fig.  3.8). 

Compared with controls, LPS animals showed a significant reduction in body temperature (Fig.  3.8A) 

at 2 h, 4 h, and 20 h after the first LPS injection (peak fall of ~3.8°C at 4 h), which returned to control 

levels by 24 h recovery. Similarly, there was a significant, but less marked, reduction in body temperature 

at 2 h and 4 h after the second LPS injection (by ~1.2°C). By contrast, there were no temperature changes 

after the final LPS injection. There were also no changes in heart rate (Fig.  3.8B), or blood pH (Fig.  

3.8C), O2 content (Fig.  3.8D), partial pressure of CO2 (Fig.  3.8E), base excess (Fig.  3.8G), or K+ 

concentrations (Fig.  3.8J) at 4 h after the first LPS injection (time of peak cytokine response). However, 

LPS animals showed a significant increase in blood hemoglobin content (Fig.  3.8F) and blood lactate 

concentration (Fig.  3.8I), and a significant decrease in blood glucose concentration (Fig.  3.8H), at this 

time. 

Overall, these findings support a role for propagation of central inflammation, as a direct response to 

prolonged peripheral immune activation, and independent of hypoxia, bradycardia, or hyperthermia, in 

driving the associated long-term disruptions in brain development. 

0.0001; plasma TNF-α: P < 0.0001; brain TNF-α: P < 0.0001]; acute phase: treatment effect [brain IL-1β: P 
< 0.0001]; chronic phase: treatment × age effect [plasma IL-1α: P = 0.0210; plasma IL-1β: P = 0.0488; plasma 
TNF-α: P = 0.001]; chronic phase: treatment effect [brain IL-1α: P = 0.0010; brain IL-1β: P < 0.0001]) and 
Holm−Sidak’s MCT post hoc. Quantification of (J) glial fibrillary acidic protein [GFAP]+ astrocytes and (K) 
and lectin+ microglia in the subcortical WM and CTX of CON (black bars; n = 10–12) and LPS (white bars; 
n = 8–10) animals. Two-way ANOVA with treatment × age (treatment × age effect [WM GFAP: P = 0.0009]; 
treatment effect [WM lectin: P = 0.0212]). (L) Representative images depicting the distribution and 
morphology of GFAP+ astrocytes and lectin+ microglia in the brain at PND4 in CON and LPS animals. Scale 
bar = 25 µm. Data are expressed as mean±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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3.4.7 LPS-induced neuropathology is associated delays in neurobehavioral milestones 

and motor deficits 
Finally, to determine the functional outcomes associated with the long-term disruptions in brain 

maturation following early life inflammation, the development of neurobehavioral milestones  

(PND4−PND21) and motor function (PND21) were examined in rats exposed to LPS from PND1−PND3 

(Fig.  3.9).  

Fig.  3.8 Physiological effects of repeated peripheral LPS exposure.(A) Body temperature profile of animals 
during the LPS injection period (PND1–PND3; n = 60 per group). Repeated measures ANOVA with treatment × 
time (treatment × time effect [P < 0.0001]) and Holm−Sidak’s MCT post hoc. (B−J) Changes in (B) heart rate 
(beats per min [BPM]), (C) pH, (D) blood O2 content (ctO2), (E) blood partial pressure of CO2 (pCO2), (F) blood 
hemoglobin content (ctHb), (G) blood base excess (cBase), (H) blood glucose concentrations, (I) blood lactate 
concentrations, and (J) blood K+ concentrations at 4 h after the first LPS injection (n = 30 per group) in CON 
(black bars, n = 16–18) or LPS (white bars, n = 10–13) animals. Unpaired t-test (ctHb: P = 0.0088; glucose: P = 
0.0045; lactate: P = 0.0008). Data are expressed as mean±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001. 
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Compared with controls, LPS animals showed a significant delay in the onset of auditory development 

(auditory startle test: control, 9.7±0.3 days versus LPS, 10.7±0.3 days; P = 0.0258), and significantly 

slower trajectories in development of milestones including open field (Fig.  3.9A), negative geotaxis 

(Fig.  3.9B), and cliff aversion (Fig.  3.9C). Further, using the accelerating rotarod test to examine motor 

function and coordination (Fig.  3.9D), LPS animals showed a significant reduction in the latency to fall 

compared with controls (by ~20%). Importantly, there was no association of latency to fall with body 

weight (r2 = 0.07). 

These data suggest that the long-term disruptions in brain development following prolonged early life 

inflammation manifest functionally as delays in normal neurobehavioral milestones and impairment in 

motor coordination.  

 

3.5 Discussion 
The present study revealed that prolonged postnatal systemic inflammation in neonatal rats causes subtle, 

persisting disturbances in brain development, with neurobehavioral delay and mild motor impairments, 

consistent with the typical constellation of findings in very and extremely preterm survivors. DTI and 

Fig.  3.9. Repeated LPS exposure induces delays in development of neurobehavioral milestones, and long-
term motor impairment (A−C) Assessment of development of neurobehavioral milestones in CON (black bars; 
n = 52) and LPS (white bars; n = 47) animals. (A) Open field, (B) cliff aversion, and (C) negative geotaxis 
assessed from PND4–PND21 in CON and LPS animals. Repeated measures ANOVA with treatment × time 
(treatment × time effect [negative geotaxis: P = 0.0486; cliff aversion: P = 0.0423]; treatment effect [open 
field: P = 0.0004]) and Holm−Sidak’s MCT post hoc. (D) Assessment of global motor function and 
coordination using the accelerating rotarod in CON (n = 13) and LPS (n = 14) animals. Two-way ANOVA 
with treatment × sex (treatment effect [P < 0.0001]). Unpaired t-test, P = 0.0013. For all measured parameters, 
there were no effects of sex between CON and LPS animals. Data are expressed as mean±SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. 
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NODDI revealed delayed maturation of neocortical and subcortical white matter microstructure. The 

underlying neurohistopathologic disruptions involved impaired dendritic arborization and dendritic spine 

formation of neurons in the motor cortex, and delayed oligodendrocyte maturation and axonal 

myelination in the subcortical white matter. These findings highlight the critical vulnerability of 

developing neurons and oligodendrocytes to inflammatory injury, and indicate that prolonged postnatal 

inflammation, without severe infection or other clinical events, may be a key cause of the diffuse 

spectrum of brain pathology and long-term disability in modern cohorts of premature infants.  

In a seminal human study, the chronic deficits in white matter myelination in preterm infants involved 

failure of oligodendrocyte maturation, rather than depletion of the total oligodendrocyte pool (Buser et 

al., 2012). Our data provide new evidence that prolonged postnatal systemic inflammation can trigger a 

comparable pattern of failure of white matter myelination, involving acute preOL cell death, regenerative 

proliferation of OPCs, but disrupted oligodendrocyte maturation. Experimentally, limited animal studies 

have shown that prolonged postnatal systemic infection and inflammation can reduce white matter brain 

growth and myelination (Biouss et al., 2019; Du et al., 2011; Malaeb et al., 2014; Wang et al., 2009). 

However, in those studies the infectious/inflammatory stimuli were continued to an age equivalent to the 

near-term human. In newborn mice, Favrais and colleagues also reported that repeated systemic injection 

of low-dose IL-1β for 5 days (PND1−PND5) was associated with a long-lasting disruption of 

oligodendrocyte maturation and white matter myelination in male but not female pups (Favrais et al., 

2011). This key study supported a role for chronic low-level systemic inflammation in males, but the 

apparent lack of effect in females (Stolp et al., 2019) is inconsistent with human pathology. Potentially, 

this discrepancy may reflect the use of a highly specific cytokine, in contrast with the very broad systemic 

inflammation reported in large clinical cohorts of very preterm infants (Leviton et al., 2011b). 

In the present study, we found neuroinflammation in the form of elevated pro-inflammatory cytokines 

and diffuse astrogliosis/microgliosis (Fig.  3.7). These are hallmark features of human preterm white 

matter injury, supporting the relevance of our experimental paradigm (Buser et al., 2012; Yoon et al., 

1997c). Critically, these inflammatory events regulate a range of signaling pathways involved in 

oligodendrocyte survival and maturation (Huang et al., 2019; Shiow et al., 2017; Srivastava et al., 2018; 

Van Tilborg et al., 2018). Thus, the disruptions in oligodendrocyte development in the present study 

were likely directly related to the central inflammatory response to systemic inflammation. This is further 

supported by the lack of other potential damaging events such as hypoxia, bradycardia, or hyperthermia 

in response to LPS exposure (Fig.  3.8). 

Disturbances in cortical growth and connectivity are a major pathological substrate of disability in 

modern cohorts of preterm infants (Ball et al., 2013; Pascoe et al., 2019; Vinall et al., 2013). Our findings 

provide new evidence for a direct role of prolonged postnatal systemic inflammation in causing these 

cortical deficits, by impairing development of the dendritic arbor and spine formation of cortical neurons, 

without neuronal loss. In humans, a prolific increase in neuronal dendritic growth is the primary driver 



Chapter 3: Early life inflammation and brain development 
 

76 
 

of the marked cortical expansion that occurs over the last trimester (Lu et al., 2013a; Mrzljak et al., 

1992); these events are largely postnatal in the rat (Miller, 1981). The present findings suggest that this 

period of dendrogenesis is particularly vulnerable to disruption by inflammation. Consistent with an 

impairment of neuronal development, two small case series reported reduced dendritic length of cortical 

neurons in very preterm infants with either diffuse white matter injury (Stolp et al., 2019) or severe 

necrotic white matter injury (Takashima et al., 1982). Similar disturbances in neuronal dendritic 

arborization and spine formation are observed in other human neurodevelopmental disorders including 

Retts syndrome (Armstrong et al., 1995), autism (Raymond et al., 1996), and schizophrenia (Kalus et al., 

2000). There are few comparable experimental studies. Intrauterine LPS exposure was associated with 

decreased neuronal dendritic complexity in the retrosplenial cortex of newborn rabbits (Balakrishnan et 

al., 2013), and decreased dendritic complexity of pyramidal neurons in the medial prefrontal cortex of 

rat offspring at P10 and P35 (Baharnoori et al., 2009). Postnatally, mild systemic inflammation following 

repeated IL-1β in newborn male mice was associated with reduced interneuron spine density at P40, but 

no changes in dendritic arborization (Stolp et al., 2019). 

Interestingly, impaired neuronal development in the present study was found in the motor cortex and was 

associated with impaired motor function (e.g., accelerating rotarod and negative geotaxis tests (Altman 

et al., 1975; Fan et al., 2008; Jones et al., 1968); Fig.  3.9). Thus, although modern imaging studies 

suggest a causative role for disruption of white matter motor tracts in mild motor disturbances in preterm 

infants (Hollund et al., 2018; Shah et al., 2008), our data suggest a potential contribution of altered motor 

cortex development. Indeed, two recent imaging and functional MRI studies of preterm infants with 

diffuse white matter injury reported a reduced volume and connectivity of the motor cortex at 10−12 

years of age, which were associated with motor impairment (Lee et al., 2011; Wheelock et al., 2018). 

Loss of the maturational decrease in the DTI metric FA (Fig.  3.3) in the motor cortex, but not the 

somatosensory cortex, was also reported in preterm born infants at term-equivalent age (Bouyssi-Kobar 

et al., 2018). Nevertheless, there are contrasting findings suggesting structural and functional alterations 

in somatosensory cortex pathways (Bouyssi-Kobar et al., 2018; Wehrle et al., 2018) and associations 

with neurobehavioral disturbances (Hoon et al., 2009; Rahkonen et al., 2013) in preterm infants. Indeed, 

although we found no histopathologic changes in neuronal development in the somatosensory cortex in 

the present study, there were small but significant microstructural changes on MRI (Fig.  3.3C). Potential 

alterations in somatosensory function are also supported by our finding of delays in meeting 

neurodevelopmental milestones (e.g., auditory startle and cliff avoidance tests (Altman et al., 1975; Fan 

et al., 2008; Kiziltan et al., 2015)) following prolonged postnatal systemic inflammation (Fig.  3.9).  

The specific mechanism by which systemic inflammation impairs neuronal development is unknown and 

requires further study, but likely relates to the central inflammatory response (Fig.  3.7). In vitro, the 

proinflammatory cytokines IL-1β, TNF-α, IL-6, and interferon-γ can inhibit dendritic outgrowth and 

branching, and synapse formation and function, in developing cortical and hippocampal neurons in a 

dose-dependent manner (Gilmore et al., 2004; Kim et al., 2002; Neumann et al., 2002). Deficits in 
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multiple growth factors (e.g., insulin-like growth factor) and neurotrophins (e.g., nerve growth factor, 

brain-derived neurotrophic factor) important for neuronal development are also reported in neonates with 

evidence of systemic inflammation (Hansen-Pupp et al., 2007; Holm et al., 2017; Skogstrand et al., 

2019). 

Alternatively, retrograde axonal signaling is an important regulator of dendritic growth and synapse 

formation during development (Da Silva et al., 2011), and may be altered after white matter injury 

(Hayden et al., 2019). In this scenario, given that different white matter tracts innervate different grey 

matter regions, regional differences in white matter injury may explain the regional effects on cortical 

neuron development (i.e., motor cortex versus somatosensory cortex). Other potential mechanisms for 

the motor cortex-specific effects include intrinsic differences in the timing, rates, and mechanisms of 

neuronal dendritic development and synaptogenesis compared with the somatosensory cortex. 

The present findings indicate that NODDI is more sensitive than DTI for detecting microstructural 

changes involving white matter myelination deficits following postnatal inflammation (Fig.  3.3D; DTI: 

no change in FA; NODDI: higher ficvf and ODI; c.f. PVWM and EC). By contrast, DTI and NODDI had 

a similar sensitivity for detecting microstructural changes in the cerebral cortex involving impaired 

dendritic development (Fig.  3.3D; DTI: higher FA; NODDI: lower ODI). The DTI-derived parameter 

FA is used extensively in preterm infants to detect microstructural changes in the brain, which are seen 

after severe postnatal infection (Chau et al., 2012; Dubner et al., 2019; Glass et al., 2018; Rogers et al., 

2016). However, the NODDI model provides individual measures of two factors that are related to the 

changes in FAcellular process density (ficvf) and cellular process orientation (ODI)thus providing 

greater microstructural specificity than for DTI (Zhang et al., 2012). In the white matter, FA increases 

with normal development in humans and other species (Karmacharya et al., 2018; Young et al., 2019), 

which reflects more mature microstructural organization, including increases in axon density and axon 

diameter, more aligned axon orientation distribution, and progression of axonal myelination (Jelescu et 

al., 2015; Jones et al., 2013; Kunz et al., 2014; Pecheva et al., 2018). Recent NODDI studies also show 

a developmental increase in ficvf (i.e., increased process density and/or axonal myelination) and decrease 

in ODI (i.e., more tightly-aligned processes and/or axonal myelination) in human white matter (Jelescu 

et al., 2015; Kunz et al., 2014; Lynch et al., 2020). As such, our finding of a higher ODI likely reflects 

the histologic evidence of impaired axonal myelination (Fig.  3.5). In support, a higher white matter ODI 

was reported in experimental models of axonal demyelination and in multiple sclerosis patients 

(Granberg et al., 2017; Luo et al., 2019), as well as in preterm born infants compared with age-matched 

controls (Kelly et al., 2016; Young et al., 2019). By contrast, our finding of a higher ficvf, despite 

decreased myelination, likely reflects an increased axonal packing density related to the confounding 

effect of reduced white matter volumes (Fig.  3.2). This is a potential limitation for use of ficvf to examine 

white matter ultrastructure in the clinical setting. 
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In contrast to the white matter, the human cortex shows a developmental decrease in FA up to term age 

(i.e., less restricted water diffusion) (Ball et al., 2013; Batalle et al., 2019). NODDI studies show an 

associated increase in ODI (i.e., more dispersed cellular processes) related to progressive dendritic 

branching (Batalle et al., 2019; Eaton-Rosen et al., 2015), and a decrease in ficvf (i.e., decreased process 

density) related to contrasting effects of increasing dendritic branching versus cortical expansion (Batalle 

et al., 2019; Huttenlocher, 1990). As such, our findings of a higher FA and lower ODI in the cerebral 

cortex likely reflect the histologic evidence of impaired neuronal dendrogenesis (Fig.  3.4). Note that the 

lack of effect on ficvf (i.e., process density), despite decreased dendritic complexity, is likely related to 

the confounding effect of reduced cortical volumes following injury. Although there are no comparable 

NODDI studies, these findings are consistent with human evidence for impairment of the normal 

developmental decrease in cortical FA in preterm born infants (Ball et al., 2013; Vinall et al., 2013). A 

higher FA in the cerebral cortex associated with reduced dendritic complexity of pyramidal neurons was 

also reported at 4-weeks’ recovery from hypoxia-ischemia in preterm fetal sheep (Dean et al., 2013). 

Further, a higher FA and lower ODI in the cortex were reported in term infants with congenital heart 

disease (Kelly et al., 2019). 

Note that the LPS dosing used in this study was titrated to produce a pattern of mild acute white matter 

cell death, but without symptoms of severe infection such as hypoxia or changes in heart rate, and 

reproduces the mild spectrum of brain pathology common in modern preterm cohorts. This contrasts 

with the more severe cystic patterns of brain injury often associated with severe neonatal 

infections.(Adams-Chapman et al., 2006; Procianoy et al., 2012) We also found a consistent pattern of 

transient systemic hypothermia following LPS exposure, which is a common response to infection in 

human preterm infants.(Shane et al., 2017a) Further, LPS exposure was associated with approximately 

15% mortality, raising the possibility that these animals had more severe systemic responses than the 

survivors. 

Overall, our study indicates that prolonged postnatal inflammation, without severe infection, can cause 

persisting and coordinated, diffuse deficits in white matter and grey matter microstructural development, 

and is likely a major contributor to long-term motor and cognitive disabilities that are common in 

survivors of preterm birth. These findings highlight the critical vulnerability of developing 

oligodendrocytes and neurons to dysmaturation following central inflammation, and support a 

mechanism of dysfunction of brain maturation, rather than irreversible brain injury, following preterm 

birth. Thus, agents that limit the central immune response to systemic inflammation, or which promote 

oligodendrocyte differentiation and neuronal dendritic development, may be viable preventative 

therapies. Advanced diffusion imaging techniques such as NODDI may be particularly useful for clinical 

detection of these microstructural deficits and for assessing the efficacy of novel therapeutic 

interventions. 
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Chapter 4. Postnatal Inflammation Impairs Insulin-like Growth 

Factor Signalling in the Immature Brain  
 

4.1 Preface 
Insulin-like growth factor (IGF-1) is critical for brain development. There is evidence that preterm born 

infants exhibit reduced circulating IGF-1 concentrations compared with their healthy, term counterparts. 

Further, this reduction in circulating IGF-1 is associated with decreased brain volume, increased risk of 

brain injury, and poor neurodevelopmental outcomes at 2 years of age. Importantly, reductions in IGF-1 

concentrations at preterm birth are also associated with evidence of elevated cord blood cytokines. These 

studies suggest a potential link between perinatal infection/inflammation, impairment of the IGF axis, 

and reduced neurodevelopmental outcomes in these infants. Chapter 3 of this thesis demonstrated that 

exposure to prolonged postnatal systemic inflammation in newborn rodents was associated with white 

matter deficits involving oligodendrocyte cell death, impaired oligodendrocyte maturation, and reduced 

axonal myelination, and cortical deficits involving impaired growth of neuronal dendrites. Using the 

same model, the present chapter examined the effect of prolonged postnatal systemic inflammation on 

the IGF axis as a potential mechanism underlying the observed deficits in white matter and grey matter 

development. This is the first study to show that postnatal inflammation impairs IGF bioavailability and 

receptor signalling in the brain, which may contribute to the associated deficits in brain development.  
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4.2 Introduction 
The transition from intrauterine to extrauterine life is a rapid, complex, and well-orchestrated cascade of 

events that enables the healthy term born infant to survive without any serious complications. The 

success of this transition is critical to the avoidance of neurodevelopmental sequelae. However, for 

preterm born infants, multiple crucial events that occur during 24−40 weeks of gestation are now 

occurring outside of the normally protective in utero environment. This has the potential to disrupt their 

normal growth and maturational trajectories, resulting in abnormal brain development and associated 

adverse neurodevelopmental outcomes (Hüppi et al., 1996; Peterson, 2003). For example, up to 50% of 

preterm born infants exhibit persisting reductions in brain growth and connectivity, as well as 

disturbances in oligodendrocyte and neuronal development and axonal myelination, which functionally 

manifest as fine motor deficits, cognitive and learning impairments, behavioural disturbances, and 

sensory deficits that persist throughout life (Anderson et al., 2017; Bos et al., 2013; Janssen et al., 2016; 

Zhang et al., 2015). The causes of these impairments in brain development and altered neurobehavioral 

outcomes after preterm birth are complex and likely multifactorial. However, there is compelling 

evidence for a causative role of exposure to postnatal systemic inflammation (Kuban et al., 2017; Leviton 

et al., 2019; O'shea et al., 2013). Although, the specific mechanisms underlying these actions of postnatal 

inflammation on preterm brain development and function remain unclear.  

The insulin-like growth factor (IGF) axis is a tightly regulated component of the endocrine system, where 

the high affinity IGF binding proteins (IGFBPs) regulate IGF (e.g., IGF-1 and IGF-2) bioavailability. 

While the liver is the primary source of IGF-1, IGF-2, and the IGFBPs, accounting for approximately 

70%–90% of circulating concentrations, local paracrine/autocrine sources of IGFs are essential for 

normal nervous system development (Froesch et al., 1985; O'kusky et al., 2012).  IGF-1 is a neurotrophic 

factor that plays a critical role in growth and brain development, including promoting the proliferation, 

survival, and maturation of both neurons and oligodendrocytes (Baker et al., 1993; Bondy et al., 2004; 

Joseph D'ercole et al., 2008). These physiological actions of IGF-1 are mediated by the binding of IGF-

1 to the IGF type I receptor (IGF-IR). For example, IGF-IR signalling is implicated in the regulation of 

oligodendrocyte precursor proliferation, myelin gene expression, and stimulation of myelination 

(Mcmorris et al., 1993; Roth et al., 1995), as well as in controlling neurite outgrowth, arborisation, and 

synaptogenesis (Carlson et al., 2014; Nilsson et al., 1988; O'kusky et al., 2000). As such, alterations to 

the IGF-IR signalling pathway can have marked effects on brain development and neurobehavioral 

outcomes (Baker et al., 1993; Tong et al., 2013; Ye et al., 2002).  

During early- to mid-gestation, fetal IGF-1 concentrations are relatively low, but rapidly increase and 

peak during the third trimester of pregnancy, a period of marked fetal growth and development 

(Hernandez-Valencia et al., 2001). However, preterm born infants do not experience this surge in IGF-1 

concentrations as the maternal-placental transfer of IGF-1 is disrupted (Hansen-Pupp et al., 2011). 

Rather, preterm infants are dependent on endogenously produced IGF-1, which circulates at 

concentrations on average five times lower than their in utero gestational age counterparts (Hansen-Pupp 
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et al., 2011; Hansen-Pupp et al., 2013). Critically, this reduction in IGF-1 in preterm infants is associated 

with decreased cerebral white matter and grey matter volumes and decreased overall microstructural 

brain complexity by MRI at 2 years of adjusted age (Hansen-Pupp et al., 2013). Importantly, there is also 

evidence for a negative relationship between IGF-1 concentrations at birth and elevated pro-

inflammatory cytokines in very preterm born infants (Hansen‐Pupp et al., 2007). Thus, given the 

importance of IGF-1 in normal brain development, these findings suggest a potential mechanism of 

impaired brain development following postnatal inflammation in preterm infants involving reduced IGF-

1 signalling. 

This study examined the hypothesis that prolonged mild-to-moderate postnatal systemic inflammation 

impairs IGF bioavailability and thus IGF-IR signalling in the brain. Postnatal systemic inflammation was 

induced using the gram-negative bacterial endotoxin lipopolysaccharide (LPS) in newborn rats from 

postnatal day (PND)1−PND3, an age when brain development is broadly equivalent to that of extremely 

preterm infants (<28 weeks gestation) (Dean et al., 2011b; Semple et al., 2013). In this model, prolonged 

mild-to-moderate postnatal systemic inflammatory insult is associated with subtle, persisting 

disturbances in white and grey matter development, delayed onset of neurobehavioral milestones, and 

mild motor impairments (Chapter 3), similar to that observed in human preterm born infants. 

 

4.3 Materials and Methods 

4.3.1 Animals and experimental design 
All procedures were approved by the Animal Ethics Committee at The University of Auckland (no. 

R1634). Pregnant Sprague-Dawley rats were purchased from the Vernon Jansen Unit (Auckland, NZ) 

and gave birth within the small animal facility. The day of birth was defined as PND0. The litters were 

standardised to 10 pups per litter. Dams and pups were housed in a 12 h light/dark cycle in a temperature 

and humidity controlled environment. Food and water were available ad libitum.  

On PND1, rat pups were randomly allocated into control (sterile saline) or injury (LPS; from Escherichia 

coli, O55:B5; Sapphire Biosciences Ltd., Auckland, NZ; 0.3 mg/kg body weight) groups. Saline or LPS 

were administered as single daily intraperitoneal injections (at 10 µL/g body weight). To minimize the 

effects of circadian rhythm, saline/LPS administration was performed at the same time each day (~12:00 

h). Rat pups were sacrificed at PND2 (by decapitation) after the first LPS injection, or at PND4, PND14, 

or PND21 (by decapitation or carbon dioxide asphyxiation/cervical dislocation) after three repeated LPS 

injections from PND1−PND3. Body weights were measured daily, while brain weights, liver weights, 

and animal sex were assessed at post-mortem. Blood, liver, and brain tissues were collected at post-

mortem for various analyses. A timeline of the experimental protocol is shown in Fig.  4.1a. To prevent 

any potential sex bias, both male and female offspring were used in this study.  
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A total of n = 228 rat pups were used (n = 109 control; N=119 LPS). To avoid the potential confounding 

effects of birth weight, animals outside ±2 standard deviations of the mean PND1 body weight 

(7.20±1.66 g) were removed from the final analyses (n = 7 control; n = 1 LPS). Thus, n = 220 animals 

were included in the final study (n = 102 control; n = 118 LPS). Note that the mortality, growth, and 

cytokine responses for 110 of these animals (n = 55 control; n = 55 LPS) were previously reported 

(Chapter 3) and data from an additional 110 animals (n = 47 control; n = 63) were included in the present 

study. 

 

4.3.2 Sample collection and preparation 
Blood samples, brain protein samples, and liver protein samples for enzyme-linked immunosorbent assay 

(ELISA) and enzymatic assays were collected from control and LPS animals recovered until PND2, 

PND4, PND14, and PND21. Blood samples were rapidly collected in ethylenediaminetetraacetic acid-

treated microvette tubes (Sarstedt AG & Co., Nümbrecht, Germany) to prevent coagulation and the 

plasma fraction of the blood samples was extracted by repeated centrifugation. Plasma samples were 

stored −80°C until use. Whole brains and livers were rapidly extracted, hemisected, snap-frozen in liquid 

nitrogen, and stored at −80°C until use. The brain protein and liver protein samples were homogenised 

1:1 in a tissue lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton-X-100, 1% protease 

inhibitor cocktail [cOmplete ULTRA Tablets, Mini, EASYpack; Sigma-Aldrich, St. Louis, MO, USA]) 

and centrifuged to extract the cytosolic fraction. Brain proteins samples were stored at −80°C until use.  

Brain protein samples for western blot analysis were collected from control and LPS animals recovered 

until PND2, PND4, PND14, and PND21. Whole brains were rapidly extracted, hemisected, snap-frozen 

in liquid nitrogen, and stored at −80°C until use. The left hemisphere was homogenised 1:7 in chilled 

radioimmunoprecipitation assay lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% Triton-X-100, 0.5% 

sodium deoxycholate, and 0.1% sodium dodecyl sulphate containing 1% protease cocktail inhibitor and 

1% phosphatase inhibitors [PhosphoSTOP; Sigma-Aldrich]), gently agitated, and then centrifuged to 

extract the cytosolic fraction. Protein concentrations were determined using the DC protein assay. Brain 

protein samples were stored at −80°C until use. 

 

4.3.3 Detection of cytokines by ELISA 
Cytokine concentrations in the plasma and brain were determined in control and LPS treated animals 

from PND2–PND21 using a pre-mixed MILLIPLEX® MAP Rat 27-plex cytokine/chemokine magnetic 

bead panel in a 96-well plate assay (Merck Millipore, Auckland, NZ). Plasma samples were diluted 1:2 

in the provided assay matrix, while brain protein samples were diluted 1:2 in the provided lysis buffer. 

Solutions were added to the ELISA plate according to the manufacturer’s instructions. The ELISA plate 

was read with a MAGPIX® machine (Luminex Co., Austin, TX, USA) using the associated xPONent 

(Luminex Co.) and MILLIPLEX® Analyst v5.1 software (Merck Millipore).  
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4.3.4 Detection of IGF-1, IGFBP-2, and IGFBP-3 by ELISA  
IGF-1, IGFBP-2, and IGFBP-3 concentrations in the plasma, brain, and liver were determined in control 

and LPS treated animals from PND2–PND21 using pre-mixed rat IGF-1, rat IGFBP-2, and rat IGFBP-3 

ELISA kits in a 96-well plate assay (Crystal Chem., Elk Grove Village, IL, USA). Plasma samples were 

diluted 1:91, 1:1000, and 1:301, respectively, brain protein samples were diluted 1:31, 1:1000, and 1:101, 

respectively, and the liver protein samples were diluted in 1:110, 1:1500, and 1:301, respectively, in the 

kit’s dilution buffer. Solutions were added to the ELISA plate according to the manufacturer’s 

instructions. The resulting absorbance was measured using a plate reader at 450 nm with a reference 

filter at 630 nm. A calibration curve was plotted using the mean change in absorbance value for each 

calibrator against the corresponding IGF-1, IGFBP-2, or IGFBP-3 concentrations. Concentrations were 

read from the calibration curve in ng/mL and multiplied by the dilution factor to obtain the final 

concentrations. 

 

4.3.5 Detection of IGF-2 by ELISA 
IGF-2 concentrations in the plasma, brain, and liver were determined in control and LPS treated animals 

from PND2–PND21 using the Quantikine® mouse/rat/porcine/canine IGF-II ELISA kit (R&D 

Systems®, Minneapolis, MN, USA). Plasma, brain protein, and liver protein samples were pre-treated 

with the kit’s dissociation buffer and diluted 1:250, 1:63, and 1:220, respectively, in the kit’s dilution 

buffer. Solutions were added to the ELISA plate according to the manufacturer’s instructions. The 

resulting optical density was measured using a plate reader at 540 nm with a correction wavelength at 

570 nm. A log/log curve-fit was plotted using the mean the mean change in absorbance value for each 

calibrator against the corresponding IGF-2 concentration. Concentrations were read from the calibration 

curve in pg/mL, converted to ng/mL, and then multiplied by the dilution factor to obtain the final 

concentrations. 

 

4.3.6 Detection of glucose by enzymatic assay  
Glucose concentrations in the plasma and brain were determined in control and LPS treated animals from 

PND2–PND21 using an enzymatic rat glucose assay (Crystal Chem). Plasma and brain protein samples 

were added to a 96-well plate and incubated in the assay buffer for 15 min at room temperature, as per 

the manufacturer’s instructions. The resulting absorbance was measured using a plate reader at 505 nm. 

A calibration curve was plotted using the mean change in absorbance value for each calibrator against 

the corresponding glucose concentrations. Concentrations were read from the calibration curve in mg/dL.  

 

4.3.7 Detection of insulin by ELISA 
Insulin concentrations in the plasma and brain were determined in control and LPS treated animals from 

PND2–PND21 using an ultra-sensitive rat insulin ELISA kit (Crystal Chem). Plasma and brain protein 

samples were added to the ELISA plate according to the manufacturer’s instruction for the low-range 
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range insulin assay. The resulting absorbance was measured using a plate reader at 450 nm with a 

reference filter at 630 nm. A calibration curve was plotted using the mean change in absorbance value 

for each calibrator against the corresponding insulin concentrations. Concentrations were read from the 

calibration curve in ng/mL and multiplied by the dilution factor to obtain the final concentrations. 

 

4.3.8 Detection of growth hormone by ELISA 
Growth hormone (GH) concentrations in the plasma and brain were determined in control and LPS 

treated animals from PND2–PND21 using pre-mixed rat GH ELISA kits in a 96-well plate assay (Crystal 

Chem). Plasma samples were diluted 1:10 in the kit’s dilution buffer, while brain samples were diluted 

1:5 in the kit’s dilution buffer. Solutions were added to the ELISA plate according to the manufacturer’s 

instructions. The resulting absorbance was measured using a plate reader at 450 nm with a reference 

filter of 630 nm. A calibration curve was plotted using the mean change in absorbance value for each 

calibrator against the corresponding GH concentrations. Concentrations were read from the calibration 

curve in ng/mL and then multiplied by the dilution factor to obtain the final concentrations. 

 

4.3.9 Quantification of IGF receptor signalling by fluorescent western blot 
IGF receptor signalling was semi-quantified in control and LPS treated animals from PND2–PND21 by 

fluorescent western blot. Total protein concentrations were measured using the Bio-Rad DC protein 

assay (#5000116; Bio-Rad, Hercules, CA, USA), according to the manufacturer’s protocol. Briefly, a 

stock solution of bovine albumin (40 mg/mL) was prepared in radioimmunoprecipitation assay buffer, 

which was used to produce a six-point linear serial dilution for a standard curve (40, 20, 10, 5, 2.5, and 

1.25 mg/mL). The samples or standards (5 μL) were added to each well, followed by 25 μL Reagent A’ 

and 200 μL Reagent B. All samples and standards were run in duplicate for each assay. After 15 min, 

the absorbance at 750 nm was measured using an EnSpire microplate reader (Biotek Instruments, 

Winooski, VT, USA). A linear equation was fitted to the standard values and the unknown concentrations 

were calculated. 

Western blot analysis was performed using 30 µg of protein extract for each sample. Proteins were 

separated by gel electrophoresis using 4%−15% Mini-PROTEAN®TGX Stain-Free™ Precast Protein 

Gels (Bio-Rad) with a 10−250 kD ladder (Precision plus protein™ WesternC™ standard; Bio-Rad). Gels 

were activated using the ChemiDoc™ MP imager and ImageLab software (Bio-Rad) and then transferred 

onto Trans-Blot® Turbo™ mini nitrocellulose membranes using the Trans-Blot® Turbo system (Bio-

Rad). The protein transfer efficiency and quality for each gel were confirmed using the ChemiDoc™ MP 

imager and ImageLab software. The membranes were washed three times in Tris-Buffered Saline with 

0.1% Tween-20 (TBS-T). After blocking for 1 h at room temperature in a solution of 1% casein in TBS-

T (Bio-Rad), the membranes were incubated with primary antibodies against IGF-IR (1:2000; Santa Cruz 

Biotechnology Inc., Dallas, TX, USA), phosphorylated (p)-IGF-IR (1:250; Cell Signalling Technologies, 

Danvers, MA, USA), or IGF-IIR (1:5000; Cell Signalling Technologies) overnight at 4°C in a solution 
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of 1% casein in TBS-T. Note that membranes were double labelled with IGF-IR and p-IGF-IR to 

determine the ratio between the p-IGF-IRβ subunit and the total IGF-IRβ subunit. The membranes were 

washed three times in TBS-T and then incubated with the appropriate fluorescent secondary antibodies 

(goat anti-rabbit StarBright™ Blue 520, goat anti-mouse StarBright™ Blue 720; Bio-Rad) for 1 h at 

room temperature. The membranes were washed three times in TBS-T and then imaged with the 

ChemiDoc™ MP imager and ImageLab software. For validation of the (p)-IGF-IRβ antibody (see Fig.  

4.3a), membranes were incubated in a solution of lambda phosphatase (Sigma-Aldrich) and manganese 

(II) chloride tetrahydrate (Sigma-Aldrich) overnight at 4°C prior to blocking. The membranes then 

washed three times in deionized water, blocked, and incubated with IGF-IR and (p)-IGF-IR antibodies, 

as per above.  

Western blot normalisation and quantification were performed using ImageLab software. 

Immunoreactive bands were normalised against total protein content to control for loading variations. 

Normalised band intensities were further normalised to a control sample that was run on every gel to 

allow comparisons between gels. The expression of individual proteins represents the average fluorescent 

intensity of the target band from three gels per animal. Note that the ratio of the immunoreactivity of the 

p-IGF-IRβ subunit to that of the total IGF-IRβ subunit for each animal was calculated on each gel and 

then averaged across the three gels to examine IGF receptor signalling.  

 

4.3.10 Statistical analysis 
All data analysis was performed with statistical software (IBM SPSS Statistics v20.0; IBM, Armonk, 

NY, USA; GraphPad Prism v7.0; GraphPad Software, San Diego, CA, USA). The IGF/IGFBP molar 

ratio was calculated using the formula (IGF-1 [ng/mL] × 0.131 + IGF-2 [ng/mL] × 0.134) / (IGFBP-2 

[ng/mL] × 0.0032 + IGFBP-3 [ng/mL] × 0.035) (Gaddas et al., 2019; Van Duyvenvoorde et al., 2008). 

Kaplan–Meier curve analysis was used to assess mortality following LPS exposure, where the 

Gehan−Breslow−Wilcoxon test was used to assess statistical significance between control and LPS 

animals. The Shapiro–Wilks test for normality was performed to test data distribution. For normal 

distributed data, overall differences in outcome measures between the LPS group and the control group 

(‘group’ factor) over multiple ages/time points (‘age’ factor) were assessed by two-way (group × age) 

analysis of variance (ANOVA). When there was a significant effect of group (P < 0.05) or a significant 

interaction of group × age (P < 0.05), post hoc analysis was performed using the Holm−Sidak’s multiple 

comparisons test. Specific details of the statistical tests performed in this study are provided in the figure 

legends. All data are presented as mean ± standard error of the mean. All analyses were performed by 

investigators blinded to the study groups. 
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4.4 Results 

4.4.1 Effects of systemic exposure to repeated postnatal inflammation on survival and 

growth of neonatal rats 
Compared with the control group, LPS animals showed a significantly higher mortality (Fig.  4.1b). All 

deaths occurred after the first injection. There was a significant effect of group, age, and group × age on 

body weight (Fig.  4.1c; two-way ANOVA), liver weight (Fig.  4.1d; two-way ANOVA), and brain 

weight (Fig.  4.1e; two-way ANOVA). Post hoc analysis showed a significant decrease in body weight 

(Fig.  4.1c) and brain weight (Fig.  4.1e) at PND4, PND14, and PND21, and a significant decrease in 

liver weight at PND14 and PND21 (Fig.  4.1d), in the LPS group compared with age-matched controls. 

These findings suggest that early life exposure to inflammation results in a mild reduction in survival 

and impairment of body, liver, and brain growth, as previously described in Chapter 3.  

 

4.4.2 Effects of systemic exposure to repeated postnatal inflammation on IGF 

bioavailability 
Given the critical role for the IGF system in postnatal growth and brain development, IGF bioavailability 

in the liver, plasma, and brain was examined in rats exposed to early life inflammation (Fig.  4.2). 

Total IGF-1: In control animals, total IGF-1 concentrations remained relatively consistent with age in 

the liver (Fig.  4.2a), but progressively increased with age in the plasma (Fig.  4.2b) and the brain (Fig.  

4.2c). There was a significant effect of group, age, and group × age on total rat IGF-1 concentrations in 

the liver (Fig.  4.2a; two-way ANOVA) and plasma (Fig.  4.2b; two-way ANOVA), and a significant 

effect of age and group × age (no group effect) in the brain (Fig.  4.2c; two-way ANOVA). Post hoc 

analysis showed a significant decrease in total IGF-1 concentrations in the liver at PND2 and PND4 (Fig.  

4.2a), plasma at PND4, PND14, and PND21 (Fig.  4.2b), and the brain at PND2 and PND4 (Fig.  4.2c), 

and a significant increase in total IGF-1 concentrations in the brain at PND14 (Fig.  4.2c), in the LPS 

group compared with age-matched controls.  

Total IGF-2: In contrast to IGF-1, control animals showed a developmental decrease in total IGF-2 

concentrations in the liver (Fig.  4.2d), plasma (Fig.  4.2e), and the brain (Fig.  4.2f). There was a 

significant effect of group, age, and group × age on total rat IGF-2 concentrations in the liver (Fig.  4.2d; 

two-way ANOVA) and brain (Fig.  4.2f; two-way ANOVA), and a significant effect of age (no group or 

group × age effects) in the plasma (Fig.  4.2e; two-way ANOVA). Post hoc analysis showed a significant 

decrease in total IGF-2 concentrations in the liver at PND2 (Fig.  4.2d) and the brain at PND2 and PND4 

(Fig.  4.2f) in the LPS group compared with age-matched controls.  

IGFBP-2: In control animals, there was an initial increase in IGFBP-2 concentrations in the liver from 

PND2−PND4 and a progressive decrease thereafter (Fig.  4.2g), while there was a developmental 
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decrease in IGFBP-2 concentrations in the plasma (Fig.  4.2h) and the brain (Fig.  4.2i). There was a 

significant effect of group, age, and group × age on IGFBP-2 concentrations in the brain (Fig.  4.2i; two-

way ANOVA), and a significant effect of age (no group or group × age effects) in the liver (Fig.  4.2g; 

two-way ANOVA) and plasma (Fig.  4.2h; two-way ANOVA). In the brain, post hoc analysis showed a 

significant decrease in IGFBP-2 concentrations at PND4 and a significant increase at PND14 in the LPS 

group compared with age-matched controls (Fig.  4.2i).  

IGFBP-3: In control animals, IGFBP-3 concentrations remained relatively consistent with age in the 

liver (Fig.  4.2j), but progressively increased in the plasma (Fig.  4.2k) and decreased in the brain (Fig.  

4.2l). There was a significant effect of group, age, and group × age on IGFBP-3 concentrations in the 

liver (Fig.  4.2j; two-way ANOVA), and a significant effect of age and group × age (no group effect) in 

the plasma (Fig.  4.2k; two-way ANOVA) and the brain (Fig.  4.2l; two-way ANOVA). Post hoc analysis 

showed a significant decrease in IGFBP-3 concentrations in the liver at PND2, PND4, and PND14 (Fig.  

4.2j) and the plasma at PND4 (Fig.  4.2k), and a significant increase in the brain at PND2 (Fig.  4.2l), in 

the LPS group compared with age-matched controls. 

IGF:IGFBP molar ratio: Finally, the IGF:IGFBP molar ratio was calculated as a crude measure of 

bioavailable IGF. In control animals, the IGF:IGFBP ratio remained relatively consistent with age in the 

Fig.  4.1 Experimental design, survival, and growth  of animals following lipopolysaccharide (LPS) exposure. 
(a) Neonatal rats received single intraperitoneal (i.p.) injections of saline or LPS on postnatal days (PND)1–
PND3 and were recovered to a range of time points for various outcome measures. ●, Time points for brain 
extraction, liver extraction, and plasma collection. (b) The survival rate of saline-treated (control [CON]) and 
LPS-treated (LPS) animals. Gehan−Breslow−Wilcoxon test, P = 0.0003. (c−e) Postnatal (c) body weight, (d) 
liver weight, and (e) brain weight (CON: black bars, n = 20–30 animals per age; LPS: white bars, n = 16–28 
animals per age). There was a significant group × age interaction for body weight (P = 0.0104), liver weight 
(P = 0.0043), and brain weight (P = 0.0015). Data are expressed as mean ± standard error of the mean (SEM). 
Holm−Sidak’s multiple comparisons test (MCT) post hoc: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001. IGF, insulin-like growth factor; IGF-IR, IGF type I receptor; IGF-IIR IGF type II receptor. 
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liver (Fig.  4.2m), but progressively increased in the plasma (Fig.  4.2n) and the brain (Fig.  4.2n). There 

Fig.  4.2 Repeated LPS exposure alters IGF bioavailability. Liver (a, d, g, j, m), plasma (b, e, h, k, n), and 
brain (c, f, i, l, o) concentrations of total IGF-1 (a−c), total IGF-2 (d−f), IGF binding protein (IGFBP)-2 (g−i), 
and IGFBP-3 (j−l) of CON (black bars; n = 8–20 animals per age) and LPS (white bars; n = 8–18 animals per 
age) animals. There was a significant group × age interaction for liver IGF-1 (P = 0.035), plasma IGF-1 (P = 
0.028), brain IGF-1 (P = 0.0003), liver IGF-2 (P < 0.0001), brain IGF-2 (P = 0.0239), brain IGFBP-2 (P < 
0.0001), liver IGFBP-3 (P = 0.0014), plasma IGFBP-3 (P = 0.0169), and brain plasma IGFBP-3 (P = 0.0008). 
The IGF:IGFBP molar ratio in the (m) liver, (n) plasma, and (o) brain in CON and LPS animals (n = 6−10 
animals per group/age). There was a significant group × age interaction for the liver IGF:IGFBP molar ratio  
(P = 0.0064) and brain IGF:IGFBP molar ratio (P < 0.0001). Data are expressed as mean ± SEM. 
Holm−Sidak’s MCT post hoc: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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was a significant effect of age and group × age (no group effect) on the IGF:IGFBP ratio in the liver 

(Fig.  4.2m; two-way ANOVA) and the brain (Fig.  4.2o; two-way ANOVA), and a significant effect of 

age (no group or group × age effect) in the plasma (Fig.  4.2n; two-way ANOVA). Post hoc analysis 

showed a significant increase in the IGF:IGFBP ratio in the liver at PND14 (by 37%; Fig.  4.2m), and a 

significant decrease in the brain at PND14 (by 28%) and increase at PND21 (by 61%) (Fig.  4.2o), in 

LPS animals showed compared with age-matched controls.  

 

4.4.3 Effects of systemic exposure to repeated postnatal inflammation on IGF signalling 

in the brain 
To assess the effects of reduced IGF bioavailability in the brain following exposure to early life 

inflammation, fluorescent western blot analysis was performed to semi-quantify brain IGF receptor 

expression and signalling in neonatal rats exposed to LPS from PND1–PND3 (Fig.  4.3). In control 

animals, there was a developmental decrease in expression of the total IGF-IRβ (Fig.  4.3b) and the p-

IGF-IRβ (Fig.  4.3c) 95 kDa bands in the brain from PND2–PND21. There was a significant effect of 

group and age (no group × age effect) on expression of the total IGF-IRβ in the brain (Fig.  4.3b; two-

way ANOVA). Post hoc analysis showed a significant decrease in total IGF-IRβ expression at PND2 

(Fig.  4.3b) in the LPS group compared with age-matched controls. There was also a significant overall 

decrease in expression of the p-IGF-IRβ 95 kDa band in the brain in the LPS group compared with the 

control group (Fig.  4.3c; two-way ANOVA; group and age effects, no group × age effect). 

Next, the ratio of the p-IGF-IRβ 95kDa band to the total IGF-IRβ 95 kDa band was determined as an 

indicator of IGF-IR activation in the brain (Fig.  4.3d). In control animals, there was a developmental 

increase in the p-IGF-IRβ:total IGF-IRβ ratio (i.e., increase in receptor signalling) from PND2–PND21. 

There was a significant overall decrease in the p-IGF-IRβ:total IGF-IRβ ratio (i.e., decrease in receptor 

signalling) in the LPS group compared with the control group (Fig.  4.3d; two-way ANOVA; group and 

age effects, no group × age effect). Further analysis revealed a positive relationship between IGF receptor 

activation (p-IGF-IRβ:total IGF-IRβ ratio) and IGF bioavailability (i.e., the IGF/IGFBP molar ratio 

calculated in Fig.  4.2) in both the control and LPS groups (Fig.  4.3e). However, LPS animals showed 

a significant downward shift in this relationship (P = 0.0280), with less IGF receptor activation at any 

given concentration of IGF bioavailability compared with control animals.  

Finally, IGF-IIR expression was assessed (Fig.  4.3f). In control animals, there was a developmental 

increase in expression of the IGF-IIR 275 kDa band in the brain from PND14–PND21. There was a 

significant effect of group, age, and group × age on IGF-IIR expression in the brain (Fig.  4.3b; two-way 

ANOVA). Post hoc analysis showed a significant decrease in IGF-IIR expression at PND2 and PND4 in 

the LPS group compared with age-matched controls (Fig.  4.3f). 

Overall, these findings suggests that early life exposure to postnatal inflammation can cause persisting 

deficits in IGF signalling in the brain.  
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4.4.4 Relationship between deficits in IGF-1 signalling and pro-inflammatory cytokine 

responses  
Next, we examined the relationship between changes in peripheral and central IGF-1 signalling and the 

pro-inflammatory cytokine response in rats exposed to early life inflammation. There was a significant 

effect of age and group × age on plasma tumor necrosis factor (TNF)-α concentrations (Fig.  4.4a; two-

way ANOVA), a significant effect of group (no age or group × age effects) on brain TNF-α 

concentrations (Fig.  4.4b; two-way ANOVA), a significant effect of group, age, and group × age on 

Glucose plasma interleukin (IL)-1β concentrations (Fig.  4.4c; two-way ANOVA), and a significant effect 

of group and age (no group × age effect) on brain IL-1β concentrations (Fig.  4.4d; two-way ANOVA). 

Post hoc analysis showed a significant increase in the plasma TNF-α concentration at PND2 and a 

significant decrease at PND4 (Fig.  4.4a), a significant increase in the brain TNF-α concentration at 

PND2 (Fig.  4.4b), and a significant increase in the plasma IL-1β concentration at PND2 (Fig.  4.4c) 

Fig.  4.3. Repeated LPS exposure alters IGF type I receptor (IGF-IR) signalling in the brain.  (a) Double 
labelled fluorescent western blot of PND4 brain homogenates treated with a lambda phosphatase enzyme in a 
manganese (II) chloride tetrahydrate solution to induce protein dephosphorylation of the phosphorylated [p]-
IGF-IRβ1135/1136 antibody without affecting IGF-IRβ antibody staining. Normalised signal intensity of (b) IGF-
IRβ and (c) p-IGF-IRβ expression in the brain of CON (black bars; n = 9–10 animals per age) and LPS (white 
bars; n = 7–10 animals per age) animals. There was a significant group effect for brain IGF-IRβ signal intensity 
(P = 0.0450) and p-IGF-IRβ signal intensity (P = 0.025). (d) Ratio of p-IGF-IRβ to IGF-IRβ expression in the 
brain of CON and LPS animals (n = 7−10 animals per group/age). There was a significant group effect for the 
brain p-IGF-IRβ:IGF-Irβ ratio (P < 0.0001). (e) Linear regression analysis of IGF-IR activation (p-IGF-
IRβ:IGF-Irβ ratio) and IGF bioavailability (brain IGF:IGFBP molar ratio) in CON (•; solid line; n = 36 
animals; r = 0.5934; P = 0.0003) and LPS animals (□; dashed line; n = 30 animals; r = 0.4112; P = 0.0240). 
(f) Normalised signal intensity of IGF-IIR expression in the brain of CON and LPS animals (n = 6–10). There 
was a significant group × age interaction for IGF-IIR signal intensity (P = 0.0009]). Data are expressed as 
mean ± SEM. Holm−Sidak’s MCT post hoc: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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in the LPS group compared with age-matched controls. There was a negative association between plasma 

TNF-α (Fig.  4.4e) or plasma IL-1β (Fig.  4.4g) concentrations and plasma IGF-1 concentrations; this 

relationship was similar for both the control and LPS groups. In the brain, control animals showed a 

significant positive relationship between IGF-1 and TNF-α concentrations, while LPS animals showed a 

significant negative relationship (Fig.  4.4f). By contrast, there was no significant relationship between 

IGF-1 and IL-1β in the brain in either group (Fig.  4.4h).  

 ̀

4.4.5 Effects of systemic exposure to repeated postnatal inflammation on glucose, insulin, 

and GH concentrations 
Finally, we examined the effects of postnatal inflammation on expression of specific proteins related to 

the IGF axis in the plasma and brain. First, given the role of IGF-1 in maintaining glucose homeostasis, 

the concentrations of glucose in the plasma and brain were assessed in neonatal rats exposed to LPS from 

PND1–PND3. There was a significant effect of group and age (no group × age effect) on glucose 

concentrations in the plasma (Fig.  4.5a; two-way ANOVA), and a significant effect of age and group × 

age effect (no group effect) on glucose concentrations in the brain (Fig.  4.5d; two-way ANOVA). 

Fig.  4.4. Relationships between concentrations of proinflammatory cytokines and IGF-1.  Plasma and brain 
concentrations of (a, b) tumor necrosis factor (TNF)-α and (c, d) interleukin (IL)-1β in CON (black bars) and 
LPS (white bars) animals (n = 7–10 animals per group/age). There was a significant group × age interaction 
for plasma TNF-α (P < 0.0001) and plasma IL-1β (P < 0.0001), and a significant group effect for brain TNF-
α (P = 0.0028) and brain IL-1β (P = 0.0057). (e) Non-linear regression analysis of total IGF-1 and TNF-α 
concentrations in the plasma (CON [•; solid line]: r2 = 0.6508, n = 38; LPS [□; dashed line]: r2 = 0.5596, n = 
35) and (f) linear regression analysis of total IGF-1 and TNF-α concentrations in the brain (CON: r = 0.1703, 
P = 0.3208, n = 38; LPS: r = −0.5551, P = 0.0008, n = 35). (g) Non-linear regression analysis of total IGF-1 
and IL-1β concentrations in the plasma (CON: r2 = 0.4479, n = 38; LPS: r2 = 0.4113, n = 35) and (h) linear 
regression analysis of total IGF-1 and IL-1β concentrations in the brain (CON: r = 0.2233, P = 0.1906, n = 38; 
LPS: r = −0.2908, P = 0.0901, n = 35). Data are expressed as mean ± SEM. Holm−Sidak’s MCT post hoc: *P 
< 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.  



Chapter 4: Insulin-like growth factor-1 and early life inflammation 
 

92 
 

However, post hoc analysis showed no significant differences in glucose concentrations in the plasma or 

the brain in the LPS group compared with age-matched controls. 

Next, given that insulin can also bind to the IGF-IR, albeit at concentrations at least 50-fold lower than 

IGF-1 (Slaaby et al., 2006), the concentrations of insulin were assessed in neonatal rats exposed to LPS 

from PND1–PND3. There was a significant effect of age (no group or group × age effects) on insulin 

concentrations in the plasma (Fig.  4.5b; 2-fway ANOVA), but no significant effects of group, age, or 

group × age on insulin concentrations in the brain (Fig.  4.5e; 2-way ANOVA). 

Finally, given the progressive increase in the role of GH in controlling IGF-1 with development, 

concentrations of GH were assessed in neonatal rats exposed to LPS from PND1–PND3. There was a 

significant effect of age (no group or group × age effects) on GH concentrations in both the plasma (Fig.  

4.5c; two-way ANOVA) and the brain (Fig.  4.5f; two-way ANOVA). 

 

4.5 Discussion 
Disturbances in the growth and connectivity of the white matter and grey matter regions of the brain are 

important neuropathologic components underlying neurodevelopmental disability in contemporary 

cohorts of preterm infants. Extensive clinical and experimental studies support a causative role of 

postnatal infection and inflammation in impaired brain development in preterm born infants. Further, we 

previously reported (see Chapter 3) that prolonged postnatal inflammation, without severe infection, in 

newborn rats can cause diffuse abnormalities in oligodendrocyte maturation and axonal myelination, and 

Fig.  4.5. Concentrations of proteins related to the superfamily of IGFs.   Plasma and brain concentrations of 
(a, d) glucose, (b, e) insulin and (c, f) growth hormone [GH] in CON (black bars; n = 9–10 animals per age) 
and LPS (white bars; n = 6–10) animals. There was a significant group effect for plasma glucose (P = 0.012), 
and a significant group × age interaction for brain glucose (P = 0.0499). Data are expressed as mean ± SEM. 
Holm−Sidak’s MCT post hoc: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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neuronal dendritic arborization and spine formation, which may explain the disturbances in brain 

development and motor and cognitive function observed in preterm infants. The present study provides 

the new evidence that postnatal inflammation in newborn rodents (PND1−PND3) was also associated 

with persisting disturbances in the central IGF axis, including reductions in total IGF-1 and IGF-2 

concentrations (Fig.  4.2c, f),  IGF bioavailability (Fig.  4.2o), and IGF-IR signalling (ratio of 

phosphorylated (p)-IGF-IRβ-to-total IGF-IRβ) in the brain (Fig.  4.3). Further, the reduction in total IGF-

1 concentrations were related to the degree of inflammation assessed by the pro-inflammatory cytokines 

TNF-α and IL-1β (Fig.  4.4). Importantly, this dysregulation of the central IGF axis persisted over a wide 

period of neurodevelopment (PND4−PND21; brain development equivalent to that in the very preterm 

infant to 2-3 years of age). In both rodents and humans, this developmental range is characterised by 

critical periods of oligodendrocyte and neuronal survival, maturation, and connectivity. Thus, persisting 

deficits in the central IGF axis may contribute to the patterns of impaired white matter and grey matter 

development following postnatal infection/inflammation in survivors of preterm birth. 

A key finding of the present study was the acute decrease (PND2 and PND4) in total IGF-1 

concentrations, delayed decrease in the IGF:IGFBP molar ratio (PND14; a crude measure of bioavailable 

IGF), and persisting decrease in IGF-IR signalling (PND2−PND21) in the brain following postnatal 

inflammation from PND1−PND3. The actions of the IGF family are mediated through the binding of 

IGF-1, IGF-2, and insulin to the IGF-IR, albeit with decreasing binding affinities (Bondy et al., 2004; 

Fernandez et al., 2012). Numerous experimental studies suggest key roles of IGF-IR signalling in normal 

brain development. For example, IGF-1 promotes oligodendrocyte survival (Zaka et al., 2005) and 

oligodendrocyte progenitor cell proliferation (Mcmorris et al., 1988) in vitro. In vivo, IGF-IR knockout 

mice exhibit long term deficits in brain growth and neuronal survival (Holzenberger et al., 2001; Liu et 

al., 1993; Liu et al., 2009), reduced oligodendrocyte proliferation, myelination, and axonal growth (Ye 

et al., 2002), and reduced dendritic length and complexity of pyramidal neurons in the cortical layers II–

III (Cheng et al., 2003). Further, conditional ablation of the IGF-IR in oligodendrocytes in mice was 

associated with reduced oligodendrocyte survival, maturation, and myelination at up to 6 weeks of age 

(Zeger et al., 2007). Conversely, in transgenic mice, overexpression of IGF-1 during postnatal 

development was associated with a significant increase in granule and Purkinje cell proliferation in the 

cerebellum (Ye et al., 1996) and a persistent increase in the total number of neurons and synapses in the 

dentate gyrus (O'kusky et al., 2000). Given these critical roles of central IGF-IR signalling in brain 

development, our data suggest a potential mechanism involving impaired IGF-IR signalling in regulating 

impaired brain development associated with postnatal infection/inflammation. 

There are no directly comparable studies examining IGF-IR signalling in the developing brain following 

early life exposure to inflammation. Nevertheless, reduced IGF-IR signalling in the hippocampus and 

associated impairment of hippocampal development were observed in adult mice following induction of 

experimental rheumatoid arthritis (Andersson et al., 2018). Further, in a model of fetal alcohol syndrome, 

inhibition of IGF-IR signalling in rat pups was associated with abnormalities in cerebellar development 
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and impaired motor function (De La Monte et al., 2011), as well as reduced neuronal and oligodendrocyte 

survival and myelination (Ewenczyk et al., 2012). Similarly, iron deficiency in neonatal rats caused 

reduced IGF-IR signalling, myelination, and neurogenesis in the hippocampus (Tran et al., 2012). 

Maternal hyperglycemia in rats was also reported to be associated with reduced IGF-IR receptor 

expression in the fetal brain (Jing et al., 2014).  

The reduction in brain IGF-IR signalling following postnatal systemic inflammation in the present study 

likely relates to changes in IGF bioavailability. IGF bioavailability is determined by the rate of IGF-1 

production, the binding to specific IGFBPs, and the clearance of IGF-1. The present study examined the 

role of two of these pathways. The liver is the primary source of IGF-1 in the periphery, accounting for 

approximately 70% of circulating IGF-1 (Ohlsson et al., 2009). Our data show an acute impairment in 

liver IGF-1 production following postnatal systemic inflammation (Fig.  4.2a), which is likely 

responsible for the acute reduction in plasma IGF-1 concentrations. These findings are consistent with 

knock-out studies showing that liver-specific IGF-1-deficient mice exhibit a marked reduction in 

circulating IGF-1 (Sjögren et al., 1999; Yakar et al., 2001). Down-regulation of IGF-1 mRNA expression 

in the liver (Wang et al., 2002) and reduced serum IGF-1 concentrations (Figueiredo et al., 2016; Wang 

et al., 2009) were also reported following systemic inflammation in newborn mice. Further, in preterm 

human infants, decreased serum IGF-1 concentrations at birth were associated with elevated 

proinflammatory cytokines in cord blood (Hansen‐Pupp et al., 2007), which persisted into the second 

and third month of life (Hellgren et al., 2018). These deficits in circulating IGF-1 concentrations were 

associated with adverse neurodevelopmental outcomes (Hansen-Pupp et al., 2011; Hansen-Pupp et al., 

2013; Hellgren et al., 2018; Leviton et al., 2018a; Riikonen et al., 2006). Similarly, reduced IGF-1 

concentrations in neonatal plasma were reported in infants with evidence of placental malaria-associated 

inflammation (Umbers et al., 2011). Given that peripherally-derived IGF-1 can enter the brain via the 

choroid plexus (Ohlsson et al., 2009), the impaired liver IGF-1 production and reduced plasma IGF-1 

following postnatal systemic inflammation in the present study may underlie, at least in part, the observed 

acute reduction in brain IGF-1 concentrations. Alternatively, given the widespread distribution of IGF-1 

expression throughout the developing brain (Bach et al., 1991; Bartlett et al., 1991; Bondy et al., 1993) 

and evidence for central IGF-1 synthesis (Bondy et al., 1992; Popken et al., 2004), impaired local IGF-

1 production by various neural cell types may also play an important role. Indeed, systemic inflammation 

in newborn mice was associated with reduced IGF-1 mRNA expression in the brain (Eklind et al., 2006). 

Further, pro-inflammatory cytokines were reported to directly inhibit microglial IGF-1 production (Suh 

et al., 2013) and interact with various components of the IGF-IR intracellular signalling pathways 

(O’connor et al., 2008). Future studies are required to confirm the specific neural cell types involved. 

As described, IGF-1 bioavailability is also tightly regulated by reversible binding to the IGFBPs 

(approximately 99% of circulating IGF-1 is bound to IGFBPs) (Clemmons, 2016). Although it was not 

possible to examine all six IGFBPs in the present study, IGFBP3 and IGFBP2 are the most predominant 

IGFBPs found in the plasma and brain, respectively (Clemmons, 1993, 2016). We found that early life 
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exposure to inflammation resulted in a complex pattern of changes in IGFBP-2 and IGFBP-3 

concentrations in liver, plasma, and brain (Fig.  4.2). For example, there was a reduction in brain IGFBP-

2 (PND4) and liver (PND2, PND4, PND14) and plasma (PND4) IGFBP-3 in LPS animals. These 

changes may represent an adaptive, albeit insufficient, response to maintain normal IGF bioavailability 

and IGF receptor signalling in the face of inflammation-induced reductions in IGF-1 synthesis. A 

reduction in expression of IGFBP-3 mRNA in the liver and IGFBP-3 protein in the serum was reported 

following LPS injection in adult rats (Priego et al., 2003). By contrast, we found an increase in IGFBP-

2 in the plasma at PND4 and brain at PND14 following LPS exposure. Further, although not examined 

in the present study, expression of IGFBP-1, a known inhibitor of IGF-1 activity, was significantly 

upregulated in response to administration of IL-6 (Samstein et al., 1996) or IL-1α and TNF-α (Benbassat 

et al., 1999). Thus, inflammation may also indirectly alter IGF-1 bioavailability via direct regulation of 

IGFBPs. 

Although IGF-1 is the primary ligand for IGF-IR signalling, IGF-2 can also bind to the IGF-IR. In the 

present study, there was an overall reduction in total IGF-2 levels in the brain, as well as an acute 

reduction in IGF-IIR expression (PND2, PND4). However, the role of IGF-2 in brain development 

remains unclear, as activation of the IGF-IIR does not lead to downstream signalling, but rather causes 

internalisation and degradation of IGF-2 (Bondy et al., 2004; Leroith et al., 1993). For example, adult 

IGF-2-/- mice show no apparent changes in brain morphology (Dikkes et al., 2007a) and reduced 

susceptibility to hippocampal injury following a neurotoxic insult (Dikkes et al., 2007b). Although, 

recently IGF-2 was reported to regulate neural stem cells in the subventricular and subgranular zones in 

adult mice (Ziegler et al., 2019). Further studies are required to dissect out the individual effects of IGF-

1 and IGF-2 on brain development. 

Finally, there is evidence that IGF-1 can directly allocate glucose to cells and tissues with high anabolic 

demands during brain development and following injury (Bondy et al., 2002; Cheng et al., 2000). For 

example, IGF-1-/- mice exhibit reduced glucose utilization in the brain (Cheng et al., 2000), while in 

Alzheimer’s disease, impaired IGF-IR signalling was associated with deficits in glucose metabolism 

(Giuffrida et al., 2012). Given the essential role of glucose for neonatal brain metabolism and 

development, deficits in brain IGF-1 following postnatal infection/inflammation have the potential to 

impair metabolic function in the brain, and thus be involved in the pathogenesis of perinatal brain injury. 

However, in the present study there were only minimal effects of postnatal inflammation on brain glucose 

concentrations, suggesting that altered brain glucose is unlikely to contribute to brain injury observed in 

this model.  

 

4.6 Conclusions 
The present study provides new evidence that early postnatal systemic inflammation can induce deficits 

in IGF-1R signalling in the brain that persist over key periods of neurodevelopment. Given the critical 
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roles of IGF-1R signalling in normal brain development, including oligodendrocyte and neuronal 

survival and maturation, such deficits may contribute to the patterns of white matter and grey matter 

dysmaturation and neurodevelopmental disability associated with exposure to postnatal 

infection/inflammation in preterm infants. The deficits in IGF-1R signalling were most likely related to 

the acute actions of pro-inflammatory cytokines on reducing IGF-1 synthesis in the liver and brain, thus 

altering IGF-1 bioavailability. Thus, neuroprotective therapies that are aimed at restoring IGF signalling 

during this period may be useful in promoting oligodendrocyte differentiation and neuronal dendritic 

development.  
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Chapter 5. Battle of the IGF-1 axis: Promoting IGF-1 Signalling 

to Treat Inflammation-Related Brain Injury 
 

5.1 Preface 
Chapter 4 of this thesis demonstrated that mild-to-moderate postnatal inflammation was associated with 

reduced IGF-1 bioavailability and IGF-1 receptor signalling in the brain during a period of 

oligodendrocyte cell death, impaired oligodendrocyte maturation, and deficits in axonal myelination 

(Chapter 3). These observations suggested the hypothesis that restoring IGF-1 signalling may promote 

normal brain development following mild-to-moderate postnatal inflammation. This is the first study to 

perform a direct head-to-head comparison of directly versus indirectly restoring IGF-1 signalling in the 

brain using recombinant human IGF-1 or cyclic glycine-proline, respectively, as a treatment strategy to 

prevent white matter damage in a neonatal animal model of inflammation-related brain injury.  

NB. During the course of this study, there was an unexplained marked increase in mortality of newborn 

rat pups using 0.3 mg/kg LPS (the dose used for establishing the model in Chapter 3). As such, to 

improve survival, the dosing protocol was altered to a ramping dosing scheme that involved 

administering a single dose of 0.25 mg/kg LPS on PND1, followed by a single dose of 0.3 mg/kg LPS 

on each of PND2 and PND3 (see section 8.3 for further details). Further, because of time and resource 

constraints related to the COVID-19 lockdown, some analyses in this chapter were unable to be 

completed, including the changes in central IGF-1 signalling associated with rhIGF-1 and cGP treatment. 
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5.2 Introduction 
Infection and inflammation around the time of birth are highly associated with preterm brain injury 

(Cheong et al., 2017; Kuban et al., 2015; O’shea et al., 2012). Associations between brain injury and 

pro-inflammatory cytokines in the amniotic fluid (Yoon et al., 1997a), umbilical cord blood (Hansen-

Pupp et al., 2005), cerebrospinal fluid (Bose et al., 2013), and brain tissues (Yoon et al., 1997c) have all 

been reported in preterm born infants. On a microstructural level, preterm brain injury is characterised 

by diffuse impairment of oligodendrocyte maturation, axonal myelination (Buser et al., 2012; Riddle et 

al., 2011), and neuronal growth and connectivity (Ardalan et al., 2019; Dean et al., 2013; Tibrewal et al., 

2018). Functionally, this manifests as disturbances in brain connectivity resulting in fine motor deficits, 

cognitive and learning impairments, behavioural disturbances, and sensory deficits that persist 

throughout life (Anderson et al., 2017; Bos et al., 2013; Janssen et al., 2016; Zhang et al., 2015). 

However, despite improvements in neonatal care, there are no clinically-relevant treatments available to 

improve long-term neurodevelopmental outcomes in preterm born infants with infection/inflammation-

related brain injury.  

Insulin-like growth factor-1 (IGF-1) is a naturally occurring neurotrophic factor that plays an important 

role in normal brain development and maturation, where the actions of IGF-1 are predominantly 

mediated via activation of the IGF type I receptor (IGF-IR) (Bondy et al., 1993; D'ercole et al., 1996). In 

the central nervous system, IGF-1 signalling is associated with the proliferation, maturation, and survival 

of oligodendrocytes (Cao et al., 2003; Mcmorris et al., 1993; Roth et al., 1995) and neurons (Hodge et 

al., 2004; Johnston et al., 1996; O'kusky et al., 2000). Experimentally, IGF-1 gene disruption in mice is 

also associated with reduced oligodendrocyte proliferation and myelination (Ye et al., 2002) and loss of 

hippocampal and striatal neurons (Beck et al., 1995).  

Clinically, reduced IGF-1 concentrations after preterm birth are associated with decreased cerebral white 

and grey matter volumes, and decreased overall microstructural brain complexity, on MRI at 2 years of 

adjusted age (Hansen-Pupp et al., 2011; Hansen-Pupp et al., 2013). Importantly, there is also evidence 

that inflammation can influence IGF-1 concentrations in very preterm born infants, where increased cord 

blood cytokines were associated with lower circulating IGF-1 concentrations (Hansen‐Pupp et al., 2007). 

Further, Chapter 4 of this thesis showed evidence of persistent deficits in IGF bioavailability and IGF 

receptor signalling in the brain following early life exposure to mild-to-moderate inflammation, which 

were associated with disrupted oligodendrocyte maturation and axonal myelination in the white matter 

and impaired dendritic arborization and spine formation of neurons in the motor cortex (Chapter 3). 

These findings suggest the hypothesis that restoring IGF-1 signalling may help to promote normal brain 

development following mild-to-moderate postnatal inflammation. 

The use of IGF-1 to treat various neurodevelopmental disorders has been explored extensively (Bozdagi 

et al., 2013; Cao et al., 2003; Johnston et al., 1996; Wood et al., 2007). However, are only limited in vivo 
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studies have tested exogenous IGF-1 for treatment of inflammation-related preterm brain injury and the 

results are conflicting. For example, in a neonatal model of severe CNS inflammation, central 

administration of low dose recombinant human IGF-1 (rhIGF-1) was reported to reduce microglial 

activation, oligodendrocyte cell death, and ventricular dilation (Cai et al., 2011; Pang et al., 2010b). 

However, higher rhIGF-1 doses were associated with increased neonatal mortality and intracerebral 

haemorrhage in surviving animals (Pang et al., 2010b). These adverse dosing effects, in combination 

with the potential metabolic and mitogenic effects of IGF‐1, are major concerns for the use of exogenous 

IGF-1 for treatment of brain injury. Thus, bioactive IGF-1 derivatives are being explored as an alternative 

strategy to target IGF receptor signalling for treatment of neurological disorders. Recently, cyclic 

glycine-proline (cGP), the bioactive terminal metabolite of IGF-1, was reported to be neuroprotective 

following hypoxic-ischaemic brain injury in adult rats (Guan et al., 2014; Guan et al., 2007). cGP 

regulates the balance between bioavailable and non-bioavailable IGF-1 by competing with the binding 

of IGF-1 to the IGF binding protein (IGFBP)-3 in a concentration‐dependent manner (Guan et al., 2014). 

However, the utility of cGP for treatment of inflammation-related neonatal brain injury is unknown. 

Therefore, the present study performed a direct head-to-head comparison of the dosing, safety profiles, 

and long-term outcomes following treatment with rhIGF-1 or cGP for inflammation-related brain injury 

in neonatal rats.  

 

5.3 Methods 

5.3.1 Animals  
All animal procedures were approved by the Animal Ethics Committee at the University of Auckland 

(no. R1634). Pregnant Sprague-Dawley rats were purchased from the Vernon Jansen Unit (University of 

Auckland) and gave birth within the small animal facility. The day of birth was defined as postnatal day 

0 (PND0) and the litters were culled to 10−12 pups per litter (depending on the experiments) to 

standardize litter sizes. Dams and pups were housed in a 12 h light/dark cycle in a temperature- and 

humidity-controlled environment. Food and water were available ad libitum. On PND1, rat pups were 

randomly allocated into control (sterile saline), sham drug (saline + rhIGF-1 or saline + cGP), injury 

(lipopolysaccharide; LPS), or injury + drug (LPS + rhIGF-1 or LPS + cGP) groups. To minimize the 

effects of circadian rhythm, LPS administration was conducted at the same time every day (~12:00 h). 

To minimize sex bias, both male and female offspring were used.  

 

5.3.2 Lipopolysaccharide administration 
On PND1, LPS (from Escherichia coli, O55:B5; Sapphire Biosciences Ltd., Auckland, NZ) was 

administered to rat pups as a single intraperitoneal (i.p.) injection (0.25 mg/kg LPS; total volume 10 µL/g 

body weight), or a single daily i.p. injection (0.25 mg/kg) on PND1 followed by single daily i.p. 
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injections (0.3 mg/kg) on PND2 and PND3. Control rat pups received an equivalent volume of sterile 

saline. Rat pups were recovered to a variety of time-points, as detailed below.  

 

5.3.3 rhIGF-1 and cGP dose response study – Acute recovery experiments 
To determine the optimal doses of rhIGF-1 and cGP for use in neuroprotection studies following LPS 

exposure, pups received single daily injections of LPS and equimolar doses of subcutaneous (s.c.) rhIGF-

1 (Genetech; South San Francisco, CA, USA; 0.5 mg/kg, 5 mg/kg, or 10 mg/kg) or cGP (BioScientific 

PTY LTD., Sydney, Australia; 0.01 mg/kg, 0.1 mg/kg, or 0.2 mg/kg) on PND1−PND3. For s.c. 

injections, the awake rat pups were manually restrained and a 30-gauge needle inserted into the loose 

skin over the interscapular area. Control rat pups received injection of an equivalent volume of sterile 

saline solution. Rat pups were sacrificed at PND4 by decapitation. Body weights were measured daily, 

while brain weights and animal sex were assessed at post-mortem. Brain tissues were collected at post-

mortem. A timeline of the experimental protocol is shown in Fig.  5.2a and Fig.  5.3a. 

 

5.3.4 Pharmacokinetic and safety profile of rhIGF-1 and cGP 
To determine the pharmacokinetic profile of s.c. rhIGF-1 or cGP administration, rat pups received a 

single i.p injection of saline or LPS and either s.c. rhIGF-1 (0.5 mg/kg) or s.c. cGP (0.01 mg/kg); these 

doses were determined by the above dose response study. Rat pups were sacrificed at +15 min, +30 min, 

+1 h, +2 h, and +4 h post drug administration by decapitation. To determine the acute safety profile of 

rhIGF-1 or cGP treatment, pups received either a single (PND1) or repeated (PND1–PND3) i.p. 

injections of saline or LPS and single daily injections of s.c. saline, rhIGF-1 (0.5 mg/kg), or cGP (0.01 

mg/kg). Control rat pups received an equivalent volume of sterile saline solution. Rat pups were 

sacrificed at +1 h, +4 h, +24 h, and +72 h post drug administration by decapitation. Blood and brain 

tissues were collected at post-mortem. A timeline of the experimental protocol is shown in Fig.  5.4a. 

 

5.3.5 rhIGF-1 and cGP long-term (PND21) recovery experiments 
To determine if acute neuroprotection with rhIGF-1 or cGP was conferred into a longer-term setting, 

pups received repeated single daily i.p. injections of LPS on PND1−PND3 and concurrent single daily 

s.c. injections of rhIGF-1 (0.5 mg/kg) or cGP (0.01 mg/kg). Control rat pups received an equivalent 

volume of sterile saline solution. Rat pups were sacrificed at PND21 by CO2 asphyxiation. Body weights 

were measured daily, while brain weights, liver weights, spleen weights, thymus weights, and animal 

sex were assessed at post-mortem. Brain tissues were collected at post-mortem for various analyses. 

 

5.3.6 Temperature recordings 
For the PND21 recovery study, the axillary temperatures of rat pups were monitored at baseline and +4 

h after the first set of LPS + drug injections, as described in Chapter 3. Briefly, this involved inserting 
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the tip of a temperature probe (type T thermocouple; Physitemp Instruments, Inc., Clifton, NJ, USA) into 

the skin pocket between the left forepaw and the chest wall of rat pups for 30 s, allowing for temperature 

stabilization. Axillary body temperature was recorded using data acquisition software (DASYLab; 

Measurement Computing Co., Norton, MA, USA). 

 

5.3.7 Cardiovascular variables 
For the PND21 recovery study, heart rate and blood oxygen saturation (SPO2) of the rat pups were 

monitored at baseline and +4 h after the first set of injections using peripheral oximetry (MouseSTAT™ 

Pulse Oximeter & Heart Rate Monitor; Physiosuite, Kent Scientific, Torrington, CT, USA). The hind 

paw of each rat pup was placed in an annular sensor for 30 s, allowing for parameter stabilization. Heart 

rate and blood SPO2 were recorded using the associated data acquisition system after a 30-s stabilization 

period (sampling rate, 10 ms; data averaged over 30 s recording). 

 

5.3.8 Arterial blood gas analysis 
For the pharmacokinetic and safety profile study, blood pH, O2 content (ctO2), partial pressure of CO2 

(pCO2), haemoglobin content (ctHb), base excess (cBase), and blood potassium ion (K+) concentrations 

were analysed in rat pups at +1 h and +4 h after the first set of LPS + drug injections, as described in 

Chapter 3. Briefly, at +1 h and +4 h after the first set of injections, rat pups were decapitated and blood 

samples (100 µl) were collected from the neck using pre-heparinized capillary tubes (Radiometer, 

Copenhagen, Denmark). Each blood sample was immediately analysed for the various parameters 

(ABL800 FLEX blood gas analyser; Radiometer).  

 

5.3.9 Sample collection and preparation 
For the pharmacokinetic and safety profile study, blood samples for the enzyme-linked immunosorbent 

assays (ELISAs) and enzymatic assays were collected from sham control, drug control (saline + rhIGF-

1 or saline + cGP), LPS + saline, or LPS + drug (LPS + rhIGF-1 or LPS + cGP) animals at +15 min, +30 

min, +1 h, +2 h, +4 h, +24 h, and +72 h post treatment. At post-mortem, blood samples were rapidly 

collected in ethylenediamine tetraacetate-treated microvette tubes (Sarstedt AG & Co., Nümbrecht, 

Germany) to prevent coagulation and the plasma fraction was extracted by repeated centrifugation and 

stored −80°C until use. 

For the pharmacokinetic and safety profile study, brain tissues for ELISAs and enzymatic assays were 

collected from sham control, drug control (saline + rhIGF-1 or saline + cGP), LPS + saline, or LPS + 

drug (LPS + rhIGF-1 or LPS + cGP) animals recovered until +15 min, +30 min, +1 h, +2 h, +4 h, +24 h, 

and +72 h post treatment. At post-mortem, whole brains were rapidly extracted, hemisected, snap-frozen 

in liquid nitrogen, and stored at −80°C until use. For protein extraction, the left hemispheres were 

homogenized (RINO Bead Lysis Kit; Bullet Blender Storm 24; Next Advance, Inc, Troy, NY, USA) 1:1 
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(w/v) in tissue lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton-X-100, 1% protease 

inhibitor cocktail [cOmplete ULTRA Tablets, Mini, EASYpack; Sigma-Aldrich, St. Louis, MO, USA]), 

centrifuged to extract the cytosolic fraction, and stored at −80°C until use. 

For immunohistochemical analyses, whole brains were rapidly extracted from sham control, LPS + 

saline, or LPS + drug (LPS + rhIGF-1 or LPS + cGP) animals at PND4 and PND21 and then immersion 

fixed in 4% paraformaldehyde at 4°C for 3−5 days. Fixed PND4 brains were set in 1% agarose in 50 

mM phosphate buffered saline (PBS). Serial coronal sections (50-µm thick) were cut using a Leica 

VT1000S Vibratome (Leica Biosystems, Nussloch, Germany) and stored in cryoprotectant (30% 

sucrose, 30% ethylene glycol, 15% 0.2 M phosphate buffer) at 4°C until use. Fixed PND21 brains were 

stored in 0.1 M PB at 4°C for a minimum of 6 weeks until MRI. 

 

5.3.10 Detection of rhIGF-1 and rat IGF-1 by ELISA  
rhIGF-1 and rat IGF-1 concentrations in the plasma and brain were determined in sham control, drug 

control (saline + rhIGF-1 or saline + cGP), LPS + saline, or LPS + drug (LPS + rhIGF-1 or LPS + cGP) 

animals using pre-mixed human IGF-1 and rat IGF-1 ELISA kits in a 96-well plate assay (Crystal Chem., 

Elk Grove Village, IL, USA). Plasma and brain samples were diluted 1:91 and 1:31, respectively, in the 

kit’s dilution buffer, and the solutions were added to the ELISA plate according to the manufacturer’s 

instructions. The resulting absorbance was measured using a plate reader at 450 nm with a reference 

filter of 630 nm. A calibration curve was plotted using the mean change in absorbance value for each 

calibrator against the corresponding IGF-1 concentrations. Concentrations were read from the calibration 

curve in ng/mL and multiplied by the dilution factor to obtain the final IGF-1 concentrations. 

 

5.3.11 Detection of glucose by enzymatic assays 
Glucose concentrations in the plasma and brain were determined in sham control, drug control (saline + 

rhIGF-1 or saline + cGP), LPS + saline, or LPS + drug (LPS + rhIGF-1 or LPS + cGP) animals using an 

enzymatic rat glucose assay (Crystal Chem). Plasma and brain samples were added to a 96-well plate 

and incubated in the assay buffer for 15 min at room temperature, as per the manufacturer’s instructions. 

The resulting absorbance was measured using a plate reader at 505 nm. A calibration curve was plotted 

using the mean change in absorbance value for each calibrator against the corresponding glucose 

concentrations. Concentrations were read from the calibration curve in mg/dL. 

 

5.3.12 Immunohistochemistry staining 
The primary antibodies used for immunohistochemistry were rabbit anti-cleaved caspase-3 (apoptosis 

marker; 1:1,000 dilution; #CTE9661S; Cell Signaling Technology, Inc., Danvers, MA, USA) and mouse 

anti-oligodendrocyte transcription factor 2 (Olig2; pan-oligodendrocyte marker; 1:1,000 dilution; 
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#MABN50; Merck Millipore, Burlington, MA, USA). Free-floating brain sections were first washed 

three times in 0.5 mM PBS and then between each subsequent step unless stated otherwise. Antigen 

retrieval was performed by heating sections in 10 mM sodium citrate buffer (pH 6.0) for 5 min. Non-

specific binding was blocked for 1 h with 5% normal goat serum (NGS; Life Technologies) in PBS 

containing 0.4% Triton-X-100 (PBS-T; Sigma-Aldrich). Sections were incubated in primary antibodies 

in 3% normal goat serum or normal donkey serum for 2−3 nights at 4°C, followed by the appropriate 

secondary antibodies (Alexa Fluor® goat anti-mouse 488 and goat anti-rabbit 594; Life Technologies). 

Tissue sections were also counterstained with Hoechst 33324 (1:10,000; Sigma-Aldrich) to visualize 

nuclear morphology and define regional boundaries. Sections were then mounted with Vectashield 

mounting medium (Vector Laboratories; Burlingame, CA, USA). Negative control sections without the 

primary antibodies were included for all experiments to confirm the specificity of staining. 

Immunofluorescence staining was visualized with a Zeiss Axio Imager M2 upright fluorescent 

microscope (Carl Zeiss, Oberkochen, Germany) and the ZEISS Apotome 2 (Carl Zeiss), and were 

photographed with a cooled scientific complementary metal-oxide semiconductor camera (ORCA-

Flash4.0 V3 Digital CMOS camera; Hamamatsu Photonics, Hamamatsu City, Japan) driven by Zen Pro 

(Carl Zeiss) or StereoInvestigator (MBF Bioscience Inc., Williston VT, USA) software.  

 

5.3.13 Quantification of cell death 
The density of degenerating cells (identified by nuclear condensation/fragmentation with Hoechst), 

cleaved caspase-3+ cells, and apoptotic oligodendrocytes (identified by double labelling with cleaved 

caspase 3+ and Olig2+) throughout the subcortical white matter were assessed using StereoInvestigator 

software, as described in Chapter 3. In brief, a region of interest (ROI) encompassing the subcortical 

white matter (including the corpus callosum, cingulate gyrus, and external capsule) at the level of bregma 

(e.g., Plate 33 by (Paxinos et al., 2013)) was traced using a 2.5× objective (Carl Zeiss) on two adjacent 

sections per animal. For each ROI, positive cells were counted under 40× objective (Plan-Neofluar/0.75; 

Carl Zeiss) using 40–50 randomized sampling sites (60 × 60 µm counting frame). Section thickness was 

also measured at a minimum of 10 separate sites within each ROI. Cell density (cells/mm3) was 

calculated using the formula: (total markers counted) / (number of sites × counting frame area × section 

thickness) × 109. An averaged cell density from the multiple sections was calculated for each ROI for 

each animal. 

 

5.3.14 Assessment of global psychomotor function 
Global psychomotor function was assessed using an open field paradigm on PND18. The open field test 

consisted of a clear rectangular perspex arena (21 cm × 28 cm) located in a quiet room with dim lighting. 

Movements and behaviours of animals within the arena were captured using a high-speed video camera 

mounted on the ceiling directly above the area and were assessed using a video tracking system 
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(Ethovision® XT v12.0; Noldus Information Technology, Wageningen, Netherlands). At 1 h prior to 

testing, rats were brought into the room and left to habituate. Rats were then placed in the arena for 10 

min and allowed to explore before being returned to their cage. The total distance and the time spent in 

the inner zone were analysed. An example of the open field paradigm is shown in Fig. 5.7c.  

 

5.3.15 Assessment of non-spatial learning and memory 
Non-spatial learning and memory functions were examined using the novel object recognition test 

(NORT) on PND19–PND20. The NORT consisted of a clear rectangular perspex arena (21 cm × 28 cm), 

with two identical objects placed in two opposing corners of the area, located in a quiet, dimly lit room. 

Exploration of the objects was captured using a high-speed camera mounted on the ceiling directly above 

the arena, and was assessed using the Ethovision® XT video tracking system. At 1 h prior to training 

(PND18) and testing (PND19–PND20), rats were brought into the room to habituate. On the training 

day, rats were placed in the empty arena and left to familiarise themselves for 5 min. On testing days, 

rats were placed in the arena with two identical objects and left to explore for 5 min. After 5 min, the rats 

were removed from the arena and returned to their cages for 1 h. Next, one of the identical objects was 

removed and replaced with a distinctly different object. The rats were then placed back into the arena 

and allowed to explore freely for 5 min before being returned to their cages. After 24 h recovery, one of 

the distinctly different objects was removed and replaced with another different distinctly different 

object. The rats were then placed into the arena and allowed to explore freely for 5 min before being 

returned to their cages. A schematic of the testing paradigm is shown in Fig.  5.1. 

Interactions were defined as the time the animal’s nose was within 1 cm of the object. The time spent 

interacting with the novel object, time spent interacting with the original object, the novelty preference 

(time spent interacting with novel object / total time spent in arena × 100), and the discrimination index 

(time spent interacting with novel object − time spent interacting with original object / total time spent 

in arena) were calculated. Note that if an animal did not spend >45 s over the three trials (5% of the total 

testing time) interacting with identical or novel objects, the animal was excluded from analyses. Only 

two control animals and one LPS + cGP animal did not meet these criteria and were excluded.  

 

5.3.16 Assessment of global motor function and coordination 
Global motor function and coordination was examined using the accelerating rotarod test (ROTO-ROD 

Series 8; IITC Inc., Life Sciences, Woodland Hills, CA, USA) on PND21, with 4 days of training from 

Fig.  5.1 Schematic of the novel object recognition test paradigm. 
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PND17−PND20. At 1 h prior to training or testing, animals were brought into the room and left to 

habituate. On training days, rats were first placed on a still rod for 2 min to acclimate, followed by 

progressive training on a rotating rod at constant speeds of 5, 10, and 20 revolutions per min (rpm) for 

approximately 2 min each, with 5 min intervals between each trial. On PND21, rats were placed on the 

rotarod, which was set to accelerate linearly from 4–40 rpm over 5 min. Each rat was given three trials 

and the average latency to fall was measured. 

 

5.3.17 MRI assessment of brain microstructure 
MRI imaging and analysis was performed by our colleagues at the Division of Child Development & 

Growth in the Department of Paediatrics at the University of Geneva, (Geneva, Switzerland), as 

described in Chapter 3. In brief, fixed brat brains were immersed in Fomblin® solution prior to MRI 

protocols. Ex-vivo MRI image acquisitions were then performed on an actively shielded 9.4 T/31 cm 

magnet (Varian Inc., Palo Alto, CA, USA) equipped with 12 cm gradient coils (400 mT/m, 120 µs) with 

a transceiver 25 mm birdcage radiofrequency coil. A spin-echo sequence was used to generate a multi-

b-value shell diffusion-weighted imaging protocol. A field of view of 21 × 16 mm2 was sampled on a 

128 × 92 Cartesian grid. Twelve slices (slice thickness = 0.6 mm) were acquired in the axial plane, 

centred on the level of the mid-striatum, which largely enclosed the genu to the splenium of the corpus 

callosum. Scans were averaged three times with an echo time and repetition time of 45 ms and 2000 ms, 

respectively. A total of 96 diffusion-weighted images were acquired. Fifteen of these images were the 

b0 reference image and the remaining 81 directions were non-collinear and uniformly distributed in each 

shell with the following distributions, represented as the number of directions/b-values: 21/1750 s/mm2, 

30/3400 s/mm2, and 30/5100 s/mm2.  

The diffusion tensor images (DTI) were spatially normalized to the study-specific DTI template using 

DTI-TK (http://dti-tk.sourceforge.net/pmwiki/pmwiki.php), from which the mean diffusivity (MD) and 

fractional anisotropy (FA) were derived. The neurite orientation and dispersion density imaging 

(NODDI) toolbox (Zhang et al., 2012) was used to obtain maps of estimated the isotropic volume fraction 

(fiso), the intracellular volume fraction (ficvf), and the orientation dispersion index (ODI). Note that a 

supplementary parameter, the intra-restricted volume fraction, was used to improve the analysis of ex-

vivo imaging data, which corresponds to water trapped in the tissue following fixation and without any 

diffusion (Dhital et al., 2018). To avoid partial volume effects, direction-encoded colour maps were then 

used to delineate the ROI in the subcortical white matter (periventricular white matter; see Chapter 3) 

on seven different image planes (i.e., seven axial slices) from the splenium to the genu of the corpus 

callosum. DTI- (MD and FA) and NODDI- (ficvf, fiso, and ODI) derived parameter values were averaged 

across the seven different image planes to obtain one data set per ROI per rat. 
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5.3.18 Statistical analysis 
All data analysis was performed with statistical software (IBM SPSS Statistics v20.0; IBM, Armonk, 

NY, USA; GraphPad Prism v7.0; GraphPad Software, San Diego, CA, USA). Kaplan–Meier curve 

analysis was used to assess mortality following LPS exposure, where the Gehan−Breslow−Wilcoxon test 

was used to assess statistical significance between control and LPS animals. The Shapiro–Wilks test for 

normality was performed to test data distribution. For normal distributed data, overall differences in 

outcome measures between the various groups (e.g., control, LPS, LPS + rhIGF-1 doses, and LPS + cGP 

doses; ‘group’ factor) at a single time-point were assessed by one-way analysis of variance (ANOVA), 

while overall differences between the groups over multiple time-points (‘time’ factor) were assessed by 

two-way ANOVA (group × time) or a repeated measures ANOVA (group × time), as appropriate. When 

there was a significant effect of group or time (P < 0.05) or a significant interaction of group × time (P 

< 0.05), post hoc analysis was performed using the Holm−Sidak’s multiple comparisons test. For data 

without a normal distribution (MRI data), overall differences in MRI parameters between the groups 

were assessed using the Kruskal–Wallis test. When there was a significant effect of group (P < 0.05), the 

Mann−Whitney U post hoc was performed. Specific details of the statistical tests performed in this study 

are provided in the figure legends. All data are presented as mean ± standard error of the mean. All 

analyses were performed by investigators blinded to the study groups. 

 

5.4 Results 

5.4.1 Acute recovery (PND4) dose response study 
First, a pilot dose response study was performed to determine the optimal doses of rhIGF-1 and cGP for 

use in neuroprotection studies. Survival, body and brain weights, and cell death in the white matter were 

examined following concomitant injections of LPS and equimolar doses of either rhIGF-1 (Fig.  5.2a) 

or cGP (Fig.  5.3a) from PND1–PND3, with recovery to PND4. Compared with the control group, LPS 

+ saline animals showed a significantly higher mortality (Fig.  5.2b, Fig.  5.3b). Further, mortality 

progressively increased with increasing rhIGF-1 doses after LPS exposure (Fig.  5.2b). Note that all  

deaths occurred after the first LPS/rhIGF-1 injection. By contrast, there were no deaths with any dose of 

cGP after LPS exposure (Fig.  5.3b).  

rhIGF-1 experiments 

For rhIGF-1 experiments, there was a significant overall difference in body weight (Fig.  5.2c; one-way 

ANOVA) and brain weight (Fig.  5.2d; one-way ANOVA) between the groups at PND4. Post hoc 

analysis showed a significant reduction in body weight (Fig.  5.2c) in the LPS + saline group and the 

LPS + 0.5 mg/kg rhIGF-1 group compared with the control group, while the remaining LPS + rhIGF-1 

groups showed intermediate values that were similar to both the control group and the LPS + saline 
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group. By contrast, post hoc analysis showed no significant differences in brain weights between any of 

the groups (Fig.  5.2d). 

There was also a significant overall difference in the density of degenerating cells (identified with 

Hoechst; Fig.  5.2e; one-way ANOVA), apoptotic cells (identified with cleaved caspase-3; Fig.  5.2f; 

one-way ANOVA), and apoptotic oligodendrocytes (identified with cleaved caspase-3/Olig-2; Fig.  5.2g; 

one-way ANOVA) in the subcortical white matter between the groups at PND4. Post hoc analysis 

showed a significant increase in the densities of all three cell injury markers in the LPS + saline, LPS + 

5.0 mg/kg rhIGF-1, and LPS + 10 mg/kg rhIGF-1 groups, but not the LPS + 0.5 mg/kg rhIGF-1 group, 

compared with the control group (Fig.  5.2e−g). Further, there was a trend towards a reduction in the 

densities of all three cell injury markers (degenerating cells, by 17%, Fig.  5.2e; apoptotic cells, by 35%, 

Fig.  5.2 Recombinant human insulin like growth factor-1 (rhIGF-1) dose response study. (a) Experimental 
design. Neonatal rats received single daily intraperitoneal (i.p.) injections of saline or lipopolysaccharide (LPS) 
with concomitant subcutaneous (s.c.) injections of saline or rhIGF-1 on postnatal days (PND)1–PND3, with 
recovery to PND4 for neuropathological assessment. ●, Brain extraction. (b) The survival and allocation of 
animals used in the dose response study. Gehan−Breslow−Wilcoxon test, P = 0.0157. (c, d) Postnatal (c) body 
weight and (d) brain weight at PND4. There was a significant overall difference in body weight (P = 0.0011) 
and brain weight (P = 0.0259) between the groups. (e–g) Quantification of (e) Hoechst+ degenerating cells, (f) 
cleaved caspase-3 (CC3+) apoptotic cells, and (g) CC3+/oligodendrocyte transcription factor 2 (Olig2+) 
apoptotic oligodendrocytes throughout the subcortical white matter in control (n = 6–7), LPS + saline (LPS; n 
= 7–8), LPS + 0.5 mg/kg rhIGF-1 (n = 3), LPS + 5.0 mg/kg rhIGF-1 (n = 3), and LPS + 10 mg/kg rhIGF-1 (n 
= 2) groups. There was a significant overall difference in the densities of Hoechst+ degenerating cells (P < 
0.0001), CC3+ apoptotic cells (P = 0.0012), and CC3+/Olig2+ apoptotic oligodendrocytes (P = 0.0012) between 
the groups. Data are expressed as mean ± standard error of the mean (SEM). Holm−Sidak’s multiple 
comparisons test (MCT) post hoc: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Fig.  5.2f; apoptotic oligodendrocytes, by 33%, Fig.  5.2g) in the LPS + 0.5 mg/kg rhIGF-1 group 

compared with the LPS + saline group.  

cGP experiments 

For cGP experiments, there was a significant overall difference in body weight (Fig.  5.3c; one-way 

ANOVA), but not brain weight (Fig.  5.3d; one-way ANOVA), between the groups at PND4. Post hoc 

analysis showed a significant reduction in body weight (Fig.  5.3c) in the LPS + saline group and all of 

the LPS + cGP groups compared with the control group, while there were no differences in body weight 

between the LPS + saline group and any of the LPS + cGP groups. 

There was also a significant overall difference in the density of degenerating cells (Fig.  5.3e; one-way 

ANOVA), apoptotic cells (Fig.  5.3f; one-way ANOVA), and apoptotic oligodendrocytes (Fig.  5.3g; 

one-way ANOVA) in the subcortical white matter between the groups at PND4. Post hoc analysis 

showed a significant increase in the densities of all three cell injury markers in the LPS + saline group, 

compared with the control group (Fig.  5.3e−g) and a significant increase in caspase-3/Olig-2 counts 

with 2 mg/kg cGP, compared with the control group. Further, there was a significant reduction in the 

densities of degenerating cells (Fig.  5.3e) and apoptotic cells  (Fig.  5.3f), and a trend towards a reduction 

in the density of apoptotic oligodendrocytes (Fig.  5.3g), in the LPS + 0.01 mg/kg cGP and LPS + 0.1 

mg/kg cGP groups compared with the LPS + saline group. By contrast, the densities of all cell injury 

markers in the LPS + 0.2 mg/kg cGP group were similar to those in the LPS + saline group.  

Taken together, these preliminary dose response studies suggest that 0.5 mg/kg rhIGF-1 and 0.01 mg/kg 

and 0.1 mg/kg cGP were the most effective doses for reducing white matter injury following LPS 

exposure from PND1−PND3 in newborn rats. Thus, the equimolar doses of 0.5 mg/kg rhIGF-1 and 0.01 

mg/kg cGP were used for a direct head-to-head comparison of rhIGF-1 and cGP in the following studies. 

 
 

5.4.2 rhIGF-1 pharmacokinetics 
To determine the pharmacokinetic profile of rhIGF-1 treatment (Fig.  5.4a), rhIGF-1 concentrations were 

assessed in the plasma (Fig.  5.4b) and brain (Fig.  5.4c) from baseline to +240 min after single s.c. 

injections of saline + 0.5 mg/kg rhIGF-1 (sham rhIGF-1 group) or 0.25 mg/kg LPS + 0.5 mg/kg rhIGF-

1 (LPS + rhIGF-1 group).  

In the plasma, there was a significant effect of time (no group or group × time effects) on rhIGF-1 

concentrations (Fig.  5.4b; two-way ANOVA). On post hoc analysis, both the sham rhIGF-1 group and 

the LPS + rhIGF-1 group showed a rapid and significant increase in plasma rhIGF-1 concentrations from 

baseline to +15 min, then a slower but progressive increase at +30 min and +60 min (P < 0.005 for all 

time-points vs baseline), followed by a progressive decrease to baseline levels by +240 min.  
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In the brain, there was a significant effect of time (no group or group × time effects) on rhIGF-1 

concentrations (Fig.  5.4c; two-way ANOVA). On post hoc analysis, both the sham rhIGF-1 group and 

the LPS + rhIGF-1 group showed a significant increase in brain rhIGF-1 concentrations from baseline to 

60 min (P < 0.05 vs baseline), followed by a progressive decrease to baseline levels by 120 min.  

 The maximum rhIGF-1 concentrations (Cmax) in the sham rhIGF-1 group and the LPS + rhIGF-1 group 

were 1,313 ± 41 ng/mL and 1,523 ± 46 ng/mL, respectively, in the plasma (n.s.; Fig.  5.4b) and 27.5 ± 

2.8 ng/mL and 23.8 ± 4.0 ng/mL, respectively, in the brain (n.s.; Fig.  5.4c). Note that plasma rhIGF-1 

concentrations were approximately two orders of magnitude higher than those in the plasma. The time 

to maximum concentration (Tmax) was 60 min in both the plasma and the brain in both the sham rhIGF-

1 group and the LPS + rhIGF-1 group. The area under the curve for rhIGF-1 concentrations in the sham 

rhIGF-1 group and the LPS + rhIGF-1 group were 135,081 ± 8,467 ng/mL and 164,201 ± 12,010 ng/mL, 

respectively, in the plasma (n.s.) and 882 ± 246 ng/mL and 731 ± 334 ng/mL, respectively, in the brain 

Fig.  5.3  Cyclic glycine-proline (cGP) dose response study. (a) Experimental design. Neonatal rats received 
single daily i.p. injections of LPS or saline with concomitant s.c. injections of saline or cGP on PND1–PND3, 
with recovery to PND4 for neuropathological assessment. ●, Brain extraction. (b) The survival and allocation 
of animals used in the dose response study. Gehan−Breslow−Wilcoxon test, P = 0.1532. (c, d) Postnatal (c) 
body weight and (d) brain weight at PND4. There was a significant overall difference in body weight (P = 
0.0004) between the groups. (e–g) Quantification of (e) Hoechst+ degenerating cells, (f) CC3+ apoptotic cells, 
and (g) CC3+/Olig2+ apoptotic oligodendrocytes throughout the subcortical white matter in control (n = 6–7), 
LPS + saline (LPS; n = 7–8), LPS + 0.01 mg/kg cGP (n = 5), LPS + 0.1 mg/kg cGP (n = 7), and LPS + 0.2 
mg/kg cGP (n = 4) groups. There was a significant overall difference in the densities of Hoechst+ degenerating 
cells (P < 0.001), CC3+ apoptotic cells (P = 0.0014), and CC3+/Olig2+ apoptotic oligodendrocytes (P = 0.0012) 
between the groups. Data are expressed as mean ± SEM. Holm−Sidak’s MCT post hoc: *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001. 
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Fig.  5.4 rhIGF-1 pharmacokinetic profile and time-course/safety profile of endogenous IGF-1 concentrations 
following treatment with rhIGF-1 or cGP. (a) Experimental design. Neonatal rats received single daily i.p. 
injections of saline or LPS e with concomitant s.c. injections of rhIGF-1 or cGP on PND1–PND3, and were 
recovered to various time-points. ●, Time-point for brain extraction. (b, c) Pharmacokinetic profile of (b) 
plasma and (c) brain rhIGF-1 concentrations following a single injection of saline + 0.5 mg/kg rhIGF-1 (○, 
solid line; n = 5 per time-point) or LPS + 0.5 mg/kg rhIGF-1 (■, dashed line; n = 6 per time-point). There was 
a significant time effect for plasma (P < 0.0001) and brain (P < 0.0001) rhIGF-1 concentrations. (d, f, h, j) 
Pharmacodynamic profile of endogenous IGF-1 concentrations in the (d, h) plasma and (f, j) brain following 
treatment with rhIGF-1 (d, f) or cGP (h, j) (saline + 0.01 mg/kg cGP: ○, solid line; n = 5 per time-point; LPS 
+ 0.01 mg/kg cGP: ■, dashed line; n = 6 per time-point). For rhIGF-1 experiments, there was a significant 
time effect for brain IGF-1 concentrations (P = 0.0062). For cGP experiments, there was a significant time 
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(n.s.). Note that pharmacokinetic studies of cGP were unable to be performed as we did not have an 

available assay. 

Overall, these data suggest that despite its large molecular size, systemically administered rhIGF-1 can 

enter the central nervous system, reaching peak concentrations at +60 min post administration, 

independent of LPS exposure.   

 

5.4.3 Effects of rhIGF-1 or cGP on endogenous rat IGF-1 pharmacodynamics  
The pharmacodynamic effects of rhIGF-1 or cGP treatment on endogenous rat IGF-1 concentrations 

were assessed in the plasma (Fig.  5.4d, h) and brain (Fig.  5.4f, j) from baseline to +240 min after a 

single injection of saline + 0.5 mg/kg rhIGF-1 (sham rhIGF-1 group), 0.25 mg/kg LPS + 0.5 mg/kg 

rhIGF-1 (LPS + rhIGF-1 group), saline + 0.01 mg/kg cGP (sham cGP group), or 0.25 mg/kg LPS + 0.01 

mg/kg cGP (LPS + cGP group).  

rhIGF-1 experiments 

For rhIGF-1 experiments, in the plasma, there were no significant effects of group, time, or group × time 

on rat IGF-1 concentrations (Fig.  5.4d; two-way ANOVA). In the brain, there was a significant effect 

of time (no group or group × time effects) on rat IGF-1 concentrations (Fig.  5.4f; two-way ANOVA). 

On post hoc analysis, the sham rhIGF-1 group and the LPS + rhIGF-1 group showed no differences in 

brain rat rhIGF-1 concentrations between the various time-points.  

cGP experiments 

For cGP experiments there was a significant effect of time (no group or group × age/time effects) on rat 

IGF-1 plasma concentrations (Fig.  5.4h; two-way ANOVA). On post hoc analysis, the sham cGP group 

and the LPS + cGP group showed no differences in plasma rhIGF-1 concentrations between the various 

time-points.  

effect for plasma (P = 0.0024) and brain (P < 0.0001) IGF-1 concentrations. (e, g, i, k) Safety profile of 
endogenous IGF-1 concentrations in the plasma (e, i) and brain (g, k) following treatment with (e, g) rhIGF-
1 or (i, k) cGP in control (black bars, n = 5−8 per age), sham rhIGF-1 (light purple bars, n = 5−7 per age), 
sham cGP (light blue bars, n = 6 per age), LPS (white bars, n = 6−8 per age), LPS + rhIGF-1 (dark purple 
bars, n = 6−8), and LPS + cGP (dark blue bars, n = 5−8 per age) groups. For rhIGF-1 experiments, there was 
a significant group × time effect for plasma (P = 0.0002) and brain (P < 0.0001) rat IGF-1 concentrations in 
the immediate response phase, and a significant group effect for plasma (P < 0.0001) and brain (P < 0.0001) 
rat IGF-1 concentrations in the acute response phase. For cGP experiments, there was a significant group × 
time effect for plasma (P = 0.0063) and brain (P < 0.0001) rat IGF-1 concentrations in the immediate response 
phase, and a significant group effect for plasma (P < 0.0001) and brain (P < 0.0001) rat IGF-1 concentrations 
in the acute response phase. Data are expressed as mean ± SEM. Holm−Sidak’s MCT post hoc: *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001; #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 for sham + 
rhIGF-1/cGP drug vs. baseline; ^P < 0.05, ^^P < 0.01, ^^^P < 0.001, ^^^^P < 0.0001 for LPS + rhIGF-1/cGP 
vs. baseline. 
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In the brain, there was a significant effect of time (no group or group × age/time effects) on rat IGF-1 

concentrations (Fig.  5.4j; two-way ANOVA). On post hoc analysis, both the sham cGP group and the 

LPS + cGP group showed a significant progressive increase in rat IGF-1 concentrations from baseline to 

+120 min, and a decline thereafter (sham cGP group: P < 0.01 for +30, +60, +120, and +240 min vs 

baseline; LPS + cGP group: P < 0.05 for all time-points vs baseline). 

 

5.4.4 Safety profile of rhIGF-1 or cGP treatment on endogenous rat IGF-1 
Next, the effects of single or repeated rhIGF-1 (0.5 mg/kg) or cGP (0.01 mg/kg) treatment following 

single or repeated LPS exposure (from PND1−PND3) on endogenous rat IGF-1 concentrations were 

assessed in the plasma (Fig.  5.4e, i) and brain (Fig.  5.4g, k) at +60 min and +240 min (immediate 

response phase) or + 24 h (PND2) and + 72 h (PND4) (acute response phase) in the saline + saline 

(control), saline + 0.5 mg/kg rhIGF-1 (sham rhIGF-1), saline + 0.01 mg/kg cGP (sham cGP), 0.25 mg/kg 

LPS + saline (LPS), 0.25 mg/kg LPS + 0.5 mg/kg rhIGF-1 (LPS + rhIGF-1), or the 0.25 mg/kg LPS + 

0.01 mg/kg cGP (LPS + cGP) groups.  

rhIGF-1 experiments 

For rhIGF-1 experiments, in the plasma, there was a significant effect of time and group × time (no group 

effect) on rat IGF-1 concentrations in the immediate response phase (Fig.  5.4e; two-way ANOVA), and 

a significant effect of group and time (no group × time effects) in the acute response phase (Fig.  5.4e; 

two-way ANOVA). Post hoc analysis in the immediate response phase showed a significant increase in 

plasma rat IGF-1 concentrations in the LPS + rhIGF-1 group compared with the LPS group at +60 min. 

Post hoc analysis in the acute response phase showed no significant differences in plasma rat IGF-1 

concentrations in the sham rhIGF-1 group compared with the control group or the LPS + rhIGF-1 group 

compared with the LPS group at either time-point. 

In the brain, there was a significant effect of group, time, and group × time on rat IGF-1 concentrations 

in the immediate response phase (Fig.  5.4g; two-way ANOVA), and a significant effect of group and 

time (no group × time effects) in the acute response phase (Fig.  5.4g; two-way ANOVA). Post hoc 

analysis in the immediate response phase showed a significant increase in brain rat IGF-1 concentrations 

in the sham rhIGF-1 group compared with the control group and the LPS + rhIGF-1 group compared 

with the LPS group at +60 min, but a significant decrease in brain rat IGF-1 concentrations in the sham 

rhIGF-1 group compared with the sham group at +240 min. Post hoc analysis in the acute response phase 

showed a significant increase in brain rat IGF-1 concentrations in the sham rhIGF-1 group compared 

with the control group at PND2.  

cGP experiments 
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For cGP experiments, in the plasma, there was a significant effect of group and group × time (no time 

effect) on rat IGF-1 concentrations in the immediate response phase (Fig.  5.4i; two-way ANOVA), and 

a significant effect of group and time (no group × time effect) in the acute response phase (Fig.  5.4i; 

two-way ANOVA). Post hoc analysis in the immediate response phase and the acute response phase 

showed no significant differences in plasma rat IGF-1 concentrations in the sham cGP group compared 

with the control group or the LPS + rhIGF-1cGP group compared with the LPS group at any time-point. 

In the brain, there was a significant effect of group, time, and group × time on rat IGF-1 concentrations 

in the immediate response phase (Fig.  5.4k; two-way ANOVA), and a significant effect of group and 

time (no group × time effect) in the acute response phase (Fig.  5.4k; two-way ANOVA). Post hoc 

analysis in the immediate response phase showed a significant increase in brain rat IGF-1 concentrations 

in the sham cGP group compared with the control group and the LPS + cGP group compared with the 

LPS group at +60 min. Post hoc analysis in the acute response phase showed a significant increase in 

brain rat IGF-1 concentrations in the sham rhIGF-1 group compared with the control group at PND2.  

Overall, these experiments suggest that a peripheral injection of rhIGF-1 or cGP can induce mild 

transient increases in endogenous IGF-1 concentrations in the blood, but moderate and more persisting 

increases in the brain that were more prominent with cGP treatment. Further, these changes were 

generally independent of LPS exposure. 

 

5.4.5 Acute effects of rhIGF-1 and CGP on blood gas and biochemistry 
The effects of rhIGF-1 or cGP on blood pH, pCO2, ctO2, ctHb, cBase, and K+ were assessed at rhIGF-1 

Tmax (+1 h) and following plasma clearance (+4 h) (Table 5.1). There were no significant effects of group, 

time/age, or group × time on blood pH or K+. There was a significant effect of time (no group or group 

× time effect) on blood pCO2, ctO2, and ctHb. There was a significant effect of group and time (no group 

× time effect) on blood cBase. Post hoc analysis showed a significant reduction in cBase in the LPS 

group compared with the control group at +4 h. Overall, these experiments suggest that rhIGF-1 or cGP 

treatment do not adversely affect neonatal blood biochemistry. 

 

5.4.6 Effects of rhIGF-1 and CGP on blood glucose concentrations 
Given the role of IGF-1 in glucose homeostasis, the effects of rhIGF-1 or cGP treatment on endogenous 

rat glucose concentrations were assessed in the plasma (Fig.  5.5a, b, e, f) and brain (Fig.  5.5c, d, g, h) 

from baseline to +240 min after a single injection of saline + 0.5 mg/kg rhIGF-1 (sham rhIGF-1 group), 

0.25 mg/kg LPS + 0.5 mg/kg rhIGF-1 (LPS + rhIGF-1 group), saline + 0.01 mg/kg cGP (sham cGP 

group), or 0.25 mg/kg LPS + 0.01 mg/kg cGP (LPS + cGP group). 

rhIGF-1 experiments 
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For IGF-1 experiments, there was a significant effect of group and time (no group × time effect) on rat 

glucose plasma concentrations (Fig.  5.5a). Post hoc analysis showed no significant differences in plasma 

rat glucose concentrations in the sham rhIGF-1 group compared with the control group or the LPS + 

rhIGF-1 group compared with the LPS group at any time-point. Further, both the sham rhIGF-1 group 

and the LPS + rhIGF-1 group showed no differences in plasma glucose concentrations between the 

various time-points. In the brain, there were no significant effects of group, time, or group × time on rat 

glucose concentrations (Fig.  5.5e; two-way ANOVA). 

  cGP experiments 

For cGP experiments, in the plasma, there were no significant effects of group, time, or group × time on 

rat glucose concentrations (Fig.  5.5c; two-way ANOVA). In the brain, there was a significant effect of 

time (no group or group × age/time effects) on rat glucose concentrations (Fig.  5.5g). On post hoc 

analysis, both the sham cGP group and the LPS + cGP group showed a significant decrease in rat glucose 

concentrations from baseline to +30 min (both groups: P < 0.01 for +30 min vs baseline), which then 

recovered thereafter. 

  Control Sham IGF Sham cGP LPS LPS + IGF LPS + cGP 

pH 
+ 1 h 7.32 ± 0.01 7.34 ± 0.01 7.37 ± 0.01 7.37 ± 0.01 7.31 ± 0.02 7.35 ± 0.01 

+ 4 h 7.35 ± 0.02 7.37 ± 0.02 7.37 ± 0.03 7.33 ± 0.02 7.37 ± 0.03 7.35 ± 0.02 

pCO2 

(mmHg) 

+ 1 h 32.5 ± 2.7 34.1 ± 2.3 31.5 ± 2.9 32.1 ± 2.3 34.5 ± 3.3 30.4 ± 3.4 

+ 4 h 26.4 ± 1.9 25.1 ± 0.8 23.7 ± 1.5 23.3 ± 2.5 20.6 ± 1.5 22.5 ± 1.9 

ctO2 

(mmol/L) 

+ 1 h 3.8 ± 0.2 3.5 ± 0.2 4.2 ± 0.5 4.5 ± 0.3 4.4 ± 0.1 4.0 ± 0.3 

+ 4 h 4.1 ± 0.2 3.4 ± 0.1 3.3 ± 0.4 3.7 ± 0.3 3.8 ± 0.1 3.6 ± 0.2 

ctHb 

(g/dL) 

+ 1 h 7.5 ± 0.4 7.2 ± 0.5 7.9 ± 0.8 8.4 ± 0.4 8.1 ± 0.6 7.3 ± 0.8 

+ 4 h 6.7 ± 0.2 5.7 ± 0.2 5.5 ± 0.5 5.6 ± 0.6 6.2 ± 0.3 6.1 ± 0.4 

cBase 

(mmol/L) 

+ 1 h -5.5 ± 1.7 -6.0 ± 1.0 -5.3 ± 1.8 -10.8 ± 2.3 -6.6 ± 1.7 -7.6 ± 2.1 

+ 4 h -8.9 ± 1.3 -9.9 ± 1.2 -10.7 ± 1.8 -19.7 ± 2.4** -13.6 ± 1.6 -12.1 ± 1.8 

K+ 

(mmol/L) 

+ 1 h 4.2 ± 0.4 4.0 ± 0.3 5.0 ± 0.7 4.0 ± 0.4 4.2 ± 0.4 4.1 ±0.4 

+ 4 h 4.2 ± 0.3 4.4 ± 0.3 3.5 ± 0.4 4.4 ± 0.8 4.7 ± 0.2 4.5 ± 0.2 

 

Table  5.1 Blood gas and biochemistry after treatment with rhIGF-1 or cGP in the control (n = 6−10 per time-
point), sham rhIGF-1 (n = 6−8 per time-point), sham cGP (n = 5−7 per time-point), LPS (n = 6−10 per time-
point), LPS + rhIGF-1 (n = 6−8 per time-point), and LPS + cGP (n = 6−8 per time-point) groups. Measured 
parameters were pH, blood partial pressure of carbon dioxide (pCO2), blood oxygen content (ctO2), blood 
haemoglobin content (ctHb), blood base excess (cBase), and blood potassium ion (K+). There was a significant 
group effect for cBase (P = 0.0003). Data are expressed as mean ± SEM. Holm−Sidak’s MCT post hoc: *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. LPS group. 
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Fig.  5.5 Time course and safety profile of glucose concentrations following treatment with rhIGF-1 or cGP. 
(a, c, e, g) Pharmacodynamic profile of endogenous glucose concentrations in the (a, e) plasma and (c, g) 
brain following treatment with rhIGF-1 (saline + 0.5 mg/kg rhIGF-1: ○, solid line; n = 5 per time-point; LPS 
+ 0.5 mg/kg rhIGF-1: ■, dashed line; n = 6 per time-point) or cGP (saline + 0.01 mg/kg cGP: ○, solid line; n 
= 5 per time-point; LPS + 0.01 mg/kg cGP: ■, dashed line; n = 6 per time-point). For rhIGF-1 experiments, 
there were significant group and time effects for plasma glucose concentrations (P = 0.0270 and P = 0.0107, 
respectively). For cGP experiments, there was a significant time effect for brain glucose concentrations (P < 
0.0001). (b, d, f, h) Safety profile of endogenous glucose concentrations in the plasma (b, f) and brain (d, h) 
following treatment with (b, d) rhIGF-1 or (f, h) cGP in control (black bars, n = 5−8 per age), sham rhIGF-1 
(light purple bars, n = 5−7 per age), sham cGP (light blue bars, n = 6 per age), LPS (white bars, n = 6−8 per 
age), LPS + rhIGF-1 (dark purple bars, n = 6−8 per age), and LPS + cGP (dark blue bars, n = 5−8 per age) 
groups. For rhIGF-1 experiments, there was a significant group × time effect for plasma glucose 
concentrations (P = 0.0143) and a significant group effect for brain glucose concentrations (P < 0.0001). For 
cGP experiments, there was a significant group × time effect for plasma glucose concentrations (P = 0.0191) 
and a significant group effect for brain glucose concentrations (P < 0.0001). Data are expressed as mean ± 
SEM. Holm−Sidak’s MCT post hoc: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; #P < 0.05, ##P < 
0.01, ###P < 0.001, ####P < 0.0001 for sham + rhIGF-1/cGP vs baseline; ^P < 0.05, ^^P < 0.01, ^^^P < 0.001, 
^^^^P < 0.0001 for LPS + rhIGF-1/cGP vs baseline. 
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5.4.7 Safety profile of rhIGF-1 or cGP treatment on endogenous rat glucose 
Next, the effects of rhIGF-1 or cGP treatment on endogenous rat glucose concentrations were assessed 

in the plasma (Fig.  5.5b, f) and brain (Fig.  5.5d, h) at +60 min and +240 min in the saline + saline 

(control), saline + 0.5 mg/kg rhIGF-1 (sham rhIGF-1), saline + 0.01 mg/kg cGP (sham cGP), 0.25 mg/kg 

LPS + saline (LPS), 0.25 mg/kg LPS + 0.5 mg/kg rhIGF-1 (LPS + rhIGF-1), or 0.25 mg/kg LPS + 0.01 

mg/kg cGP (LPS + cGP) groups.  

rhIGF-1 experiments 

For rhIGF-1 experiments, in the plasma, there was a significant effect of group, time, and group × time 

on rat glucose concentrations (Fig.  5.5b; two-way ANOVA). On post hoc analysis, there was a 

significant increase in plasma rat glucose concentrations in the LPS + rhIGF-1 group compared with the 

LPS group at +60 min. 

In the brain, there was a significant effect of group and time (no group × time effect) on rat glucose 

concentrations (Fig.  5.5f; two-way ANOVA). On post hoc analysis, there was a significant decrease in 

brain rat glucose concentrations in the sham rhIGF-1 group compared with the control group and the 

LPS + rhIGF-1 group compared with the LPS group at both +60 min and +240 min. 

cGP experiments 

For cGP experiments, in the plasma, there was a significant effect of group and group × time (no time 

effect) on rat glucose concentrations (Fig.  5.5d; two-way ANOVA). On post hoc analysis, there was a 

significant increase in glucose rat glucose concentrations in the sham rhIGF-1 group compared with the 

control group and the LPS + rhIGF-1 group compared with the LPS group at +60 min. 

In the brain, there was a significant effect of group (no time or group × time effects) on rat glucose 

concentrations (Fig.  5.5h; two-way ANOVA). On post hoc analysis, there was a significant decrease in 

brain rat glucose concentrations in the sham rhIGF-1 group compared with the control group and the 

LPS + rhIGF-1 group compared with the LPS group at both +60 min and +240 min. 

Overall, these experiments suggest that a peripheral injection of rhIGf-1 or cGP can induce mild transient 

hyperglycemia in the blood, which was more prominent with cGP treatment. By contrast, peripheral 

injection of rhIGf-1 or cGP can both induce a moderate and more persisting hypoglycaemia in the brain. 

These changes were generally independent of LPS exposure. 

 

5.4.8 Effects of acute rhIGF-1 or cGP treatment on acute and long-term outcomes 

following LPS exposure 
Finally, we performed a series of neuroprotection studies to compare the acute (+4 h) and long-term 

(PND21) outcomes following concomitant injections of LPS and equimolar doses of rhIGF-1 (0.5 
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mg/kg) versus cGP (0.01 mg/kg cGP) from PND1–PND3 in the control group, LPS group, LPS + rhIGF-

1 group, and LPS + cGP group.  

 

5.4.8.1 Survival, body temperature, cardiovascular parameters, and growth trajectories 
There were no significant differences in survival between the various groups (Fig.  5.6a). Although, 

compared with the control group, LPS animals showed a trend towards an increase in mortality, with a 

further increase in the LPS + rhIGF-1 group, but a decrease in the LPS + cGP group. Note that all deaths 

occurred after the first LPS/rhIGF-1/cGP injection.  

Next, the effects of rhIGF-1 or cGP on body temperature, heart rate, and blood SPO2 were examined at 

+4 h. There was a significant effect of group, time, and group × time on body temperature and a 

significant effect of time on heart rate and SPO2 (no group or group × time effects) (Fig.  5.6a; repeated 

measures ANOVA). Post hoc analysis showed a significant decrease in body temperature in the LPS 

group compared with the control group at +4 h, but no changes in the LPS + rhIGF-1 group or the LPS 

+ cGP group. 

Next, the effects of rhIGF-1 or cGP on body and brain growth were examined at PND21. There was a 

significant overall difference in post-mortem body weight (Fig.  5.6b; one-way ANOVA) and brain 

weight (Fig.  5.6c; one-way ANOVA) between the groups. Post hoc analysis showed a significant 

decrease in body weight in the LPS group, LPS + rhIGF-1 group, and the LPS + cGP group compared 

with the control group (Fig.  5.6b). By contrast, post hoc analysis showed no differences in brain weights 

between any of the groups (Fig.  5.6c). 

Finally, the effects of rhIGF-1 or cGP on growth of the spleen, liver, and thymus (normalised to body 

weight) were examined at PND21. There was a significant overall difference in the spleen-to-body 

weight ratio (Fig.  5.6d; one-way ANOVA) and the liver-to-body weight ratio (Fig.  5.6e), but not the 

thymus-to-body weight ratio (Fig.  5.6f), between the groups. Post hoc analysis showed a significant 

increase in the spleen-to-body weight ratio in the LPS group and the LPS + rhIGF-1 group compared 

with the control group, while the LPS + rhIGF-1 group showed intermediate values that were similar to 

both the control group and the LPS group (Fig.  5.6d). Post hoc analysis also showed a significant 

decrease in the liver-to-body weight ratio in the LPS group compared with the control group, while the 

LPS + cGP group and the LPS + rhIGF-1 group showed intermediate values that were similar to both 

the control group and the LPS group (Fig.  5.6e).  

 

5.4.8.2 Effects of acute rhIGF-1 or cGP treatment on long term neurobehavioral 

outcomes following LPS exposure 
The accelerating rotarod test was used to examine global motor function and coordination at PND21 

following rhIGF-1 or cGP treatment (Fig.  5.7a). There was a significant overall difference in the latency 
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to fall between the groups (Fig.  5.7b; one-way ANOVA). Post hoc analysis showed a significant 

reduction in the latency to fall in the LPS group compared with the control group (by ~24%), but no 

changes in the LPS + cGP group or the LPS + rhIGF-1 group. Note that there was no association of 

latency to fall with body weight (control group: r2 = 0.010; LPS group: r2 = 0.058; LPS + rhIGF-1 group: 

r2 = 0.261; LPS + cGP group: r2 = 0.284).  

Next, the open field test was used to determine global psychomotor function at PND21 following rhIGF-

1 or cGP treatment (Fig . 5.7c). There were no differences in locomotor activity (assessed using the total 

distance travelled; Fig.  5.7d; one-way ANOVA) or anxiety-like behaviours (assessed using the 

percentage of the total time the animal spent in the inner zone; Fig.  5.7e; one-way ANOVA) between 

the groups. 

Finally, the novel object recognition test was used to assess non-spatial learning and memory 

consolidation at PND21 following rhIGF-1 or cGP treatment (Fig.  5.7f−i). There was a significant 

overall difference in the novelty preference (Fig.  5.7f, g) and the discrimination index (Fig.  5.7h, i) at 

Fig.  5.6 Survival, body temperature, cardiovascular parameters, and growth trajectories in the rhIGF-1 and 
cGP neuroprotection studies. (a) Survival, temperature, heart rate (HR), and blood oxygen saturation (SPO2) 
in control (n = 12), LPS (n = 8), LPS + rhIGF-1 (n = 9), and LPS + cGP (n = 9) groups at +4 h. 
Gehan−Breslow−Wilcoxon test, P = 0.3228. There was a significant group × time effect on temperature (P = 
0.0387). (b−f) Postnatal (b) body weights, (c) brain weights, (d) spleen-to-body weight ratio, (e) liver-to-body 
weight ratio, and (f) thymus-to-body weight ratio at PND21. There was a significant overall difference in body 
weight (P = 0.0003), brain weight (P = 0.0389), spleen:body weight ratio (P = 0.0132), and liver:body weight 
ratio (P = 0.0374) between the groups. Data are expressed as mean ± SEM. Holm−Sidak’s MCT post hoc: αP 
< 0.01 vs baseline; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 



Chapter 5: Battle of the IGF axis 
 

119 
 

both +1 h and +24 h between the groups. There was a trend towards a reduction in the novelty preference 

in the LPS group compared with the control group, but not in the LPS + rhIGF-1 group or LPS + cGP 

group compared with the control group, at +1 h (Fig.  5.7f) and +24 h (Fig.  5.7g). Interestingly, post 

hoc analysis showed a significant increase in the novelty preference in the LPS + cGP group compared 

Fig.  5.7 Experimental design and behavioural outcomes following treatment with rhIGF-1 or cGP. (a) 
Experimental design. Neonatal rats received single daily i.p. injections of LPS or saline with concomitant s.c 
injections of rhIGF-1 or saline on PND1–PND3, followed by a battery of behavioural tests on PND18−PND21. 
(b) Assessment of global motor function and coordination using the accelerating rotarod in CON (n = 12), LPS 
(n = 8), LPS + rhIGF-1 (n = 9), and LPS + cGP (n= 9) groups. There was a significant overall difference in the 
latency to fall (P = 0.0100) between the groups. (c−e) Assessment of global psychomotor function using the 
open field test in CON (n = 12), LPS (n = 8), LPS + rhIGF-1 (n = 9), and LPS + cGP (n = 9) groups. (c) 
Representative image of the open field paradigm used to assess global psychomotor function. The black space 
represents the outer zone, the orange space represents the inner zone, and the red trail reflects the total distance 
moved. (d, e) Open field assessment of (d) total distance travelled and (e) total time spent in the inner zone. 
(f−i) Assessment of non-spatial learning and memory consolidation using the novel object recognition test in 
CON (n = 10), LPS (n = 8), LPS + rhIGF-1 (n = 9), and LPS + cGP (n = 8) groups. (f, g) Novelty preference at 
(f) 1 h after familiarisation and (g) 24 h after familiarisation. (h, i) Discrimination index at (h) 1 h after 
familiarisation and (i) 24 h after familiarisation. There was a significant overall difference in the novelty 
preference at 1 h (P = 0.0005) and 24 h (P = 0.0087) between the groups, and a significant overall difference in 
the discrimination index at 1 h (P = 0.0136) and 24 h (P = 0.0481) between the groups. Data are expressed as 
mean ± SEM. and Holm−Sidak’s MCT post hoc: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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with all other groups at +1 h (Fig.  5.7f), and in the LPS + cGP group compared with the LPS group at 

+24 h (Fig.  5.7g). There was also a trend towards a reduction in the discrimination index in the LPS 

group compared with the control group, but not in the LPS + rhIGF-1 group or the LPS + cGP group 

compared with the control group, at +1 h (Fig.  5.7h) and +24 h (Fig.  5.7i). Interestingly, post hoc 

analysis also showed a significant increase in the discrimination index in the LPS + cGP group compared 

with the LPS group at +1 h (Fig. 5. 7h) and +24 h (Fig. 5 .7i). 

 

5.4.8.3 Effects of acute rhIGF-1 or cGP treatment on long term white matter MRI 

diffusivity following LPS exposure 
Finally, ex vivo high-field advanced diffusion imaging was used to assess changes in DTI (MD, FA) and 

NODDI (ODI, Ficvf, Fiso) parameters in the periventricular white matter at PND21 (Fig.  5.8). In the 

periventricular white matter, there was a significant overall difference in ODI (Fig.  5.8b; 

Kruskal−Wallis H test), but not in MD, FA, Ficvf, or Fiso, between the groups. Post hoc analysis showed 

a significant increase ODI in the LPS group and the LPS + rhIGF-1 group, but not in the LPS + cGP 

group, compared with the control group. Further, ODI was significantly lower in the LPS + cGP group 

compared with the LPS + rhIGF-1 group.  

Together, these findings show that treatment with equimolar doses of rhIGF-1 and cGP during prolonged 

mild-to-moderate inflammation in early postnatal life can improve long-term behavioural deficits. 

However, neither drug improved the LPS-induced alterations to the subcortical white matter 

microstructure assessed using DTI and NODDI. 

 

5.5 Discussion 
White matter injury involving acute oligodendrocyte cell death and chronic impairments in 

oligodendrocyte maturation and myelination is the major pattern of brain injury observed in modern 

cohorts of preterm infants. Chapter 3 of this thesis provided new evidence for a role prolonged postnatal 

systemic inflammation in causing these white matter deficits. Further, Chapter 4 of this thesis suggested 

that these white matter deficits following systemic inflammation may be associated with persisting 

reductions in IGF bioavailability and IGF receptor signalling in the brain. The present study provides the 

first head-to-head comparison of two agents (rhIGF-1 and cGP) that target IGF receptor signalling for 

the treatment of inflammation-related preterm brain injury. The key findings of this study were that both 

rhIGF-1 and cGP could reduce acute white matter injury and partially improved long-term outcomes 

when administered at low equimolar doses during the period of postnatal inflammation in newborn 

rodents. However, higher doses of rhIGF-1 were not neuroprotective and were associated with greater 

mortality, while cGP showed neuroprotection over a greater dose range, and was associated with reduced 

mortality and better long-term outcomes. Thus, cGP may represent a novel and safe therapeutic for use 

in newborn infants at risk of inflammatory brain injury. 
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Numerous experimental studies have reported that rhIGF-1 is neuroprotective when administered 

following hypoxia-ischemia (Cao et al., 2003; Guan et al., 1993; Johnston et al., 1996; Lin et al., 2009; 

Wood et al., 2007). However, to our knowledge, no studies have used rhIGF-1 for treatment of brain 

injury following postnatal systemic inflammation. Our data indicate that the effects of systemic rhIGF-1 

treatment are dose-dependent, with neuroprotection at 0.5 mg/kg but loss of neuroprotection and 

potential worsening of outcomes at higher doses (5.0 and 10.0 mg/kg; Fig.  5.2). Similar dose-related 

findings were reported in neonatal animal models of brain injury following hypoxia-ischemia (Brywe et 

al., 2005; Cao et al., 2003; Guan et al., 1993; Liu et al., 2001; Wood et al., 2007) or direct CNS 

inflammation (Pang et al., 2010b). The neuroprotective actions of systemic rIGF-1 treatment in the 

present study may reflect (i) a direct action on central IGF-IR signalling and/or (ii) an indirect action 

caused by an increase in endogenous central IGF-1 bioavailability. Both control and LPS animals 

exhibited a similar rapid increase in rhIGF-1 concentrations in the blood and brain following 

Fig.  5.8 White matter microstructure at PND21 following treatment with rhIGF-1 or cGP.(a) Representative 
image of the fractional anisotropy (FA) and orientation dispersion index (ODI) maps in control (n = 9), LPS (n = 
9), LPS + rhIGF-1 (n = 9), and LPS + cGP (n = 9) groups. (b) Mean diffusivity (MD), FA, intracellular volume 
fraction (FICVF), isotropic volume fraction (FISO), and ODI in the periventricular white matter (PVWM in 
control (black bars), LPS (white bars), LPS + rhIGF-1 (purple bars), and LPS + cGP (blue bars) groups. There 
was a significant overall difference in ODI in the PVWM (P = 0.0080). Data are expressed as mean ± SEM. 
Mann–Whitney U test post hoc: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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subcutaneous injection, reaching peak concentrations at approximately +60 min recovery (Fig.  5.4b, c), 

suggesting that rhIGF-1 can enter the central nervous system. Although we did not assess the half-life of 

rhIGF-1 in the present study, the time at which Cmax was reached was greater than the reported mean 

half-life of 0.86 h in human preterm infants following intravenous administration (Löfqvist et al., 2009). 

These apparent difference in the pharmacokinetics of rhIGF-1 in the present study may relate, at least in 

part, to species differences and the route of administration, as subcutaneous administration has a slower 

absorption rate, and therefore slower clearance than intravenous administration (Richter et al., 2014). In 

the present study, systemic rhIGF-1 treatment was also associated with an increase in total endogenous 

IGF-1 concentrations in both the blood and brain. These findings are broadly consistent with 

experimental studies showing increased IGF-1 concentrations in the plasma (Kerr et al., 1992; Skarsgard 

et al., 2001) and in human studies showing increased IGF-1 concentrations in the cerebral spinal fluid 

(Khwaja et al., 2014) following rhIGF-1 treatment. Although we did not assess IGF-1 bioavailability, 

speculatively, these changes may be associated with increased free IGF-1, and therefore, increased 

central IGF-IR signalling. Future studies are required to assess changes in free IGF-1 in the blood and 

brain, as well as IGF receptor signalling in our model following rhIGF-1 treatment. 

In the present study, treatment with cGP (the bioactive terminal metabolite of IGF-1) during postnatal 

systemic inflammation was also neuroprotective, and at a wider equimolar dose range that that for rhIGF-

1, without any increase in mortality (Fig.  5.3). To our knowledge, no studies have used cGP to treat 

brain injury following postnatal systemic inflammation. Nevertheless, cGP (Guan et al., 2014; Guan et 

al., 2007) and the cGP analogue NNZ 2591 (modified to improve bioavailability) were reported to be 

neuroprotective following cerebral hypoxia-ischemia in adult rats (Guan et al., 2014; Guan et al., 2007). 

The mechanisms underlying the neuroprotective actions of systemic cGP treatment likely relate to 

regulation of free IGF-1 levels, and thus IGF-IR signalling, in the brain. IGF-1 bioavailability is tightly 

regulated via reversible binding to IGFBPs (Mohan et al., 2002). As a terminal metabolite of IGF-1, cGP 

can increase IGF-1 bioavailability via competitive binding with IGFBP-3 (Guan et al., 2014), resulting 

in release of IGF-1 into the circulation and thus increased IGF-IR signalling. Compared with rhIGF-1, 

cGP is a small lipophilic molecule with efficient central uptake, and was reported to be resistant to 

enzymatic degradation and have a longer half-life, which may contribute to its wider effective dose range 

(Guan et al., 2015). However, due to methodological constraints, we were unable to analyse the 

pharmacokinetic profile of cGP administration. Interestingly, systemic cGP treatment was also 

associated with an increase in total endogenous IGF-1 concentrations in both the blood and brain in our 

study. This was unexpected, as the mechanism of action of cGP is via the regulation of IGF-1 

bioavailability, rather than through the synthesis/breakdown of IGF-1 (Guan et al., 2014). Taken 

together, these data suggests a potential role for cGP in the endocrine regulation of liver IGF-1 production 

(Li et al., 2020). However, future studies are required to assess the mechanisms of action of cGP in our 

model, including changes in free IGF-1 and cGP pharmacokinetics. 
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The exact mechanisms underlying the loss of neuroprotection with higher doses of rhIGF-1 and cGP are 

unclear. Higher concentrations of IGF-1 can increase the stoichiometry of IGF-1 binding to the IGF 

receptor, causing accelerated dissociation of IGF-1, resulting in reduced IGF receptor binding affinity 

and decreased IGF receptor signalling (Christoffersen et al., 1994; De Meyts, 1994). Additionally, high 

free IGF concentrations can cause desensitization and downregulation of the IGF receptor (Chi et al., 

2000; Guan et al., 2014). Thus, increasing concentrations of rhIGF-1 and/or endogenous IGF-1 with 

increasing doses of rhIGF-1 or cGP beyond a threshold may have effectively reduced IGF receptor 

signalling in the present study. Alternatively, elevated concentrations of IGF-1 following IGF-1 or cGP 

treatment may also induce adverse biochemical effects. Indeed, in the present study, both rhIGF-1 and 

cGP treatment were associated with marked decreases in brain glucose concentrations (Fig.  5.5d, h). 

The hypoglycaemic potential of IGF-1 therapies is a major safety concern (for review see (Clemmons, 

2012)). Neonatal hypoglycaemia can itself cause seizures (Cornblath et al., 1959), cerebral injury 

(Montassir et al., 2009), corticospinal tract injury, and adverse motor and cognitive outcomes at 1 year 

of age (Tam et al., 2012), and in severe cases can result in neonatal death (Schuppener et al., 2020). 

Unexpectedly and in contrast to the brain, we found that both rhIGF-1 and cGP treatment were associated 

with an increase in glucose concentrations in the plasma. These results contrast with other experimental 

studies reporting no changes in blood glucose concentrations following treatment with rhIGF-1 in a 

rodent model of severe inflammation-related preterm brain injury (Pang et al., 2010b) or in a late 

gestation fetal sheep model of cerebral ischaemia (Johnston et al., 1996). We are currently unable to 

explain these findings, as increased IGF-1 concentrations are typically associated with suppression of 

hepatic glucose production (Simpson et al., 2004), as well as stimulation of peripheral glucose utilization 

and inhibition of gluconeogenesis (Di Cola et al., 1997). IGF-1 can bind to the insulin receptor, albeit 

with a lower binding affinity than for insulin (Weroha et al., 2008). Therefore, speculatively, increasing 

concentrations of IGF-1 may lead to insulin receptor desensitization and hyperglycemia. These and other 

potential adverse systemic actions of IGF-1 may have contributed to the higher mortality observed at 

higher IGF-1 doses. 

In the present study, we also performed a direct head-to-head comparison of the long-term outcomes 

(PND21) associated with equimolar IGF-1 (0.5 mg/kg) or cGP (0.01 mg/kg cGP) treatment during LPS 

exposure. Although rhIGF-1 and cGP equally improved motor function assessed by the accelerating 

rotarod test, cGP was associated with a greater improvement in the novelty preference (Fig. 5.7f, g) and 

the discrimination index (Fig. 5.7h, i) compared with rhIGF-1. Importantly, anxiety and impaired 

locomotor activity are known confounders that can influence the exploratory behaviour of rats during 

NORT (Steinbach et al., 2016). However, in the present study the improvements in non-spatial learning 

and memory were not associated with impaired locomotor activities or anxiety-like behaviours (Fig. 

5.7c−e). The neuropathology underlying these deficits in motor function and non-spatial 

learning/memory consolidation remain unclear. Chapter 3 of this thesis showed that LPS exposure was 

associated with white matter injury characterised by acute oligodendrocyte cell death, impaired 
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oligodendrocyte maturation, and axonal myelination deficits. Associations of white matter injury with 

mild motor disturbances have been reported preterm infants (Hollund et al., 2018; Shah et al., 2008). 

Further, white matter injury is associated with learning and memory deficits in preterm born infants, 

which persist into later life (Edgin et al., 2007; Feldman et al., 2012; Soria-Pastor et al., 2008). Thus, the 

partial recovery in motor function and/or non-spatial learning/memory consolidation associated with 

rhIGF-1 or cGP treatment in the present study may relate to a reduction in white matter injury. Indeed, 

we found that both rhIGF-1 and cGP treatment reduced acute oligodendrocyte cell death in the white 

matter. Further, cGP treatment (but not rhIGF-1 treatment) was associated intermediate ODI values in 

the PVWM between sham controls and LPS-vehicle rats at PND21, suggesting partial improvements in 

axonal organisation and/or white matter myelination (Batalle et al., 2017). By contrast, there were no 

effect of either rhIGF-1 or cGP on FA values in the white matter, although Chapter 3 of this thesis 

suggests that FA is less sensitive than ODI for detecting changes in white matter microstructure. It is 

also important to note that cortical injury forms an important component of preterm brain injury observed 

in modern cohorts of preterm born infants. Critically, Chapter 3 of this thesis showed that early life 

exposure to inflammation was associated with reduced cortical volumes and microstructural 

abnormalities characterised by impaired dendritic arborisation of pyramidal neurons in the motor cortex. 

Given the key roles of IGF-1 in controlling neuronal survival and maturation (Cheng et al., 2003), 

speculatively, the improvements in motor function observed with rhIGF-1 and cGP in the present study 

may also involve recovery of dendritic growth. Further studies examining more detailed 

histopathological changes in both the subcortical white matter and neocortex are required to fully 

understand the effects of rhIGF-1 and cGP. 

 

5.6 Conclusions 
This study suggests that cGP is a promising neuroprotective candidate for treatment of inflammation-

related neonatal brain injury. Compared with rhIGF-1, cGP had a wider neuroprotective dose-response 

range without increasing mortality and was associated with better overall long-term neurological 

outcomes. It will be important to assess the significance and impact of the decrease in central glucose 

concentrations in future studies. 
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Chapter 6. Can Anti-Inflammatory Drugs be used in the 

Treatment of Inflammation-Related Perinatal Brain Injury? 
 

6.1 Preface 
Despite the prevalence of preterm brain injury, neuroprotective strategies for the treatment of mild-to-

moderate inflammation-related brain injury in the preterm neonate are limited. In Chapter 3, prolonged 

postnatal systemic inflammation was found to trigger the acute release of pro-inflammatory cytokines 

and gliosis in the brain, which was associated with acute and chronic disturbances in brain cell survival 

and maturation. These findings suggested the hypothesis that inhibition of peripheral immune responses 

following infection or non-specific inflammation may be a therapeutic strategy to reduce the associated 
brain injury and neurobehavioral deficits. In this chapter, using a model of postnatal systemic 

inflammation in newborn rodents, three approaches were selected to inhibit the peripheral immune 

response, as follows: 1) broad spectrum inhibition of the inflammatory response using indomethacin, an 

inhibitor of cyclooxgenase enzymes; 2) broad inhibition of cytokine production using sulfasalazine, an 

inhibitor of nuclear factor κβ transcription); and 3) inhibition of specific pro-inflammatory cytokines 

using etanercept, an antagonist of tumour necrosis factor. However, these approaches generally showed 
limited physiologic benefits and increased toxicity. Because of this and with time constraints related to 

Covid-19, this Chapter only reports the effects of these agents on acute animal survival, body weight, 

and brain weights, and provides a review the current literature concerning the use of anti-inflammatory 

drugs for the treatment of inflammation-related brain injury in the preterm infant.  
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6.2 Introduction 
Preterm birth is a major cause of neonatal mortality and morbidity. Worldwide, the rates of preterm birth 

range between 6%–15% (Blencowe et al., 2013; Liu et al., 2016). Although the survival of preterm 

infants has markedly increased because of improved neonatal intensive care, these babies exhibit high 
rates of brain injury and disability, with very preterm infants (born <32 weeks gestation) at greatest risk 

(Helenius et al., 2017; Kerstjens et al., 2012). Cerebral palsy is one of the major disabilities observed in 

these infants, with an incidence of 5%–10% (Stavsky et al., 2017; Trønnes et al., 2014). However, as 

many as 50% of preterm infants also exhibit subtle but persisting adverse neurodevelopmental outcomes, 

including neurobehavioral disturbances and intellectual disabilities related to learning, cognition, 

visuospatial integration, attention deficits, and socialization during childhood and later life (Cheong et 
al., 2017; Inder et al., 2005). As a result, the economic impact of preterm birth has been estimated as 

several times greater than that of chronic neurodegenerative diseases such as Parkinson’s disease, largely 

because of life-long disability (Outcomes, 2007). Thus, even a modest reduction in perinatal disability 

would have very large direct economic benefits, as well as reduce the personal burden on affected 

individuals, their families, and society. 

Although the causes are likely multifactorial, these disabilities are strongly associated with infection and 

inflammation around the time of birth. Infection is thought to occur in 25%–40% of all preterm births 

(Goldenberg et al., 2008; Kemp, 2014), where both intrauterine and postnatal infections are strongly 

associated with brain injury and neurological impairment (O'shea et al., 2012; Stoll et al., 2004; Yanni 
et al., 2017). Given the causal relationship between inflammation and adverse developmental outcomes 

in preterm born infants, it would be logical to assume that modulation of the inflammatory response 

would be beneficial. However, this is a concept that is of constant debate, and current options for 

pharmacological intervention in neonates with inflammation-related brain injury remain very limited. In 

part, this is because of the dual roles of inflammation in both normal physiology and pathophysiology. 

For example, the primary function of the immune response is thought to be protective as it plays a role 
in limiting the spread of injury and promoting homeostasis at the site of injury (Comi et al., 2017; Klein 

et al., 2017). By contrast, sustained, uncontrolled immune activation can lead to further damage, as well 

as have severe consequences for the individuals ability to cope with environmental exposures in later life 

(Fleiss et al., 2012; Thornton et al., 2012). Thus, designing neuroprotective therapies requires a detailed 

knowledge of the evolving clinical phenotype and the cellular mechanisms in order to provide an 

effective balance between maintaining normal physiological role of inflammation and reducing the 
pathological inflammatory response. 

The aim of this chapter is to review the current literature regarding the role of the immune system during 

neonatal infection, as well as examine the central inflammatory pathways proposed to underlie preterm 
brain injury following early life exposure to infection/inflammation. Finally, this chapter will critically 

review the current evidence and provide preliminary evidence for the use of anti-inflammatory therapies 

in the treatment of inflammation-related brain injury in the preterm born infant.  
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6.3 The Neonatal Immune System 
The development of the immune system involves a number of changes that occur during the first few 

years of life. Compared with adults, the neonatal immune system is considered to be immature in its 

functionality, causing these infants to exhibit an increased susceptibility to infection, a phenomenon that 

is enhanced by prematurity (Melville et al., 2013). Throughout pregnancy, the immune system of the 

fetus is dependent on the fetal-maternal interface, where fetal survival requires significant regulation of 
the maternal immune system without compromising maternal immune protection. As a result, the 

neonatal infant has an immune system that has not fully matured around the time of birth, exhibiting 

diminished innate and adaptive responses, and very little immunological memory (Marchant et al., 2015; 

Strunk et al., 2011). This immunological profile provides the fetus with an intrauterine environment that 

enables immune tolerance to maternal antigens and a lack of antigen priming exposures, which skews 

them towards immune tolerance (T-helper [Th]2) rather than to defence from invading pathogens (Th1) 
(Levy, 2007; O’driscoll et al., 2017).  

Protection against pathogens is achieved through the coordinated actions of the innate and the adaptive 

arms of the immune system, where innate immune responses are the first line of host defence. In newborn 
infants, the innate immune system is largely responsible for mediating immune responses, as the adaptive 

immune responses (responsible for eliminating specific pathogens) are relatively immature (Levy, 2007; 

Melville et al., 2013). However, at birth, the innate immune system is also considered to be immature, 

exhibiting impaired or depressed functionality. This is characterised by a decreased ability to produce 

inflammatory cytokines (e.g., tumour necrosis factor alpha [TNF-α] or interleukin-1 beta [IL-1β]) 

(Chelvarajan et al., 2004; Joyner et al., 2000), and a smaller pool of immune cells (monocytes and 
neutrophils) that have an impaired ability to kill pathogens (Carr et al., 1997; Strunk et al., 2004). 

Importantly, this phenomenon is enhanced by prematurity. For example, preterm born infants have 

neutrophils with a decreased capacity to respond to bacterial stimulation (Björkqvist et al., 2004), an 

impaired ability to migrate to sites of infection (i.e., diminished neutrophil rolling and expression of 

adhesion molecules) (Nussbaum et al., 2013), and an impaired ability to clear debris from the site of 

infection, which can cause further aggravation at the site of injury (Källman et al., 1998). Preterm born 
infants also have monocytes with reduced pattern recognition receptors (PRRs) (Sadeghi et al., 2007) 

and reduced cytokine production (Currie et al., 2011), resulting in dampened innate immune responses.   

With respect to the adaptive immune response, preterm born infants lack adequate humoral protection 

than their term born counterparts obtained during the third trimester of pregnancy via transplacental 

passage from the mother’s serum (Van Den Berg et al., 2011). In addition, preterm born infants exhibit 

lower absolute numbers of circulating lymphocytes (B and T cells) compared with their term born infants 

(Walker et al., 2011). However, how this affects the neonatal immune system remains unclear, as 

lymphocyte activation has been reported in preterm infants in response to immune activation (Duggan et 

al., 2001). Overall, the immaturity of the neonatal immune system, which is enhanced with prematurity, 
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reduces the capacity of the preterm infant to respond effectively to infection, which may enhance their 

sensitivity to further injury.  

 

6.4 From Systemic Inflammation to Neuroinflammation 
Despite active communication between the central and peripheral immune responses, once peripheral 

inflammation is established, the immune privilege of the CNS can become severely undermined, 

resulting in widespread CNS immune responses. Peripheral immune stimulation results in a rapid 

inflammatory response, which is mediated by the PRRs; e.g. toll-like receptors [TLRs]) of the innate 

immune system. These PRRs recognise pathogen-associated molecular patterns (PAMPs; i.e., viral or 
bacterial stimuli) and danger associated molecular patterns (DAMPs; i.e., endogenous molecules 

released during cellular injury) (Mallard, 2012). Activation of these receptors triggers a cascade of 

intracellular signalling pathways (e.g., nuclear factor κβ (NF-κβ) signalling and mitogen activated 

protein kinase signalling), resulting in the production of pro- and anti-inflammatory cytokines and 

chemokines. Inflammatory cytokines also stimulate the production of other immune molecules (e.g., 

prostaglandins, C-reactive protein, and complement factors), which in turn stimulate the recruitment of 

neutrophils, macrophages, and leukocytes (e.g., monocytes, lymphocytes, and neutrophils) (Hagberg et 
al., 2012). However, as previously described, in newborn infants and premature infants, these immune 

cells exhibit reduced functionality, impairing their ability to remove debris from the site of infection, 

which can allow the propagation of systemic inflammatory responses (Carr, 2000).  

Systemic inflammation can result in propagation of the immune response to the brain via a number of 

mechanisms. First, systemic cytokines can stimulate the production of metalloproteases, leading to 

disruption of the blood−brain barrier (BBB) and increased permeability to infiltrating immune cells 

(Tilling et al., 1998; Zeni et al., 2007). Second, systemic cytokines and inflammatory molecules can enter 

the brain via the circumventricular organs or the choroid plexus, regions of the brain devoid of a BBB 
(Malaeb et al., 2009; Vitkovic et al., 2000). Third, cytokines and inflammatory molecules can enter the 

brain via saturable transporters that are responsible for the blood-to-brain influx of specific cytokines 

(Banks et al., 1991; Osburg et al., 2002). Together, once these infiltrating immune cells and cytokines 

enter brain, they can propagate a central inflammatory response involving local production of cytokines 

and gliosis (see section 6.7).  

 

6.5 Causes of Perinatal Neuroinflammation 
The causes of preterm brain injury and associated adverse neurological outcomes are complex and likely 
multifactorial. However, clinical and experimental studies suggest a key role for neuroinflammation in 

the pathogenesis of neonatal brain injury. Inflammation can occur during the perinatal period or the 

postnatal period, and can result from either infectious or non-infectious insults, as described below. 
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6.5.1 Intrauterine infection 
Intrauterine infection accounts for approximately 15% of term births (Becroft et al., 2010), 30% of very 

preterm births (Strunk et al., 2014), and up to 60% of extremely preterm births (Bastek et al., 2014). 
Chorioamnionitis is the most common form of intrauterine infection, and is associated with white matter 

injury, increased risk of cerebral palsy, poor neurodevelopmental outcomes, and overall disability 

(Bierstone et al., 2018; Chau et al., 2009). Chorioamnionitis is characterised by inflammation of the 

chorion, amnion, and placenta, where bacterial invasion causes an acute inflammatory response of the 

placenta and/or fetal membranes (Quinn et al., 1987). Neonatal infants born to mothers with 

chorioamnionitis often develop fetal inflammatory response syndrome. This results from the fetus being 

a direct contact with infected amniotic fluid and/or inflammatory cells within the intrauterine 
environment and is characterised by elevated production of pro-inflammatory cytokines, which can 

induce injury to the developing brain (Gomez et al., 1998; Romero et al., 2007) via mechanisms described 

below. 

 

6.5.2 Postnatal infection 
The injurious effects of infection and inflammation are not only limited to during pregnancy, with the 

risks for developing infection and subsequent brain injury being much higher in the postnatal period. 

Due to the increased number of invasive procedures associated with preterm birth and the pronounced 

immaturity of the immune system, preterm infants are at a significantly higher risk of developing at least 

one postnatal infection whilst in intensive care, compared with their healthy term counterparts. 

Importantly, the rate of infection increases with decreasing gestational age. For example, up to 25% of 
very preterm born infants (Rand et al., 2016) and up to 65% of extremely preterm born infants (Stoll et 

al., 2004) were reported to contract a postnatal infection in the neonatal intensive care unit. Importantly, 

up to 50% of these infants exhibited neurodevelopmental impairments at 2 years of age, even when the 

infection was only evident clinically, without positive cultures (O’shea et al., 2012; O’shea et al., 2014). 

Repeated infections, recurrent inflammation, or a combination of antenatal infection followed by 

postnatal infection can further increase the risk of adverse neurodevelopmental outcomes (Glass et al., 

2008; Glass et al., 2018; Yanni et al., 2017). 

 

6.5.3 Non-specific/sterile inflammation 
Inflammation-related preterm brain injury can also be induced in the absence of an infectious agent, 

where the peripheral and central inflammatory responses typically occur secondary to tissue damage 

(e.g., hypoxia-ischemia, intrauterine growth restriction, and mechanical ventilation). For example, 
hypoxia-ischemia can trigger both systemic and central inflammatory processes that continue for several 

weeks after the initial insult (Fleiss et al., 2012; Rocha-Ferreira et al., 2015). In human post-mortem 

studies of infants with hypoxic-ischemic brain injury, chronic upregulation of cytokines and gliosis are 

also strongly associated with adverse neurodevelopmental outcomes (Bartha et al., 2004; Buser et al., 
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2012). Further, intrauterine growth restriction is commonly caused by chronic placental insufficiency, 

and these infants often exhibit higher levels of pro-inflammatory cytokines in the blood (Leviton et al., 
2013; Mcelrath et al., 2013). However, it remains unclear whether neuroinflammation plays a direct role 

in the adverse neurological outcomes associated with intrauterine growth restriction, or whether 

neuroinflammation is a secondary response to cellular injury. Non-specific inflammation, including 

increased plasma concentrations of pro-inflammatory cytokines, can also occur following mechanical 

ventilation in preterm infants, (Bohrer et al., 2010; Bose et al., 2013; Koksal et al., 2012), with the 

duration of ventilation positively associated with the magnitude of cytokine response, which in turn 
increases the risk of developing cerebral palsy and neurodevelopmental delay (Laptook et al., 2005). 

 

6.6 Preterm Brain Injury 
As described above, perinatal infection and inflammation are important risk factors for preterm brain 

injury. Cystic periventricular leukomalacia is the most severe pattern of preterm brain injury, and is 

characterised by multifocal areas of severe necrosis of all cellular elements, including axonal 

degeneration, neuronal loss, and cyst formation, as well as widespread gliosis and myelination deficits 

(Back, 2006; Hamrick et al., 2004; Khwaja et al., 2008). Functionally, this pattern of injury gives rise to 
severe motor impairments (e.g., cerebral palsy) (Resch et al., 2016; Van Tilborg et al., 2016). However, 

with modern advances in detection of injury and neonatal care, the incidence and severity of cystic 

periventricular leukomalacia has significantly decreased, accounting for <5% of cases in modern cohorts 

(Buser et al., 2012; Sellier et al., 2016). This has been replaced by a less severe but more diffuse pattern 

of white matter injury, which is observed in up to 79% of all preterm survivors (Back, 2017). Diffuse 

white matter injury is characterised acute death of pre-oligodendrocyte cells (preOLs) and more chronic 
deficits in oligodendrocyte maturation and axonal myelination, with concurrent reactive gliosis (Back et 

al., 2007; Counsell et al., 2003; Riddle et al., 2012). Diffuse white matter injury manifests as milder 

forms of neurodevelopmental impairment including mild impairment of motor skills and intellectual 

disabilities related to learning, cognition, attention, and socialization that can persist into later life 

(Counsell et al., 2008; Woodward et al., 2006; Woodward et al., 2005).  

Importantly, preterm born infants also exhibit marked reductions in growth and complexity of cortical 

and subcortical grey matter structures (Ajayi-Obe et al., 2000; Inder et al., 2005) at term-equivalence 

compared with normal health term counterparts, which persist into adulthood (Nagy et al., 2009; Nosarti 
et al., 2011). These deficits in grey matter development are associated with impaired cognition (Peterson, 

2003; Rathbone et al., 2011) and executive function (Kalpakidou et al., 2014; Nam et al., 2015; Nosarti 

et al., 2014). In preterm born infants with severe cystic white matter injury, post-mortem studies suggest 

that these grey matter deficits involve widespread death of neurons (Andiman et al., 2010; Inder et al., 

1999; Marín-Padilla, 1997; Pierson et al., 2007). By contrast, in modern cohorts of preterm infants with 

diffuse white matter injury, there is limited evidence for neuronal loss (Back et al., 2005a). Rather, a 
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more diffuse disturbances in neuronal dendritic growth and connectivity is suggested to underlie the 

deficits in grey matter development and cognitive function (Dean et al., 2013; Mcclendon et al., 2014).  

 

6.7 Molecular Mechanisms of Inflammation-related Brain Injury 
During development, neuroinflammation can have both beneficial and destructive consequences. For 

example, under normal homeostatic conditions, cytokines and inflammatory cells play a ubiquitous role 

in normal brain development and are involved in every major aspect of brain development and function, 

including synaptogenesis and refinement, apoptosis, and angiogenesis, as well as progenitor cell 

maintenance, proliferation, differentiation, and migration (Bilbo et al., 2012; Mehler et al., 1995). 
However, activation of immune responses, either as a result of infection or sterile inflammation, can 

cause an imbalance in the production of cytokines and other immune molecules, which may propagate 

brain injury through mechanisms that can both directly and indirectly affect the survival and maturation 

of oligodendrocytes and neurons (Dammann et al., 2008; Rees et al., 2011). 

 

6.7.1 An imbalance of cytokines  
Cytokines are small molecular weight proteins involved in regulating inflammation and immune cell 

proliferation/differentiation, as well as providing crosstalk between the neural, endocrine, and immune 

systems (Bilbo et al., 2012). Cytokines can be pro-inflammatory (e.g., TNF-α and IL-1) or anti-

inflammatory (e.g., IL-6 and IL-10), and the negative effects of inflammation on brain development are 

considered to involve an imbalance between pro-and anti-inflammatory cytokines and chemokines 

(Ådén et al., 2010; Mcadams et al., 2012). For example, preterm born infants with evidence of brain 
injury show high concentrations of the pro-inflammatory cytokines TNF-α, IL-1β, IL-2, and IL-17 in the 

amniotic fluid (Yoon et al., 1997a), umbilical cord blood (Miller et al., 1990), neonatal blood (Leviton 

et al., 2011b), cerebrospinal fluid (Mustafa et al., 1989), and brain tissue (Kadhim et al., 2001). This 

elevation of pro-inflammatory cytokines is strongly correlated with adverse neurological outcomes 

(Leviton et al., 2018b; O’shea et al., 2012; O’shea et al., 2014).  

Propagation of the systemic inflammatory response into the brain results in local production of cytokines 

by central immune cells, brain endothelial cells, astrocytes, microglia, and neurons (Lee et al., 1993; 

Sebire et al., 1993). This central inflammatory response, secondary to systemic inflammation, can induce 
both direct and indirect injury to various CNS cells. For example, in vitro studies have shown that 

cytokine exposure can directly cause apoptosis, (Andrews et al., 1998; Kadhim et al., 2002) impaired 

maturation (Feldhaus et al., 2004; Kuzumaki et al., 2010), and increased vulnerability to excitotoxic 

injury (Bonora et al., 2014) of pre-oligodendrocytes and neural stem cells. Indirectly, centrally produced 

cytokines can cause injury to the developing brain via activation of microglia and astrocytes, which can 

induce brain injury via various mechanisms described below. Cytokines have also been reported to 
induce brain injury by causing cerebral hypotension (Yanowitz et al., 2002) and capillary thrombosis 

(Van Der Poll et al., 1990). Further, cytokines can indirectly alter brain development via downstream 
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modification of growth factors including insulin-like growth factor 1 (Broussard et al., 2003; Venters et 

al., 1999) and brain derived neurotrophic factor (Barrientos et al., 2003; Lapchak et al., 1993). Finally, 
centrally produced cytokines can further increase BBB permeability, allowing further entry of systemic 

cytokines, cytotoxic mediators, and other immune cells (e.g., leukocytes), providing a feedback loop for 

further injury. 

 

6.7.2 Microglia 
Microglia are the resident immune cell of the CNS and orchestrate central immune responses. During 

brain development, immature amoeboid microglia adopt a ramified homeostatic state and play key roles 

in immuno-surveillance, oligodendrocyte and neuronal development (Ueno et al., 2013; Wlodarczyk et 

al., 2017), and establishing brain connectivity (Paolicelli et al., 2011). However, following propagation 

of peripheral inflammation to the brain, microglia to become activated and shift towards a pro-

inflammatory phenotype (amoeboid morphology), which can negatively impact brain development. For 
example, post mortem studies of preterm born infants with white matter injury show marked upregulation 

of activated microglia (Buser et al., 2012; Verney et al., 2012). In vitro, activated microglia can impair 

oligodendrocyte maturation through the excessive release of pro-inflammatory cytokines (Lehnardt et 

al., 2002; Merrill, 1991), free radicals (e.g., reactive oxygen and nitrogen species) (Khwaja et al., 2008; 

Merrill et al., 1993), and excitotoxic molecules (e.g., glutamate) (Burd et al., 2012; Domercq et al., 2007). 

Further, experimental studies have reported that lipopolysaccharide-induced microglial activation results 
in synapse loss, DNA fragmentation, and neuronal apoptosis (Azevedo et al., 2013; Dean et al., 2010), 

while activated microglia can also indirectly induce injury to the developing brain by supressing the 

production of various factors important for brain development such as IGF-1 (Pang et al., 2010a).  

 

6.7.3 Astrocytes 
Astrocytes are the most abundant cell type in the brain. Under normal physiological conditions, 

astrocytes play crucial roles in brain development and homeostasis, including regulation of neuronal and 

oligodendrocyte development (Raff et al., 1985; Smith et al., 1990) and synaptogenesis (Ullian et al., 

2001). As well as providing metabolic support for neurons (Machler et al., 2016), astrocytes play a role 

in production of extracellular matrix components and trophic factors required for neuronal survival, 

oligodendrocyte survival and myelination (Rudge et al., 1992; Wiese et al., 2012), and BBB maintenance 

(Prat et al., 2001). Importantly, astrocytes are considered to be immunocompetent cells, as they express 
receptors for both DAMPs and PAMPs, and produce a variety of cytokines (e.g., TNF-α and INFγ) in 

response to infection or sterile inflammation (Benveniste, 1993; Bokobza et al., 2019).  

In response to insults such as infection/inflammation or hypoxia-ischemia, astrocytes can become 

reactive (undergo significant hypertrophy and proliferation) and play an important role in the 

pathogenesis of preterm brain injury (Elovitz et al., 2006; Mallard et al., 2014). For example, post mortem 

tissues from preterm born infants exhibit reactive astrocytes in areas overlapping with pre-
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oligodendrocyte maturation arrest (Buser et al., 2012; Verney et al., 2012). In vitro, reactive astrocytes 

can impair oligodendrocyte maturation via increased production of hyaluronan (Dean et al., 2011c), bone 
morphogenetic protein (See et al., 2004; Wang et al., 2011), and platelet-derived growth factor (Gard et 

al., 1995). Reactive astrocytes can also impair oligodendrocyte maturation and remyelination by 

increasing Notch signaling in rodent models of multiple sclerosis (Hammond et al., 2014), as well as via 

stimulation of the Wnt/β-catenin pathway (Feigenson et al., 2009) and induction of cyclooxygenase-2‐

prostaglandin E2 signaling (Shiow et al., 2017). In addition, reactive astrocytes can impair the 

development of neuronal dendrites and spines (Ibi et al., 2013), and impair neuronal differentiation via 
upregulation of interferon-induced transmembrane protein 3 (Yamada et al., 2018). Further, in response 

to injury or infection/inflammation, reactive astrocytes produce a variety of pro-inflammatory cytokines 

that may amplify immune responses in the brain (Bezzi et al., 2001; Farina et al., 2007), inducing injury 

to oligodendrocytes and neurons. This amplification of the immune response was proposed to be related 

to impaired astrocytic communication. For example, TNF-α and IL-1β can uncouple the astrocytic gap 

junction network, but paradoxically enhance hemichannel activity (Même et al., 2006; Retamal et al., 
2007). This, in turn, can trigger the intracellular calcium influx and microglial activation (Faustmann et 

al., 2003; Retamal et al., 2007), thus enhancing the uptake and reducing the intercellular diffusion of 

glucose (Retamal et al., 2007) and increasing the release of excitotoxic and inflammatory 

molecules/mediators (Froger et al., 2010).  

 

6.8 Anti-Inflammatory Agents in the Treatment of Inflammation-Related 

Brain Injury 
Given the evidence for a causative role of systemic infection and non-specific inflammation in preterm 

brain injury, with a likely mechanism involving propagation of a central immune response, there is 

increasing interest in the use of treatments targeted towards reducing the immune response. 

Pharmacological interventions that range from the broad-spectrum inhibition of the inflammatory 

response to those that target specific neurotoxic immune molecules have been proposed as promising 

candidates for the prevention of inflammation-related brain injury.  

 

6.8.1 Inhibition of the immune response 
Nonsteroidal anti-inflammatory drugs (NSAIDs) are a heterogeneous group of compounds that share 

analgesic and anti-inflammatory effects through inhibition of cyclooxygenase (COX) activity, resulting 

in inhibition of prostaglandin synthesis by immune cells (Cao et al., 1997; Hauck et al., 1999). COX-1 

and COX-2 are key enzymes in the conversion of arachidonic acid to prostaglandins. COX-1 is 

constitutively expressed in most tissues, synthesizing prostaglandins that serve to maintain 

‘housekeeping’ functions (e.g., blood platelet production and regulating blood flow in the kidney and 

stomach) (Dubois et al., 1998). By contrast, COX-2 is undetectable under resting conditions and is 

primarily involved in the regulation of inflammatory responses (e.g., cytokine production) by 
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synthesizing prostaglandin in response to various immune stimuli (Rocca et al., 2002). This COX-2-

dependent production of prostaglandins has the potential to exacerbate brain injury, as in vitro studies 

have demonstrated that induction of COX-2 activity can cause oligodendrocyte cell death (Weaver-

Mikaere et al., 2013) and neuronal injury (Takemiya et al., 2011). At present, the NSAIDs indomethacin 

and ibuprofen are considered safe and well tolerated by neonates and are currently administered during 

pregnancy for prevention of preterm labour and for treatment of persistent ductus arteriosus (Antonucci 

et al., 2012; El-Mashad et al., 2017).  

 
Indomethacin 

Indomethacin is a non-selective COX inhibitor, inhibiting both COX-1 (homeostatic function) and COX-

2 (inflammatory function). Indomethacin is one of the most widely used NSAIDs in preterm born infants 

(for treatment of persistent ductus arteriosus). However, it remains unclear whether indomethacin can 

improve mortality or neurodevelopmental outcomes in preterm born infants. For example, when 

assessing the effect on mortality and neurodevelopmental outcomes in extremely low birth weight 

infants, indomethacin was reported to reduce the frequency of severe periventricular and intraventricular 

haemorrhage when administered prophylactically (Fowlie et al., 2010). In prospective cohort studies, 

prolonged prophylactic administration of indomethacin was also associated with a reduced risk of white 

matter injury in infants born before 28 weeks of gestation (Gano et al., 2015; Miller et al., 2006). Further, 

prolonged prophylactic administration of indomethacin to extremely preterm born infants in the 

prevention of patent ductus arteriosus was reported to reduce white matter injury as detected by MRI 

(Miller et al., 2006). By contrast, a review of the Cochrane Neonatal database revealed that prophylactic 

administration of indomethacin had no effect on mortality or neurodevelopmental outcomes in preterm 

born infants (Schmidt et al., 2001). Further, in the Trial of Indomethacin Prophylaxis in Preterm Infants, 

prophylactic administration of indomethacin did not reduce the burden of white matter injury, and the 

surviving infants exhibited moderate-to-severe cognitive delays at a corrected aged of 18 months 

(Schmidt et al., 2001). In addition, contraindications associated with indomethacin treatment include 

nephrotoxicity (Pacifici, 2014), adverse cerebral hemodynamics (Patel et al., 2000), and increased risk 

of serious neonatal complications (e.g., intracranial haemorrhage, necrotizing enterocolitis, and patent 

ductus arteriosus) (Norton et al., 1993; Schmidt et al., 2001) in preterm infants born before 30 weeks of 

gestation. 

Experimental studies examining the neuroprotective effects of indomethacin for treatment of perinatal 

brain injury are very limited. Prolonged prophylactic administration of indomethacin in PND1–PND4 

mice pups following intracerebral administration of ibotenate abrogated the effects of IL-1β on 

excitotoxic lesions (Favrais et al., 2007). Further, treatment with indomethacin after hypoxic-ischemic 

brain injury in PND7 rat pups was associated with decreased caspase activity and inhibition of 

glutathione depletion, but aggravated lipid peroxidation (Taskin et al., 2009). To our knowledge, the use 

of indomethacin to treat inflammation-related preterm brain injury has not been reported. Using a 
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newborn rodent model of prolonged postnatal systemic inflammation, where neonatal rats were 

administered concomitant injections of LPS and indomethacin on PND1 (Fig.  6.1a), preliminary data 

from our lab showed that treatment with indomethacin increased mortality above that of LPS only (Fig.  

6.1b). Given the increased mortality of neonatal rats, we were unable to assess neurological outcomes, 

which suggests that administration of indomethacin during postnatal systemic inflammation may not be 

a viable treatment option.  

 
Ibuprofen 

Ibuprofen is another class of NSAID considered safe and well tolerated by preterm infants. As for 

indomethacin, ibuprofen is non-selective COX inhibitor, commonly used to treat patent ductus arteriosus. 

However, while the prophylactic use of ibuprofen is thought to have a better side effect profile than 

indomethacin, the clinical data are conflicting. For example, high dose ibuprofen was associated with 

pulmonary hypotension (Gournay et al., 2002), neonatal hyperbilirubinemia (Zecca et al., 2009), and 

renal failure following oral administration (Erdeve et al., 2008). By contrast, in combination with a 

review of the Cochrane Neonatal database, several studies have reported that prophylactic ibuprofen had 

no effect on the frequency of intraventricular haemorrhage  (Aranda et al., 2006; Dani et al., 2005; 

Ohlsson et al., 2018) or neonatal mortality and morbidity (Gournay et al., 2004) in very preterm born 

infants.  

Despite these clinical findings, a number of experimental studies have demonstrated neuroprotective 

effects of ibuprofen in various models of perinatal brain injury. For example, in a preterm equivalent rat 

model of hypoxic-ischemic brain injury, repeated administration of ibuprofen following injury attenuated 

the central inflammatory response, reduced pre-oligodendrocyte cell death (Carty et al., 2011), and 

attenuated injury to the serotonergic system (Wixey et al., 2012). Further, in a neonatal piglet model of 

intrauterine growth restriction, repeated ibuprofen administration from PND1–PND3 was associated 

with reduced inflammation in the parietal cortex and white matter, reduced cellular apoptosis, and 

recovery of myelin staining and neuronal cell counts (Wixey et al., 2019). However, it is important to 

Fig.  6.1 Concomitant administration of lipopolysaccharide (LPS) and indomethacin (INDO) in a neonatal rat 
model of inflammation-related brain injury. (a) Experimental design. Neonatal rats received single 
intraperitoneal (i.p.) injections of lipopolysaccharide (LPS) or saline with concomitant subcutaneous (s.c.) 
injections of INDO or saline on postnatal day (PND)1, and were recovered to PND2. b Survival analysis and 
allocation of animals used in the dose response study.  Gehan−Breslow−Wilcoxon test, P = 0.0317. 
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note in these studies, longer-term outcomes and neurobehavioral outcomes were not assessed. Further, 

the neuroprotective effects of ibuprofen following infection and/or inflammation remain unknown.  

 

6.8.2 Inhibition of cytokine production 
NF-κβ plays a key role in the immune response to infection by controlling the transcription of cytokines, 

chemokines, and adhesion molecules (Lawrence, 2009). Thus, pharmacological inhibition of NF-kβ 

transcriptional activity represents an important target for reducing inflammation. Sulfasalazine is a 

potent, specific inhibitor of NF-κB transcription activity, and has well-established anti-inflammatory and 

immunosuppressive actions (Wahl et al., 1998). Clinically, sulfasalazine is commonly used to treat 

inflammatory bowel disease (Zenlea et al., 2014), and can be safely given to pregnant women—

sulfasalazine and its metabolite, sulfapyridine, readily cross the placenta, resulting in similar fetal and 

maternal concentrations (Esbjörner et al., 1987). However, very few studies have reported neonatal 

outcomes following maternal exposure to sulfasalazine. In a Hungarian case control study, there was no 

increase in the prevalence of congenital abnormalities in children of women treated with sulfasalazine 

during pregnancy (Nørgård et al., 2001). Similarly, in a meta-analysis, exposure to sulfasalazine during 

pregnancy did not increase the risk of congenital malformations, stillbirths, spontaneous abortion, 

preterm labour, or low birth weight in offspring (Rahimi et al., 2008).  

Experimentally, only a limited number of studies have used sulfasalazine in animal models of preterm 

birth and fetal hypoxia. However, it is important to note that these studies did not report any long-term 

outcomes or neuroprotective effects in the offspring. Of interest, in an ex vivo model of preterm birth 

that utilized human extraplacental membranes, sulfasalazine treatment blocked LPS-induced production 

and accumulation of cytokines and prostaglandins, but increased the extent of apoptotic cell death in the 

chorionic membrane, with increasing exposure to sulfasalazine (Keelan et al., 2009). Further, 

administration of sulfasalazine in pregnant mice exposed to E. coli was associated with reduced rates of 

preterm birth (Nath et al., 2010). By contrast, in a model of fetal hypoxia, prophylactic administration of 

sulfasalazine had no effect on mitigating the inflammatory response or improving oxygenation (Bertucci 

et al., 2011). Finally, using a newborn rat model of prolonged postnatal systemic inflammation, where 

neonatal rats were administered concomitant injections of LPS and sulfasalazine from PND1–PND3 

(Fig.  6.2a), preliminary data from our lab showed that repeated daily sulfasalazine treatment reduced 

LPS-induced mortality (Fig.  6.2b), deficits in body (Fig.  6.2c) and brain (Fig.  6.2d) growth, and splenic 

enlargement (Fig.  6.2e). Further studies are required to assess the neurohistopathological outcomes 

associated with sulfasalazine treatment during early life exposure to inflammation.  

 

6.8.3 Inhibition of specific cytokines 
Numerous reports based on the extremely low gestational age newborns (ELGAN) study have 

demonstrated associations of elevated pro-inflammatory cytokines (e.g., IL-1β and TNF-α) in the cord 

blood or CSF with brain injury and adverse neurodevelopmental outcomes in preterm born infants 
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(Leviton et al., 2011b; Leviton et al., 2011c; O’shea et al., 2012; O’shea et al., 2014). Further, in vitro 

studies have shown that pro-inflammatory cytokines such as TNF-α and IL-1β can induce 

oligodendrocyte (Andrews et al., 1998) and neuronal (Kogo et al., 2006) cell death, as well as impair 

oligodendrocyte (Feldhaus et al., 2004) and neuronal (Gilmore et al., 2004) development. Further, 

systemic administration of specific cytokines such as IL-1β or TNF-α during the perinatal period is 

associated with white and grey matter injury in various neonatal animal models (Cai et al., 2004; Favrais 

et al., 2011; Tohmi et al., 2007). Therefore, the inhibition of specific cytokines such as TNF-α or IL-1β 

may represent a further target for the mitigation of the cytokine response and reducing perinatal brain 

injury. 

 
TNF-α 

Under normal conditions, TNF-α is expressed at low concentrations and acts as a potent regulator of 

developmental apoptosis and synaptogenesis (Deverman et al., 2009). However, following immune 

activation, TNF-α concentrations are significantly upregulated in the systemic circulation (Leviton et al., 

2011a) and in the brain (Kadhim et al., 2001). Further, landmark human studies have shown that TNF-α 

activation after infection is associated with cognitive impairment in preterm infants (O'shea et al., 2012; 

Fig.  6.2  Concomitant administration of LPS and sulfasalazine (SAS) in a neonatal model of inflammation-
related brain injury. (a) Experimental design. Neonatal rats received single intraperitoneal (i.p.) injections of 
lipopolysaccharide (LPS) or saline with concomitant subcutaneous (s.c.) injections of SAS or saline on 
postnatal days (PND)1–PND3, and were recovered to PND4. (b) Survival analysis and allocation of animals 
used in the dose response study. Gehan−Breslow−Wilcoxon test, P = 0.1759. (c, d) Post mortem (c) body 
weight (one-way ANOVA: P = 0.0128) and (d) brain weight (one-way ANOVA: P < 0.0001) at PND4. (e) 
Post mortem spleen-to-body ratio at PND4 (one-way ANOVA: P = 0.0021). Control (CON) group (black 
bars). LPS group (red bars). LPS + 50 mg/kg SAS group (yellow bars). LPS + 100 mg/kg SAS group (light 
orange bars). LPS + 200 mg/kg SAS group, dark orange bars. Data are expressed as mean ± standard error of 
the mean. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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O'shea et al., 2013), which persist into later life (Kuban et al., 2017). Therefore, TNF-α inhibition may 

be a viable treatment for inflammation-related preterm brain injury.  

Etanercept is a fusion protein consisting of the ligand-binding portion of the human p75 TNF receptor 

that effectively neutralizes the action of soluble TNF-α, thereby inhibiting TNF-α-induced pro-

inflammatory signaling. While the use of etanercept to treat preterm brain injury has not been 

investigated clinically, etanercept is used to treat various inflammatory diseases including rheumatoid 

arthritis, psoriatic arthritis, juvenile idiopathic arthritis, ankylosing spondylitis, and inflammatory bowel 

diseases. A number of case series have demonstrated the safety of etanercept for use during pregnancy 

(Berthelsen et al., 2010; Otermin et al., 2007; Sinha et al., 2006), including no evidence of teratogenic 

risk when used in the first trimester (Diav-Citrin et al., 2014; Roux et al., 2006). Nevertheless, a number 

of cases of spontaneous abortion have been reported with etanercept use during pregnancy (Berthelot et 

al., 2009; Verstappen et al., 2011), although etanercept was used in combination with methotrexate, a 

chemotherapy agent and immune system suppressant. It is important to note that the clinical 

recommendation for etanercept use during pregnancy is made on a case-by-case basis (Johansen et al., 

2018). Further, the effects of continued maternal etanercept use on neurodevelopmental outcomes of the 

offspring remain unclear.  

Experimental studies using TNF-α inhibitors to treat prematurity and perinatal brain injury show 

conflicting findings. For example, in pregnant mice, inhibiting TNF-α activity was reported to have no 

effect in preventing preterm labour or prolonging pregnancy (Fidel et al., 1997). By contrast, inhibiting 

TNF-α using antibodies against TNF-α, or etanercept reduced fetal deaths and the rate of preterm delivery 

in an endotoxin-induced mouse model of preterm delivery (Holmgren et al., 2008), and significantly 

lower blood pressure in response to placental ischaemia in a model of pre-eclampsia (Cunningham et al., 

2019). Etanercept administration was also associated with reduced neuronal apoptosis and synaptic loss, 

and improved long-term cognitive outcomes, following propofol-induced neurotoxicity in neonatal rats 

(Chen et al., 2016), largely abolished cerebral TNF-α production and brain injury following 

inflammatory and excitotoxic brain injury in mice (Ådén et al., 2010), and improved white matter 

myelination in septic neonatal rats (Shin et al., 2019). Further, prophylactic administration of etanercept 

did not protect the brain from excitotoxic brain injury in neonatal mice (Ådén et al., 2010), while 

concurrent etanercept administration did protect the brain from LPS-induced white matter damage in a 

preterm fetal sheep model of prolonged systemic inflammation (Galinsky et al., 2020). However, in a 

neonatal model of inflammation-related preterm brain injury, co-administration of LPS and a TNF-α 

antibody at PND5 had no effect on LPS-induced brain injury (Cai et al., 2003). Similarly, using a 

newborn rat model of prolonged postnatal systemic inflammation, where neonatal rats were administered 

concomitant injections of LPS and etanercept from PND1–PND3, preliminary data from our lab showed 

that high dose etanercept was associated with reduced splenic enlargement, indicative of a reduced 

inflammatory response (Fig.  6.3e), but without any effects on LPS-induced mortality (Fig.  6.3a), 

deficits in body and brain growth (Fig.  6.3b, c), liver enlargement (Fig.  6.3f), or reductions in body 
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temperature (Fig.  6.3d). These conflicting findings associated with inhibiting the activity of TNF-α 

likely reflect the complex actions of TNF-α during brain development, in addition to species variability 

between studies, and variability in the induction of brain injury and the timing of treatment.  

 
IL-1 

IL-1α and IL-1β are key pro-inflammatory cytokines that mediate both central and systemic 

inflammatory responses and also play key roles in modulating synaptic plasticity (Goshen et al., 2007) 

and lipid metabolism (Matsuki et al., 2003). Under normal conditions, IL-1 expression is very low in the 

brain. However, in response to systemic and central inflammation or injury, there is a marked 

upregulation of IL-1 (particularly IL-1β), which has been proposed play a role in the pathogenesis of 

preterm brain injury. For example, systemic administration of IL-1β was associated with preterm labour 

and delivery in pregnant mice (Romero et al., 1991), decreased pup survival (Lee et al., 2019), and fetal 

brain cortical thinning in the offspring (Novak et al., 2019). Further, repeated postnatal injection of IL-

1β was associated with oligodendrocyte dysmaturation, persisting myelination deficits, and impaired 

cognition in neonatal mice (Favrais et al., 2011).  

The IL-1 receptor antagonist (IL-1Ra) is an endogenous ligand that binds to the IL-1R, limiting the pro-

inflammatory actions of IL-1α and IL-1β. Clinically, IL-1Ra is used for the treatment of rheumatoid 

arthritis (Mertens et al., 2009) and neonatal-onset multisystem inflammatory disease (Goldbach-Mansky 

et al., 2006), although no effect of IL-1Ra was found in the treatment of severe sepsis in adults (Opal et 

Fig.  6.3  Physiological effects of concomitant administration of LPS and etanercept (ET)  in a neonatal model 
of inflammation-related brain injury. (a) Survival following repeated injections of LPS and etanercept from 
PND1–PND3. Gehan−Breslow−Wilcoxon test, P = 0.1878. (b, c) Post mortem (b) body weight (one-way 
ANOVA: P <0.0001) and (c) brain weight (one-way ANOVA: P = 0.0038) at PND4. (d) Body temperature 
profile of animals during the injection period. (Repeated measures ANOVA: P < 0.0001). (e, f) Post mortem 
(e) spleen-to-body ratio (one-way ANOVA: P = 0.0016) and (f) liver-to-body ratio (one-way ANOVA: P < 
0.0001) at PND4. (control [CON]; black bars; LPS; red bars; low dose ET; light green bars; high dose ET; 
dark green bars. Data are expressed as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001  
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al., 1997). Clinically, IL-1 has also been implicated in preterm labour (Romero et al., 1992a). However, 

there are conflicting results from experimental studies. In pregnant mice, treatment with human 

recombinant IL-1Ra prevented IL-1-induced preterm birth (Romero et al., 1992b), but had no effect on 

endotoxin-induced preterm delivery (Fidel et al., 1997). Interestingly, the effects of IL-1Ra 

administration in the treatment of perinatal brain injury are more consistent. For example, in mice, 

repeated antenatal treatment with the non-competitive IL-1R inhibitor, 101.10, following maternal 

administration of LPS during mid-gestation was reported to prevent neonatal mortality and fetal brain 

inflammation, without altering postnatal growth (Nadeau-Vallée et al., 2017). Further, co-administration 

of LPS and recombinant human IL-Ra to pregnant rats, reduced fetal mortality, cell death, and 

behavioural outcomes in a model of maternal inflammation (Girard et al., 2010). Similarly, blocking IL-

1 receptor activity attenuated inflammation-related white matter injury following postnatal exposure to 

LPS in neonatal rats (Cai et al., 2003) and preserved motor function and exploratory behaviour after 

intrauterine LPS exposure and postnatal hypoxia-ischemia (Girard et al., 2012).  

 

6.8.4 Inhibition of microglial activation 
As described above, activation of microglia forms part of the neuroinflammatory cascade observed 

following fetal and early postnatal infection/inflammation, and is thought to play a key role in 

potentiating preterm brain injury. As such, there has been strong interest in the development and use of 

pharmacological inhibitors of microglial activation to limit their pro-inflammatory and cytotoxic 

mechanisms. Minocycline is an FDA-approved semisynthetic broad spectrum tetracycline antibiotic 

used clinically to treat bacterial infections (Mattucci et al., 1986), acne (Esterly et al., 1984), and 

rheumatoid arthritis (Stone et al., 2003). Further, despite a small sample size, the use of minocycline for 

treatment of multiple sclerosis was reported to be well tolerated and decreased the annual relapse rate 

(Zabad et al., 2007). Importantly, despite not being a selective microglia inhibitor, minocycline can cross 

the BBB and have potent anti-inflammatory effects by decreasing microglial activation (Elewa et al., 

2006).  

Experimentally, minocycline treatment is also beneficial in various animal models of perinatal brain 

injury. For example, administration of minocycline immediately before or after cerebral hypoxia‐

ischemia in neonatal rodents can reduce neuronal apoptosis (Arvin et al., 2002) and pre-oligodendrocyte 

cell death (Carty et al., 2008), preserve the integrity of the central serotonergic network (Wixey et al., 

2011), and improve neurobehavioral outcomes (Fan et al., 2006). These neuroprotective actions were 

related to inhibition of microglial-induced activation of the mitogen-activated protein kinase pathway 

(Suk, 2004) and microglial-induced oxidative and nitrosative stress (Cai et al., 2006). Minocycline has 

also shown promise in the treatment of inflammation-related brain injury. For example, in neonatal rats, 

administration of minocycline before and after LPS exposure from PND5–PND8 was associated with 

reduced ventricular enlargement, decreased cell death, recovery myelin basic protein staining (Fan et al., 

2005c), and improved behavioural outcomes (Fan et al., 2005b). Further, delayed minocycline treatment 
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following intrauterine exposure to polyriboinosinic-polyribocytidylic acid in early gestation (Zhu et al., 

2014b) or postnatal LPS exposure (Zhu et al., 2014a) in mice inhibited microglial activation in the 

offspring, and was associated with improved cognitive outcomes. However, there are some contrasting 

findings. For example, minocycline treatment following cerebral hypoxia-ischemia was neuroprotective 

in neonatal rats, but increased injury in neonatal mice (Tsuji et al., 2004). Further, perinatal (Strahan et 

al., 2017) and postnatal (Arnoux et al., 2014) administration of minocycline in normal mice caused 

widespread cell death in the primary sensory cortex, septum, hippocampus, and hypothalamus. Similarly, 

minocycline was associated with reduced cytokine production and suppression of oligodendrocyte 

maturation and neurogenesis during normal development in neonatal rats (Shigemoto-Mogami et al., 

2014), highlighting the important role of inflammation during normal brain development. Overall, these 

contrasting findings may be related to broad-spectrum inhibition of the different microglial phenotypes 

(e.g. inhibiting both toxic and neuroprotective phenotypes). Therefore, therapeutic interventions that 

specifically block toxic microglial phenotype may have the greatest potential to protect the injured brain.  

 

6.8.5 Inhibition of astrocyte activation 
As described above, in response to non-physiological immune stimulation (e.g., following cell death) or 

inflammation, astrocytes can start rapidly proliferating and exhibit a reactive phenotype (Bilbo et al., 

2012; Elovitz et al., 2006; Mallard et al., 2014). Further, reactive astroctyes can impair pre-

oligodendrocyte and neuronal maturation (Shiow et al., 2017; Yamada et al., 2018). Importantly, human 

post-mortem studies have shown that reactive astrogliosis is a hallmark feature of white matter injury in 

preterm born infants (Buser et al., 2012). Thus, targeting astrocyte reactivity may be a promising 

therapeutic target.  

One potential mechanism by which astrocyte activation can contribute to brain injury is via abnormal 

signalling via hemichannels and gap junctions. Both infectious and sterile inflammation can trigger 

abnormal opening and activity of astrocytic hemichannels (e.g., connexin 43 [Cx43]), paradoxically 

reducing astrocyte gap junction communication (Karpuk et al., 2011). These changes may compromise 

the ability of astrocytes to maintain homeostasis, resulting in abnormal regulation of cellular calcium, 

glucose uptake, and release of excitotoxic molecules. Peptide5 is a connexin mimetic peptide that targets 

the extracellular loop of the Cx43 molecule, and was shown to preventing hemichannel opening without 

affecting gap junction communication in vitro (O'carroll et al., 2008). Treatment with peptide5 following 

recovery from global cerebral ischemia in term fetal sheep was associated with marked reduction in 

seizure activity and improved neuronal and oligodendrocyte survival (Davidson et al., 2012a; Davidson 

et al., 2013; Galinsky et al., 2017). Similarly, peptide5 infusion following umbilical cord occlusion in 

preterm fetal sheep was associated with improved oligodendrocyte maturation (Davidson et al., 2014). 

However, neuroprotection was not observed when peptide5 infusion was administered during global 

cerebral ischemia (Davidson et al., 2013) or at higher doses (Davidson et al., 2012b). Further, the 
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neuroprotective actions of blocking Cx43 activity has yet to be assessed in a neonatal model of 

inflammation-related brain injury.  

 

6.9 Concluding Remarks 
Currently there are no neuroprotective strategies that have been proven to prevent inflammation-related 

brain injury in the preterm born infant. Whilst there are a handful of clinical situations in which pregnant 

mothers are administered anti-inflammatory drugs or neonatal infants are administered an anti-

inflammatory agent around the time of birth, the effects on long-term neurodevelopmental outcomes 

have yet to be fully established. Importantly, despite the potential benefits of treating inflammation to 

reduce brain injury and improve outcomes, care must be taken to determine the timing of 
pharmacological interventions to avoid disrupting the intrinsic beneficial properties of 

neuroinflammation in brain development, but at the same time prevent or minimize the spread of injury. 

As such, further research is required to determine whether targeting the inflammatory response is a viable 

treatment options for these infants. 
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Chapter 7. Summary and Conclusions 

7.1 Overview 
Historically, the major pattern of brain injury associated with preterm birth involved severe cystic 

damage to the white matter and selective neuronal death in the grey matter including the cerebral cortex. 

However, this severe pattern of brain injury is now uncommon (<5% of preterm infants) (Back, 2017), 

but has been replaced by milder and more diffuse disturbances in white matter and grey matter 

development (Volpe, 2019). Pathologically, this diffuse injury is characterised by acute degeneration of 

pre-oligodendrocytes (preOLs) (but not neurons), concurrent reactive gliosis, and chronic deficits in 

oligodendrocyte maturation, axonal myelination (Back et al., 2005a; Back et al., 2007; Inder et al., 2003; 

Riddle et al., 2012), neuronal development (Ardalan et al., 2019; Dean et al., 2013; Mcclendon et al., 

2014; Tibrewal et al., 2018), and white matter and grey matter growth and connectivity (Ball et al., 2012; 

Lee et al., 2011; Ment et al., 2009; Smyser et al., 2019; Thompson et al., 2019). These less severe patterns 

of injury remain highly associated with a wide range of persisting neurodevelopmental impairments, fine 

motor deficits, behavioural disturbances, and sensory deficits that persist throughout life (Anderson et 

al., 2017; Janssen et al., 2016; Zhang et al., 2015). 

Exposure to severe postnatal systemic infections including sepsis, meningitis, or necrotizing enterocolitis 

in preterm born infants is highly associated with severe brain injury and neurobehavioral disturbances 

(Cheong et al., 2017; Hagberg et al., 2015; Stoll et al., 2002), although such events only account for a 

minority of long-term disability. Importantly, preterm infants also have high rates of less severe but more 

prolonged infections with less pathogenic bacteria (Stoll et al., 2004) and subsequent inflammatory 

events, as well as non-specific inflammation related to cerebral hypoxia-ischemia, pre-eclampsia, 

intrauterine growth restriction, and standard clinical care (e.g., mechanical ventilation and invasive 

procedures). Further, there is increasing evidence that these events are associated with poor neurological 

outcomes (Groneck et al., 1994; Patra et al., 2017; Watterberg et al., 1996). These findings suggest the 

hypothesis that inflammation itself is a major contributor to long-term disability in these infants, 

independent of severe infection (Hagberg et al., 2015). However, we do not yet fully understand the 

extent to which this contributes to the mild spectrum of brain pathology observed in modern cohorts of 

preterm infants. Further, there are currently no effective treatments to reduce the extent of brain injury 

or promote normal brain development. 

This thesis provides new knowledge on how mild-to-moderate early life inflammation alters the 

trajectory of normal brain development, and identifies new mechanisms that can be targeted to reduce 

brain injury and improve neurological outcomes. This chapter summarises the key findings from this 

thesis, and then discusses the wider implications of this work, as well as potential limitations and future 

directions. 
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7.2 Summary of key findings 
Using a newborn rat model of single daily intraperitoneal injection of the inflammatory agent 

lipopolysaccharide (LPS) from postnatal day (PND)1−PND3, the key findings from this thesis were as 

follows: 

• In Chapter 3, we tested the hypothesis that early life mild-to-moderate inflammation disrupts the 

microstructural development of the brain, and that these subtle changes can be detected by advanced 

diffusion imaging MRI techniques. We showed that: 

o Prolonged systemic postnatal inflammation caused persisting and coordinated, diffuse deficits in 

both white and grey matter microstructural development. The white matter deficits were 

characterised by acute oligodendrocyte cell death with delays in oligodendrocyte maturation, 

axonal myelination, and white matter growth. The cortical deficits were characterised by 

impaired growth of neuronal dendrites in the motor cortex, but without neuronal cell death. 

o This impairment in brain maturation functionally manifested as developmental delays and 

impaired motor coordination.  

o These changes were detected by both diffusion tensor imaging (DTI) and neurite orientation 

dispersion and density imaging (NODDI). NODDI was most sensitive for detecting white matter 

deficits, while both DTI and NODDI had a similar sensitivity for detecting grey matter deficits. 

• In Chapter 4, we tested the hypothesis that early life mild-to-moderate inflammation impairs insulin-

like growth factor (IGF) signalling in the brain. We showed that: 

o Prolonged systemic postnatal inflammation caused persisting impairments of brain IGF receptor 

signalling during the key phases of acute and chronic white matter and grey matter injury 

observed in this model. These IGF receptor signalling deficits were likely related to impaired 

central IGF-1 production. 

• In Chapter 5, we tested the hypothesis that restoring IGF receptor signalling during early life 

inflammation would attenuate inflammation-related preterm brain injury. We showed that: 

o Directly targeting IGF receptor signalling using low dose rhIGF-1 during systemic postnatal 

inflammation reduced acute oligodendrocyte cell death with trends for long-term improvement 

in motor function. However, higher doses were associated with loss of neuroprotection and 

increased mortality.  

o Indirectly targeting IGF receptor signalling with the IGF-1 terminal metabolite cyclic glycine-

proline (cGP) during systemic postnatal inflammation also reduced acute oligodendrocyte cell 

death, but over a wider dose range than for rhIGF-1, without any increase in mortality. Further, 

cGP treatment was associated with trends for long-term improvement in both motor and 

cognitive functions. 
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o Both rhIGF-1 and cGP transiently increased endogenous brain IGF-1 concentrations above 

physiological levels, but were associated with a profound decrease in brain glucose 

concentrations. 

• In Chapter 6, we tested the hypothesis that blocking the systemic inflammatory response would 

attenuate inflammation-related preterm brain injury. However, two of the three pharmacological 

approaches used showed limited benefits or evidence of increased mortality. Because of this and time 

constraints related to COVID-19, this chapter presented our preliminary findings associated with 

peripheral immune system inhibition, and provided a review the current literature concerning the use 

of anti-inflammatory drugs for the treatment of inflammation-related preterm brain injury. We 

showed that:  

o Broad-spectrum inhibition of inflammation with indomethacin during systemic postnatal 

inflammation was associated with a marked increase in mortality. Thus, the experiments were 

stopped. 

o Inhibition of nuclear factor-kappa B (NF-kβ) with sulfasalazine during systemic postnatal 

inflammation was associated with a partial reduction in mortality and improvements in growth 

trajectories.  

o Inhibition of tumour necrosis factor (TNF-α) with etanercept during systemic postnatal 

inflammation had no physiologic benefits, with some evidence of worsened outcomes.  

 

7.3 Is prolonged postnatal systemic inflammation damaging to the 

developing brain? 
Currently, human studies consistently show that prolonged postnatal systemic inflammation is associated 

with poor neurodevelopmental outcomes (Kuban et al., 2017; Leviton et al., 2019; O'shea et al., 2013), 

even for non-infectious causes such as mechanical ventilation (Bose et al., 2013). Nevertheless, clinically 

it is difficult to dissociate the specific contribution of prolonged systemic postnatal inflammation to the 

mild spectrum of human preterm brain pathology, independent of inflammatory events such as hypoxia 

or barotrauma (Galinsky et al., 2018) or other confounding clinical variables including use of steroids, 

surgery, procedural pain, and social factors (Brummelte et al., 2012; Kersbergen et al., 2016; Rogers et 

al., 2016). Experimental modelling of preterm brain injury allows for the isolation of such independent 

variables. In this thesis, we found that prolonged postnatal systemic inflammation in both male and 

female newborn rats caused a pattern of brain injury characterized by acute oligodendrocyte cell death 

and long-term impairments in oligodendrocyte maturation, axonal myelination, neuronal dendrogenesis, 

and brain growth, without any confounding systemic effects such as hypoxia or bradycardia. Further, 

these changes manifested as long-term disturbances in motor coordination and cognitive function. 
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Importantly, this pattern of brain injury and the neurobehavioral impairments are consistent with those 

typically observed in very and extremely preterm survivors.  

There a few comparable experimental studies using prolonged postnatal inflammation during a ‘preterm 

equivalent period’ of brain development. Impaired oligodendrocyte development, reduced cortical 

interneuron spine density (but without changes in dendritic arborization), and cognitive deficits were 

reported following repeated systemic exposure to interleukin (IL)-1β from PND1−PND5 in mice 

(Favrais et al., 2011; Stolp et al., 2019), although this effect was only observed in males, which is 

inconsistent with human pathology. Repeated systemic exposure to LPS from PND3−PND11 in mice 

was also associated with reduced myelination in the subcortical white matte and decreased grey matter 

volumes (Wang et al., 2009), although the inflammatory insult in that study was continued until at least 

term equivalence, and the mechanisms of white matter injury were not examined.  

Overall, our findings support the hypothesis that prolonged postnatal inflammation itself, without severe 

infection, may be an important cause of the diffuse spectrum of brain pathology and long-term disability 

observed in modern cohorts of premature infants.  

 

7.4 How does prolonged postnatal systemic inflammation cause brain 

injury? 
The mechanisms underlying brain injury following systemic postnatal inflammation likely involve 

propagation of the systemic immune response into the CNS, which results in elevated central pro-

inflammatory cytokines, as well as activation of astrocytes and microglia. In this thesis, prolonged 

postnatal systemic inflammation was associated with neuroinflammation in the form of a rapid elevation 

in pro-inflammatory cytokines in the brain, as well as mild astrogliosis and microgliosis. Upregulation 

of pro-inflammatory cytokines and reactive gliosis have also been reported in the cerebrospinal fluid 

(Bose et al., 2013; Ellison et al., 2005) and brain tissues (Bilbo et al., 2012; Buser et al., 2012; Kadhim 

et al., 2001; Volpe, 2003; Volpe, 2009; Yoon et al., 1997c) of preterm born infants with brain injury. 

Experimentally, these neuroinflammatory events were found to regulate various signaling pathways 

involved in both oligodendrocyte and neuronal survival and maturation (Huang et al., 2019; Shiow et al., 

2017; Srivastava et al., 2018; Van Tilborg et al., 2018). For example, TNF-α was reported to directly 

induce preOL apoptosis (Andrews et al., 1998) and reduce the outgrowth and branching of neurites 

(Neumann et al., 2002). Further, exposure to a combination of pro-inflammatory cytokines was reported 

to impair preOL differentiation into mature myelinating cells (Feldhaus et al., 2004) and impair dendritic 

development and the complexity of developing cortical neurons (Gilmore et al., 2004). Reactive 

astrocytes and microglia have also been shown to activate a range of signalling pathways (Krishnan et 

al., 2017; Shiow et al., 2017; Van Steenwinckel et al., 2019) and release a range of factors (Back et al., 

2005b; Gard et al., 1995; Yamada et al., 2018) that can impair preOL maturation and neuronal 

differentiation, dendrogenesis, and spine formation. 
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The findings from this thesis also suggest an indirect mechanism underlying inflammation-related 

preterm brain injury that involves persisting deficits in central IGF receptor signalling. The physiological 

actions of IGF-1 are mediated via the binding of IGF-1 to the IGF type I receptor (IGF-IR). IGF-1 plays 

critical roles in oligodendrocyte and neuronal development, including oligodendrocyte progenitor 

proliferation and axonal myelination (Baker et al., 1993; Mcmorris et al., 1993; Roth et al., 1995), and 

neurite outgrowth, neuronal arborisation, and synaptogenesis (Carlson et al., 2014; Nilsson et al., 1988; 

O'kusky et al., 2000). Further, the deficits in central IGF receptor signalling observed in this thesis 

occurred over critical periods of oligodendrocyte and neuronal survival, maturation, growth, and 

connectivity, and were associated with acute white matter injury and impaired white matter and grey 

matter maturation following LPS exposure. Although a direct role for deficits in central IGF receptor 

signalling in human preterm brain injury is unknown, preterm born infants were found to have markedly 

lower circulating IGF-1 concentrations compared with their in utero gestational age counterparts 

(Hansen-Pupp et al., 2011; Hansen-Pupp et al., 2013). Further, this was associated with decreased 

cerebral white and grey matter volumes and decreased overall microstructural brain complexity by MRI 

at 2 years of adjusted age (Hansen-Pupp et al., 2013). In addition, while there are no directly comparable 

experimental studies, reduced IGF-IR signalling was associated with abnormalities in cerebellar 

development and impaired motor function (De La Monte et al., 2011) and reduced neuronal and 

oligodendrocyte survival and myelination (Ewenczyk et al., 2012) in an animal model of fetal alcohol 

syndrome.  

Finally, our findings suggest a potential role of temperature in the pathogenesis of brain injury observed 

following systemic inflammation in this thesis. In term born infants with hypoxic-ischemic 

encephalopathy, either body or brain cooling (therapeutic hypothermia) by 2−3°C (maintaining core 

temperature between 33.0 and 34.0°C) for up to 72 h can be neuroprotective, reducing metabolic 

demands and excessive accumulation of cytotoxins (e.g., glutamate) and free radicals, as well as 

inhibiting the post-ischemic inflammatory responses and intracellular pathways leading to cell death 

(Gunn et al., 2017). As such, the reduction in body temperature (nadir of ~3.8°C at 4 h on PND1; nadir 

of ~1.2°C on PND2; both for ~20 h) observed following LPS exposure (Fig.  3.8a) may have actually 

limited the extent of brain injury. To our knowledge there are no human or experimental studies 

examining the neuroprotective effects of cooling following postnatal systemic inflammation. 

Nevertheless, in neonatal rats and fetal sheep, cooling the brain by even 3−5°C for 48−72 h has been 

shown to confer significant neuroprotection after hypoxia-ischemia (Davidson et al., 2016; Gunn et al., 

1997; Wood et al., 2018). Conversely, increasing the temperature by only 1°C can markedly increase 

brain injury and worsen neurological outcomes in neonatal rats (Wass et al., 1995). Therefore, 

speculatively, the hypothermic response to inflammation may actually provide a protective mechanism 

to limit brain injury. This may be an important consideration in the NICU, as systemic infection can be 

associated with a hypothermic response (Hofer et al., 2012; Kasmire et al., 2018; Ramgopal et al., 2020). 
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Further, as preterm infants are poikilothermic and can rapidly lose heat, they are commonly warmed to 

maintain a normal body temperature and minimise thermal stress (Lyon et al., 2011).  

 

7.5 Are there effective treatments for brain injury following postnatal 

systemic inflammation? 
As mentioned above, therapeutic hypothermia is an approved treatment that can improve survival and 

neurological outcomes in full-term infants with moderate to severe hypoxic-ischemic brain injury. 

However, in its current form, therapeutic hypothermia is not considered safe for preterm born infants or 

infants with inflammation-related brain injury (Day et al., 1964; Rao et al., 2017). Thus, current 

neuroprotective strategies for treatment of systemic postnatal infection/inflammation-related brain injury 

in the preterm neonate are limited. Indeed, the use of prophylactic antibiotics by mothers and antibiotic 

exposure in preterm born infants in the absence of proven infection is associated with significant 

morbidity and mortality (Flenady et al., 2013; Kenyon et al., 2008).  

Occam’s razor would suggest that inhibiting the inflammatory response or even preventing the spread of 

inflammation would be the model method for reducing systemic postnatal infection/inflammation-related 

brain injury. However, we found that targeting the inflammatory response at multiple levels (ranging 

from broad inhibition of the initial immune response to inhibition of specific cytokines) had limited 

benefits or evidence of increased mortality. For example, indomethacin treatment markedly increased 

neonatal mortality, while etanercept treatment was associated with jaundice and severe liver 

discolouration at post-mortem, indicative of impaired liver function. Although we did not assess the 

neurohistological outcomes with these drugs, such adverse systemic responses would limit their practical 

use. Given the key roles of inflammation in controlling normal physiology, immune system inhibition 

with these drugs may have contributed to their adverse systemic actions. For example, indomethacin 

inhibits prostaglandin synthesis, which can cause life threatening gastrointestinal or cardiovascular 

adverse events via inhibition of numerous molecular events critical to physiologic homeostasis (e.g., 

platelet aggregation, vascular tone) (Aranda et al., 2017; Ricciotti et al., 2011). Further, TNF-α plays a 

dichotomous role in the liver, acting as both as a mediator of cell death and inducing hepatocyte 

proliferation and liver regeneration, while following LPS exposure, detoxification processes can become 

overwhelmed resulting in systemic endotoxemia or death (Munford, 2005; Nolan, 1989).  

An alternative approach for the treatment of systemic postnatal infection/inflammation-related brain 

injury involves interventions that block the acute cell death or promote cellular maturation. Importantly, 

IGF receptor signalling can activate pro-survival pathways to inhibit cellular apoptosis (Cao et al., 2003; 

Pang et al., 2007), as well as promote differentiation of post-mitotic neuronal precursors and dendritic 

maturation (Arsenijevic et al., 1998; Cheng et al., 2003) and promote oligodendrocyte differentiation and 

myelin production (Mcmorris et al., 1993; Zeger et al., 2007). This thesis showed that treatments with 

rhIGF-1 or cGP during the period of LPS exposure reduced acute oligodendrocyte degeneration and 
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apoptosis. These effects of rhIGF-1 were likely mediated by both its direct binding to the IGF-IR and its 

indirect effects on increasing endogenous IGF-1 production (e.g. see Fig.  7.1, purple). Speculatively, 

this increase in endogenous IGF-1 production following rhIGF-1 treatment may result from the actions 

of increased cGP concentrations following metabolic breakdown of rhIGF-1. For cGP, there is no 

experimental evidence for a direct interaction with the IGF-IR. Rather, its mechanism of action involves 

increasing both total endogenous IGF-1 production and free IGF-1 levels by displacement of IGF-1 from 

IGF binding proteins (IGFBPs) (e.g. see Fig.  7.1, blue). Overall, these findings suggest that promoting 

IGF receptor signalling, rather than directly targeting the inflammatory response, was the most promising 

therapeutic intervention to prevent acute oligodendrocyte cell death following systemic postnatal 

inflammation. Of note, cGP treatment had a wider effective dose range for acute neuroprotection than 

rhIGF-1, and was associated with improvement in long-term outcomes.  

 

7.6 Is there an optimal time to treat? 
Numerous studies support that there is only a limited therapeutic window of opportunity for protecting 

the neonatal brain following injury (Andersen, 2003). Thus, determining and optimizing this window of 

opportunity is vital for the progression from preclinical to clinical research. For example, therapeutic 

hypothermia is protective against hypoxic-ischaemic encephalopathy when initiated within 6 h or earlier 

Fig.  7.1 Proposed mechanisms of recombinant human insulin-like growth factor 1 (rhIGF-1)- and cyclic-
glycine proline (cGP)-mediated neuroprotection and summary of the associated outcomes. Green arrow, 
increase; red arrow, decrease, grey arrow, no change.  
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of injury and continued until resolution of secondary events such as seizures (Gunn et al., 2016; Jacobs 

et al., 2013), but is not protective when delayed until after 6 h after injury (Wassink et al., 2019). 

However, the window of opportunity for treatment of systemic infection/inflammation-related brain 

injury is unknown. The presentation of neonatal infection can also be subtle, with significant delays 

between the onset of infection and its diagnosis (Castro et al., 2004). Further, the clinical manifestation 

of injury may not be apparent for months to years later. 

In this thesis, all drugs were administered concurrently with the inflammatory response to provide a 

clinically plausible scenario of treatment once infection/inflammation is diagnosed in the NICU. We 

found that repeated administration of rhIGF-1 or cGP during the period of postnatal systemic 

inflammation both provided acute neuroprotection. However, this acute neuroprotection was only 

partially conferred into a longer-term setting with cGP treatment, and not with rhIGF-1, suggesting that 

this may not be the optimal timing and/or duration of treatment.  

Another clinical scenario for treatment of postnatal infection/inflammation-related brain injury would be 

following resolution of infection/inflammation and stabilisation of the infant in the NICU. Although the 

timing of the evolution of brain injury following infection/inflammation remains unclear, this thesis 

provides evidence of ongoing white matter cell death for days after resolution of the systemic 

inflammatory response, followed by the initiation of impairment of oligodendrocyte maturation and 

neuronal dendritic development. Thus, treatment paradigms in this clinical scenario would likely involve 

both neuroprotection to reduce cell death and neuroreparative strategies to promote cellular maturation. 

Given the acute neuroprotective effects of rhIGF-1 or cGP, and the well-established roles of central IGF 

receptor signalling in promoting oligodendrocyte and neuronal maturation, then rhIGF-1 or cGP may be 

suitable for this delayed treatment paradigm. We attempted to address this using delayed cGP treatment 

from PND5–PND7 following systemic LPS exposure from PND1−PND3 (Appendix 4). Unfortunately, 

these preliminary studies were confounded with survival issues associated with LPS exposure.  

Finally, given the relatively subtle patterns of brain injury and impaired brain development associated 

with mild-to-moderate postnatal infection/inflammation, the clinical detection of injury or its clinical 

manifestations may not be apparent until well after the infant has left the NICU. Thus, one further clinical 

treatment paradigm would involve delayed initiation of therapies (i.e., once impaired oligodendrocyte 

and neuronal maturation are fully established) to promote cellular maturation. As discussed above, 

promoting central IGF receptor signalling with rhIGF-1 or cGP may be viable treatment options during 

this phase of recovery. In our model, this strategy could be tested at approximately PND12–PND14 

(representative of near-term human) or PND18–PND20 (representative of 1–2 years of age in humans). 

Future studies are required to assess the efficacy of rhIGF-1 or cGP therapy during the delayed phases 

of cell death and impaired cellular maturation in this model.  

Of note, it is also important to consider the optimal duration of drug treatment in the setting of 

inflammation-related preterm brain injury. In this thesis, rhIGF-1 or cGP treatment was performed for 
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three days (PND1−PND3) over the period of systemic inflammation. While this approach provided acute 

neuroprotection, there were only limited long-term improvements and only with cGP. Thus, longer 

treatment durations, perhaps covering both the acute and delayed phases of injury and impaired brain 

development, may provide more robust improvement in brain pathology and neurobehavioral outcomes. 

Indeed, prolonged treatment with rhIGF-1 for 14 days following lateral fluid percussion brain injury in 

adult male rats attenuated motor dysfunction and improved learning and memory retention, while there 

were no effects of treatment for 2 days or 7 days (Saatman et al., 1997).  

 

7.7 Is there an optimal route for drug administration? 
A technical limitation of this study regarding clinical translatability involves the route of drug 

administration. As proof-of-principle experiments, for ease of administration, and to avoid trauma 

associated with multiple intraperitoneal injections, all drugs in this thesis were administered 

subcutaneously. However, it is important to note that preterm infants have a lack of subcutaneous tissue, 

reduced skin thickness, and keratinization. Thus, subcutaneous administration and transdermal drug 

administration require careful monitoring to prevent the risk of overdose (Kearns, 2000; Koren, 1997). 

As such, the preferred peripheral routes of administration involve intramuscular administration or slow 

intravenous administration (flow rates 3–5 mL/h) (Linakis et al., 2016). 

Although there was evidence of rapid central actions of rhIGF-1 or cGP following subcutaneous injection 

in this thesis, the intranasal route allows for rapid drug delivery to the brain from the nasal mucosa. In 

this approach, molecules rapidly enter the cerebrospinal fluid from the nasal cavity, bypassing the blood–

brain barrier, followed by subsequent distribution to the brain and spinal cord (Lochhead et al., 2014; 

Privalova et al., 2012; Thorne et al., 2004). This provides much higher CNS concentrations than after 

peripheral injection and with reduced systemic exposure and side effects, and thus represents a non-

invasive option for central drug delivery in humans (Born et al., 2002). Indeed, a handful of experimental 

studies have reported neuroprotection following intranasal administration of rhIGF-1 (Cai et al., 2011; 

Lin et al., 2009; Tien et al., 2017), heparin-binding epidermal growth factor (Scafidi et al., 2014), or 

human amnion epithelial stem cells (Van Den Heuij et al., 2019) in neonatal animal models of brain 

injury. Future studies are required to determine the pharmacokinetic and safety profiles and treatment 

efficacy of intranasal rhIGF-1 or cGP administration for inflammation-related preterm brain injury.  

7.8 Can we detect brain injury and recovery after treatment following 

prolonged postnatal systemic inflammation  

The timely detection of brain injury is obviously critical for initiation of neuroprotective treatments. DTI 

is now widely used clinically for non-invasive detection of brain pathology and alterations in brain 

development in infants born prematurely (Glass et al., 2008; Glass et al., 2018; Inder et al., 2005; Pecheva 



Chapter 7: Summary and conclusions 
 

152 
 

et al., 2018). NODDI is a more recent diffusion MRI model proposed to provide more specific markers 

of cellular microstructure (Zhang et al., 2012), although at present is less commonly used in the clinic. 

The findings from this thesis suggest that the DTI parameter fractional anisotropy and the NODDI 

parameter orientation dispersion index can be used to detect long-term alterations in white matter axonal 

myelination and cortical neuronal dendritic development. An important clinical consideration for use of 

these advanced diffusion techniques is that both DTI and NODDI showed a similar ability to detect the 

cortical deficits, while NODDI was most effective for detecting the white matter deficits. Thus, these 

potential benefits of NODDI for detecting grey matter injury should be weighed against the relatively 

longer acquisition times and potential for motion artefacts required for NODDI scans.  

 

7.9 Other confounding factors and caveats  
During the course of the studies in this thesis there was an unexplained increase in the mortality of rat 

pups with use of 0.3 mg/kg LPS on PND1. We extensively examined a range of factors that could have 

influenced animal survival including the season, the use of virgin versus experienced dams, the number 

of prior pregnancies, the original litter size and birth weights, the interval between LPS exposure and the 

time of birth, the day of first handling and culling down of the litters, standardising of the bedding 

material, the injection and handling procedures, maintenance of ambient temperature and humidity, and 

minimising maternal stress. However, none of these modifications improved survival with this dosing. 

Thus, as detailed in Chapter 5 and Appendix 3, we altered the LPS dosing scheme to reduce death but 

produce an equivalent pattern of injury. However, over time we found an increased variability in the 

various experimental outcomes using this adjusted protocol, which was particularly evident in the pilot 

delayed treatment studies (Appendix 4, Appendix Fig.  8.4).  

Minimizing maternal stress and excessive handling of the pups is also critical to minimising the potential 

effects on experimental outcomes. In experimental in utero models, where the mother acts as an incubator 

for the duration of the experiment, maternal stress can result in fetal growth retardation (Jobe et al., 

1998), reduced brain growth (Antonow-Schlorke et al., 2009), and developmental delay (Hernandez et 

al., 2010). Further, in postnatal animal models of injury, maternal stress can result in neglect, rejection, 

or cannibalism of the pups, reduced feeding, and changes in basal temperatures, which may also 

influence experimental outcomes.  

Another potential confounding factor is the influence of sex on outcomes. Clinically, males exhibit 

higher rates of preterm birth and are at increased risk for adverse neurodevelopmental outcomes 

(Hindmarsh et al., 2002; Ingemarsson, 2003; Reiss et al., 2004). The results from this thesis showed no 

sex-associated differences in outcomes following LPS exposure, which is consistent with other animal 

models of neonatal brain injury (Lin et al., 2005; Pang et al., 2003; Pang et al., 2010b; Sizonenko et al., 

2001). However, a limitation of this thesis is that the effects of sex on outcomes were not assessed 

following IGF-1 or cGP treatment. 
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Finally, due to time and resource constraints related to the COVID-19 lockdown, we were unable to 

confirm whether rhIGF-1 or cGP treatment actually increased central IGF receptor signalling. In 

addition, the majority of IGF-1 in the body is bound to IGFBPs, while the remaining IGF-1 is free to 

exert its biological functions. In this study, the ELISA measurement of total IGF-1 levels (i.e., free + 

bound IGF-1) provide only a crude estimate of biologically active IGF-1 (Frystyk et al., 1994), and does 

not accurately reflect true changes in free IGF-1 levels.  

 

7.10 Where to from here? 
While this work significantly expands our understanding of the mechanisms of and treatments for brain 

injury following systemic postnatal inflammation, several key questions remain unanswered.  

First, the exact timing of onset of white matter myelination deficits and impairment of cortical neuron 

dendritic development, and the utility of MRI for early detecting of brain injury, following postnatal 

systemic inflammation are unclear. Thus, future studies examining the evolution of these maturational 

deficits, including the prognostic and diagnostic utility of MRI and the histological correlation of cellular 

changes, are required. 

Second, imaging studies in preterm infant show that brain injury is not just limited to the white matter 

and cerebral cortex. Further, interneurons have recently been implicated in the aetiology several of 

neurodevelopmental disorders including autism. Thus, it would be interesting to examine the effects of 

prolonged postnatal systemic inflammation on other brain regions such as the cerebellum, striatum, and 

the hippocampus, as well as different neuronal subtypes.  

Third, in this thesis the long-term outcomes of LPS exposure and drug treatments were assessed at 

PND21, which is roughly translatable to 2 years in the human infant (Semple et al., 2013). Thus, future 

studies assessing behavioural outcomes, detailed neurohistopathology, and MRI at longer recovery times 

(e.g., PND35, ~10 years old in humans; PND50, ~18 years old in humans) are required.  

Fourth, given the data from delayed treatment studies using rhIGF-1 to treat hypoxic-ischemic perinatal 

brain injury (Wood et al., 2007; Zhong et al., 2009), once our model instability issues have been resolved, 

it would be interesting to examine whether a delayed treatment paradigm could be used to alleviate the 

chronic deficits in brain maturation following early life inflammation.  

Finally, given the potential for cGP to prevent acute oligodendrocyte cell death and improve behavioural 

outcomes, it would be interesting to assess the neuroprotective actions of cGP in larger neonatal animal 

models of brain injury, such as in fetal sheep or piglets. Using these preclinical large animal models, it 

would also be important to assess the potential interactions of cGP with other drugs routinely 

administered to neonates in the NICU, such as betamethasone, glucocorticoids, or antibiotics. 
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7.11 Final perspectives 
Preterm brain injury relating to early life inflammation is associated with lifelong neurodevelopmental 

impairments. Thus, it is imperative to improve our understanding of the mechanisms underlying this 

injury, as well as improve the detection and treatments options for these infants. The studies in this thesis 

demonstrated that prolonged postnatal systemic inflammation induces a pattern of diffuse brain injury 

similar to that observed in modern cohorts of preterm infants. These microstructural deficits could be 

detected by advanced diffusion imaging techniques. We also showed that disturbances in central IGF 

receptor signalling during critical stages of brain development may contribute to this diffuse pattern of 

brain injury. Further, treatments targeted towards promoting IGF receptor signalling were 

neuroprotective, and should be further examined in larger preclinical animal models to aid with clinical 

translation. Finally, we showed that directly targeting the immune response to treat inflammation-related 

preterm brain injury may not be a clinically translatable intervention due to the adverse systemic side 

effects. Together, these studies further our understanding of the mechanisms of preterm brain injury, its 

detection, and potential treatments, which are desperately needed to reduce the high rates of 

neurodevelopmental impairments observed in babies born prematurely.  
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Chapter 8.  Appendices  
 

8.1 Appendix 1: Animal welfare health monitoring sheets  

 

Appendix Fig.  8.1 Animal score sheets. a Maternal assessment of the dams’ behaviour during the course of the 
experiment. b Assessment of neonatal rat pups during the course of the experiment. On postnatal day (PND)1–
PND3, health-monitoring sheets were filled out at +4 h (same day) and +20 h (next morning) after injections. From 
PND4 until the end of the experimental period, health-monitoring sheets were filled out once daily. 
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8.2 Appendix 2: Methods for experimental protocols in Chapter 6 
 

This appendix details the drug administration paradigms and experimental design of the three anti-

inflammatory drugs (Etanercept, Sulfasalazine and Indomethacin) tested in Chapter 6 of this thesis.  

 

8.2.1 Animals  
Pregnant Sprague-Dawley rats were provided by the Vernon Jansen Unit (VJU; University of Auckland), 

and delivered within the small animal facility. On the day of birth (designated as postnatal day 0 [PND0]), 

litter sizes were standardized to 10 pups of both sexes. Dams and pups were housed in a 12 h light/dark 

cycle in a temperature- and humidity-controlled environment. Food and water were available ad libitum.  

On PND1, rat pups were randomly allocated into control (sterile saline), injury (lipopolysaccharide; LPS; 

from Escherichia coli, O55:B5; Sapphire Biosciences Ltd., Auckland, NZ), or injury + drug (LPS + 

Etanercept; LPS + Sulfasalazine; LPS + Indomethacin) groups. To minimize the effects of circadian 

rhythm, LPS administration was conducted at the same time every day. Both male and female offspring 

were used in this study. 

 

8.2.2 LPS administration 
On PND1, pups received either a single intraperitoneal injections of 0.3 mg/kg LPS or an equivalent 

volume of sterile saline solution from PND1−PND3. The timing of LPS injections was chosen to mimic 

the subclinical inflammation seen in preterm born infants, at a time in development when pre-

oligodendrocytes (preOLs) predominate in the white matter of the brain (see section 2.1.2). The dose of 

LPS administration was chosen based on that we previously reported to induce a diffuse pattern of white 

matter injury without necrotic cyst formation, while maintaining low mortality (Chapter 3).  

 

8.2.3 Indomethacin study 

8.2.3.1 Drug preparation 
Fresh stock solutions (2 mg/mL) of indomethacin (Sigma-Aldrich) were prepared in sterile saline on 

each experimental day. From the stock solution, 0.2 mg/mL and 1 mg/mL working solutions were 

prepared in 1% ethanol dissolved in sterile saline immediately before injections.  

 

8.2.3.2 Experimental design 
On PND1, pups were divided into four groups: control (saline only), injury (LPS only), low dose 

indomethacin (2 mg/kg), and high dose indomethacin (10 mg/kg). Because of mortality issues, pups 

received a single injection of s.c. saline, 2 mg/kg indomethacin, or 10 mg/kg indomethacin on PND1, 

concomitantly with i.p. LPS or saline injections, and surviving pups were recovered to PND2 
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8.2.4 Sulfasalazine study 

8.2.4.1 Drug preparation 
Fresh stock solutions (20 mg/mL) of sulfasalazine (Sigma-Aldrich St. Louis, MO, USA) were prepared 

in sterile saline on each experimental day. From the stock solution, 0.5 mg/mL, 10 mg/mL, and 20 mg/mL 

working solutions were prepared in sterile saline immediately before injections.  

 

8.2.4.2 Experimental design 
On PND1, pups were divided into five groups: control (saline only), injury (LPS only), low dose 

sulfasalazine (50 mg/kg), mid dose sulfasalazine (100 mg/kg), and high dose sulfasalazine (200 mg/kg). 

Pups received daily injections of s.c. saline, 50 mg/kg sulfasalazine, 100 mg/kg sulfasalazine, or 200 

mg/kg sulfasalazine on PND1−PND3, concomitantly with i.p. LPS or saline injections. 

Animals were recovered to PND4 and euthanized by decapitation at which point brain, body, and spleen 

weights were recorded.  

 

8.2.5 Etanercept study  

8.2.5.1 Drug preparation 
Fresh stock solutions (2 mg/mL) of etanercept (from Enbrel where 1 mg etanercept is equal to 3.048 mg 

of Enbrel; Onelink, Auckland, NZ) were prepared in sterile saline on each experimental day. From the 

stock solution, 0.5 mg/mL and 2 mg/ml working solutions were prepared in sterile saline immediately 

before injections.  

 

8.2.5.2 Experimental design 
Pups were divided into four groups: control (saline only), injury (LPS only), low dose etanercept (5 

mg/kg), and high dose etanercept (20 mg/kg) on PND1. On PND1−PND3, pups received daily injections 

of subcutaneous (s.c.) saline, 5 mg/kg etanercept, or 20 mg/kg etanercept, concomitantly with i.p. LPS 

or saline injections.  

Axillary temperature was recorded from pups on PND1 at 0 h, +2 h, +4 h, +20 h, and +24 h after the first 

set of injections by inserting the tip of a temperature probe (type T thermocouple; Physitemp Instruments, 

Inc., Clifton, NJ, USA) into the skin pocket between the left forepaw and the chest wall of rat pups. 

Axillary body temperature was recorded using data acquisition software (DASYLab; Measurement 

Computing Corporation, Norton, MA, USA) after a 30-s stabilization period. 

Animals were recovered to PND4, euthanized by decapitation, and the brain, body, liver, and spleen 

weights were recorded.  
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8.3 Appendix 3: LPS dosing for Chapter 5 
 

This appendix details the change in LPS dosing that was required in order to improve neonatal mortality.  

 

8.3.1 Dosing scheme used in Chapters 3, 4, and 5: Intraperitoneal injections of 0.3 mg/kg 

from PND1–PND3  

In Chapter 3, we characterised our neonatal model of inflammation-related preterm brain injury using 

a dosing scheme that involved repeated intraperitoneal injections of 0.3 mg/kg LPS from PND1–PND3. 

This was associated with mortality rate of 15% and produced a pattern of injury consistent with that 

observed clinically; dampened growth trajectories, altered brain microstructure, reactive gliosis, and 

impaired myelination, as well as impaired motor coordination and cognitive function. However, during 

the initial studies performed for Chapter 5, we noted a marked increase in the mortality of animals from 

15% to 80% following repeated intraperitoneal injections of 0.3 mg/kg LPS from PND1–PND3. This 

increased mortality was also associated with an increase in the severity of injury observed in surviving 

animals, as defined by white cystic white matter lesions with immune cell infiltration/proliferation 

(Appendix Fig. 8.2), a phenomenon we had not previously observed in our model.  

 

Appendix Fig. 8.2 Representative image of a white matter lesion observed at postnatal day (PND)4 following 0.3 
mg/kg liposaccharide (LPS) from PND1–PND3. (a−c) Representative immunofluorescent staining for Hoechst and 
Ki67 in the cingulum. (a) 10× magnification. Scale bar = 100 µm. (b) 40 × magnification of Hoechst stained cells 
in the cingulum. Scale bar = 20 µm. (c) 40 × magnification of Ki67 stained cells in the cingulum. Scale bar = 20µm. 
Hoechst staining (blue) was to visualise nuclei. Ki67 (green) was to visualise proliferating cells.  
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8.3.2 Dosing scheme used in Chapter 6: Intraperitoneal injection of 0.25 mg/kg LPS on 

PND1, followed by 0.3 mg/kg on PND2–PND3 

To improve mortality rates, we lowered the initial dose of LPS on PND1 from 0.3 mg/kg to 0.25 mg/kg, 

followed by repeated intraperitoneal injections of 0.3 mg/kg LPS from PND2–PND3. This ramping dose 

protocol was associated with a mortality rate of ~13%. Further, it produced similar impairments in (i) 

growth trajectories (body weight: 20% reduction at 0.3 mg/kg dosing vs 10% reduction at 0.25 mg/kg 

dosing; brain weight: 8% reduction at 0.3 mg/kg dosing vs 8% reduction at  0.25 mg/kg dosing) and (ii) 

pattern of oligodendrocyte cell death (117% increase at 0.3 mg/kg dosing vs 139% increase at 0.25 mg/kg 

dosing) at PND4 to that observed using the original 0.3 mg/kg dosing protocol (Chapter 3) (Appendix 

Fig. 8.3). Therefore, the dose response experiments, safety profile experiments, and drug treatment 

studies in Chapter 5 were performed using this 0.25, 0.3. 0.3 mg/kg dosing protocol.  

 

Appendix Fig. 8.3 Comparison of post-mortem body weights, brain weights, and oligodendrocyte cell death at 
PND4 between the two different dosing schemes. (a) Body weight, (b) brain weight, and (c) the density of 
oligodendrocytes (double labelled for cleaved caspase 3 [CC3+] and oligodendrocyte transcription factor [Olig2+]) 
at PND4 following three repeated intraperitoneal injections of 0.3 mg/kg LPS on PND1−PND3. Control (CON; 
black bars; body and brain weight, n = 40; CC3+/Olig2+, n = 10) and lipopolysaccharide (LPS; white bars; body 
and brain weight, n = 30; CC3+/Olig2+, n = 9). Unpaired t-test (body weight: P < 0.0001; brain weight: P = 0.0026; 
CC3+/Olig2+ cells: P < 0.0001). (d) Body weight, (e) brain weight, and (f) the density of oligodendrocytes at PND4 
following a single intraperitoneal injection of 0.25 mg/kg LPS on PND1 and two repeated intraperitoneal injections 
of 0.3 mg/kg LPS on PND2−PND3. Control (CON; black bars; n = 8−12) and LPS (white bars; n = 8). Unpaired t-
test (body weight: P = 0.0001; brain weight: P = 0.0391; CC3+/Olig2+ cells: P = 0.0016). 
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8.4 Appendix 4: Delayed cyclic glycine-proline administration for the 

treatment of neonatal inflammation-related brain injury 

 

This appendix contains the pilot results from a delayed cGP treatment study that we were unable to 

include in Chapter 5 due to increasing mortality issues.  

 

During the course of this set of experiments there was another unexplained marked increase in mortality 

of newborn rat pups using our modified LPS dosing scheme (Section 8.3; Appendix 3). This scheme 

involved single intraperitoneal injection of 0.25 mg/kg on PND1, followed by repeated intraperitoneal 

injections of 0.3 mg/kg LPS from PND2–PND3. To improve the mortality rates, we further reduced the 

initial dose of LPS on PND1 from 0.25 mg/kg to 0.15 mg/kg, followed by repeated intraperitoneal 

injections of 0.3 mg/kg LPS from PND2–PND3. cGP was then administered as repeated subcutaneous 

injection (0.01 mg/kg cGP) from PND5–PND7 (Appendix Fig.  8.4a). To assess behavioural outcomes, 

animals underwent the open field test (PND18), novel object recognition test (PND19 and PND20), and 

the accelerating rotarod (PND21), as described in Section 5.3. 

 

Delayed treatment with cGP did not improve post-mortem body weight (Appendix Fig.  8.4b), brain 

weights (Appendix Fig.  8.4c), or motor or cognitive outcomes (Appendix Fig.  8.4d-j). However, we 

noted that animals exposed to LPS in this study did not exhibit the expected growth deficits observed 

following repeated intraperitoneal injections of 0.3 mg/kg LPS (Chapter 3) or the first modified dosing 

scheme (0.25 mg/kg on PND1, followed by repeated intraperitoneal injections of 0.3 mg/kg LPS from 

PND2–PND3; Chapter 5). Further, we were unable to examine the neuropathology associated with the 

dosing scheme. 
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Appendix Fig.  8.4 Experimental design and behavioural outcomes following delayed treatment with cGP. (a) 
Experimental design. Neonatal rats received single daily i.p. injections of LPS or saline on PND1–PND3 and 
repeated daily subcutaneous injections of 0.01mg/kg cGP on PND5–PND7, followed by a battery of behavioural 
tests on PND18–PND21. Post mortem body weights (b) and brain weights (c) in CON (n = 8), LPS (n = 8), and 
LPS + cGP (n= 9) groups at PND21. (d) Assessment of global motor function and coordination using the 
accelerating rotarod. (e, f) Assessment of global psychomotor function using the open field test. Open field 
assessment of (e) total distance travelled and (f) total time spent in the inner zone. (g–j) Assessment of non-spatial 
learning and memory consolidation using the novel object recognition test. (g, h) Novelty preference at (g) 1 h after 
familiarisation and (h) 24 h after familiarisation. (i, j) Discrimination index at (i) 1 h after familiarisation and (j) 
24 h after familiarisation. Data are expressed as mean ± SEM.  
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