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Summary 

1. The Kennard Principle suggests that the immature brain should be more able to recover from 

injury than the more developed brain. Curiously, preterm infants continue to have a high rate of 

debilitating neurodevelopmental handicaps despite a progressive improvement in structural 

damage to the brain, from acute necrotic injury of the periventricular white matter, with axonal 

loss in historical cohorts, to diffuse gliosis with trivial axonal damage in recent studies.  

2. In the present review we examine recent evidence that disability after preterm birth is largely 

mediated by disturbed development of neuronal connections.  

3. Potential mechanisms include impaired white matter maturation associated with gliosis, 

suboptimal neuronal maturation, adverse effects of infection/inflammation on the cell 

environment, exposure to clinical therapies that modulate brain function, including maternal 
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glucocorticoids, upregulation of physiological apoptosis, and loss or misprogramming of 

progenitor cells in the subventricular zone.  

4. These findings suggest that insults during this critical phase alter the trajectory of brain 

development, and that a key focus of basic science and clinical research should be to understand 

neuronal connectivity as well as the triggers of cell death.  

 

Key words Neurodevelopment, brain injury, preterm infants, preterm birth, 

 

Introduction  

“It is better to have your brain lesions early … that is, if you can arrange it!” said the 

neuropsychologist Hans-Lukas Teuber.1 Teuber’s statement refers to the concept popularised in 

the twentieth century that the developing brain recovers better from injury than the adult brain, 

due to its greater plasticity. Teuber himself advocated care when making this generalisation as 

his own work showed that “…it is unfortunately true that the effects one observes are largely a 

function of the questions that are being asked.”2 

 

Like the work of William James in 1890, which is credited with first introducing the term 

plasticity in reference to our adult “bundles of habits”,3 the hypothesis has its origins in the 

science of the 19th century.4 However, it was Margaret Kennard’s systematic work on the effects 

of age on the recovery from neural injury in monkeys that put this concept on the neuroscience 
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map.5 The Kennard Principle describes the concept that the immature brain appears more 

resilient to injury compared to the term brain, and can remap and reorganize more effectively to 

preserve function, and thus is more plastic.  

 

Kennard herself did not draw such a fixed conclusion from her own work, observing that good 

outcomes in younger animals were only sometimes associated with age.5, 6 Further, the resilience 

of immaturity could be modified by many things, including how much brain tissue remained and 

in what areas, number of lesions and how far apart in time they occurred, exposure to other 

factors such as drugs, and that injury evolved over time. Apparent acute mild injury had the 

potential, for example, to evolve in the long-term into significant disability,5 as is observed with 

cerebral palsy.7 However, the concept was popularised by many researchers who have focused 

on the positive data.1, 4  

 

The postulate is attractive because it makes sense, at least on face value. For if plasticity exists 

within the adult brain, then one can imagine that the potential for the developing brain to rebuild 

itself after injury should be exponentially better. After all, the developing brain is in the midst of 

creating the foundation for the brain’s architecture, and at the peak of new cell formation. Such 

rich resources, when brain regions are not yet wholly committed to dedicated functions, should 

make rebuilding the brain easier than in later in life. The younger the brain the more dynamic 

this process. However, the plasticity of the brain is not realised in this manner, and younger does 

not mean better for preterm infants.  
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It is striking that individuals born preterm are at significant risk of impaired neural development 

into adulthood, with associated motor, cognitive and behavioural disabilities.8 Conservatively, 

around 50% of all preterm infants will suffer cognitive and behavioural impairments.9 Impaired 

neurodevelopment can occur as a function of injury, secondary to insults such as hypoxia-

ischaemia (HI) and infection/inflammation.10-12 However, it is also seen even in the absence of 

injury or the presence of very mild initial injury.8, 10, 13, 14 Indeed, increasingly it is clear that even 

subtle injury is associated with a high incidence of low-severity learning difficulties and 

behavioural problems such as attention deficit hyperactivity disorder (ADHD).8, 13, 14 

 

Thus, despite what appears to be a significant potential for plasticity and optimal growth and 

reorganisation, the Kennard Principle does not seem to be an active phenomenon for individuals 

born preterm. In this review we discuss the aetiology of injury, with a focus on mild and repeated 

(double or two-hit) insults, and the potential mechanisms that lead to even subtle injury leading 

to significantly impaired neurodevelopment.  

 

The pattern of preterm brain damage in modern cohorts 

Long-term follow up of quantitative magnetic resonance imaging (MRI) studies show that 

preterm birth is associated with reductions in cortical surface area, volume, and complexity of 

cortical folding and reductions in the volume of subcortical regions.15 Neurodevelopmental 

outcomes are independently correlated with both white matter injury and the magnitude of the 

grey matter deficits.13, 14, 16-20 
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Preterm brain injury is characterised predominantly by white matter cell loss. In modern cohorts, 

the more severe forms of white matter injury now affect only ~1% of preterm infants.15 Diffuse 

white matter loss is now more common, although some infants have microcystic lesions of the 

white matter.19, 21 Subcortical neuronal loss is now recognised as a common feature of preterm 

brain injury,14, 21-24 consistent with experimental findings with HI and infection/inflammation.11, 

12 However, it is notable that the preterm cortex is initially consistently spared both on 

neuroimaging and histologically.22, 23, 25, 26 Thus impaired cortical development is an evolving 

process, occurring secondarily to cell loss or impaired cellular function in white matter and 

subcortical grey matter regions.18-20 

There is a clear synergy between white matter and grey matter injury or cell loss and the 

evolution of impaired neural development. While neuronal loss after insults is observed, it is 

surprisingly unclear whether preterm birth in and of itself is commonly associated with overt 

neuronal loss. Children who do not have evidence of white matter injury appear to have normal 

neurocognitive development,8 and neuronal loss is only seen when there is evidence of white 

matter loss,27 but that loss can be quite subtle and preterm birth does appear to disrupt the 

development of subcortical neuronal structures.19 This in turn has a significant impact on the 

development of other sub-cortical and cortical structures.19 

 

Timing of insults 

Early imaging and post-mortem data suggest that neural injury occurs in the immediate perinatal 

period in approximately two thirds of cases, while an appreciable number of cases occur before 

the onset of labour, and cases after the early neonatal period are least common.28, 29 The factors 
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which cause the acute loss of white and grey matter cells are multifactorial. Increasingly, 

however, two facts are becoming clear. Firstly, relatively mild insults lead to significant long-

term impaired neurodevelopment. Secondly, the preterm brain is at high risk of receiving more 

than one insult (the second or double-hit phenomenon), and the effects of secondary hits are 

poorly understood. These two issues are discussed in further detail below. 

 

Mild hypoxia-ischaemia. 

Acute, profound asphyxia can occur during preterm birth, probably at higher rates than at term.30 

However, it is critical to appreciate that such severe events appear to involve less than 1% of 

preterm infants and cannot possibly account for the overall burden of disability after preterm 

birth.31 Experimentally, Geddes et al., observed that 7 day (P7) old rat pups exposed to a mild HI 

insult experienced delayed cerebral atrophy and infarction by 8 weeks that was not different to 

pups who experienced a severe insult.32 Similarly, a moderate HI insult in P3 rat pups caused 

compromised cortical growth and led to a selective alteration of cortical myelinated axons with 

persistent gliosis by 21 days.33 More recently in the same model, cortical loss at day 25 

correlated with cerebral lactate at day four.34 Further, the insult led to evolving malformations of 

the somatosensory barrel field and changes in evoked potential maps in somatosensory–motor 

networks.35 Consistent with these findings, gene and molecular studies of rat pups reared in 

moderate hypoxia from P3-11, a model designed to mimic the sub-lethal insults faced by the 

extremely preterm infant, showed moderate HI results in a global disruption of the genes 

required to facilitate synapse formation and neural transmission.36 
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In a larger animal model, the preterm fetal sheep, reversible cerebral ischaemia, that did not 

cause acute neuronal loss, has been shown to be associated with impaired expansion of the 

dendritic arbour and reduced synaptic density of cortical neurons after 4 weeks recovery.37 

Strikingly, these histological changes were associated with impairment of cortical growth and the 

normal maturational decline in cortical fractional anisotropy (FA) on ex-vivo MRI scans. 

Mathematically, these changes in FA after ischaemia were consistent with the changes in the 

growth of dendritic branches of cortical pyramidal neurons compared to controls. Supporting 

these findings, human survivors of preterm birth who grow slowly show a similar delayed 

development of cortical grey matter, as measured by FA.20 

 

Mild inflammation  

There is increasing evidence that exposure to in utero infection at critical stages of brain 

development can significantly increase the risk of neurodevelopment abnormalities, as recently 

reviewed.11 As with asphyxia, although overt severe infection is strongly linked with neural 

injury, it only accounts for a small minority of cases; subclinical infection is common and also 

highly associated with adverse outcomes.38, 39 Further, neuro-inflammation is a feature of the 

brain after both HI,40 which can be very long-lasting,41 and exposure to intrauterine infection and 

inflammation in conditions such as chorioamnionitis.11, 38, 39 

The majority of experimental studies to date have evaluated the effects of lipopolysaccharide 

(LPS), a purified polysaccharide from the outer wall of gram negative bacteria.11 Large or 

repeated doses are frequently given, which can result in frank neural injury, and associated 

impaired neural development. A single bolus of LPS in preterm fetal sheep was associated with 
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acute brain injury after 3 days recovery,42 followed by impaired brain growth and loss of the 

normal maturational increase in cortical EEG amplitude 10 days later.43 An intra-amniotic bolus 

of LPS was associated with increased low frequency EEG activity 14 days after exposure, 

consistent with reduced maturation of the EEG.44  

 

More recently, we developed a model of low-dose chronic exposure using LPS given to preterm 

fetal sheep over 5 days that does not perturb fetal blood gases, carotid blood flow or arterial 

blood pressure.45 In this model we observed impaired maturation of the cortical EEG.46 LPS 

infusion was associated with loss of the normal maturational shift to higher frequency EEG 

activity, with reduced alpha and beta power, and greater delta power than saline controls a week 

after first exposure.47 This impaired cortical maturation developed in the presence of a low grade 

systemic and cerebral inflammatory response.47 Accompanying these changes was a transient 

increase in serum IL-6, induction of microglia and greater expression of TNF-α positive cells in 

the front-parietal cortex 5 days after the end of LPS, consistent with the hypothesis that exposure 

to pro-inflammatory cytokines directly contributed to the EEG dysmaturation.11, 24, 48 

 

In vitro studies show that pro-inflammatory cytokines mediate synaptic dysfunction, in part 

indirectly through adenosine and GABA,49 and glutamate.50 Further, TNF-α was reported to 

inhibit growth and branching of neurons, which could be reversed by TNF-α receptor blockade.51 

Curiously, however, in a normal brain, glial derived TNF-α activity is important for synaptic 

stability by ensuring synapses stay plastic.52 Exposure to interferon gamma, an inflammatory 

marker that is induced by injury and many inflammatory conditions, is also associated with both 
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inhibition of initial dendritic outgrowth in culture and retraction of existing dendrites.53 Thus, it 

is highly plausible that chronic low levels of cerebral cytokines associated with infection, or with 

traumatic events such as hypoxia and ventilation can reduce neural excitability and impair 

connectivity in the cortex. Further long-term studies are essential to confirm this hypothesis.  

 

The second-hit  

Prematurity alone predisposes to impaired neural development, but it is exacerbated when 

combined with a second insult such as infection-inflammation or hypoxia.10, 13, 48 Further, 

standard clinical care, such as ventilation and drug therapy, nutrition, handling, and the NICU 

environment may also contribute to modulating injury.54 We briefly discuss the evidence 

surrounding some of these factors below. 

 

Infection-inflammation 

As discussed above, being born prematurely or small for gestational age significantly increases 

the risk of poor cognitive outcomes as measured by such tests as the Bayley Mental 

Developmental Index (MDI).48 Being exposed to infection/inflammation significantly increases 

that risk.48 Pre-clinical studies in immature rats with LPS has shown that this pro-inflammatory 

agent can lower the threshold at which hypoxia-ischaemia triggers events leading to brain 

injury,55 and this is a time dependent phenomenon. A low-dose of LPS administered shortly (4-6 

hours) before an HI insult was associated with increased injury.56-58 This sensitization could be 

prevented if the glucocorticoid dexamethasone was given at the same time as LPS.59 
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Sensitization was also seen when LPS was administered 72 hours or more before HI.56, 57 

However, a reduction in injury was seen when LPS was administered 24 hours before HI; i.e., 

tolerance to HI was apparently induced.56, 58 Several mechanisms are postulated for the transient 

induction of tolerance by LPS. Ikeda et al., showed that administration of RU486, a 

glucocorticoid receptor blocker, prevented the tolerance effect, suggesting a role for the 

induction of endogenous corticosterone.58 Sensitization may also, in part, be mediated by LPS 

altering the glycolytic response to HI.60 Finally, LPS preconditioning may work by reducing 

neuro-inflammation associated with HI.61 

 

Similar responses are seen in newborn mice at P4, who had been exposed to LPS in utero at days 

19 and 20. Prior exposure to LPS sensitized the post-natal pups to greater brain injury after 

ibotenate injection.62 Pre-treatment of mice pups with pro-inflammatory cytokines before 

ibotenate also increased injury, with modulation of microglia playing a key role.63 Recently it has 

been shown that sensitization is mediated by an imbalance in pro- and anti-inflammatory 

cytokines, and that TNF-alpha plays a key role in mediating sensitization by inflammation to HI 

injury.64  

 

Whether exposure to inflammation causes increased or decreased HI injury is also a function of 

age.65, 66 Recently, Hickey et al., demonstrated that LPS preconditioning tolerance to injury is 

age dependent and that changes in TLR-4 expression with age is a likely mediator.65 Other 

mechanisms which may mediate sensitization by LPS may also be age dependent. Fleiss et al., 

showed, in an LPS mouse model of sensitization to HI, that hyperacetylation with histone 
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deacetylase inhibitor (HDACi) trichostatin A (TSA) reduced injury and improved long-term 

learning, and that TSA appeared to exert neuroprotection via mechanisms specific to the 

neonate.67  

 

A key question, not yet significantly assessed, is whether inflammation can modulate the 

cardiovascular and chemoreflex defence responses of the fetus to an HI insult.12 LPS given in 

high-doses acutely to fetal sheep can cause profound hypotension and hypoperfusion.68, 69 

However, this was not seen with lower doses of the gram-positive agent OK-432 (Picibanil), 

although a single exposure to this agent causes progressive vasodilatation.70 Hypotension was 

also not seen with chronic low-dose LPS infusion to preterm fetal sheep.45 More recently we 

have shown that five days of low-dose exposure LPS does not impair the cardiovascular 

responses the preterm fetal sheep makes to a severe HI insult, but rather, conversely, appeared to 

enhance the chemoreflex responses.71 

 

Ventilation 

In preterm infants, respiratory disease is an independent predictor of white matter injury,72 and 

neurodevelopmental outcomes.73 Ventilation of infants may also act as a second-hit when 

combined with pre-exposure to inflammation and or HI, and may sensitize or protect from injury 

depending on the degree of inflammation and ventilation strategies.74, 75 Indeed, the optimal 

methods for ventilation, and safe limits for oxygen and carbon dioxide, continue to be debated. A 

recent randomised trial of CPAP showed no differences in the composite outcome of death or 
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neurodevelopmental outcomes at 18-22 months corrected age for early CPAP and those assigned 

to early intubation, surfactant administration, or low versus higher oxygen saturations.76 The 

effect of ventilation on inflammation secondary to conditions such as birth asphyxia and 

chorioamnionitis remain poorly understood.  

 

Jobe et al., have demonstrated in the sheep fetus that exposure to intra-amniotic dose of LPS is 

associated with improved maturation of the fetal lung, as shown by increased surfactant lipids in 

the airspaces, and improved pressure-volume responses, mediated by the inflammatory 

response.77 At the same time this exposure also alters lung collagen and elastin, transient 

inhibition of alveolar septation and fewer, larger alveoli, consistent with lung injury that may 

predispose to chronic lung dysplasia. A second hit of inflammation, either with LPS or other 

bacterial products, within 5 days of the first dose produces very little lung inflammation. Thus 

their studies showed that the initial inflammatory response down regulates subsequent immune 

responses, even to different bacteria.77 However, this phenomenon is highly time dependent, 

such that modulation is lost if the second-hit occurs after 7 days. Time also changes the 

responses to glucocorticoids. Glucocorticoids given within 5 days of LPS exposure act to 

suppress LPS-mediated lung inflammation, but after 5 days they appear to stimulate the 

inflammatory responses. Thus, the preterm newborn may be in a variable immune state, at least 

within the lung, depending on the time course and nature of second-hits. The state of immune 

modulation or compromise in turn plays a key role in the adaptation the preterm infant makes, 

and to the nature of longer-term outcomes.77  
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Some ventilation strategies have the capacity to induce neural inflammation, and to worsen pre-

existing inflammation. High-tidal volume ventilation in newborn lambs can increase brain 

inflammation,78 and exposure of fetal lambs to LPS further exacerbates ventilation induced brain 

injury when these lambs are born.79 Further, in utero exposure to LPS impairs the pulmonary and 

haemodynamic transitions at birth.80 Infants born from mothers who have pre-eclampsia, and 

thus may have experienced HI and inflammation, are also reported to experience significant 

postnatal inflammation when being ventilated.81 Prior LPS exposure can also sensitize neural 

injury related to hyperoxia during ventilation,82 and lead to pulmonary disease later in life.83 

Hyperoxia induces neural cell death, and LPS impairs oligodendrocyte maturation without cell 

death. When combined as a two-hit insult, cell death is reduced but the effect on 

oligodendrocytes persists, and this in turn is associated with impaired white matter 

development.82  

 

Glucocorticoids 

Meta-analysis of randomized clinical trials suggests that maternal treatment with antenatal 

glucocorticoids substantially reduces acute neonatal morbidity and mortality after premature 

birth and is associated with a reduced risk for intraventricular haemorrhage and white matter 

injury.84, 85 There may be differences between different glucocorticoids; there is some 

retrospective evidence that maternal betamethasone may improve neurodevelopmental outcome 

compared to dexamethasone exposure.86 However, there are clinical and experimental data to 

show that both antenatal and post-natal glucocorticoids may, under some circumstances, impair 
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brain development. Post-natal glucocorticoids in particular appear to be more harmful, with 

recent reports showing that post-natal treatment is associated with impaired cerebellar growth.87  

Similarly, although postnatal glucocorticoid treatment can help wean infants off mechanical 

ventilation, and improve survival, it may increase the risk of disability.88, 89 Wilson-Costello et 

al, concluded that high-dose steroids for respiratory disease are associated with increased 

neurodevelopmental impairment and that there is no "safe" window for steroid use in extremely 

low birth weight infants.90 Importantly, recent data suggest that reduced postnatal use of steroids 

may not impact upon chronic lung disease in preterm infants, but the reduction in steroid use 

may be associated with reduced risk for cerebral palsy.91  

 

Antenatal glucocorticoids have also bee associated with reduced head circumference in some 

studies, consistent with an effect on neural development.92 Tisjsseling et al., demonstrated in a 

small post-mortem study that antenatal glucocorticoids were associated with reduced neuronal 

density in the hippocampus.93 Experimentally, in vitro studies of cultured rat hippocampal 

neurons support this finding, demonstrating that glucocorticoids induce simplification of 

dendrites and shrinkage of dendritic spines.94 In vivo studies in sheep have shown that even a 

single clinical course of antenatal glucocorticoids can delay cerebral myelination,95 and 

decreases MAP1B and 2 immunoreactivity, indicating that steroids induce a reduction in major 

proteins associated with the neuronal cytoskeleton.96 A single clinical course of maternal 

glucocorticoids is associated with acute changes in electroencephalogram transient activity and 

epileptiform events, followed by evidence of increased neural maturation.97 Given that seizures 

in early life in the rat can induce neuroprotection through preconditioning mechanisms,98 it is 
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plausible that steroids may also trigger a sensitization/preconditioning sequence independently of 

pathological events. 

 

Glucocorticoids may also precondition the brain to either greater sensitivity or tolerance to HI. 

The effects are also highly age dependent, as recently reviewed.99 In adult rats for example, 

glucocorticoids given before an HI insult (1-48 h) appears to increase injury,100 whereas in P7 

newborn rats, such treatment reduces injury.101 In contrast, in the fetal sheep, glucocorticoids 

given 48 before had no effect on injury.102 The effects closer to the insult, and during or after the 

insult are variable and have only been studied in the newborn; more evidence is needed.99 

Further, glucocorticoids are not the only drugs we give routinely that may interact with 

ventilation. Sedatives and analgesics given to infants being ventilated are also associated with an 

increased risk of adverse neurodevelopment.103 

 

What is the link between cortical maturation and white matter injury? 

The big unanswered question is: why is the preterm brain is so vulnerable? Specifically, why is 

cortical development impaired, when the cortex is seldom injured acutely? We have presented 

information to show that the preterm brain is at risk of many insults before and after birth. Rather 

than being resilient to such insults, as suggested by the Kennard Principle, the preterm brain 

appears to be more vulnerable. Further, subtle injury, with no discernible early cell death, is also 

associated with impaired neurodevelopment in many infants. Indeed, the very act of being born 

early predisposes to impaired brain development. However, it is important to note that those 
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infants will have experienced many antenatal and postnatal treatments which may play a role in 

white matter development, as yet undetermined. Ultimately, the short answer to the questions 

posed is that we simply don’t know, but there are currently several alternative hypotheses.18  

 

Injury of white matter cells and/or axons leading to retrograde degeneration (axonopathy) has 

been proposed to be a potential mechanism of myelination failure in white matter injury.104 

However, in today’s cohorts, axonopathy is reported to occur only after more severe ischaemic 

injury,105 with necrotic foci, in association with microglial activation.106 Recent data show that 

while microscopic necrosis and axonopathy does occur, it affects less than 5% of the area of the 

periventricular white matter, and that diffuse astrogliosis is now the key feature of WM injury.107 

Pre-oligodendrocyte degeneration accounts for only a small fraction of cell loss in rodent,108 and 

sheep studies.109 

 

Alternate hypotheses suggest that there may be impaired maturation of oligodendrocytes, leading 

to paucity of myelination and impaired signalling. In post-mortem studies of preterm infants, 

Billiards et al., reported no differences between PVL and control cases in oligodendrocyte 

density, but with myelin and pre-oligodendrocyte abnormalities.110 They suggest that acute loss 

of pre-oligodendrocytes is replaced by proliferation, and thus the progressive degeneration 

hypothesis does not appear to be supported for diffuse WM loss. However, proliferation appears 

to be inadequate to restore normal development, and there may be defects in oligodendrocyte 

maturation, and signalling. Buser et al., speculated that acute pre-oligodendrocyte death may 

trigger diffuse astrogliosis, as part of the neuroinflammatory responses, leading to an aberrant 
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regenerative response that contributes to impaired maturation of oligodendrocytes and 

consequent reduced myelination (Figure 1).107 Key factors in this process include the inhibitory 

effects of astrogliosis and induced microglia on histone deacetylases (HDACs), which are vital 

for oligodendrocyte maturation, and the actions of astrocytes to enhance complement proteins 

which modulate synaptic pruning.111, 112 

 

Compounding the problem may be the issue of where new cells are produced and how far they 

can migrate. A recent study in newborn mice suggest that the normal place of cell production, the 

subventricular zone (SVZ) may produce fewer new cells after injury, and these cells do not 

survive due to lack of trophic cues, and do not migrate long-distance.113 Greater numbers of new 

cells are seen in areas of injury such as the striatum, and that these cells remain relatively 

local.113 In preterm rabbits, preterm birth itself appears to suppress neurogenesis, and this may in 

part be due to increased oxygen tensions.114  

 

The specific mechanisms of this striking impaired maturation are still being characterized, but 

we may speculate that reduced myelination can have secondary effects on neuronal maturation 

and survival in a number of ways. Brain cells are ‘social’ beings, and so need other cells to 

survive and to develop. Their survival is tightly linked to extrinsic signals from neighbouring 

cells and synaptic activity.115 Alterations to cellular connections must in turn have consequences 

for a cells existence and functional capacity. For example, loss of cells or an impaired capacity to 

produce myelin, must have a consequence for survival of cortical neurons waiting to be 
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myelinated. Cells which cannot be supported properly or which do not function for the good of 

the social whole may be programmed to die via physiological apoptosis.115  

 

Glia are, of course, vital for neuronal survival, and for the survival of other glia, partly through 

trophic signalling factors secreted to signal survival and differentiation.111 Neurons in return 

exert proliferative effects on cells of the oligodendrocyte lineage.115 Equally, as described above, 

other glia, such as astrocytes, play key roles in the maturation of the neuronal synaptic 

network.111 Thus, cell-cell feed-forward and feed-back process between glia and neurons will act 

to prune cell numbers and reduce dendritic arbour and synapse formations, as reported recently,37 

to facilitate cell-cell matching.  

 

Connectivity and the connectome 

Ultimately, impaired myelination, astrocytic and microglial activation appear to impair and 

reduce glial and neuronal connections, and it is the variability of this connectivity of the brain 

which underpins our cognitive, behavioural and sensory-motor capabilities. Smyser et al., 

recently noted that anatomy and functional connectivity, while interrelated are not identical.116 

Understanding how function relates to the connectivity of the brain is an important future line of 

research. A connectome is a map of neural connections in the brain, and can be created with 

advanced MRI based tractography.117 Ball et al., recently reported that in term infants and 

preterm infants (median gestation at birth 28 weeks), scanned at term equivalent age, there was a 

significant association between frontal and temporal lobe volumes and thalamic and cortical 
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tissue reduction and the loss of microstructural integrity in the connective white matter tracts.19 

Subsequent tractography demonstrated that connectivity between the thalamus and cortex was 

significantly reduced. 118  

 

Resting state networks (RSN) tell us about the functional underlying communication network 

architecture of the brain. Potentially such networks may develop in parallel with the development 

of related cognitive functions.119 The RSN for preterm infants has recently been mapped, 

showing that a complex, mature RSN develops over the last stage of gestation.119 However, 

assessment of the RSN in preterm newborns in the first 18-20 months, who do not demonstrate 

overt injury, suggests that connectivity appears weaker demonstrating that impaired neural 

development starts early.120 

 

Final conclusions 

In this review we have presented current research which shows that being born preterm, even 

without obvious neural injury, can for many of these infants lead to impaired brain development 

and associated neurobehavioural difficulties later in life. The immature brain does not appear to 

continue the preset genetic programme after birth to ensure development of the optimal brain, 

and cannot simply replace lost brain cells after injury. In this regard the Kennard Principle is not 

fulfilled. However, comparisons to the adult brain that underpins this principle cannot be readily 

made. The preterm brain is unique in how lesions are superimposed upon the developing matrix 

of the brain which, even without frank lesions, can be altered in its ultimate trajectory by 
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impairment of optimal connectivity. Further, the preterm brain is subjected to many medical and 

non-medical events which shape that trajectory. Overall, these finding lead to the hypothesis that 

some combinations of these events during this critical phase alters the trajectory of brain 

development leading ultimately to reduced or simplified neuronal interconnection. This strongly 

suggests that a key focus of future basic science and clinical research should be to understand the 

factors that impact upon neuronal connectivity, and how we can intervene to optimise the 

development of the preterm brain. 
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Figure Legends 

Figure 1. Schema showing that acute injury can trigger death of white matter cells (particularly 

pre-oligodendrocytes) and some neurons in grey matter. In milder/diffuse injury, there may be 

proliferation of the pre-oligodendrocytes that completely restores total numbers of cells in white 

matter. However, there is increasing evidence that there are persistent changes in the cell 

environment can lead to impaired maturation of oligodendroglia and reduced connectivity of 

neurons in a tertiary phase of recovery. The mechanisms are only partly understood, but likely 

include local astrogliosis, inflammation, reduced release of survival and chemotaxic activity, and 
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reduced feedback through reduced neuronal activity. These factors in turn lead to impaired 

development of neural networks reduced total brain growth, and long-term disability.  

 

References 

1. Schneider GE. Is it really better to have your brain lesion early? A revision of the 

"Kennard principle". Neuropsychologia 1979; 17:557-83. 

2. Teuber H, Rudel RG. Behaviour after cerebral lesions in children and adults. Dev. Med. 

Child Neurol. 1962; 4:3-20. 

3. James W. The Principles of Psychology. Macmillian and Co, Ltd.: London. 1890. 

4. Finger S, Wolf C. The 'Kennard effect' before Kennard. The early history of age and 

brain lesions. Arch. Neurol. 1988; 45:1136-42. 

5. Kennard MA. Cortical reorganization on motor function. Studies on series of monkeys of 

various ages from infancy to maturity. Arch. Neurol. Psych. 1942; 48:227-40. 

6. Kennard MA. Age and other factors in motor recovery from precentral lesions in 

monkeys. . Am. J. Physiol. 1936; 115:138-46. 

7. Bennet L, Tan S, Van den Heuij L, et al. Cell therapy for neonatal hypoxia-ischemia and 

cerebral palsy. Ann. Neurol. 2012; 71:589-600. 

8. Woodward LJ, Clark CA, Bora S, Inder TE. Neonatal white matter abnormalities an 

important predictor of neurocognitive outcome for very preterm children. PLoS ONE 2012; 

7:e51879. 

9. Marlow N, Wolke D, Bracewell MA, Samara M. Neurologic and developmental 

disability at six years of age after extremely preterm birth. N. Engl. J. Med. 2005; 352:9-19. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

10. Mwaniki MK, Atieno M, Lawn JE, Newton CR. Long-term neurodevelopmental 

outcomes after intrauterine and neonatal insults: a systematic review. Lancet 2012; 379:445-52. 

11. Hagberg H, Gressens P, Mallard C. Inflammation during fetal and neonatal life: 

Implications for neurologic and neuropsychiatric disease in children and adults. Ann. Neurol. 

2012; 71:444-57. 

12. Gunn AJ, Bennet L. Fetal hypoxia insults and patterns of brain injury: Insights from 

animal models. Clin. Perinatol. 2009; 36:579-93. 

13. Keunen K, Kersbergen KJ, Groenendaal F, Isgum I, de Vries LS, Benders MJ. Brain 

tissue volumes in preterm infants: prematurity, perinatal risk factors and neurodevelopmental 

outcome: a systematic review. J Matern Fetal Neona 2012; 25 Suppl 1:89-100. 

14. Boardman JP, Craven C, Valappil S, et al. A common neonatal image phenotype predicts 

adverse neurodevelopmental outcome in children born preterm. Neuroimage 2010; 52:409-14. 

15. Ment LR, Kesler S, Vohr B, et al. Longitudinal brain volume changes in preterm and 

term control subjects during late childhood and adolescence. Pediatrics 2009; 123:503-11. 

16. Thompson DK, Adamson C, Roberts G, et al. Hippocampal shape variations at term 

equivalent age in very preterm infants compared with term controls: Perinatal predictors and 

functional significance at age 7. Neuroimage 2013; 70:278-87. 

17. Rathbone R, Counsell SJ, Kapellou O, et al. Perinatal cortical growth and childhood 

neurocognitive abilities. Neurology 2011. 

18. Molnar Z, Rutherford M. Brain maturation after preterm birth. Sci. Transl. Med. 2013; 

5:168ps2. 

19. Ball G, Boardman JP, Rueckert D, et al. The Effect of Preterm Birth on Thalamic and 

Cortical Development. Cerebral cortex (New York, N.Y. : 1991) 2011. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

20. Vinall J, Grunau RE, Brant R, et al. Slower postnatal growth is associated with delayed 

cerebral cortical maturation in preterm newborns. Sci. Transl. Med. 2013; 5:168ra8. 

21. Kinney HC, Volpe JJ. Modeling the encephalopathy of prematurity in animals: the 

important role of translational research. Neurol Res Int 2012; 2012:295389. 

22. Felderhoff-Mueser U, Rutherford MA, Squier WV, et al. Relationship between MR 

imaging and histopathologic findings of the brain in extremely sick preterm infants. AJNR. Am. 

J. Neuroradiol. 1999; 20:1349-57. 

23. Barkovich AJ, Sargent SK. Profound asphyxia in the premature infant: imaging findings. 

AJNR. Am. J. Neuroradiol. 1995; 16:1837-46. 

24. O'Shea TM, Shah B, Allred EN, et al. Inflammation-initiating illnesses, inflammation-

related proteins, and cognitive impairment in extremely preterm infants. Brain. Behav. Immun. 

2013; 29:104-12. 

25. Ajayi-Obe M, Saeed N, Cowan FM, Rutherford MA, Edwards AD. Reduced 

development of cerebral cortex in extremely preterm infants. Lancet 2000; 356:1162-3. 

26. Kapellou O, Counsell SJ, Kennea N, et al. Abnormal cortical development after 

premature birth shown by altered allometric scaling of brain growth. PLoS Med 2006; 3:e265. 

27. Pierson CR, Folkerth RD, Billiards SS, et al. Gray matter injury associated with 

periventricular leukomalacia in the premature infant. Acta Neuropathol. (Berl). 2007; 114:619-

31. 

28. de Vries LS, Eken P, Groenendaal F, Rademaker KJ, Hoogervorst B, Bruinse HW. 

Antenatal onset of haemorrhagic and/or ischaemic lesions in preterm infants: prevalence and 

associated obstetric variables. Arch. Dis. Child. Fetal Neonatal Ed. 1998; 78:F51-6. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

29. Becher JC, Bell JE, Keeling JW, McIntosh N, Wyatt B. The Scottish perinatal 

neuropathology study: clinicopathological correlation in early neonatal deaths. Arch. Dis. Child. 

Fetal Neonatal Ed. 2004; 89:F399-407. 

30. Salhab WA, Perlman JM. Severe fetal acidemia and subsequent neonatal encephalopathy 

in the larger premature infant. Pediatr. Neurol. 2005; 32:25-9. 

31. Low JA, Killen H, Derrick EJ. Antepartum fetal asphyxia in the preterm pregnancy. Am. 

J. Obstet. Gynecol. 2003; 188:461-5. 

32. Geddes R, Vannucci RC, Vannucci SJ. Delayed cerebral atrophy following moderate 

hypoxia-ischemia in the immature rat. Dev. Neurosci. 2001; 23:180-5. 

33. Sizonenko SV, Sirimanne E, Mayall Y, Gluckman PD, Inder T, Williams C. Selective 

cortical alteration after hypoxic-ischemic injury in the very immature rat brain. Pediatr. Res. 

2003; 54:263-9. 

34. van de Looij Y, Chatagner A, Huppi PS, Gruetter R, Sizonenko SV. Longitudinal MR 

assessment of hypoxic ischemic injury in the immature rat brain. Magn. Reson. Med. 2011; 

65:305-12. 

35. Quairiaux C, Sizonenko SV, Megevand P, Michel CM, Kiss JZ. Functional deficit and 

recovery of developing sensorimotor networks following neonatal hypoxic-ischemic injury in the 

rat. Cereb. Cortex 2010; 20:2080-91. 

36. Curristin SM, Cao A, Stewart WB, et al. Disrupted synaptic development in the hypoxic 

newborn brain. Proc. Natl. Acad. Sci. U. S. A. 2002; 99:15729-34. 

37. Dean JM, McClendon E, Hansen K, et al. Prenatal cerebral ischemia disrupts MRI-

defined cortical microstructure through disturbances in neuronal arborization. Sci Transl Med 

2013; 5:168ra7. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

38. Grether JK, Nelson KB. Maternal infection and cerebral palsy in infants of normal birth 

weight. JAMA 1997; 278:207-11. 

39. Wu YW, Colford JM, Jr. Chorioamnionitis as a risk factor for cerebral palsy: A meta-

analysis. JAMA 2000; 284:1417-24. 

40. Fathali N, Khatibi NH, Ostrowski RP, Zhang JH. The evolving landscape of 

neuroinflammation after neonatal hypoxia-ischemia. Acta neurochirurgica. Supplement 2011; 

111:93-100. 

41. Winerdal M, Winerdal ME, Kinn J, Urmaliya V, Winqvist O, Aden U. Long lasting local 

and systemic inflammation after cerebral hypoxic ischemia in newborn mice. PLoS ONE 2012; 

7:e36422. 

42. Mallard C, Welin AK, Peebles D, Hagberg H, Kjellmer I. White matter injury following 

systemic endotoxemia or asphyxia in the fetal sheep. Neurochem. Res. 2003; 28:215-23. 

43. Dean JM, van de Looij Y, Sizonenko SV, et al. Delayed cortical impairment following 

lipopolysaccharide exposure in preterm fetal sheep. Ann. Neurol. 2011; 70:846-56. 

44. Gavilanes AW, Gantert M, Strackx E, et al. Increased EEG delta frequency corresponds 

to chorioamnionitis-related brain injury. Front. Biosci. 2010; 2:432-8. 

45. Mathai S, Booth LC, Davidson JO, et al. Acute on chronic exposure to endotoxin in 

preterm fetal sheep. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013; 304:R189-97. 

46. Keogh MJ, Bennet L, Drury PP, et al. Subclinical exposure to low-dose endotoxin 

impairs EEG maturation in preterm fetal sheep. Am. J. Physiol. Regul. Integr. Comp. Physiol. 

2012; 303:R270-8. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

47. Keogh MJ, Drury PP, Bennet L, et al. Limited predictive value of early changes in EEG 

spectral power for neural injury after asphyxia in preterm fetal sheep. Pediatr. Res. 2012; 

71:345-53. 

48. Leviton A, Fichorova RN, O'Shea TM, et al. Two-hit model of brain damage in the very 

preterm newborn: small for gestational age and postnatal systemic inflammation. Pediatr. Res. 

2013; 73:362-70. 

49. Hellstrom IC, Danik M, Luheshi GN, Williams S. Chronic LPS exposure produces 

changes in intrinsic membrane properties and a sustained IL-beta-dependent increase in 

GABAergic inhibition in hippocampal CA1 pyramidal neurons. Hippocampus 2005; 15:656-64. 

50. Di Filippo M, Chiasserini D, Gardoni F, et al. Effects of central and peripheral 

inflammation on hippocampal synaptic plasticity. Neurobiol. Dis. 2013; 52:229-36. 

51. Gilmore JH, Fredrik Jarskog L, Vadlamudi S, Lauder JM. Prenatal infection and risk for 

schizophrenia: IL-1beta, IL-6, and TNFalpha inhibit cortical neuron dendrite development. 

Neuropsychopharmacology 2004; 29:1221-9. 

52. Steinmetz CC, Turrigiano GG. Tumor necrosis factor-alpha signaling maintains the 

ability of cortical synapses to express synaptic scaling. J. Neurosci. 2010; 30:14685-90. 

53. Kim IJ, Beck HN, Lein PJ, Higgins D. Interferon gamma induces retrograde dendritic 

retraction and inhibits synapse formation. J. Neurosci. 2002; 22:4530-9. 

54. Committee on Understanding Premature Birth and Assuring Healthy Outcomes. In: 

Behrman RE, Butler AS, (eds.). Preterm Birth: Causes, Consequences, and Prevention. Institute 

of Medicine of the National Academies: Washington DC, USA. 2007. 

55. Wang X, Hagberg H, Zhu C, Jacobsson B, Mallard C. Effects of intrauterine 

inflammation on the developing mouse brain. Brain Res. 2007; 1144:180-5. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

56. Eklind S, Mallard C, Arvidsson P, Hagberg H. Lipopolysaccharide induces both a 

primary and a secondary phase of sensitization in the developing rat brain. Pediatr. Res. 2005; 

58:112-6. 

57. Eklind S, Mallard C, Leverin AL, et al. Bacterial endotoxin sensitizes the immature brain 

to hypoxic--ischaemic injury. Eur. J. Neurosci. 2001; 13:1101-6. 

58. Ikeda T, Yang L, Ikenoue T, Mallard C, Hagberg H. Endotoxin-induced hypoxic-

ischemic tolerance is mediated by up-regulation of corticosterone in neonatal rat. Pediatr. Res. 

2006; 59:56-60. 

59. Ikeda T, Mishima K, Aoo N, et al. Dexamethasone prevents long-lasting learning 

impairment following a combination of lipopolysaccharide and hypoxia-ischemia in neonatal 

rats. Am. J. Obstet. Gynecol. 2005; 192:719-26. 

60. Eklind S, Arvidsson P, Hagberg H, Mallard C. The role of glucose in brain injury 

following the combination of lipopolysaccharide or lipoteichoic acid and hypoxia-ischemia in 

neonatal rats. Dev. Neurosci. 2004; 26:61-7. 

61. Lin HY, Huang CC, Chang KF. Lipopolysaccharide preconditioning reduces 

neuroinflammation against hypoxic ischemia and provides long-term outcome of neuroprotection 

in neonatal rat. Pediatr. Res. 2009; 66:254-9. 

62. Rousset CI, Kassem J, Olivier P, Chalon S, Gressens P, Saliba E. Antenatal bacterial 

endotoxin sensitizes the immature rat brain to postnatal excitotoxic injury. J. Neuropathol. Exp. 

Neurol. 2008; 67:994-1000. 

63. Dommergues MA, Patkai J, Renauld JC, Evrard P, Gressens P. Proinflammatory 

cytokines and interleukin-9 exacerbate excitotoxic lesions of the newborn murine neopallium. 

Ann. Neurol. 2000; 47:54-63. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

64. Aden U, Favrais G, Plaisant F, et al. Systemic inflammation sensitizes the neonatal brain 

to excitotoxicity through a pro-/anti-inflammatory imbalance: key role of TNFalpha pathway and 

protection by etanercept. Brain. Behav. Immun. 2010; 24:747-58. 

65. Hickey E, Shi H, Van Arsdell G, Askalan R. Lipopolysaccharide-induced 

preconditioning against ischemic injury is associated with changes in toll-like receptor 4 

expression in the rat developing brain. Pediatr. Res. 2011; 70:10-4. 

66. Brochu ME, Girard S, Lavoie K, Sebire G. Developmental regulation of the 

neuroinflammatory responses to LPS and/or hypoxia-ischemia between preterm and term 

neonates: An experimental study. J. Neuroinflammation 2011; 8:55. 

67. Fleiss B, Nilsson MK, Blomgren K, Mallard C. Neuroprotection by the histone 

deacetylase inhibitor trichostatin A in a model of lipopolysaccharide-sensitised neonatal 

hypoxic-ischaemic brain injury. J. Neuroinflammation 2012; 9:70. 

68. Dalitz P, Harding R, Rees SM, Cock ML. Prolonged reductions in placental blood flow 

and cerebral oxygen delivery in preterm fetal sheep exposed to endotoxin: possible factors in 

white matter injury after acute infection. J. Soc. Gynecol. Investig. 2003; 10:283-90. 

69. Feng SY, Phillips DJ, Stockx EM, Yu VY, Walker AM. Endotoxin has acute and chronic 

effects on the cerebral circulation of fetal sheep. Am. J. Physiol. Regul. Integr. Comp. Physiol. 

2009; 296:R640-50. 

70. Bennet L, Cowie RV, Stone PR, et al. The neural and vascular effects of killed Su-

Streptococcus pyogenes (OK-432) in preterm fetal sheep. Am. J. Physiol. Regul. Integr. Comp. 

Physiol. 2010; 299:R664-72. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

71. Booth LC, Drury PP, Muir C, Jensen E, Gunn AJ, Bennet L. Acute on chronic exposure 

to endotoxin is associated with enhanced chemoreflex responses in preterm fetal sheep. Am J 

Physiol, Regul Integr Comp Physiol 2013; Epub Mar 13th. 

72. Anjari M, Counsell SJ, Srinivasan L, et al. The association of lung disease with cerebral 

white matter abnormalities in preterm infants. Pediatrics 2009; 124:268-76. 

73. Newman JB, Debastos AG, Batton D, Raz S. Neonatal respiratory dysfunction and 

neuropsychological performance at the preschool age: a study of very preterm infants with 

bronchopulmonary dysplasia. Neuropsychology 2011; 25:666-78. 

74. Speer CP. Neonatal respiratory distress syndrome: an inflammatory disease? Neonatology 

2011; 99:316-9. 

75. Loeliger M, Inder T, Cain S, et al. Cerebral outcomes in a preterm baboon model of early 

versus delayed nasal continuous positive airway pressure. Pediatrics 2006; 118:1640-53. 

76. Vaucher YE, Peralta-Carcelen M, Finer NN, et al. Neurodevelopmental outcomes in the 

early CPAP and pulse oximetry trial. N. Engl. J. Med. 2012; 367:2495-504. 

77. Jobe AH. Effects of chorioamnionitis on the fetal lung. Clin. Perinatol. 2012; 39:441-57. 

78. Polglase GR, Miller SL, Barton SK, et al. Initiation of resuscitation with high tidal 

volumes causes cerebral hemodynamic disturbance, brain inflammation and injury in preterm 

lambs. PLoS ONE 2012; 7:e39535. 

79. Polglase GR, Nitsos I, Baburamani AA, et al. Inflammation in utero exacerbates 

ventilation-induced brain injury in preterm lambs. J. Appl. Physiol. 2012; 112:481-9. 

80. Galinsky R, Hooper SB, Wallace MJ, et al. Intrauterine inflammation alters 

cardiopulmonary and cerebral hemodynamics at birth in preterm lambs. J. Physiol. 2013. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

81. Turunen R, Andersson S, Laivuori H, et al. Increased postnatal inflammation in 

mechanically ventilated preterm infants born to mothers with early-onset preeclampsia. 

Neonatology 2011; 100:241-7. 

82. Brehmer F, Bendix I, Prager S, et al. Interaction of inflammation and hyperoxia in a rat 

model of neonatal white matter damage. PLoS ONE 2012; 7:e49023. 

83. Doyle NM, Gardner MO, Wells L, Qualls C, Papile LA. Outcome of very low birth 

weight infants exposed to antenatal indomethacin for tocolysis. J. Perinatol. 2005; 25:336-40. 

84. Roberts D, Dalziel S. Antenatal corticosteroids for accelerating fetal lung maturation for 

women at risk of preterm birth. Cochrane Database Syst Rev 2006; 3:CD004454. 

85. Baud O, Foix-L'Helias L, Kaminski M, et al. Antenatal glucocorticoid treatment and 

cystic periventricular leukomalacia in very premature infants. N. Engl. J. Med. 1999; 341:1190-

6. 

86. Lee BH, Stoll BJ, McDonald SA, Higgins RD. Neurodevelopmental outcomes of 

extremely low birth weight infants exposed prenatally to dexamethasone versus betamethasone. 

Pediatrics 2008; 121:289-96. 

87. Tam EW, Chau V, Ferriero DM, et al. Preterm cerebellar growth impairment after 

postnatal exposure to glucocorticoids. Sci Transl Med 2011; 3:105ra. 

88. O'Shea TM, Washburn LK, Nixon PA, Goldstein DJ. Follow-up of a randomized, 

placebo-controlled trial of dexamethasone to decrease the duration of ventilator dependency in 

very low birth weight infants: neurodevelopmental outcomes at 4 to 11 years of age. Pediatrics 

2007; 120:594-602. 

89. LeFlore JL, Engle WD. Growth and neurodevelopment in extremely low-birth-weight 

neonates exposed to postnatal steroid therapy. Am. J. Perinatol. 2011; 28:635-42. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

90. Wilson-Costello D, Walsh MC, Langer JC, et al. Impact of postnatal corticosteroid use 

on neurodevelopment at 18 to 22 months' adjusted age: effects of dose, timing, and risk of 

bronchopulmonary dysplasia in extremely low birth weight infants. Pediatrics 2009; 123:e430-7. 

91. Seth R, Gray PH, Tudehope DI. Decreased use of postnatal corticosteroids in extremely 

preterm infants without increasing chronic lung disease. Neonatology 2009; 95:172-8. 

92. Khan AA, Rodriguez A, Kaakinen M, Pouta A, Hartikainen AL, Jarvelin MR. Does in 

utero exposure to synthetic glucocorticoids influence birthweight, head circumference and birth 

length? A systematic review of current evidence in humans. Paediatr. Perinat. Epidemiol. 2011; 

25:20-36. 

93. Tijsseling D, Wijnberger LD, Derks JB, et al. Effects of antenatal glucocorticoid therapy 

on hippocampal histology of preterm infants. PLoS ONE 2012; 7:e33369. 

94. Tanokashira D, Morita T, Hayashi K, et al. Glucocorticoid suppresses dendritic spine 

development mediated by down-regulation of caldesmon expression. J. Neurosci. 2012; 

32:14583-91. 

95. Antonow-Schlorke I, Helgert A, Gey C, et al. Adverse effects of antenatal 

glucocorticoids on cerebral myelination in sheep. Obstet. Gynecol. 2009; 113:142-51. 

96. Antonow-Schlorke I, Schwab M, Li C, Nathanielsz PW. Glucocorticoid exposure at the 

dose used clinically alters cytoskeletal proteins and presynaptic terminals in the fetal baboon 

brain. J. Physiol. 2003; 547:117-23. 

97. Davidson JO, Quaedackers JS, George SA, Gunn AJ, Bennet L. Maternal dexamethasone 

and EEG hyperactivity in preterm fetal sheep. J. Physiol. 2011; 589:3823–35. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

98. Saghyan A, LaTorre GN, Keesey R, et al. Glutamatergic and morphological alterations 

associated with early life seizure-induced preconditioning in young rats. Eur. J. Neurosci. 2010; 

32:1897-911. 

99. Bennet L, Davidson JO, Koome M, Gunn AJ. Glucocorticoids and preterm hypoxic-

ischemic brain injury: the good and the bad. J Pregnancy 2012; 2012:751694. 

100. Koide T, Wieloch TW, Siesjo BK. Chronic dexamethasone pretreatment aggravates 

ischemic neuronal necrosis. J. Cereb. Blood Flow Metab. 1986; 6:395-404. 

101. Barks JD, Post M, Tuor UI. Dexamethasone prevents hypoxic-ischemic brain damage in 

the neonatal rat. Pediatr. Res. 1991; 29:558-63. 

102. Elitt CM, Sadowska GB, Stopa EG, Pinar H, Petersson KH, Stonestreet BS. Effects of 

antenatal steroids on ischemic brain injury in near-term ovine fetuses. Early Hum. Dev. 2003; 

73:1-15. 

103. McPherson C. Sedation and analgesia in mechanically ventilated preterm neonates: 

continue standard of care or experiment? J. Pediatr. Pharmacol. Ther. 2012; 17:351-64. 

104. Dammann O, Hagberg H, Leviton A. Is periventricular leukomalacia an axonopathy as 

well as an oligopathy? Pediatr. Res. 2001; 49:453-7. 

105. de Vries LS, Jongmans MJ. Long-term outcome after neonatal hypoxic-ischaemic 

encephalopathy. Arch. Dis. Child. Fetal Neonatal Ed. 2010; 95:F220-4. 

106. Riddle A, Maire J, Gong X, et al. Differential susceptibility to axonopathy in necrotic and 

non-necrotic perinatal white matter injury. Stroke 2012; 43:178-84. 

107. Buser JR, Maire J, Riddle A, et al. Arrested preoligodendrocyte maturation contributes to 

myelination failure in premature infants. Ann. Neurol. 2012; 71:93-109. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

108. Segovia KN, McClure M, Moravec M, et al. Arrested oligodendrocyte lineage maturation 

in chronic perinatal white matter injury. Ann. Neurol. 2008; 63:520-30. 

109. Riddle A, Dean J, Buser JR, et al. Histopathological correlates of magnetic resonance 

imaging-defined chronic perinatal white matter injury. Ann. Neurol. 2011; 70:493-507. 

110. Billiards SS, Haynes RL, Folkerth RD, et al. Myelin abnormalities without 

oligodendrocyte loss in periventricular leukomalacia. Brain Pathol. 2008; 18:153-63. 

111. Chung WS, Barres BA. The role of glial cells in synapse elimination. Curr. Opin. 

Neurobiol. 2012; 22:438-45. 

112. Molofsky AV, Krencik R, Ullian EM, et al. Astrocytes and disease: a 

neurodevelopmental perspective. Genes Dev. 2012; 26:891-907. 

113. Dizon M, Szele F, Kessler JA. Hypoxia-ischemia induces an endogenous reparative 

response by local neural progenitors in the postnatal mouse telencephalon. Dev. Neurosci. 2010; 

32:173-83. 

114. Malik S, Vinukonda G, Vose LR, et al. Neurogenesis continues in the third trimester of 

pregnancy and is suppressed by premature birth. J. Neurosci. 2013; 33:411-23. 

115. Goldberg JL, Barres BA. The relationship between neuronal survival and regeneration. 

Annu. Rev. Neurosci. 2000; 23:579-612. 

116. Smyser CD, Snyder AZ, Neil JJ. Functional connectivity MRI in infants: exploration of 

the functional organization of the developing brain. Neuroimage 2011; 56:1437-52. 

117. Tymofiyeva O, Hess CP, Ziv E, et al. Towards the "baby connectome": mapping the 

structural connectivity of the newborn brain. PLoS ONE 2012; 7:e31029. 

118. Ball G, Boardman JP, Aljabar P, et al. The influence of preterm birth on the developing 

thalamocortical connectome. Cortex 2012. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

119. Doria V, Beckmann CF, Arichi T, et al. Emergence of resting state networks in the 

preterm human brain. Proc. Natl. Acad. Sci. U. S. A. 2010; 107:20015-20. 

120. Damaraju E, Phillips JR, Lowe JR, Ohls R, Calhoun VD, Caprihan A. Resting-state 

functional connectivity differences in premature children. Front. Syst. Neurosci. 2010; 4. 

 

 


