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Abstract

Injury to the preterm brain has a particular predilection for cerebral white matter. White matter
injury (WMI) is the most common cause of brain injury in preterm infants and a major cause of
chronic neurological morbidity including cerebral palsy. Factors that predispose to WMI include
cerebral oxygenation disturbances and maternal-fetal infection. During the acute phase of WMI,
pronounced oxidative damage occurs that targets late oligodendrocyte progenitors (preOLs). The
developmental predilection for WMI to occur during prematurity appears to be related to both the
timing of appearance and regional distribution of susceptible preOLs that are vulnerable to a
variety of chemical mediators including reactive oxygen species, glutamate, cytokines, and
adenosine. During the chronic phase of WMI, the white matter displays abberant regeneration and
repair responses. Early OL progenitors responds to WMI with a rapid robust proliferative response
that results in a several fold regeneration of preOLs that fail to terminally differentiate along their
normal developmental time course. PreOL maturation arrest appears to be related in part to
inhibitory factors that derive from reactive astrocytes in chronic lesions. Recent high field MRI
data support that three distinct forms of chronic WMI exist, each of which displays unique MRI
and histopathological features. These findings suggest the possibility that therapies directed at
myelin regeneration and repair could be initiated early after WMI and monitored over time. These
new mechanisms of acute and chronic WMI provide access to a variety of new strategies to
prevent or promote repair of WMI in premature infants.

Impact of Perinatal White Matter Injury on Preterm Survivors

Although major advances in the care of premature infants have resulted in striking
improvements in the survival of very low birth weight (VLBW) infants (< 1.5 kg), improved
survival has been accompanied by a significant increase in the number of pre-term survivors
with long-term neurological deficits (Wilson-Costello et al. 2005). In multiple parts of the
world, ~10-15% of preterm survivors sustain permanent motor impairment (i.e., cerebral
palsy; CP) that ranges from mild to profound spastic motor deficits (Beaino et al. 2010;
Hack et al. 2005; Liu et al. 2008; Mercier et al. 2010; Miller et al. 2005a). By school age,
25-50% also manifest a broad spectrum of cognitive, visual, social-behavioral, attention and
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learning disabilities (Anderson et al. 2011; Glass et al. 2008b; Jacobson and Dutton 2000;
Litt et al. 2005; Soria-Pastor et al. 2008).

Cerebral white matter injury (WMI) is the major form of brain injury recognized in
survivors of premature birth (Volpe 2009). The period of highest risk for WMI is ~23-32
weeks post-conceptional age. In preterm survivors, MRI-defined WMI manifests in the first
months of life as abnormal movements that are predictive of CP (Constantinou et al. 2007;
Spittle et al. 2009; Spittle et al. 2008). The impact of WMI can be appreciated from a recent
large population based study of children with CP. Perinatal WMI, including the necrotic
lesions of periventricular leukomalacia (PVL), was the most common finding, seen in
almost half (42.5%) of affected children (Bax et al. 2006). Moreover, premature birth alone
is associated with a greater risk for reduction in both cerebral white and gray matter volume,
which is associated with poorer cognitive development (Aarnoudse-Moens et al. 2009;
Anderson and Doyle 2008; Delobel-Ayoub et al. 2009; Kesler et al. 2008; Loeliger et al.
2006; Peterson et al. 2000; Scafidi et al. 2009; Soria-Pastor et al. 2009). Since VLBW
infants comprise about 1.5% of the 4 million live births in the U.S. alone each year, the
world-wide social and economic burden is considerable. The average lifetime costs per
person with CP is estimated to be ~1 million dollars in the U.S. ((CDC) 2004).

Premature infants with WMI are at markedly increased risk for several others forms of brain
injury, notably intraventricular hemorrhage (IVH) and intraparenchymal hemorrhage (Volpe
2008a). Whereas medical interventions have resulted in a pronounced decrease in the
incidence of IVH (Fowlie and Davis 2003; Volpe 2001), the associated incidence of WMI is
not decreasing (Ballabh 2010). Thus, WMI is one of the major neurological problems that
affect VLBW infants.

WMI is not exclusively associated with prematurity and is increasingly appreciated in term
infants (Lasry et al. 2010; Li et al. 2009; Martinez-Biarge et al. 2012; Pagliano et al. 2007).
Infants with complex congenital heart disease (CHD) are at particular risk for WMI and
delayed brain maturation (Clouchoux et al. 2012; Licht et al. 2009; Limperopoulos et al.
2010; Miller et al. 2007; Wernovsky et al. 2005). These infants show an increased
predilection for a pressure passive circulation (Bassan et al. 2005). Although the risk for
WMI would be expected to be lower, since these infants are often full term at birth, WMI is
now the major neurological lesion associated with CHD (Galli et al. 2004; Kinney et al.
2005). The basis for this propensity for WMI is unknown, but recent studies support that
white matter pathology can precede surgical repair of heart lesions (McQuillen and Miller
2010). This suggests that CHD itself may be a risk factor for WMI.

CELLULAR-MOLECULAR MECHANISMS OF ACUTE WMI

Maturation-dependent Vulnerability of the OL lineage to Oxidative Stress

Since the major period of vulnerability for WMI occurs prior to the onset of myelination, it
was initially proposed that the myelination disturbances of WMI might arise from targeted
death of OL progenitors that are the source of mature OLs (Back and Volpe 1997). This
hypothesis stated that the predilection for WMI is related to a developmentally-regulated
susceptibility of more immature stages of the OL lineage to oxidative stress, a well-
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established sequela of both hypoxia-ischemia and systemic hypotension arising from
maternal-fetal infection (Ferriero and Miller 2010; Hagberg et al. 2002). This hypothesis
motivated the testing of the relative susceptibility of succesive stages of the OL lineage to
clincally relevant insults ranging from oxidative stress to excitotoxicity (Rosenberg et al.
2003).

Human fetal OLs develop according to a well-established lineage, defined by stage-specific
antibodies specific for sequentially expressed OL cell-surface and myelin-specific epitopes
(Back et al. 2001; Back et al. 2002b; Jakovcevski et al. 2009; Jakovcevski and Zecevic
2005). It is feasible to precisely define the timing and features of OL lineage progression
both in vitro and in vivo. The successive OL stages are distinguished by a progressively
more complex morphology (Figure 1). The OL progenitor (OPC) is the earliest stage
committed to the OL lineage. The preOL is a simple multipolar, mitotically active late OL
progenitor immunoreactive with the O4 but not the O1 monoclonal antibodies. The
immature OL is a post-mitotic complex multipolar cell identified by the O1 antibody that
binds to galactocerebroside. The mature OL is identified by myelin-associated markers that
include myelin basic protein (MBP).

The developmental window of highest risk for WMI (i.e., ~23-32 weeks postconceptional
age) corresponds to a period in human white matter development that precedes the onset of
myelination (Back et al. 2001; Rakic and Zecevic 2003). This period coincides with the
presence of one major population of preOLs in cerebral white matter and identified the
preOL as a potential target for cell death in WMI. The decline in risk for WMI coincides
with the onset of a wave of differentiation of preOLs to immature OLs that initiate
myelination of cerebral white matter (Back et al. 2002b).

The concept that OL progenitors are selectively targeted by oxidative stress derives from
several studies that identified maturation-dependent mechanisms of free radical-mediated
injury to the OL lineage both in vitro and in vivo (Back et al. 1998; Back et al. 2002a; Baud
et al. 2004a; Fern and Moller 2000; Fragoso et al. 2004; Lin et al. 2004). Many of these
studies compared the susceptibility of successive stages in the OL lineage to oxidative
stress. PreOLs are markedly more susceptible than mature OLSs to intrinsic and extrinsic
sources of oxidative stress. Intracellular depletion of glutathione triggered a downstream rise
in reactive oxygen species (ROS) that lead to preOL death (Back et al. 1998). Several in
vitro studies found that caspase-mediated death of mixed populations of OL progenitors and
preOLs occurs after oxidative stress in vitro (Druzhyna et al. 2003; Fragoso et al. 2004;
Mronga et al. 2004; Sanchez-Gomez et al. 2003). However, preOLs degenerate from a
spectrum of necrotic and apoptotic death in vivo (Back et al. 2002a; Segovia et al. 2008;
Alix et al. 2012). Interestingly, the Eo-isoprostanes, a lipid peroxidation product, are
particularly toxic to OL progenitors in vitro, but not to mature OLs, which suggests that
specific compounds generated endogenously from oxidative stress might be a potential
mechanism for OL degeneration in WMI (Brault et al. 2004a).

Response of the OL Lineage to Oxidative Stress in vitro

Disturbances in cerebral blood flow, oxygenation and metabolism commonly cause
dysregulation of key neurotransmitter systems that are already functional in the preterm

Glia. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Back and Rosenberg

Page 4

brain. In vitro studies have identified glutamate-mediated toxicity to the OL lineage that is
both receptor-independent and receptor-mediated. A receptor-independent mechanism is
mediated by glutathione depletion with consequent free radical generation (Back et al. 1998;
Oka et al. 1993; Yonezawa et al. 1996) and is similar to the phenomenon of oxidative
glutamate toxicity that was discovered using immature neurons and neuronal cell lines in
culture (Coyle and Puttfarcken 1993). Oxidative glutamate toxicity involves a glutamate-
cystine exchanger (system X~ transporter) that is an important source of cellular cystine
and, by intracellular reduction, cysteine (Bannai and Kitamura 1980; Murphy et al. 1989a;
Sato et al. 1999). This transporter also has been increasingly recognized as an important
contributor to extracellular glutamate homeostasis (Kalivas 2009; Lewerenz et al. 2013).
Intracellular cystine depletion leads to reduced glutathione synthesis, enhanced free radical
generation and disruption of glutathione-dependent antioxidant mechanisms.

The mechanisms of cell death triggered by glutathione depletion are of interest as they may
reflect how oxidative injury actually kills cells and may lead to ways to intervene to prevent
cell death. Early work provided evidence that this process was dependent upon the
metabolism of arachidonic acid (Murphy et al. 1989b). Subsequent work by the Schubert
group showed that this form of toxicity required the activation of 12-lipoxygenase (Li et al.
1997). Arachidonic acid metabolism is highly important in cells, and involves three major
pathways for the transformation of arachidonic acid: the cyclooxygenase (COX) pathway of
prostaglandin synthesis, the lipoxygenase (LOX) pathway of leukotriene synthesis (Katsuki
and Okuda 1995), and a third pathway of arachidonic acid metabolism by cytochrome P 450
arachidonic acid monoxygenase (Capdevila and Falck 2002). Lipoxygenases are important
not only for the lipid mediators that they produce, but also as a catalytic source of lipid
peroxides (Brash 1999). LOX appears to be negatively regulated by glutathione, and
positively regulated or activated by lipid peroxides. In fact, the lipid peroxide tone of the cell
sets the activity of lipoxygenases. When glutathione levels fall, lipid peroxides rise because
their accumulation is controlled by glutathione peroxidases, especially GPx4 (Seiler et al.
2008). LOX is activated by this elevation in peroxide tone and becomes a catalytic source
for reactive oxygen species, specifically lipid peroxides. Why there should be such a
positive feedback loop, whereby elevation in lipid peroxide tone activates LOX generating
more lipid peroxides is unclear, especially given the deleterious effects of 12-LOX
activation. Products of lipid peroxidation accumulate in perinatal WMI (Back et al. 2005b;
Inder et al. 2002; Welin et al. 2007); and are toxic to developing OLs (Brault et al. 2004b).
Relevance to human WMI is suggested by the recent demonstration of 12/15-LOX
expression in premyelinating OLs and microglia in the diffuse (non-necrotic) component of
WMI (Haynes and van Leyen 2013).

As previously discussed, developing OLs are highly sensitive to death induced by
glutathione depletion, and this cell death is also dependent upon 12-LOX activity.
Arachidonic acid itself is toxic to OLs, and this toxicity can be blocked by 12-LOX
inhibitors (Wang et al. 2004). GPx4 specifically regulates the activity of 12-LOX, and in
neurons, the death pathway activated by GPx4 down-regulation is dependent upon the
translocation of AIF (Seiler et al. 2008). Studies by DeFranco and coworkers of the effects
of GSH depletion in neurons and cell lines (Ho et al. 2008) and our own studies of the
mechanism of peroxynitrite toxicity to OLs as well as neurons have shown that MAP
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kinases are involved in the toxicity of reactive nitrogen species (RNS) (Zhang et al. 2007;
Zhang et al. 2006; Zhang et al. 2004). Together, these data indicate that oxidative injury may
occur by activation of a regulated pathway that involves 12-LOX, MAP kinases, and AlF
(Seiler et al. 2008; Zhang et al. 2007). Inhibiting 12-LOX may be beneficial in the
prevention of injury following ischemia to the mature brain (Jin et al. 2008; Pallast et al.
2010; Pallast et al. 2009; Pekcec et al. 2012; van Leyen et al. 2008; van Leyen et al. 2006;
Yigitkanli et al. 2012).

OL death induced by glutathione depletion is necrotic (Wang et al. 2004). The idea that
necrosis can be a regulated form of cell death has been vigorously pursued (Degterev et al.
2005). A screen of inhibitors that blocked TNFa induced non-apoptotic cell death led to the
discovery of necrostatin, which targets RIP1 kinase (Degterev et al. 2008; Hitomi et al.
2008). RIP1 kinase activity is considered to be required for the upstream signaling events
inducing regulated necrosis, and there are multiple pathways that may take part in the
destruction phase, including lipoxygenase.

Given the evidence that oxidative stress induced cell death in the OL lineage involves a
program of cell death mediated by 12-LOX activation, the question arose whether this
programmed cell death is a RIP1 kinase dependent form of cell death. Necrostatin (NEC-1)
was found to be an effective inhibitor of OL death in vitro caused by cystine deprivation,
inhibition of glutathione synthesis by buthionine sulfoximine, or exposure to arachidonic
acid (Kim et al. 2010). In addition, necrostatin was very effective at blocking the production
of reactive oxygen species, although it is not a free radical scavenger (Degterev et al. 2005).
These results suggest that the 12-LOX pathway of injury in OLs is a necroptotic pathway, in
the broadest sense that necroptosis is a regulated form of necrotic cell death. Whether RIP 1
kinase is in fact involved would require more rigorous studies to demonstrate that the effects
of NEC-1 are due to on-target rather than off-target effects (Degterev et al. 2013; Takahashi
et al. 2012; Vandenabeele et al. 2013). The relevance of necroptosis to some forms of
neonatal cerebral gray matter injury is supported by studies in which NEC-1 was protective
in a model of neonatal hypoxia-ischemia (Chavez-Valdez et al. 2012; Northington et al.
2011). The relative resistance of mature OLs to oxidative stress suggests that mature OLs
may have improved mechanisms to maintain cellular redox homeostasis, most notably the
maturation of anti-oxidant enzyme systems (Baud et al. 2004a; Baud et al. 2004b; Folkerth
et al. 2004a).

Role of Glutamate Receptor-Mediated Toxicity in Acute WMI

Increased expression of the GIuR4 subunit occurs between 23-32 weeks gestation in human
parietal white matter and P7 rat corpus callosum (Follet et al. 2004). O4 antibody-labeled
cells also express calcium permeable GIuR2 lacking AMPA receptors (Fern and Moller
2000; Follet et al. 2004; Ong et al. 1996; Sanchez-Gomez et al. 2003; Sanchez-Gomez and
Matute 2000). Focal expression of NMDA receptors on the processes of OL progenitors and
mature OLs in vivo mediates a rapid, Ca2*-dependent, disintegration of OL processes under
in vitro conditions that mimic ischemia, and NMDA receptors have been found on O4+ cells
in developing human white matter (de Jesus Domingues et al. 2011; Jantzie et al. 2013;
Karadottir et al. 2005; Micu et al. 2006; Salter and Fern 2005). The timing of calcium
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permeable AMPA type glutamate receptor expression and NMDA receptor expression
during human and rat white matter development has been said to coincide with the window
of heightened susceptibility to WMI (Jantzie et al. 2013; Talos et al. 2006a; Talos et al.
2006b). However, in these studies the intent was to identify glutamate receptors on O4+
cells, assuming that the O4 marker alone could be used to identify preOLs. It is well-known
that immature OLs, which are identified by the expression of the O1 marker, also express
the O4 antigen. The significance of these in vivo studies for understanding the pathogenesis
of WMI, which appears to target the O4+ O1- preOL, therefore, remains uncertain.

Glutamate toxicity to preOLs in vitro is mediated by ionotropic glutamate receptors
(iGluRs) of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate
type (Borges et al. 1994; Fern and Moller 2000; Itoh et al. 2002; McDonald et al. 1998;
Rosenberg et al. 2003; Sanchez-Gomez et al. 2011; Sanchez-Gomez and Matute 2000;
Yoshioka et al. 1995). Although these in vitro studies suggest that calcium permeable
AMPA receptors on preOLs might be important in WMI, there remains uncertainty about
whether preOLs in vivo express this type of receptor. This issue is especially important
because we know from studies of NMDA receptors in vivo (Karadottir et al. 2005; Salter
and Fern, 2005; Micu et al. 2006) that anomalies in glutamate receptor expression may
occur in vitro. Thus, although calcium permeable AMPA receptors may be expressed on
preOLs in vitro, they may be absent from preOLs in vivo.

Excessive glutamate receptor activation during ischemia requires an elevation in extra-
cellular glutamate and a concomitant glutamate loss from at least one cellular compartment.
The potential sources of glutamate release to cerebral white matter include astrocytes, OLs,
axons and cells of the choroid plexus. Mechanisms of glutamate release from axons
(Kriegler and Chiu 1993; Stirling and Stys 2010) and astrocytes (Anderson and RA 2000;
Bezzi et al. 2004; Domingues et al. 2010; Ye et al. 2003) have been defined, while
oligodendroglia express Na-dependent glutamate transporters and a X~ transporter, which
are all potential sources of glutamate release during hypoxia-ischemia (Deng et al. 2003;
DeSilva et al. 2009; DeSilva et al. 2007; Domercq et al. 1999; Fern and Moller 2000; Oka et
al. 1993). There is evidence for significant release of astrocytic glutamate in isolated
immature rat optic nerve during in vitro modeled ischemia (Wilke et al. 2004) as well as
glutamate transport mechanisms in immature axons (Arranz et al. 2008). During perinatal
hypoxia-ischemia, depletion of glutamate was most pronounced in axons and pre-
myelinating stages of the OL lineage (Back et al. 2007). By contrast, astrocytes showed only
a small loss of glutamate, which suggested that these cells were neither a significant source
nor sink for glutamate in ischemic neonatal white matter. The pronounced depletion of
glutamate observed in OLs and axons suggests that re-uptake mechanisms may be immature
in the perinatal brain or dysfunctional during hypoxia-ischemia. Glutamate transport
inhibition in the adult optic nerve in vivo resulted in excitotoxic degeneration of both OLs
and axons mediated by AMPA and kainate receptor over-activation (Domercq et al. 2005).

Role of Glutamate Transporters in Glutamate-mediated Toxicity in Acute WMI

Glutamate transporters constitute a family of 5 genes, known in the human as EAAT1-5
(Danbolt 2001). The important transporters in the forebrain are EAAT1-3, known in the rat
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as GLAST, GLT-1, and EAAC1. GLAST and GLT-1 are primarily expressed in astrocytes.
GLT-1 is the major transporter of the brain, and is expressed in axon terminals as well (Chen
et al. 2004). EAACL1 is often called the neuronal transporter. All three transporters are
expressed in OLs (DeSilva et al. 2009). The concept of a suicide loop in developing OLs has
been suggested, whereby, in the setting of oxygen-glucose deprivation, cells release
glutamate by reversal of glutamate transporters, which then acts upon glutamate receptors on
the same cells to cause cell death. Evidence suggesting the existence of such a loop is that
cell death could be blocked by glutamate receptor antagonists, and, importantly, also by an
inhibitor of one particular glutamate transporter, GLT-1 (Fern and Méller 2000). Since all
three glutamate transporters expressed in the forebrain are expressed in OLs, it is not clear
why GLT-1 in particular is important for the release of glutamate in oxygen-glucose
deprivation (OGD). Now that a specific inhibitor of GLAST is available (Jensen et al. 2009),
it would be of interest to test whether blocking GLAST also blocks OGD induced OL death,
in which case there would be nothing unique about GLT-1, or, whether only GLT-1 can
fulfill this pathophysiological role.

Given these experimental data implicating glutamate transporters and specifically GLT-1 in
hypoxic-ischemic injury to developing OLs, the expression of the human homolog EAAT2
and other glutamate transporters in developing white matter were investigated using in situ
RNA hybridization. EAAT2 expression is developmentally regulated and was increased in
immature white matter. Although strongly expressed in developing OLs in 32-week
gestational age human brain, there was no detectable EAAT2 expression in OLs in 7 month
old human brain. In contrast, EAAT1 and EAAT3 expression either remained constant or, in
the case of EAATS, increased in the more mature brain (DeSilva et al. 2007). A similar
pattern was found in the rat, in which GLT-1 was expressed in developing OLs at P7, but no
labeling was found in mature OLs (DeSilva et al. 2009). These data support the concept that
a fatal feedback loop exists in developing OLs consisting of high expression of the
glutamate transporter GLT-1/EAAT? that provides a source of extracellular glutamate in the
setting of energy failure. When activated, the GIuR2 lacking AMPA receptors expressed on
the same cells mediate excessive influx of calcium, which triggers excitotoxic injury and
cell death. This model of excitotoxic injury in the immature brain therefore contrasts with
that in the mature brain, and may be a cell-autonomous process in which certain populations
of cells provide both the source and the target for pathological accumulations of glutamate.
In the mature brain, the glutamate that is thought to kill neurons is derived from other cells
—from excitatory terminals, or from neighboring astrocytes (Lipton and Rosenberg 1994).
The existence of these cell-autonomous feedback loops may distinguish highly vulnerable
targets in the developing brain and account for the particular patterns of cell death that
characterize neonatal WMI. Another example of a cell-autonomous feedback loop may be
layer V pyramidal cells in the developing cortex. In the last 5 years attention has been
focused on the collateral neuronal damage that accompanies necrotic lesions in PVL
(Pierson et al. 2007) with depletion of pyramidal neurons in layer VV (Andiman et al. 2010).
Glutamate receptor expression is not exclusive to layer V neurons in human cortex (Talos et
al. 2006b), but it has been observed that layer V neurons, but not other neurons, heavily
express EAAT2 (DeSilva et al. 2012). Therefore, the loss of layer V neurons in the setting of
necrotic WMI might be seen as another example of the importance of feedback loops to
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explain selective vulnerability in the developing brain. Alternative explanations are
conceivable, for example retrograde degeneration caused by axonal degeneration in chronic
WMI.

Further in vivo studies are needed to verify the direct toxicity of glutamate to preOLs, other
OL lineage stages as well as astrocytes (Domingues et al. 2010; Salter and Fern 2008;
Shannon et al. 2007). Glutamate antagonists and other agents reduced ibotenate-mediated
neonatal rodent white matter necrosis (Bemelmans et al. 2006; Dicou et al. 2003;
Dommergues et al. 2000; Husson et al. 2002; Marret et al. 1995; Sfaello et al. 2005). NMDA
and AMPA/kainate receptor antagonists prevented myelin loss after perinatal hypoxia-
ischemia in the term equivalent rat (Follet et al. 2004; Follet et al. 2000; Manning et al.
2008). However, the efficacy of glutamate receptor antagonists to directly block
degeneration of OL lineage cells and axons in vivo remains largely unstudied. Future studies
are needed to define whether the protective effects of the AMPA/kainate receptor
antagonists against myelin loss involve decreased degeneration of OL lineage cells and/or
reduction in neuro-axonal degeneration. An additional unresolved question is whether
AMPA/kainate receptor antagonists may cause cerebral hypothermia that might render
cerebro-protection via an alternative mechanism.

Role of OL lineage Susceptibility in Acute Hypoxic-lschemic WMI

The timing of appearance and spatial distribution of susceptible OL lineage cells appears to
explain the magnitude and distribution of acute hypoxic-ischemic injury in several
experimental models of WMI. The white matter of two day old preterm-equivalent rat pups,
for example, displays a much greater susceptibility to hypoxia-ischemia than the white
matter in 7 day-old near-term equivalent animals (Back et al. 2002a). A major
developmental difference at these two ages is the extent of differentiation of the OL lineage.
At postnatal day two, the rat white matter contains predominantly preOLs and, thus,
resembles human cerebral white matter during the high-risk period for WMI (Craig et al.
2003). By day 5, in three different strains of rat, the white matter is populated mainly by a
more differentiated population of immature OLs, and thus resembles near-term human
(Dean et al. 2011). PreOLs are highly susceptible to hypoxiaischemia, whereas earlier and
later OL stages are markedly more resistant (Back et al. 2002a; Riddle et al. 2006; Segovia
et al. 2008). The enhanced susceptibility of preOLs in vivo is, thus, a stage-specific property
that is independent of the postnatal age of the animal or the location of these cells in the
forebrain. The increasing developmental resistance of the cerebral white matter to hypoxia-
ischemia is related to the onset of preOL differentiation to pre-myelinating immature OLs
that display reduced susceptibility to hypoxia-ischemia. Similar to reactive astrocytes,
immature OLs in the white matter often display a robust reactive response to cerebral injury,
which is common after hypoxia-ischemia at postnatal day 7 in the rat. This response
coincides with gray matter injury and secondary injury to axons in the adjacent callosal
white matter (Back et al., 2002a). Although reduced myelination has been reported after
hypoxia-ischemia in the 5-day old rat, the mechanism is unclear, as these studies did not
determine the extent of preOL and OL degeneration in vivo (Follet et al. 2000; Liu et al.
2002). Reduced myelination can occur secondary to neuro-axonal degeneration, which is a
prominent feature in perinatal rat models of hypoxia-ischemia between postnatal day 2-7
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(Selip 2012; Sizonenko et al. 2005; Sizonenko et al. 2003) and in more severe hypoxia-
ischemia in fetal sheep (Petersson et al 2002). Cerebral hypoxic-ischemic injury in rodents is
typically more severe than in human where substantial necrotic neuro-axonal injury is
mostly associated with cystic WMI, which now occur infrequently.

Caspase-mediated mechanisms of apoptosis contribute at least partially to acute preOL death
from hypoxia-ischemia (Back et al. 2002a; Cao et al. 2003; Castillo-Melendez et al. 2004;
Ness et al. 2001). The magnitude of caspase-activation differs among studies and appears to
be related to the severity of the hypoxic-ischemic insult. For example, in a perinatal rodent
model of moderate hypoxia-ischemia, the majority of preOLs degenerated acutely by a
mechanism of apparent necrosis that did not involve caspase-3 activation (Back et al. 20023;
Segovia et al. 2008). By contrast, in the preterm sheep fetus, preOL degeneration more
commonly involved activation of caspase-3 (Riddle et al. 2006). Similar observations were
made in late-gestation sheep (Cao et al. 2003; Castillo-Melendez et al. 2004). Hence, a less
severe insult may result in a combination of apoptosis and necrosis whereas more severe
insults may be biased toward mostly necrosis (Cheng et al. 1998; Han et al. 2000). The
relative extent of apoptotic and necrotic preOL degeneration in most models is difficult to
establish due to the lack of histological markers of necrosis. Recent ultrastructural studies
identified a spectrum of cell death in O4 antibody-labeled cells that ranged from necrosis to
apoptosis (Alix et al. 2012).

Relative Contributions of Hypoxia-lschemia and OL Lineage Immaturity to Acute WMI

The preterm fetal sheep (0.65 gestation) displays heterogeneous OL lineage maturation in
frontal periventricular white matter (Riddle et al 2006), which allowed us to define the
relative contributions of oligodendroglial maturational factors and vascular factors to acute
WMI. OL lineage maturation in medial periventricular white matter (PVWM) was similar to
human (~23-28 weeks gestation) in that preOLs were the major OL stage present. By
contrast, lateral PVWM was more differentiated and contained predominantly pre-
myelinating and early myelinating immature OLs. Surprisingly, moderate cerebral ischemia
did not uniformly damage the PVWM. The medial and lateral PVWM sustained differing
degrees of acute injury even though they sustained a similar degree of low flow during
prolonged ischemia-reperfusion. Hence, while global ischemia was necessary for WMI, no
regional differences in blood flow were found within the PVWM under basal or ischemic
conditions to account for the differences in cell death between medial and lateral PVWM.
Rather, differences in the topography of WMI were closely associated with the distribution
of vulnerable preOLs. Interestingly, in regions of preOL degeneration, other neural cell
types (astrocytes, microglia and axons) were markedly more resistant to injury.

Recently, in a fetal rabbit model of placental insufficiency, significant global
hypoxiaischemia caused minimal WMI at fetal day 22, but a similar insult three days later in
gestation caused pronounced WMI (Buser et al., 2010). The differences in susceptibility of
the white matter at these two developmental ages can be accounted for by the appearance of
susceptible preOLs at fetal day 25. Taken together, these findings suggest that perturbations
in cerebral blood flow are necessary but not sufficient for WMI. The developmental
predilection for WMI appears to be related to both the timing of appearance and regional
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distribution of susceptible preOLs. These findings predict that some near-term infants with
delayed OL differentiation and myelination might also be more susceptible to WMI.
Interestingly, a more variable degree of WMI was detected in near term sheep after several
insults (Clapp 111 et al. 1988; lkeda et al. 1999; Mallard et al. 1998; Ohyu et al. 1999;
Penning et al. 1994; Raad et al. 1999). Moreover, near term and term infants with congenital
heart disease are also at high risk for WMI (McQuillen and Miller 2010). Several clinical
and MRI studies support the notion that this susceptibility relates to a delay in brain
maturation (Dimitropoulos et al. 2013; Licht et al. 2009; Limperopoulos et al. 2010; Miller
2007). Hence, the targeted death of preOLs from hypoxiaischemia or inflammatory
mediators could contribute to the pathogenesis of acute WMI across a broad range of
gestational ages and regions of white matter.

Chronic WMI: Myelination Failure and Susceptibility of OLs and Axons Limitations of
Current Approaches to Study Myelination Failure

The propensity for disturbances in OL lineage maturation and myelination is the central
feature that distinguishes chronic WMI in preterm survivors from other forms of neonatal
cerebral injury. Early histopathological descriptions of myelination disturbances analyzed
cases where cystic necrotic WMI was associated with diffuse white matter astrogliosis
(Billiards et al. 2008; lida et al. 1995). Myelin loss in association with necrotic foci is related
to axonal degeneration and loss of all glial elements. In the studies of Billiards et al. cited
above, a third of the cases (6/18) were reported to have chronic foci with cavitation. In the
remainder of the cases, the necrosis rarely exceeded 1 mm in diameter and thus could be
considered “microcysts” that are typically undetected by MRI. Thus, it is unclear whether
these cases are significantly different than current cases of WMI where cystic necrosis
occurs in about 5% of cases. More recent MRI studies have analyzed contemporary cohorts
of preterm survivors that mostly lack cystic necrotic lesions that exceed 1 mm in diameter.
These studies have commonly defined focal or diffuse forms of WMI that were attributed to
abnormal “myelination.” Since these studies lack histopathological correlation, the cellular
basis for the signal abnormalities in the white matter remains unclear. For example, in
subjects with these milder forms of WMI, fractional anisotropy (FA) did not increase in
central white matter tracts relative to normal infants (Huppi et al. 2001; Ment et al. 2009;
Miller et al. 2002), and this was attributed to abnormal myelination. However, experimental
studies in a preterm fetal rabbit model of global cerebral ischemia (Derrick et al. 2004;
Drobyshevsky et al. 2007a; Drobyshevsky et al. 2007b) found that the most rapid rise in FA
normally occurs prior to myelination at a time when pre-myelinating immature OLS increase
in number in central white matter tracts and axons show maturational changes
(Drobyshevsky et al. 2005). These experimental findings suggest that MRI-defined WMI in
contemporary cohorts of patients may be related to disturbances in OL lineage maturation
rather than axonal degeneration, but histopathological confirmation in human is needed.

To define cellular mechanisms of MRI-defined WMI, registration algorithms were
developed that permitted MRI data to be aligned at high resolution with the corresponding
histopathological data from the same white matter regions (Riddle et. al., 2011). WMI was
generated by cerebral ischemia in a preterm fetal sheep model that closely reproduces the
spectrum of WMI seen in human preterm survivors (Back et. al. 2012). We identified the
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histopathological features of three classes of MRI-defined chronic WMI (Figure 2). Each
lesion type displayed unique astroglial and microglial responses that corresponded to distinct
forms of necrotic or non-necrotic injury. At 1 week after injury, high field MRI (12 Tesla)
identified a novel hypo-intense signal abnormality on T2-weighted images that
corresponded to diffuse WMI characterized by astrogliosis and myelination disturbances
related to arrested maturation of preOLs (Fig. 2; upper panel). This was the major form of
WMI identified and comprised nearly 90% of the total volume of WMI. A second minor
form of necrotic WMI corresponded to focal hyperintense signal abnormalities on MRI (Fig.
2; middle panel). A third minor form of WMI comprised small foci of necrosis (microcysts)
typically less than a millimeter in diameter (Fig. 3; lower panel). Microcysts are not detected
at clinical MRI field strengths (1.5 or 3T), but have been resolved by microscopic pathology
studies (Pierson et. al., 2007; Buser et. al., 2012). These findings suggest that current clinical
MRI field strengths have limited sensitivity to detect early diffuse WMI as well as small foci
of necrosis where axonal degeneration occurs.

Role of Axonal Injury in Myelination Failure

The major cell types that may contribute to myelination failure in WMI are the axon and OL
lineage cells. During development, small premyelinated axons are particularly susceptible to
glutamate-mediated excitotoxicity at sites of contact with OL processes and involve both N-
methyl-D-aspartic acid (NMDA\) receptors and non-NMDA glutamate receptors (Alix and
Fern 2009; Fern et al. 1998). Glutamate-mediated axonal injury appears related to a
mechanism of excessive glutamate depletion from OLs and axons (Fern et al. 1998; Fern
and Moller 2000; Salter and Fern 2005; Wilke et al. 2004), which appear to be the major
sources of extracellular glutamate during energy failure from hypoxia-ischemia (Back et al.
2007). Recently, it was shown that axons also display maturation-dependent vulnerability to
oxidative stress and hypoxia-ischemia (Alix et al. 2012). Larger caliber axons, which are
preparing to myelinate, are particularly susceptible to injury via axolemma-associated
voltage-gated calcium channels, in contrast to smaller caliber unmyelinated axons, which are
more resistant.

Axonal injury is a prominent feature of necrotic WMI (Haynes et al. 2008; Kinney and Back
1998). Such necrotic lesions often contain dystrophic axons and axonal spheroids, which
degenerate during the early phase of coagulative necrosis (Banker and Larroche 1962;
Deguchi et al. 1997; Hirayama et al. 2001; Marin-Padilla 1997). Recent studies support that
necrotic lesions are a minor component of WMI in both sheep and human and comprise only
about 5% of the total burden of WMI (Buser et al. 2012; Riddle et al. 2011).

Primary axonal injury does not appear to be a major feature of diffuse WMI that occurs
during the pre-myelinating phase of white matter development. Diffuse WMI is the major
form of WMI seen in preterm survivors (Buser et al. 2012). It is highly enriched in reactive
astrocytes and microglia that overlap with areas of myelination failure (see below). During
the acute phase of diffuse WMI in preterm fetal sheep, acute axonal injury was low and
preOLs were the major cells that degenerated (Riddle et al. 2006). During the chronic phase
of WMI from this same fetal sheep preparation (Riddle et al. 2011), no significant axonal
degeneration, axonal loss or shift in the distribution of axon calibers was observed by
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quantitative electron microscopy studies (Riddle et al. 2012). Axonal injury has been
observed in regions of chronic human diffuse WMI that are not within regions of necrosis
(Haynes et al. 2008), but these dystrophic axons are likely to be related to the degenerating
axons in necrotic foci. Hence, the major sites of axonal degeneration are necrotic lesions and
axons appear to be mostly intact in diffuse WMI.

Responses of OL Lineage Cells in Chronic Myelination Failure

As discussed above, acute WMI involves pronounced selective degeneration of pre-OLs,
with sparing of other neural cell types. These findings, thus, supported the hypothesis that
myelination failure arises from a persistent deficit of pre-OLs (Back and Volpe 1997).
However, two related sets of observations later challenged this hypothesis and suggested the
alternative hypothesis that myelination failure involves a potentially reversible process that
is linked to arrested pre-OL maturation in chronic WM lesions. First, in adult WMI, reactive
astrocyte-derived hyaluronic acid (HA) accumulates in diffuse WMI and reversibly inhibits
preOL differentiation and myelination (Back et al. 2005a; Preston et al. 2013; Sloane et al.
2010). Secondly, despite substantial acute and delayed preOL degeneration after hypoxia-
ischemia, surviving preOLs either were not depleted (Billiards et al. 2008) or in preterm-
equivalent rats rapidly increased in number to regenerate depleted preOLs (Segovia et al.
2008; Wright et al. 2010; Zhiheng et al. 2009). Significant delayed apoptotic preOL
degeneration occurred during the first week after cerebral hypoxia-ischemia in rats, but there
was a net increase in total preOLs in chronic lesions due to pronounced expansion of the
preOL pool (Segovia et al. 2008). This preOL expansion appeared to be driven mostly by
OL progenitors that proliferated locally at the sites of WMI (Segovia et al. 2008) or cortical
injury (Sizonenko et al. 2008) rather than from the subventricular zone, where less robust
generation of OL lineage cells has been observed (Felling et al. 2006; Yang and Levison
2006; Zaidi et al. 2004). In contrast to normal myelinating white matter (Fig. 3A, C),
chronic WMI was characterized by a striking absence of myelinating cells in lesions highly
enriched in diffuse reactive astrogliosis (Fig. 3B). However, these lesions were highly
enriched in preOLs, but immature OLs were rarely detected (Fig. 3D). Similarly, in preterm
fetal sheep (Riddle et al. 2011), preOL expansion was accompanied by a significant blunting
of OL maturation by 2 weeks after ischemia, despite a 50% increase in controls. In sheep
and human (Buser et al. 2012), progressive preOL accumulation and maturation arrest were
significantly associated with the magnitude of astrogliosis, consistent with the notion that
arrested preOL differentiation was related to factors derived from reactive gliosis.

PreOL expansion thus compensates for preOL death, but surviving preOLs display
persistent arrested differentiation in chronic gliotic lesions. Presently unclear is the temporal
evolution of impaired myelination in chronic WMI. What is the period over which the glial
scar remodels and preOL arrest persists? Discussed below is the role of potential inhibitory
factors that mediate preOL arrest. It is unknown whether myelination is delayed or
permanently arrested. Such information is of critical importance to define the potential for
regeneration and repair of injured white matter. Recent studies support that viable OLs and
myelination are critical for axon survival (Lee et al. 2012), raising the possibility that preOL
arrest could also adversely affect the functional integrity of axons in chronic lesions.
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Molecular Mechanisms of PreOL Maturation Arrest and Myelination Failure

A number of molecular mechanisms have been identified that delay maturation of the OL
lineage (Fancy et al. 2011b; Franklin and Gallo 2014; Kotter et al. 2011). These mechanisms
have important therapeutic relevance not only for neonatal WMI, but for a wide variety of
disorders of myelination failure where preOL arrest is also implicated—including multiple
sclerosis (Preston et al. 2013) and vascular dementias (Back et al. 2011). A complex array of
intrinsic, extrinsic and epigenetic factors regulate OPC cell cycle exit, OL lineage
progression and myelination (Barres et al. 1993; Emery et al. 2009; Fancy et al. 2010;
Silbereis et al. 2010; Sizonenko et al. 2007) (see accompanying article, Franklin and Gallo).
Briefly, inhibitors of voltage-activated potassium channels and membrane depolarization
block proliferation and differentiation of OL progenitors (Ghiani et al. 1999; Knutson et al.
1997). Sox17 expression regulates cell cycle exit in OPCs, transgenic overexpression
promotes OL differentiation (Ming et al. 2013), and enhanced Sox17 expression occurs in
OLs in active remyelinating lesions (Moll et al. 2013). Numerous genes are activated by
oxidative stress that regulate OL maturation, and oxidative stress promotes global histone
acetylation, which may block OL differentiation (French et al. 2009). Post-transcriptional
control by microRNAs regulates OL differentiation and OPCs that lack mature microRNAs
display arrested maturation (Dugas et al. 2010; Shin et al. 2009). Insulin-like growth factors
(IGFs) promote OL lineage cell survival and myelination and protect against OL progenitor
loss in fetal and neonatal models of WMI (Guan et al. 2001; Pang et al. 2010b; Wood et al.
2007). Bone morphogenetic proteins both repress OL differentiation and regulate myelin
protein expression (See et al. 2004; See and Grinspan 2009). Constitutive activation of the
Whnt/beta-catenin pathway in vivo also delays the differentiation of OL progenitors to
mature myelinating OLs (Fancy et al. 2011a; Feigenson et al. 2009; Ye et al. 2009).

In human lesions from neonatal WMI (Buser et al. 2012), patients with multiple sclerosis
(Back et al. 2005a; Preston et al. 2013) and traumatic spinal cord lesions (Struve et al.
2005), the extracellular matrix (ECM) is a rich source of hyaluronic acid (HA) and one of its
receptors, CD44. During chronic human neonatal WMI (Buser et al. 2012), CD44-positive
reactive astrocytes synthesize high molecular weight HA (i.e., >108 Da), a non-sulfated,
protein-free glycosaminoglycan that accumulates in the ECM (Asher et al. 1991). HA
synthases extrude HA molecules into the ECM where they have distinct activities depending
on their size (Sherman and Back 2008).

Arrest of preOL maturation is stimulated both in vitro and in vivo by high molecular weight
forms of HA (Back et al. 2005a; Sloane et al. 2010) that are digested to bioactive forms by a
CNS enriched hyaluronidase, PH20, that is GPI-anchored and has both neutral and acidic pH
optima (Preston et al. 2013). PH20 is expressed by OPCs and reactive astrocytes and its
expression is particularly elevated in demyelinated lesions. Overexpression of PH20 inhibits
preOL differentiation in vitro and HA fragments generated by PH20 block re-myelination in
vivo. Pharmacological inhibition of PH20 promotes OL maturation in vitro and myelination
in vivo, which is accompanied by enhanced nerve conduction.
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Animal Models of WMI Related to Hypoxia

Although hypoxia-ischemia is a major cause of human WMI, the next two sections will
review mechanisms through which isolated hypoxia or hyperoxia may contribute
independently to disturbances in OL lineage progression and myelination in preterm white
matter. Fetal hypoxemia activates a variety of hypoxia-responsive genes that modify
responses to oxidative stress (Gunn and Bennet 2009; Trollmann and Gassmann 2009),
alters glutamate homeostasis (Fontaine et al. 2008b; Henderson et al. 1998; Lee et al. 2010)
and triggers disturbances in oxidative metabolism that affect fetal growth, development and
behavior (Henderson et al. 1998; Ireland et al. 2010; Iwamoto et al. 1989; Penninga and
Longo 1998; Richardson et al. 1993).

The response of the fetus to acute hypoxemia without ischemia has been extensively studied
in preterm fetal sheep. The late gestation fetus is able to adapt to mild to moderate
reductions in oxygen tension through a compensatory increase in blood pressure (Gunn and
Bennet, 2009). This occurs via a rapid peripheral vasoconstriction that preferentially
redirects blood flow and greater oxygen to the brain. The responses of the preterm fetus to
acute hypoxia have been studied in preparations where the pregnant ewe inspires a modified
air mixture with reduced oxygen content, which renders the fetus hypoxic via placental
hypoxemia. Transient hypoxemia triggered a variable amount of white and gray matter
injury in midgestation or near term fetal sheep (Penning et al. 1994; Rees et al. 1999; Rees et
al. 1997). However, WMI was notably more severe when significant hypotension was
observed, which resulted in concomittant cerebral hypoxia and ischemia (Ting et al. 1983).

The near term fetal sheep even appears to fully adapt to chronic hypoxia, albeit with reduced
somatic growth. Mid-gestation chronic hypoxemia, as a consequence of chronic placental
insufficiency, resulted in widespread disturbances in hippocampal, cerebellar and white
matter development (Penning et al. 1994; Rees et al. 1999). A rodent model of chronic
placental insufficiency generated by unilateral uterine-artery ligation during late embryonic
development resulted in focal white matter injury with reduced myelination (Fontaine et al.
2008a; Olivier et al. 2007; Olivier et al. 2005).

The most widely used postnatal model of chronic hypoxia is the chronic sub-lethal hypoxia
model where preterm equivalent neonatal mice continuously inspire 9.5% or 11% oxygen
from P3 to at least P11 (Ment et al, 1998). This model was designed to study mechanisms
related to neurodevelopmental disabilities associated with chronic lung disease (CLD) (Gray
et al. 1995), previously known as bronchopulmonary dysplasia (BPD). CLD is a common
disorder of chronic lung immaturity in preterm survivors that is associated with chronic
hypoxemia. The actual levels of hypoxemia/ blood oxygen saturation achieved with this
model have not been established, due to the challenges of obtaining sufficient blood under
hypoxic-conditions from a neonatal mouse to measure arterial blood oxygenation.
Moreover, given the protracted nature of the chronic hypoxia, serial measurements over the
course of the hypoxic exposure period are clearly needed, since even the physiological
responses to brief intermittent hypoxia are known to vary with the maturational state of the
animal. Brief intermittent hypoxic exposure in the P2 mouse produces more variable but less
severe oxygen desaturation than under the same conditions at P6 (Cai et al, 2011).
Theoretical models predict that chronic sublethal hypoxia may result in blood oxygen
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saturation and content that are perhaps less than half of normal (~40-50%), but these
predicted values may be influenced by species-dependent factors (Miller and Granger,
1982). 20-day old kittens exposed to chronic hypoxia (10% oxygen; balanced nitrogen)
underwent serial carotid blood sampling during hypoxia and had a decrease in PaO, that
decreased to ~65% of inspired room air values (Baker and McGinty, DJ, 1977). Many
compensatory physiological responses may be triggered by chronic hypoxia that include
fluctuations in acid-base state, hemoglobin content, cerebral capillary density, lactate levels,
core body temperature, metabolic rate, cerebral blood volume, minute ventilation and
sympathetic tone---all of which may contribute to the variable responses to hypoxia as the
animal matures. Given the lack of detailed physiological characterization of the model, its
clinical relevance for human WMI remains to be defined.

Chronic hypoxia results in a spectrum of somatic and cerebral growth retardation (Back et
al. 2006b; Farahani et al, 2008; Ment et al, 1998) that appears related to the severity of
chronic hypoxia. There are also disturbances in white matter development that include
ventriculomegaly, reduction in white and gray matter volumes, reduced myelin basic protein
(MBP) expression, and diminished total axon volume (Back et al. 2006b; Ment et al, 1998;
Kanaan et al, 2006; Jablonska et al, 2012; Scafidi et al., 2013). However, these CNS
abnormalities are not observed in children with CLD in whom other neurological
complications are excluded. Overt features of WMI in the human premature infant, such as
preOL degeneration and reactive gliosis are also not observed in this model.

The disturbances in murine white matter development induced by chronic hypoxia are also
reproduced by treatment of rats with an A; adenosine receptor (A;AR) agonist during early
postnatal life (Turner et al. 2002). Consistent with the notion that A;ARs play a role in
hypoxia-induced disturbances in brain growth, hypoxia-induced ventriculomegaly is reduced
and white matter preserved in mice lacking A1ARs (Turner et al. 2003). Similar effects are
also seen when elevated circulating levels of adenosine occur due to deficiency of adenosine
deaminase (Turner et al. 2003). These mice have circulating levels of adenosine that are
100-fold higher than control animals (Blackburn et al. 1998; Blackburn et al. 1995). In
further support of the notion that adenosine contributes to hypoxia-induced white matter
disturbances, caffeine also prevented hypoxia-induced delayed myelination and brain injury
(Back et al. 2006b). Caffeine is a non-selective adenosine antagonist that has also been
shown to reduce hypoxic-ischemic injury in neonatal mice (Bona et al. 1995; Bona et al.
1997). In preterm infants, caffeine exposure was associated with improved white matter
development as assessed by diffusion-weighted MRI (Doyle et al. 2010). Although clinical
data are not entirely consistent, neonatal caffeine therapy was associated with improved
motor function in survivors of premature birth (Schmidt et al. 2012).

Recent additional studies have begun to resolve the cellular and molecular mechanisms
related to the impaired myelination observed in neonatal rodents after chronic exposure to
hypoxia between P3 to P11 (Jablonska et al., 2012). Interestingly, no myelination
abnormalities are observed in this model at the conclusion of hypoxia at P11. However,
multiple myelin-associated proteins are significantly but transiently reduced within a week
after hypoxia (P18). In contrast to the response to hypoxia-ischemia, which targets preOLs,
the chronic hypoxia triggered delayed apoptosis of OLs that persisted at least until P18. In
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chronic survivors at P45, myelin protein levels and the total number of mature CC1+ OLs
were significantly elevated, consistent with the generation of new OLs, which was mediated
via the FoxO1/p27XiP1 pathway. Despite recovery of OLs, chronic structural myelin
abnormalities and functional deficits persist in this model (Jablonska et al. 2012; Scafidi et
al. 2013).

In contrast to the injury responses to hypoxia-ischemia, exposure to chronic hypoxia does
not trigger reactive astrogliosis (Back et al., 2006), but does disrupt glutamate transporter
function in astrocytes and JAK/STAT signaling in neonatal white matter (Raymond et al.
2011). Inhibitors of the JAK/STAT pathway also partially reproduced the decreased
expression of GLAST and GLT-1 induced by chronic hypoxia.

Mechanisms of WMI Related to Hyperoxia

During brain development, oxidative stress results from the generation of injurious reactive
species or oxidants as a consequence of either ischemia-reperfusion or hyperoxia (Blomgren
and Hagberg 2006; Perrone et al. 2010). Hyperoxia is a potential complication of neonatal
resuscitation and ventilation of the preterm infant during intensive care. Several in vitro
studies demonstrated maturation-dependent vulnerability of the OL lineage to hyperoxia
where preOLs were more susceptible than mature OLs to caspase-dependent cell death
triggered by oxidative stress (Gerstner et al. 2006; Gerstner et al. 2008; Gerstner et al. 2007,
Koch et al. 2008). A more recent in vivo analysis of the response to hyperoxia found that a
transient reduction in myelination was restored within a week after exposure (Schmitz et al.
2011). A detailed OL lineage analysis found that hyperoxia acutely caused a reduction in
total OLs labeled with Olig2 that was related to degeneration of early OL progenitors
(NG2+) rather than preOLs. This cell death response was followed by a proliferative
response of NG2+ progenitors that resulted in a pronounced early expansion in the pool of
mature CC1+ OLs in the white matter. Despite restoration of the mature OL pool, MRI
diffusion studies found chronic changes in radial diffusivity in adult white matter consistent
with disturbances in myelination. Ultrastructural studies of myelin were not performed.
Susceptibility of NG2+ progenitors to hyperoxia was related to early disturbances in
glutamate transporter expression and function. Moreover, hyperoxia-exposed astrocytes
conferred less in vitro protection to glutamate-mediated OL progenitor degeneration.

Infection, Inflammation and Cerebral WMI

Both experimental and clinical studies have found that neuroinflammatory mediators are
detected in association with WMI (Ellison et al. 2005; Folkerth et al. 2004b; Hagberg et al.
2002; Kannan et al. 2012; Lin et al. 2010; Sadowska et al. 2012; Wang et al. 2009; Yoon et
al. 1997; Yoon et al. 1996) and can disrupt white matter development in developing animals
(Favrais et al. 2011). Necrotizing enterocolitis, which is associated with the release of
inflammatory mediators, also has a strong association with WMI (Shah et al. 2008; VVolpe
2008b). Recent human studies support that whereas postnatal infections are associated with
increased risk for WMI, prenatal risk factors for infection such as chorioamniotis do not
correlate with increased risk (Chau et al. 2009; Glass et al. 2008a; Kaukola et al. 2006; Shah
et al. 2008).
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Inflammatory mediators can promote WMI through vasoactive mechanisms that involve
hypoxia-ischemia or via direct or indirect toxicity to OLs or their precursors in developing
white matter (reviewed in: Back 2006a). Activated microglia release a number of cytokines
that are toxic to cells of the OL lineage (Kaur and Ling 2009). The microglial products TNF-
a and interferon-y (INF-v) are toxic to OL precursors and mature OLs (Kim et al. 2011,
McLaurin et al. 1995; Merrill 1991; Selmaj and Raine 1988; Sherwin and Fern 2005;
Vartanian et al. 1995). This toxicity is synergistic (Agresti et al. 1996) and appears to
involve mediation by other glia. Astrocytes, for example, modify the mechanisms of
microglial-mediated TNF-a toxicity (Li et al. 2008). INF-y immunopositive cells localize to
necrotic foci of PVL (Folkerth et al. 2004b). Indirect toxicity of bacterial endotoxin to OL
progenitors occurs via activation of toll-like receptor 4 on activated microglia (He et al.
2010; Lehnardt et al. 2002; Pang et al. 2000; Patrizi et al. 2000) and is mediated by
peroxynitrite in the absence of astrocytes (Li et al. 2005). Astrocytes modify endotoxin-
induced, microglia-dependent toxicity to preOLs, which is not mediated by peroxynitrite,
but is TNFa-dependent (Li et al. 2008). Maternal exposure to endotoxin, without direct fetal
exposure, increases CNS microglial activation in the fetus (Hutton et al. 2008). Several
microglial-derived inflammatory cytokines have been identified that lead to damage to
cerebral white matter through peroxynitrite-mediated toxicity to the OL lineage (Cai et al.
2003; Li et al. 2005; Lin et al. 2004; Olivier et al. 2010; Pang et al. 2010a). Endotoxin
further exacerbates WMI via peroxisomal dysfunction and related oxidative stress (Paintlia
et al. 2004; Paintlia et al. 2008). Further studies in relevant animal models of WMI are
needed to define how neuroinflammatory mediators and cerebral ischemia may interact to
enhance or reduce both the acute and delayed phases of WMI (Czeh et al. 2011).

Comparison of Animal Models of Human WMI that Involve Disturbances in Cerebral
Oxygenation

Table 1 summarizes major salient features of small and large pre-clinical animal models
developed to study the pathogenesis of neonatal WMI related to three distinct disturbances
in cerebral oxygenation: hypoxia-ischemia, hypoxia or hyperoxia. As previously reviewed
(Back et al., 2012), lissencephalic rodent models have significant limitations for modeling
human gyrencephalic WMI. These include a paucity of cerebral white matter, substantial
differences in cerebral blood flow and metabolism and a greater susceptibility to
concomitant cerebral gray matter injury in hypoxia-ischemia models. Despite these
limitations, rodent models are often an attractive system in which to generate initial
observations for subsequent validation in larger preclinical animal models that more closely
resemble human. Of the large pre-clinical animal models, instrumented fetal sheep
preparations have been most widely studied due to their close similarity to preterm human
cerebral development (Back et al. 2012). They also offer greater viability and less expense
compared to preterm non-human primates that also generate a spectrum of WMI similar to
human (Griffith et al. 2012). Preterm fetal sheep hypoxia-ischemia preparations generate a
spectrum of WMI similar to human. These similarities include the heightened vulnerability
of the preOL in early diffuse WMI, arrested preOL maturation in chronic lesions enriched in
reactive astrocytes and microglia and degeneration of all cellular elements in chronic foci of
necrosis. WMI is also accompanied by reduced cortical and subcortical gray matter
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volumes, which are related to dendritic arborization disturbances without diffuse neuronal
degeneration (Dean et al., 2013; McClendon et al., 2014).

As also summarized in Table 1, models of hypoxia-ischemia, hypoxia and hyperoxia are not
equivalent in terms of their clinical basis and do not generate similar forms of WMI.
Hypoxia-ischemia models are particularly relevant to WMI in critically ill preterm infants
who commonly display disturbances in cerebral autoregulation that compromise cerebral
blood flow in the setting of systemic hypotension. Hypoxia-ischemia generates graded
cerebral WMI that resembles the classic spectrum of PVL and ranges from diffuse WMI to
focal cystic necrotic lesions. Hyperoxia most commonly occurs when elevated oxygen
requirements occur as a complication of ventilatory compromise. Such preterm infants are
often clinically unstable and at risk for concomitant hypoxia-ischemia and other causes of
WMI. Chronic hypoxia typically results from chronic lung disease. Severe chronic
hypoxemia in human preterm survivors is presently much less common than in prior
decades. Often, preterm survivors with CLD have a history of other forms of WMI arising
from other causes. In fact, there are no well-defined human neuropathological features that
characterize the cerebral response to isolated chronic hypoxia, because preterm survivors
with chronic lung disease have frequently sustained other forms of WMI related to hypoxia-
ischemia, hyperoxia, or intraventricular hemorrhagic infarction.

Models of hypoxia-ischemia, hypoxia and hyperoxia also do not generate similar forms of
WMI, because of distinct differences in the glial and axonal responses to each insult. In
response to hypoxia-ischemia, preOLs degenerate by both excitotoxic mechanisms and by
apoptosis. By contrast, chronic hypoxia in rodents triggers delayed apoptosis of CC1+
mature OLs, whereas chronic hyperoxia causes apoptosis of NG2+ early OL progenitors.
Hence, although disturbances in myelination are a consequence of all three types of cerebral
oxygenation disturbances, the underlying cellular and molecular mechanisms are distinctly
different. Consequently, potential therapies for dysmyelination arising from chronic hypoxia
or hyperoxia may not, for example, be relevant to hypoxia-ischemic myelination
disturbances related to preOL injury and arrest. The distinction between these different
forms of WMI is also evident in the disparate responses of other glia. Reactive astrocytes,
for example, are common in WMI associated with hypoxia-ischemia, but are not observed
even with chronic sublethal hypoxia in rodents. Similar considerations apply when
comparing animal models in terms of outcome measures derived from MRI or
neurobehavioral studies. Multiple conditions may share similar neuroimaging features on
MRI, which underscores the need for histopathological confirmation to define the cellular
responses that contribute to MRI signal abnormalities. Similarly, studies of neurobehavioral
disturbances require histopathological confirmation, due to the relatively non-specific nature
of behavioral disturbances that may present similarly despite disparate forms of WMI.

There has been considerable confusion and uncertainty about the specific postnatal age in
the rodent when hypoxia-ischemia best models human WMI, with most researchers
choosing to work with animals from P2 through P7. As noted above, the vulnerable stage in
the OL lineage that is injured in human and experimental WMI is the preOL. PreOLs
predominate in rodent white matter at P2, which thus resembles preterm human white matter
(Craig et al. 2003; Dean et al., 2011). By P5, OL development has largely proceeded past the
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preOL stage (Dean et al. 2011), and so, on the basis of human neuropathological evidence,
would not seem to be an appropriate model. Also, initial reports of white matter selectivity
of the P7 model, making it appear similar to human WMI, have not been borne out (Selip et
al. 2012).

If one accepts that the preOL is an important target cell in WMI, then it is of great
importance to characterize the vulnerability of this cell-type in vivo and in vitro. It is
recognized, however, that glutamate receptor expression in vitro, especially NMDA receptor
expression, may not reflect NMDA receptor expression in vivo (Karadottir et al. 2005;
Salter and Fern, 2005; Micu et al. 2006). Although extensive characterization of AMPA
receptors has been carried out in rodent models and in the human (see above), the studies in
rodent models have not clearly characterized calcium permeable AMPA receptors at P2
when preOLs are most abundant (Talos et al. 2006b). Furthermore, these studies, and a more
recent study (Jantzie et al. 2013), are limited by lack of recognition that O4+ cells are not
necessarily preOLs; they might also be O1+ immature OLs that also express the O4 antigen.
The results obtained may apply to the preOL stage, but this has not been shown. The data of
Talos et al. suggest that calcium permeable AMPA receptors might account for the
vulnerability of the P7 rodent white matter to hypoxic/ischemic injury, but they do not
account necessarily for injury to preOLs. Hence, a careful characterization of glutamate
receptor expression specifically on preOLs in developing rodent and human white matter is
still needed.

Despite the impressive array of animal models currently available, future studies are
critically needed to develop more clinically relevant models of neonatal WMI. All of the
models in Table 1 and described elsewhere are over-simplified with respect to the numerous
clinico-pathological variables that modify the evolution of human WMI. Although many
clinical insults may be recurrent, most models study single or chronic insults. It is
increasingly apparent from human clinical studies that multiple systemic factors may
contribute to WMI. These include exposure to prenatal or postnatal infection, suboptimal
nutrition, exposure to stressful procedures, endocrine imbalances and congenital heart
disease. latrogenic factors also are increasingly recognized to contribute to WMI. These
include acute or recurrent exposure to anesthesia, sedatives, analgesics and neurosteroids.
Maternal-fetal exposure to alcohol and drugs of abuse is an additional complicating factor.
The susceptibility to WMI is undoubtedly influenced by numerous genetic and epigenetic
factors that remain to be defined.

Clinical Implications from Current Mechanisms of Acute and Chronic WMI

Despite the fact that neonatal WMI contributes to a static encephalopathy characterized by
cerebral palsy and neurobehavioral abnormalities, there is a broad developmental window
over which white matter lesions undergo progressive evolution. Advances in the
understanding of the pathogenesis of acute and chronic neonatal WMI suggest promising
new directions to prevent initial WMI or promote greater regeneration and repair after
injury.

The acute phase of WMI coincides with a sequence of injurious events that include primary
energy failure, glutamate-mediated excitotoxicity, free radical generation and mitochondrial
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dysfunction. Energy failure is triggered by a combination of physiological factors that
include hypotension, hypoxemia and glucose consumption. In preterm fetal sheep, the
severity of chronic WMI was much more significantly correlated with a lower basal blood
glucose level at the time of ischemia than with fetal blood pressure or blood oxygenation
(Riddle et al. 2013). Hypoglycemia causes long-term deficits that are associated with MRI-
defined injury, especially to neonatal gray and white matter (Barkovich et al. 1998; Burns et
al. 2008; Wong et al. 2013). Glucose levels may thus be a useful marker of fetal response to
hypoxiaischemia and glucose supplementation may provide protection against energy failure
and more severe WMI.

Glutamate is preferentially depleted from preOLs and axons during acute WMI (Back et al.
2007) and microdialysis studies have detected glutamate release in response to preterm fetal
ovine hypoxia-ischemia (Fraser et al. 2008; Loeliger et al. 2003). Although hypoxia-
ischemia appears to trigger accumulation of glutamate in the extracellular space, glutamate
receptor blockade rendered only partial neuroprotection after severe preterm hypoxia-
ischemia (George et al. 2012). This is consistent with findings that acute WMI is
characterized by a spectrum of necrotic and apoptotic preOL degeneration (Alix et al. 2012).
Hence, to achieve greater neuroprotection a combination of approaches may be needed to
block both cell death pathways.

One promising approach to block multiple cell death pathways is to combine cerebral
hypothermia with neuroprotective agents. In preclinical studies, cerebral hypothermia
rendered greater global protection against WMI and preOL degeneration (Barrett et al.
2012). However there is insufficient contemporary clinical data regarding the safety of
hypothermia in the human preterm neonate (Gunn and Bennet 2008). Although a variety of
agents have shown promising preclinical neuro-protection for cerebral injury in full term
neonates, many of these agents have not been extensively evaluated for preterm WMI
(Robertson et al. 2012). Agents that may provide at least partial protection against preterm
WMI include melatonin (Gressens et al. 2008), erthryopoietin (Juul 2012; Xiong et al.
2011), thyroxine (Vose et al. 2013) and magnesium sulfate (Doyle 2012). One cautionary
note is that bedside monitoring to identify preterm infants at high risk for WMI is not
presently feasible, thus making it difficult to rapidly identify candidates for therapy.

Improved definition of the timing and mechanisms of free radical-mediated acute WMI
would also be a significant advance to design more efficacious anti-oxidant therapies.
Despite considerable in vitro evidence that free radicals trigger WMI via maturation-
dependent mechanisms, it has been challenging to demonstrate that free radical generation
occurs in vivo in the immediate ischemia-reperfusion period. Studies with an umbilical cord
occlusion model of WMI in preterm fetal sheep confirmed that significant delayed free
radical generation was detected between 4 and 14 hours after ischemia-reperfusion by
electron spin resonance-detection of ascorbyl radicals collected by microdialysis (Welin et
al. 2005). Recently, a fetal rabbit model of placental abruption detected superoxide
formation in the immediate ischemia-reperfusion period, the severity of which was defined
by serial MRI diffusion measurements. The frequency of animals with postnatal hypertonia
was significantly reduced by a novel superoxide dismutase mimic that also enhanced
survival after uterine ischemia (Drobyshevsky et al. 2012). Interestingly, after neonatal
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hypoxia-ischemia, elevations of other ROS markers in the immediate ischemia-reperfusion
period have not been reported (Miller et al. 2005b; Welin et al. 2005), which suggests that
early neonatal WMI may be associated with preferential generation of certain injurious free
radicals, including the superoxide radical.

There continues to be a significant proportion of preterm infants for whom WMI derives
from poorly defined antenatal or perinatal factors. Hence, there is a need for alternative
therapies that promote regeneration and repair of chronic WMI that may not be recognized
until after birth. 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. In neonatal rat chronic WMI, preOLs with arrested
maturation displayed a markedly increased susceptibility to recurrent hypoxia-ischemia that
triggered a massive selective apoptotic degeneration of preOLs (Segovia et al. 2008). Serial
neuro-imaging studies are needed to better define the progression of WMI in human preterm
infants at risk for recurrent insults (Miller and Ferriero 2009; Miller et al. 2007). Prior
studies have identified clinical features that identify infants at risk for exacerbation of initial
cerebral injury (e.g., preterm newborns with postnatal sepsis). Recurrent and systemic illness
is an important risk factor that may increase susceptibility to progressively more severe
WMI (Glass et al., 2008a; Chau et al., 2009).

Future studies are needed in relevant experimental models and from human autopsy studies
to define the evolution of cerebral white matter lesions over months to years to identify the
relative contributions of dysmyelination and axonal dysfunction to functional disabilities in
preterm survivors. Such information is of critical importance to define the period over which
chronic reactive gliosis remodels and to identify mechanisms to promote regeneration and
repair of WMI. Multiple molecules likely act in concert with other signals in chronic white
matter lesions to prevent normal myelination. Like hyaluronic acid accumulation, many of
these signals appear to be linked to reactive astrogliosis (Sherman and Back 2008). Reactive
astrocytes increase their expression of bone morphogenetic proteins that inhibit OL
progenitor differentiation with concurrent promotion of astrocyte differentiation (Wang et al.
2011). Similarly, the Notch ligand Jagged1 is elevated on reactive astrocytes in
demyelinating lesions and activates Notch signaling on OL progenitors, preventing their
maturation (John et al. 2002). Dysregulation of WNT-beta catenin signaling in OL
progenitors promotes preOL arrest, delays normal myelination and disrupts remyelination
(Fancy et al. 2011a; Fancy et al. 2009; Feigenson et al. 2009; McClain et al. 2012; Tawk et
al. 2011). The glycogen synthase kinase 3p (GSK3p) is a component of the Wnt signaling
cascade, which also has been implicated in the regulation of OL progenitor maturation and
inhibitors of GSK3p promote remyelination in adult white matter via mechanisms that
include decreasing Notchl signaling (Azim and Butt 2011). Constitutive expression of the
epidermal growth factor receptor (EGFR) in neonatal white matter not only promotes
pronounced proliferation of OL progenitors (Ivkovic et al. 2008), but enhanced EGFR
signaling stimulates adult CNS myelination and remyelination (Aguirre et al. 2007). 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 (Scafidi et al. 2013). Definition of mechanisms of preOL arrest may also
accelerate the therapeutic potential of stem cell therapy to promote myelination in chronic
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neonatal WMI (Goldman et al. 2008; Gupta et al. 2012; Uchida et al. 2012; Webber et al.
2009). The potential benefits of stem cell therapy for cerebral palsy were recently reviewed
(Bennet et al. 2012) and addressed in an international workshop, which underscores growing
interest and expanding opportunities to develop therapies for neonatal WMI (http://
www.cirm.ca.gov/sites/default/files/files/funding_page/CIRM_Cerebral_Palsy Report.pdf).
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Maturation of the oligodendrocyte (OL) lineage. Four principal stages of OL lineage
progression are depicted together with their corresponding morphological features and
capacity for myelination, migration and proliferation. Each stage is uniquely defined by a
combination of marker genes or antibodies. A2B5, 04, O1 refer to mouse monoclonal
antibodies. Olig 2 and Sox10 are genes that are highly enriched in premyelinating OLs. Olig
2 is also expressed at later stage in the OL lineage. Abbreviations: CNP (CNPase), 2°:3’-
cyclic nucleotide-3’-phosphodiesterase; ; GalC, galactocerebroside; MAG, myelin
associated glycoprotein; MBP, myelin basic protein; MOG, myelin oligodendrocyte
glycoprotein; NG2, chondroitin sulfate proteoglycan 4; PDGFRa, platelet-derived growth
factor-alpha; PLP, proteolipid protein.

Glia. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Back and Rosenberg

Page 42

Diffuse WMI

1 wk D-hypo 2 wk D-hypo

O

»

S

3
N
-1
S

% Control (a.f.)
g

2
3

% Control (a.f.)
g 2
[k
H
I
e
T

GFAP  Ibat GFAP  Ibat

C 1 wk F-hyper 2 wk F-hyper
200 * 40 *
1

R
T

GFAP  Ibat GFAP  Ibat

Control (a.f)

2
8
% Control (a.f.)

%

% Control (a.f.)

150+
oo 5
| n.s.

GFAP  Ibat

Figure 2.
Three forms of high field MRI-defined perinatal WMI with corresponding histopathological

features that were generated in the 0.65 gestation fetal sheep brain at 1 or 2 weeks after
global cerebral ischemia (adapted from: Riddle et al., 2011).

Upper Panel. Diffuse WMI in chronic lesions (A) Representative appearance and
distribution of diffuse hypointense (D-hypo) lesions seen on a Tow image at 1 week after
injury. (B) Diffuse WMI had pronounced astrogliosis defined by immunohistochemical
staining of reactive astrocytes with glial fibrillary acidic protein (GFAP; green) and a lesser
population of Ibal-labeled microglia/macrophages (red) with a reactive morphology (inset).
Nuclei in the inset are visualized with Hoechst 33342 (blue). (C) Quantification of GFAP-
labeled astrocytes and Ibal-labeled microglia within MRI-defined WM signal abnormalities
at 1 and 2 weeks after global ischemia. The D-hypo lesions had significantly elevated
GFAP, consistent with a diffuse astrogliotic response to injury. * p<0.05, n.s., not
significant. Bar in B, 100 pm.

Middle Panel. Focal Necrotic WMI. (A) Representative appearance from the largest focal
hyperintense (F-hyper) lesion seen on a Tow image at 1 week after injury. These lesions
typically localized to subcortical white matter. Note the substantial difference in the F-hyper
lesion relative to the diffuse gliotic lesions, which appears much more hypointense (D-
hypo). (B) A typical macroscopic necrotic lesion defined by diffuse dense staining for
reactive microglia and macrophages with Ibal (red and inset) and a paucity of GFAP-
labeled astrocytes. Nuclei in the inset are visualized with Hoechst 33342 (blue). (C ) F-hyper
lesions displayed a progressive decrease in GFAP staining and markedly increased Ibal
labeling for microglia by 2 weeks after global ischemia. * p<0.05. Bar in B, 100 pm.

Lower Panel. Microscopic necrotic WMI. (A) Representative appearance of a focal
hypointense (F-hypo) lesion seen on a Tow image at 2 weeks after injury. Note the
substantial difference in the F-hypo lesion relative to a diffuse gliotic lesion at 2 weeks,
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which appears more hyperintense (D-hyper). (B) A typical microscopic necrotic lesion
defined by a discrete focus of immunohistochemical staining for reactive microglia and
macrophages with Ibal (red and inset) and a paucity of staining for astrocytes with glial
fibrillary acidic protein (GFAP; green). Nuclei in the inset are visualized with Hoechst
33342 (blue). (C) F-hypo lesions had markedly increased Ibal labeling and no significant
difference in GFAP labeling vs. control. * p<0.05. Bar in B, 100 um.
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O1/GFAP O1/GFAP

Figure 3.
Numerous late oligodendrocyte progenitors (preOLs) accumulate in chronic myelin-

deficient perinatal white matter lesions. Lesions were generated in response to unilateral
hypoxia-ischemia in the postnatal day 3 rat with the contralateral hemisphere serving as
control (see Segovia et al., 2008). (A) Normal early myelination (O1-antibody; green) in
control subcortical white matter (corpus callosum/external capsule) at P10 is seen with low
levels of GFAP-labeled astrocytes (red) mostly concentrated over the white matter. (B)
Absence of myelin in the contralateral post-ischemic lesion coincided with a diffuse glial
scar that stained for GFAP-labeled astrocytes. (C) Early myelination in control white matter
at P10 with sheaths (yellow) double-labeled for O4 and O1 antibodies. (D) Absence of
myelin in the contralateral lesion coincided with clusters of preOLs (O4+01-) in maturation
arrest (red; arrowheads). Such dense clusters of preOLs are not normally seen in control
white matter and are consistent with the pronounced proliferative state that is triggered in
response to injury. Peak preOL density can expand roughly 4-fold relative to control.
Oligodendroctes (yellow; arrows; O4+Q1+) are rarely seen in the lesions. Abbreviations:
CTX, cerebral cortex; CPu, caudate putamen.
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