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Abstract

Preterm neonates are surviving with a milder spectrum of motor and cognitive disabilities that 

appear to be related to widespread disturbances in cell maturation that target cerebral gray and 

white matter. Whereas the preterm brain was previously at high risk for destructive lesions, 

preterm survivors now commonly display less severe injury that is associated with aberrant 

regeneration and repair responses that result in reduced cerebral growth. Impaired cerebral white 

matter growth is related to myelination disturbances that are initiated by acute death of pre-

myelinating oligodendrocytes (preOLs), but are followed by rapid regeneration of preOLs that fail 

to normally mature to myelinating cells. Although immature neurons are more resistant to cell 

death than mature neurons, they display widespread disturbances in maturation of their dendritic 

arbors and synapses, which further contributes to impaired cerebral growth. Thus, even more mild 

cerebral injury involves disrupted repair mechanisms in which neurons and preOLs fail to fully 

mature during a critical window in development of neural circuitry. These recently recognized 

distinct forms of cerebral gray and white matter dysmaturation raise new diagnostic challenges 

and suggest new therapeutic strategies to promote brain growth and repair.
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Neurodevelopmental disabilities continue to be a leading cause of morbidity in survivors of 

premature birth1-11 and persists at very high rates throughout life.12 Although improved 

neonatal intensive care has reduced the mortality of preterm neonates, 5-10% of preterm 

survivors continue to have major motor deficits, including cerebral palsy (CP), and more 

than half have significant cognitive, behavioral or sensory deficits. This broad range of 

disabilities is consistent with widely distributed brain abnormalities or problems with brain 

connectivity.13 Preterm children with IQ in the normal range, often display processing 

To whom correspondence should be addressed: Stephen A. Back, M.D., Ph.D. Clyde and Elda Munson Professor of Pediatric 
Research, Oregon Health and Science University, Department of Pediatrics, Division of Pediatric Neuroscience, 3181 S.W. Sam 
Jackson Park Rd, Mail Code L481. Portland, Oregon 97239-3098, backs@ohsu.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Pediatr Neurol. Author manuscript; available in PMC 2016 September 01.

Published in final edited form as:
Pediatr Neurol. 2015 September ; 53(3): 185–192. doi:10.1016/j.pediatrneurol.2015.04.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



deficits related to attention and executive functions that include cognitive flexibility, 

inhibitory control and working memory,3,14,15 as well as deficits in visually-based 

information processing and language.16-21 Frequently, these cognitive and behavior 

problems persist to young adulthood.8-10,19,20,22,23

Given this broad spectrum of disabilities, how should neuro-rehabilitation be approached to 

improve the outcome for these children? This review will address this challenging and 

unresolved question by examining unexpected recent changes in our understanding of the 

pathogenesis of brain injury in preterm neonates. Whereas preterm infants were previously 

at high risk for destructive white and gray matter degeneration, preterm survivors now 

commonly display less severe injury that does not appear to involve pronounced glial or 

neuronal loss. Nevertheless, these milder forms of injury are associated with reduced 

cerebral growth. Recent human and experimental studies support that this impaired cerebral 

growth involves abnormal maturation of neurons and glia rather than cell death. These 

complex and disparate cellular responses result in large numbers of cells that fail to fully 

mature during a critical window in the development of neural circuitry. These recently 

recognized forms of cerebral gray and white matter dysmaturation raise new diagnostic 

challenges and suggest new therapeutic directions centered on reversal of the processes that 

promote dysmaturation.

I. Pathogenesis of White Matter Injury

The Changing Spectrum of White Matter Injury in Contemporary Preterm Survivors

In prior decades, preterm infants were at much higher risk for destructive brain lesions that 

resulted in cystic necrotic white matter injury (WMI) and secondary cortical and subcortical 

gray matter degeneration. Whereas cystic lesions were previously the major form of WMI in 

preterm survivors, the incidence has markedly declined.24-27 In several recent series, focal 

cystic lesions were detected by MRI in less than 5% of cases.24-29 More commonly, a milder 

spectrum of WMI is seen, which is characterized by two distinct forms of injury (Figure 1). 

The minor component of WMI is comprised of small discrete foci of microscopic necrosis 

(microcysts) that typically measure less than a millimeter.30 Due to their relatively small 

size, microcysts are occult lesions that are typically not detected by MRI. Although 

microcysts have been observed in ∼35% of autopsy cases, they comprised only ∼1-5% of 

total lesion burden.31 Moreover, the overall burden of human necrotic WMI (cystic and 

microcystic) was decreased by ∼10-fold in contemporary cohorts relative to retrospective 

cases from earlier decades.31 Essentially complete myelination failure occurs in these 

relatively uncommon but clinically significant necrotic lesions as a consequence of the 

degeneration of all cellular elements.

Diffuse WMI is currently the most frequently observed form of WMI in premature 

newborns. Diffuse WMI evolves from early lesions where the oligodendrocyte (OL) lineage 

is particularly susceptible to oxidative damage32 of a magnitude consistent with hypoxia-

ischemia.33,34 Initially, diffuse WMI causes widespread selective degeneration of late OL 

progenitors (preOLs) in pre-myelinating white matter. Axons are mostly spared in pre-

myelinating white matter35 except in necrotic foci.36,37 At the onset of myelination, axons 

expand in caliber and display increased susceptibility to oxidative stress and hypoxia-
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ischemia.38-40 Hence, disturbances in myelination are initiated by “selective vulnerability” 

of preOLs that are enriched in human cerebral white matter during the high-risk period for 

WMI.41

In about one-third of preterm newborns at 24-32 weeks gestation, diffuse WMI is readily 

identified on MRI as multi-focal lesions in the first weeks of life.1,42 While MRI-defined 

focal lesions are associated with increased risk for neurocognitive and motor dysfunction, 

they likely underestimate the extent of WMI and the burden of neurodevelopmental 

disability.1,43-46 As premature newborns grow to term age, early multifocal lesions give rise 

to more widespread abnormalities in microstructural and metabolic brain 

development.42,47-49 The consequence is adverse long-term neurodevelopmental outcomes, 

which are associated with disrupted white matter maturation that manifests in childhood as 

altered brain structure and connectivity. 13,44,50-55

Abnormal Myelination in Diffuse WMI is Mediated by Degeneration and Dysmaturation of 
PreOLs

PreOLs predominate in human cerebral white matter throughout the high-risk period for 

WMI and are the primary cell type that degenerates in early WMI in the setting of hypoxia-

ischemia or inflammation.32,56,57 Subsequently, abnormal myelination occurs via a process 

that involves a more complex and potentially reversible process linked to arrested pre-OL 

maturation. Several studies found, paradoxically, that although pronounced extensive 

degeneration of preOLs occurs in acute lesions, no significant depletion of OL lineage cells 

was observed in chronic human or experimental lesions.31,58-61 This is related to the fact 

that developing white matter is populated by a large reservoir of early OL progenitors that 

are resistant to hypoxia-ischemia and proliferate robustly in the setting of preOL 

degeneration.62 Thus, after WMI, developing white matter is capable of engaging repair 

mechanisms that trigger the rapid regeneration and pronounced expansion of preOLs that 

derive from early OL progenitors.58,63,64 Although, regeneration of preOLs compensates for 

preOL death, these newly generated preOLs display persistent arrested differentiation in 

chronic lesions and fail to myelinate intact axons. Arrested maturation of preOLs was shown 

to contribute to myelination failure in diffuse WMI in both preterm fetal sheep and human 

WMI.31,60. Hence, chronic diffuse WMI is characterized by an aberrant response to acute 

injury, which involves a disrupted regeneration and repair process where preOLs are 

regenerated but remain dysmature.

PreOL maturation arrest may adversely influence subsequent white matter maturation in 

several ways. Oligodendrocytes are critical for axon survival,65 raising the possibility that 

preOL arrest could also adversely affect the functional integrity of axons in chronic lesions. 

Chronic WMI may also coincide with an expanded developmental window during which 

preOL maturation-arrest persists and confers an enhanced risk for recurrent and potentially 

more severe WMI.58

There continues to be a significant proportion of preterm infants for whom WMI derives 

from poorly defined antenatal or perinatal factors that may not be recognized until after the 

early injury period. Hence, there is a need for alternative therapies that enhance myelination 

and promote regeneration and repair of chronic WMI. PreOL maturation arrest appears to be 
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related to a complex array of intrinsic, extrinsic and epigenetic factors that regulate preOL 

cell cycle exit, OL lineage progression and myelination.66-70 Excitatory and inhibitory 

synaptic inputs to OL progenitors may influence preOL maturation, although this has not 

been defined in preterm WMI.71,72 Multiple molecules likely act in concert with other 

signals in chronic white matter lesions to prevent preOL maturation and normal myelination. 

A number of these signals appear to be linked to reactive astrogliosis.73,74

In diffuse WMI, the extracellular matrix (ECM) is a rich source of reactive astrocyte-derived 

inhibitory factors that are potential mediators of myelination failure. One such factor is 

hyaluronic acid (HA) and one of its receptors, CD44, which are both markedly elevated in 

chronic human WMI.31 Arrest of preOL maturation is stimulated both in vitro and in vivo 

by bioactive HA fragments that are generated by a CNS enriched hyaluronidase, PH20 that 

is persistently expressed in chronic WMI.75 Pharmacological inhibition of PH20 promotes 

OL maturation in vitro and myelination in vivo, which is accompanied by enhanced nerve 

conduction.76 Reactive astrocytes also express bone morphogenetic proteins that inhibit OL 

progenitor differentiation.77 Dysregulation of WNT-beta catenin signaling in OL progenitors 

promotes preOL arrest, delays normal myelination and disrupts remyelination.78-84 

Constitutive expression of the epidermal growth factor receptor (EGFR) in neonatal white 

matter promotes pronounced proliferation of OL progenitors.85 EGFR activation via an 

intranasally administered form of EGF reduced OL death from neonatal chronic hypoxia, 

promoted OL maturation and myelination and lead to functional improvement.86 Other 

astrocyte-derived growth factors also may contribute to preOL arrest. Insulin-like growth 

factors promote OL lineage cell survival and myelination and protect against OL progenitor 

loss in fetal and neonatal models of WMI.87-89 Definition of the mechanisms that link these 

inhibitory pathways to trigger myelination failure will be critical to develop new 

regeneration and repair therapies for neonatal WMI and other chronic myelin disorders that 

include multiple sclerosis and vascular dementia.

II. Pathogenesis of Gray Matter Abnormalities

Preterm Survivors Display Impaired Cerebral Gray Matter Growth and Function

Several large human neuroimaging studies have identified that preterm survivors display 

significant reductions in the growth of the cerebral cortex and subcortical gray matter 

structures that include the basal ganglia, thalamus, hippocampus and cerebellum.50,90-93 

Reduced cortical growth further manifests as varying degrees of abnormal cortical folding 

and reduced gyral complexity.94 As children and adults, preterm survivors with normal 

neurocognitive function nevertheless display altered cortical activation and functional 

connectivity during language and visual processing.13,95-98 In prior decades, these 

abnormalities were attributed to primary or secondary gray matter injury related to severe 

WMI. Currently, many premature newborns still acquire extensive gray matter 

abnormalities, but with a lack of overt gray or white matter injury, as identified by signal 

abnormalities on structural MRI. On fcMRI, preterm newborns at term display reduced 

functional connectivity between the cortex and thalamus.99,100 In fact, altered functional 

connectivity can persist into adolescence and is now recognized as a critical risk factor for 

adverse neurocognitive outcomes.53,95,96 As has been observed for WMI, such findings thus 
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support the notion that for many patients, the spectrum of gray matter abnormalities has 

shifted to milder forms that involve primarily developmental disturbances rather than 

destructive processes.

Factors Related to the Extent of Preterm Gray Matter Abnormalities

Although cerebral neurons in the full term neonate are highly susceptible to hypoxic-

ischemic degeneration, the susceptibility of preterm neurons to hypoxia-ischemia is more 

variable and appears to be related to the severity of the underlying insult and the associated 

severity of WMI. Neuronal degeneration is particularly prominent in the setting of 

significant white matter necrosis. In experimental studies, widespread death of preterm 

neurons was triggered by prolonged hypoxia-ischemia that also caused cystic necrotic 

WMI.34 Significant neuronal loss has been observed in human cortex, subplate, basal 

ganglia, thalamus and cerebellum in association with necrotic WMI,30,101-103 but not in 

autopsy cases where isolated diffuse non-necrotic WMI occurred.30,104 Neuronal 

degeneration thus may arise directly from primary energy failure or secondary to retrograde 

axonal degeneration triggered by necrotic WMI.

By contrast, immature neurons in the preterm cerebrum do not appear to significantly 

degenerate under conditions that primarily generate diffuse non-necrotic WMI (Figure 2). In 

human autopsy cases with early diffuse WMI (Fig. 2A-D), neither preterm gray matter 

neurons or white matter axons displayed significant oxidative injury or degeneration.32 

Similarly, in preterm fetal sheep with diffuse WMI and preOL degeneration (Fig. 2E-H), 

neurons and axons rarely degenerated.34 Importantly, quantitative cerebral blood flow 

studies demonstrated that the magnitude of ischemia in fetal sheep periventricular white 

matter was very similar to that in superficial cortex and subcortical structures including the 

caudate nucleus.34,105 Hence, neurons in the preterm gray matter appear to be relatively 

resistant to hypoxic-ischemic degeneration, which is not prominent unless more severe 

necrotic WMI occurs.

Gray Matter Injury and Neuronal Dysmaturation

Despite the greater resistance of preterm neurons to hypoxic-ischemic degeneration, cerebral 

gray matter growth is paradoxically reduced in the setting of diffuse WMI. To study this 

paradox, we developed a preterm fetal sheep model of global cerebral ischemia that sustains 

chronic diffuse WMI and reduced growth of the cerebral cortex and caudate nucleus. 

Reduced cortical and caudate growth was not related to axonal degeneration in the white 

matter.37 Neither was it related to degeneration of migrating neuronal progenitors in the 

white matter. Degeneration of GABAergic interneurons has been proposed to occur during 

their migration through human white matter during periods of WMI.106 However, reduced 

growth of the caudate was not explained by loss of GABAergic interneurons or projection 

neurons. Reduced growth of the cerebral cortex and the caudate was also not related to loss 

of cortical pyramidal neurons107 or medium spiny projection neurons in the caudate,108 

which comprise the majority of neurons in each region.

A detailed analysis of the maturation of the dendritic arbor of cortical107 and caudate108 

projection neurons demonstrated that reduced growth of both regions was accompanied by a 
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significant reduction in the complexity of the dendritic arbor; consistent with the notion that 

neuronal maturation was disrupted in the setting of cerebral ischemia. Compared to controls, 

the ischemic animals displayed neuronal dysmaturation that was reflected in a reduction in 

the total dendritic length as well as the number of branches, branch endings and branch 

points. Notably, the dendritic arbor was most simplified closer to the cell body where 

synaptic integration occurs. Hence, widespread disturbances in maturation of cortical and 

caudate projection neurons occurred in association with non-destructive diffuse WMI.

Disturbances in Synaptic Activity Accompany Neuronal Dysmaturation

Since disturbances in neuronal maturation occur during a critical window in the 

establishment of neuronal connections, we determined whether neuronal dysmaturation also 

disrupts the development of normal CNS circuitry at the level of dendritic spines, the key 

sites for synaptic activity. In response to ischemia, reduced numbers of spines were observed 

on the dysmature dendrites of projection neurons in both the cortex107 and caudate.108 

Electrophysiological studies in the caudate nucleus employed patch clamp recordings on 

medium spiny projection neurons, which identified significant abnormalities in excitatory 

synaptic activity mediated by both NMDA and AMPA glutamate receptors in fetal sheep 

that were studied one month after preterm hypoxia-ischemia.108 Collectively, these findings 

begin to provide an explanation for the global disturbances in gray matter growth in preterm 

survivors that may occur via reduced dendritic complexity and widespread disturbances in 

neuronal connectivity and synaptic activity. Abnormalities in synaptic activity in the 

caudate, for example, may contribute to a wide variety of neurobehavioral disabilities in 

preterm survivors that include motor dyspraxias and transient dystonia, as well as 

disturbances in learning, memory, attention and executive function.

Neuronal Dysmaturation gives rise to MRI-defined Abnormalities in Cortical Fractional 
Anisotropy (FA)

MRI-defined changes in fractional anisotropy (FA) have been extensively studied as a non-

invasive means to define the progression of normal cortical maturation. A progressive 

decline in FA accompanies cortical maturation in human109 and non-human primates.110-112 

Two recent human studies found that the normal progressive loss of cortical FA was delayed 

in human preterm survivors with impaired postnatal growth93 or reduced cortical growth.113 

Similarly, in response to hypoxia-ischemia, we found that preterm fetal sheep displayed 

impaired cortical growth that was accompanied by significantly higher cortical FA.107 To 

explain this observation, we analyzed whether disrupted maturation of cortical projection 

neurons was related to these cortical FA disturbances. We employed a mathematical model 

that was developed to estimate FA based upon the predicted patterns of water diffusion 

along the dendritic arbor of cortical projection neurons defined by Golgi stain.107 This 

approach confirmed that the FA values derived from MRI and neuronal morphology were 

very similar.107 Moreover, the cortical FA values derived from neuronal morphology were 

higher for the ischemic neurons relative to control neurons, consistent with less random 

water diffusion along the processes of the more immature ischemic neurons. Interestingly, 

one factor associated with abnormal cortical FA in human preterm neonates was impaired 

somatic growth (weight, length, and head circumference); even after accounting for WMI 

and systemic illness (e.g., infection).93 In addition to abnormal nutritional status, impaired 
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cortical growth and function was also recently related to stressful procedures sustained by 

preterm neonates during intensive care.98,114,115 Hence, a number of additional factors other 

than cerebral ischemia may also potentially contribute to the pathogenesis of neuronal 

dysmaturation in preterm survivors and the persistence of widespread disturbances in 

neuronal connectivity.

Conclusions

Advances in neonatal care have markedly reduced the overall severity of cerebral injury in 

infants born prematurely. At the more severe end of the spectrum are preterm survivors with 

major motor and cognitive disabilities related to destructive lesions where focal or more 

diffuse loss of neurons and glia occurs. For the majority of more mildly affected children, 

the burden of chronic disabilities may be related to a primary diffuse cerebral dysmaturation 

disorder that may respond to interventions directed at promoting brain maturation and 

improved neurological outcome. The activation of dysmaturation processes is emerging as a 

key factor that disrupts regeneration and repair in the preterm brain after injury. Glial 

progenitors respond to WMI by mounting an aberrant repair process in which the preOL 

pool regenerates and expands but fails to mature. The maturation block may involve both 

intrinsic and extrinsic factors that prevent preOL maturation and myelination. In response to 

hypoxia-ischemia, major populations of immature cortical and caudate projection neurons 

do not degenerate, but fail to normally mature. In contrast to mature neurons in the full term 

neonate that degenerate in response to hypoxia-ischemia,116 immature neurons in the 

preterm brain are markedly more resistant to similar injury. However, after hypoxia-

ischemia, they still respond aberrantly and survive with a simplified dendritic arbor that 

contributes to a reduction in cerebral growth and abnormal synaptic activity. Thus, cellular 

dysmaturation in gray and white matter may disrupt a critical developmental window that 

coincides with rapid brain growth and enhanced neuronal connectivity related to elaboration 

of the dendritic arbor, synaptogenesis and myelination.

The timing and nature of neuronal and glia dysmaturation suggests that each may respond to 

distinct interventions to potentially enhance cerebral gray or white matter growth by 

promoting regeneration and repair of cerebral injury. Factors such as improved infant 

nutrition, reduction in postnatal infections, a lower burden of painful procedures and earlier 

behavioral interventions may all potentially enhance cerebral gray matter growth and 

maturation. Pharmacological interventions aimed at blocking the inhibitory pathways that 

sustain preOL maturation arrest may reverse or prevent myelination failure with the 

potential for enhanced connectivity of CNS pathways. Hence, new insights into the 

pathogenesis of preterm cerebral injury have redirected our focus to a variety of promising 

new strategies to promote enhanced brain maturation and growth that were not previously 

feasible when impaired brain development was largely attributable to severe tissue 

destruction.
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Figure 1. 
Pathogenesis of myelination failure arising from white matter injury (WMI) related to pan-

cellular death and necrosis (periventricular leukomalacia (PVL); upper pathway) or selective 

preOL death and diffuse WMI (lower pathway). Note that the lower pathway is the 

dominant one in most contemporary preterm survivors, whereas the minor upper pathway 

reflects the declining burden of white matter necrosis that has accompanied advances in 

neonatal intensive care. Severe necrosis results in macrocystic lesions (cystic PVL), whereas 

milder necrosis results in microcysts. Milder WMI selectively triggers early preOL death. 

PreOLs renewal arises from the rapid regeneration of preOLs from a pool of early OL 

progenitors that are much more resistant to cell death in WMI. Chronic lesions are enriched 

in reactive astrocytes that generate inhibitory signals that block the maturation of preOLs to 

mature myelinating oligodendrocytes.
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Figure 2. 
Diffuse WMI is associated with markedly less cerebral gray matter injury in preterm human 

autopsy cases (A-D) and in a pre-clinical large animal model of WMI in preterm fetal sheep 

(E-H). From a preterm human autopsy case diagnosed with early diffuse WMI, the relative 

amounts of cell death are compared in parietal cerebral cortex (A) relative to a diffuse deep 

cerebral white matter lesion (B). From these images of fluorescently-labeled degenerating 

cells (arrowheads provide typical examples), the paucity of degenerating cells in the cortex 

(A) relative to the white matter (B) can be appreciated. The large arrow in A indicates the 

pial surface. (C) This image shows an early small focal deep white matter lesion (arrows), 

adjacent to the subventricular zone (SVZ), that was less than a millimeter in diameter. Such 

lesions typically evolve to microscopic necrosis. (D) This image visualizes all of the cells 

present in the region shown in C and demonstrates the high density of cells in the SVZ 

relative to the adjacent deep white matter in the center of the image. (E) Anatomical diagram 

of the preterm fetal sheep brain at 0.65 gestation, which is approximately equivalent to the 

preterm human brain at 26-28 weeks gestation. Animals were analyzed for the distribution 

of degenerating cells that occurred in response to cerebral hypoxia-ischemia of durations of 

30 minutes (min.) (F) 37 minutes (G) or 45 minutes (H). The pseudocolor maps in F-H 

indicate the overlapping distributions of degenerating cells observed in four animals at the 

level of parietal cortex. The pseudocolor probability scale (1, low; 7, high) indicates the 

relative frequency with which cell death was observed throughout this level of the brain. 

Note that WMI in the periventricular white matter (PVWM), superficial white matter 

(SWM), internal capsule (IC) and corpus callosum (CC) increased as the duration of 

ischemia was increased from 30 to 45 min. Injury to the cerebral cortex (CTX) and 

hippocampus (HIP) was rarely observed until the duration of ischemia was very prolonged 

to 45 min., which also coincided with a pronounced increase in necrotic WMI (H). Panels 
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A-D adapted from Back et al., 2005.32 Panels E-H adapted from Riddle et al., 2006.34 Scale 

Bars: = 200 μm (A); 100 μm (B-D); 2 mm (E-H).
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