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ABSTRACT 

 

  Diffuse white matter injury (DWMI) is frequently associated with impaired neurological 

development in pre-mature infants. To characterize the cellular, structural and functional basis of 

hyperoxia-induced DWMI, the cellular changes in the white matter (WM) were first 

characterized using mice exposed to 48 hours of 80% oxygen from postnatal day 6 (P6) to 

postnatal day 8 (P8). Myelin basic protein (MBP) expression and CC1+ oligodendroglia 

decreased following hyperoxia at P8, but returned to control levels by P15. Hyperoxia caused 

increased apoptosis and decreased proliferation of oligodendrocyte progenitor cells (OPCs), 

which was followed by the restoration of the NG2+ cell population and increased 

oligodendrogenesis in the WM. Hyperoxia, did not affect survival or proliferation of astrocytes 

in vivo, but modified glial fibrillary acidic protein (GFAP) and glutamate-aspartate transporter 

(GLAST) expression. The rate of 3H-D-aspartic acid uptake in WM tissue was also diminished at 

P8 and P12. In addition, cultured astrocytes exposed to hyperoxia showed a reduced capacity to 

protect OPCs against exogenous glutamate. 

  Upon further analysis, the hyperoxia group was discovered to have decreased myelin 

associated glycoprotein (MAG) and proteolipid protein (PLP) expression and a decrease in the 

number of MAG+CC1+ oligodendrocytes until P30. Electron microscopy found this group to also 

have reduced myelin thickness and axon caliber at P30. The change in axon caliber was 
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associated with diminished neurofilament phosphorylation in axons of the developing WM until 

P15. Altered paranodal organization was also observed in the hyperoxia group throughout WM 

maturation. Electrophysiological analysis of the corpus callosum (CC) revealed that mice 

exposed to neonatal hyperoxia exhibited significant decreases in both myelinated (M) and 

unmyelinated (UM) compound action potential (CAP) maximum amplitude as well as a 

reduction in the conduction velocity of myelinated axons. Fractional anisotropy (FA) determined 

with diffusion tensor imaging (DTI) found that hyperoxia caused a decrease in WM diffusivity at 

P30 and P60. 

  These studies indicate that a hyperoxia-induced disruption of WM development, through 

a mechanism involving astrocyte dysfunction/altered glutamate homeostasis, leads to significant 

lasting changes in WM structure and function. Understanding the underlying pathogenesis of 

WM injury is important in developing interventional strategies to prevent such pathology. 
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I.1.   Pre-term Birth and White Matter Damage 

  

 The latest United States summary of vital statistics, in 2008 reports that 12.3% (~ 

522,884 infants/year) of live births were defined as pre-mature (< 37 weeks of gestation). Of 

those pre-term infants, 3.6% (~ 153,000 infants/year) were early pre-term (<34 weeks of 

gestational age) and 8.8% (~ 374,000 infants/ year) were late pre-term (between 34 - 37 weeks of 

gestational age). In addition, 1.46% (~ 62,000 infants/year) were of very low birth weight -

VLBW: < 1500 grams and 8.2 were of low birth weight –LBW: < 2500 grams (Mathews et al. 

2011). There has also been a 31% increase in pre-term births since 1981, with two thirds of them 

being late pre-term births of approximately 34-36 weeks (Davidoff et al., 2006). Despite an 

improvement in the survival rate of pre-term infants to 85-90% (Guyer et al., 1999), many still 

experience both short and long-term morbidities including a range of disorders, from respiratory 

distress and temperature instability to hypoglycemia and seizures (Saigal and Doyle 2008). In 

comparison to term infants, infants born pre-maturely exhibit reductions in cerebral gray and 

white matter at birth (Peterson et al., 2000). Therefore, children of pre-maturity represent a major 

pediatric public health concern. 

 According to magnetic resonance imaging (MRI), 50% of pre-maturity is also associated 

with cognitive and neuro-developmental delays and approximately half (40-50%) of the 

surviving infants of VLBW exhibit significant neural pathology and major developmental 

disabilities. These include; cognitive impairment, cerebral palsy and mental retardation. 

Improvement is observed in some children over time, but 25-50% of pre-term infants still exhibit 

cognitive, behavioral and attention deficits later in life (Volpe 2008), 20% have repeated a grade 

by age 8 years, and over 50% receive specialized help at school age (Peterson et al., 2000; Ment 
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et al., 2003). Learning disorders are 3 to 5 times more prevalent in children born pre-term and 

they are more likely to be hyperactive and inattentive than their term schoolmates (Litt et al., 

2005). The pre-term population in adolescence exhibits a slight decrease in sub-cortical white 

matter (WM) volume as well as an increase in ventricular size (Allin et al. 2004; Fearon et al. 

2004).    

 In adulthood, although there does not appear to be any significant difference in whole 

brain, gray matter, white matter or cerebral spinal fluid volume (CSF) between children born pre-

term and their term counterparts, VLBW infants still exhibit ventricular enlargement and an 

increase in the ratio of gray to white matter (Allin et al. 2004; Fearon et al. 2004). Children born 

pre-term also exhibit a host of other problems in adulthood. They have i) higher rates of chronic 

conditions; mainly related to neuro-sensory impairment and below normal height, ii) lower rates 

of high school graduation, iii) lower IQ scores. Interestingly, the VLBW group also displays 

lower rates of substance abuse, police contact and pregnancy (Hack et al., 2002). 

  The apparent delay in the development of the white matter associated with pre-term birth, 

raises important questions about the cellular and molecular mechanism(s) by which this occurs 

and emphasizes the ability of the maturing brain to compensate (sometimes completely and 

sometimes partially). 

  The most common pathology observed in the pre-term infant is periventricular white 

matter injury (PWMI), a disorder associated with myelination disturbances (Cheong et al., 2009; 

Tzarouchi et al., 2009), neuronal/axonal disease (Pierson et al., 2007; Volpe, 2009) and impaired 

neurological development (Back, 2006; Deng et al., 2008; Khwaja and Volpe, 2008). PWMI is 

thought to be the principle cause of neurologic mobidity observed in pre-term infants who 
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survive into child and adulthood (Volpe 2003). PWMI results in pre-maturely born infants being 

more prone to future motor and cognitive deficits (Aylward, 2002; Bhutta et al., 2002; Wocadlo 

and Rieger, 2008). 

  Two main classes of PWMI have been described; i) focal necrotic white matter injury 

(cystic) and ii) diffuse white matter injury (DWMI) (Back 2006, Khwaja and Volpe 2008). 

Cystic PWMI has become increasingly rare, but is believed to be responsible for many cases of 

cerebral palsy (Volpe 2003). Most cases of PWMI in the pre-term population involve DWMI, 

which is considered to be the principle cause underlying the cognitive and behavioral deficits 

observed in children and young adults who were born pre-maturely (Volpe 2003; Khwaja and 

Volpe 2008). Multiple causes associated with DWMI include perinatal infection (inflammation) 

and hypoxia/ischemia, which may involve an intricate mechanism of excitotoxicity and free 

radical attack (Volpe, 2008). 

 

I.2.   The White Matter 

 

I.2.1 White Matter Function   

 The function of WM in the CNS and PNS is to facilitate the rapid propagation of 

electrical impulses between distant regions of gray matter. The WM contains bundles of 

myelinated axons that connect the regions of gray matter allowing them to communicate with 

one and other. Without this network of processing centers an organism would lose the ability to 

carry out many basic motor and/or cognitive functions. To quote R. Douglas Fields; the WM 

“facilitates information processing by regulating the velocity and synchrony of impulse 

conduction between distant cortical regions.” In order for the WM to provide this function, it 
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develops into a vast matrix of cellular and extracellular components, where specific, 

developmentally regulated, cell-cell interactions and cellular signal transduction pathways create 

an environment that promotes the formation and maintenance of myelinated axons throughout 

the brain. 

 

I.2.2 The Oligodendrocyte and Myelin 

 In humans, small mammals and invertebrates, the glial cell type responsible for the 

production of myelin and the myelination of axons in the CNS, is the oligodendrocyte. Intact 

myelin is an extension of the oligodendrocyte cell membrane and a single oligodendrocyte can 

myelinate up to 40 different axons in the CNS. Myelin is composed of a significant amount of 

protein, as well as high amounts of lipid (~65-85%) and water (15-35%) (Quarles et al., 2006; 

Baumann and Pham-Dinh 2001). Myelination is a process in which mature oligodendrocytes 

wrap nearby axons with myelin in a spiral like pattern. This ensheathment takes place at distinct 

regions along the axon, creating the nodes of Ranvier, which are vital to the function of the axon; 

rapid saltatory electrical conduction. In addition, myelination also serves to increase the diameter 

of the axon by causing changes in neurofilaments (Quarles et al., 2006). When myelin is exposed 

to polarized light, it displays a lipid-protein dependent birefringence. X-ray diffraction analysis 

has also revealed that myelin contains a repeating unit of protein-lipid-protein-lipid-protein. 

Therefore, compact myelin is a stack of alternating lipid and protein layers, where the protein 

layers represent the outer cell membrane of the intra-period line (adjacent glia cell membranes) 

and the fused lipid layers represent the cytoplasmic, major dense line (Quarles et al., 2006). 
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I.2.3 Oligodendroglia: Origin, Migration, Differentiation and Myelination 

 Cells of the oligodendroglial lineage undergo an intricate, spatial and temporally 

regulated developmental process involving proliferation, migration and differentiation. During 

this time they experience distinct morphological and structural changes and eventually become 

mature myelinating oligodendrocytes (Baumann and Pham-Dinh, 2001; Deng and Poretz 2002; 

Craig et al., 2003; de Castro and Bribián 2004; Jakovcevski et al., 2009; Bradl and Lassmann 

2009). 

 In the embryo, oligodendroglia precursors arise from ventricular zone neuro-epithelial 

cells. The oligodendroglial population then undergoes two periods of rapid expansion throughout 

development, with each part containing multiple waves of oligodendroglia (Bradl and Lassmann 

2009). The first phase is in embryonic development with the second being during the postnatal 

“brain growth spurt”, a developmental window characterized by global brain maturation (Bradl 

and Lassmann 2009). During embryonic development oligodendrocyte progenitor cells (OPCs) 

originate from the ventral portion of the neural tube and then migrate dorsally through the spinal 

cord, exit the cell cycle, differentiate and finally mature into myelinating oligodendrocytes 

(Bradl and Lassmann 2009). A second wave of proliferating OPCs, stemming from the dorsal 

spinal cord emerges from local progenitors that have developed the ability to create new 

oligodendrocytes. Interestingly, most of the proliferation that takes place in the lineage does so 

after migration of the OPCs to the WM. This overall oligodendrogenesis further expands the 

oligodendrocyte population; contributing approximately 10-15% of the overall spinal cord 

oligodendroglia (Baumann and Pham-Dinh 2001; Miller 2002; Bradl and Lassmann 2009). 
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 In postnatal development oligodendrocytes originate from the subventricular zone (SVZ) 

of the forebrain. The progenitor population of the SVZ expands during early postnatal 

development and is a constant source of OPCs through the period of gliogenesis from P5 to P20 

(Baumann and Pham-Dinh 2001). Even though the SVZ returns to a smaller size, it continues to 

provide the brain with a source of OPCs throughout adulthood (Bradl and Lassmann 2009).  

 In the CNS, the oligodendroglial lineage progresses through a series of morphologically 

distinct stages that display unique cellular and molecular characteristics, eventually becoming 

mature, myelinating oligodendrocytes. During this process oligodendroglia express an array of 

phenotypic “markers”, that allow for the various stages of the lineage to be identified and 

characterized throughout normal embryonic/postnatal development and under pathological 

condition in models of WM injury. The phases of oligodendroglial maturation are as follows: i) 

oligodendroglia progenitor cells (OPCs), ii) pre-oligodendrocytes (pre-OLs), iii) immature 

oligodendrocytes and iv) mature oligodendrocytes (Baumann and Pham-Dinh 2001; Back 2006) 

(Figure 1). Several markers such as oligodendrocyte transcription factor 2 (Olig2) protein and 

2',3'-Cyclic-nucleotide 3'-phosphodiesterase (CNPase) mRNA, are expressed throughout the 

entire lineage. Olig2 is a helix-loop-helix transcription factor expressed throughout the entire 

CNS and Olig2+ cells can differentiate into neurons or glia in a “regional and stage-dependent 

manner” (Ono et al. 2009).  In the WM, the Olig2+ cell population consists of oligodendroglia 

along the entire lineage and is thought to play a significant role in the lineage’s maturation. 

However, the exact function of Olig2 remains elusive. One recent gain of function study showed 

that over expressing Olig2 in nestin+ stem/progenitor cells through a doxycycline-inducible 

transgenic mouse, increased the number of Olig2+ cells from the SVZ that generated myelinating 
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Figure 1: Oligodendroglia Lineage Progression Cells of the oligodendroglia lineage progress 

through a series of maturational stages to become mature myelinating oligodendrocytes. At each 

stage of development oligodendroglia cells are morphologically a functionally distinct and 

express stage-specific components that serve as markers of lineage progression. 
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OPC proliferation and survival (Nishiyama et al., 2009). In addition, PDGFR-α null mice 

generate only a small number of oligodendrocytes (Fruttiger et al., 1999) and PDGFR-α over 

expression results in and excessive number of OPCs and oligodendrocytes (Calver et al., 1998). 

 The next developmental stage of the oligodendroglial lineage is the pre-oligodendrocyte 

(pre-OL). Pre-OLs are more complex than OPCs and display multiple cellular processes. The 

migratory potential of pre-OL is limited, but they do maintain the ability to proliferate locally 

(Baumann and Pham-Dinh 2001). Pre-OLs are identified by the marker O4, a cell surface marker 

of unknown function. A large portion of pre-OLs will also co-express NG2, PDGFR-α and/or 

A2B5. 

 Pre-OLs then differentiate/mature into immature oligodendrocytes; oligodendroglia that 

exhibit an even more complex morphology than pre-OL or OPCs. These cells are distinguished 

by the expression of galactosylceramidase (GalC), the O1 oligodendrocyte antigen and CC1; a 

protein also known adenomatous polyposis coli (APC), which is important in oligodendrocyte 

cellular function (Baumann and Pham-Dinh 2001; Back et al., 2007). 

 The full differentiation of OPCs results in mature myelinating oligodendrocytes.  These 

cells exhibit a highly branched morphology and as stated previously, one oligodendrocyte can 

myelinate many axons. Sections of myelin along the axon can be myelinated by different 

oligodendrocytes and they only seem to target axons with diameters > 0.2µm (Simons and 

Trajkovic 2006). Differentiated oligodendrocytes are recognized by their expression of several 

myelin proteins including; myelin basic protein (MBP), proteolipid protein (PLP), 2',3'-Cyclic-

nucleotide 3'-phosphodiesterase (CNPase) protein, myelin-oligodendrocyte protein (MOG), 
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myelin associated glycoprotein (MAG) and myelin associated lymphocyte protein (MAL). The 

myelin proteins will be discussed in detail in section II.2.4. 

 Developing oligodendroglia receive extrinsic signals from surrounding neurons/axons 

and astrocytes that regulate their proliferation, migration, and differentiation (Simons and 

Trajkovic 2006). Some of these molecules are growth factors including; insulin like growth 

factor (IGF), platelet derived growth factor (PDGF) and fibroblast growth factor (FGF), as well 

as some trophic factors like NT-2 and ciliary neurotrophic factor (CNTF) (Simons and Trajkovic 

2006). Additional signaling pathways have demonstrated to regulate oligodendroglia 

development including: Notch/Jagged and Wnt/β-catenin. OPCs express Notch- 1 receptors and 

the interaction with its ligand Jagged-1, expressed on both axons and astrocytes, inhibits the 

differentiation of the oligodendroglial lineage (Simons and Trajkovic 2006). Wnt/β-catenin 

signaling is high in OPCs and is down-regulated during oligodendroglia maturation (Emery 

2010). The communication between axons, oligodendroglia and astroglia occurs postnatally, 

during a critical time of both neuronal and oligodendroglia development. The OPC population 

receives synaptic contact from surrounding axons throughout the brain (Gallo et al., 2008; Lin 

and Bergles, 2004; Chittajallu et al., 2004; Bergles et al., 2000). The exact role that this synaptic 

connectivity plays in oligodendroglia maturation has yet to be determined, but immature 

oligodendroglia do receive synaptic input, that appears to be transient during development (De 

Biase et al., 2010) and following injury (Etxeberria et al., 2010).   

 Following terminal differentiation, a process of events must occur in order for 

myelination to occur properly: i) the oligodendrocyte must recognize and adhere to the proper 

number of surrounding axons, ii) myelin biosynthesis and transport to the axon begins and iii) 
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myelin wrapping and compaction around the axon takes place (Simons and Trajkovic 2006; 

Baumann and Pham-Dinh 2001). Little is known about this intricate process in the CNS and 

many signaling component are yet to be discovered, but several important molecules have been 

identified (Simons and Trajkovic 2006). The overexpression of Gpr17, a G-protein that is 

transiently expressed during oligodendroglia lineage progression results in decreased 

differentiation (Chen et al., 2009). It has also been demonstrated that both neuronal and astroglial 

activity enhances myelination (Simons and Trajkovic 2006). 

 The expression of many types of ion channels and neurotransmitter receptors allows the 

oligodendroglia lineage to carry out the act of myelination. OPCs receive glutamatergic and 

GABAergic synaptic input during developmental myelination and remyelination (Etxeberria et 

al., 2010; Bergles 2010; Gallo et al., 2008; Mangin et al., 2008; Gallo 2007; Verkhratsky and 

Kirchhoff 2007; Lin and Bergles, 2004a; Bergles et al., 2000).  Sodium (Na+) channel expression 

is developmentally regulated in the lineage. The ability of OPCs to generate action potentials is 

somewhat controversial and may be species and/or location dependent. Studies indicate the 

ability of OPCs to undergo depolarization, however, the evoked currents are limited and 

transient, unlike the rapid depolarization observed in neurons (Lin and Bergles, 2004b; Ge et al., 

2006). Mature oligodendrocytes, lose synaptic input and Na+ channel expression goes down 

dramatically making the cells non-excitable (Kukley et al., 2010; Berger et al., 1995; Sontheimer 

et al., 1989). 

 Calcium (Ca2+) channel expression follows a similar patter to that of Na+ expression. The 

presence of an ICa was not found in mature oligodendrocytes, but was observed in OPCs (Berger 

et al., 1995). Interestingly, the type of Ca2+ channel expressed depends on the location of the 
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channel on the oligodendroglia. T-type Ca2+channels are found on the processes and L-type Ca2+ 

channels are located on the cell body (Kirischuk 1995). The significance of this distribution of 

Ca2+channels is unknown. 

 Several types of potassium (K+) channels have been found on oligodendroglia.  The 

predominant K+ channels observed at all stages of the lineage are inward rectifier K+ channels 

(Kir). Delayed rectifying channels (Kdr) and inactivating K+ channels (KA), both voltage-gated 

channels (Kv) are also expressed in mature oligodendrocytes (Verkhratsky and Steinhäuser 

2000). OPCs express all types of K+ channels, including Ca2+ activated K+ channels (K(Ca)) 

(Wang et al., 2011; Verkhratsky and Steinhäuser 2000; Steinhäuser and Gallo 1996).  

 Oligodendroglia of the WM also express functional α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA), kainate and N-Methyl-D-aspartic acid (NMDA) receptors 

(Káradóttir and Atwell 2007; Verkhratsky and Steinhäuser 2000). Oligodendroglia are unique in 

that they appear to express mRNA for the GluR2, 3 and 4 subunits of AMPA receptors, but not 

GluR1. In addition, GluR6 and 7 are expressed in oligodendroglia as are KA-1 and 2.  However, 

no GluR5 has been observed (Káradóttir and Atwell 2007). Surprisingly, GluR2 subunit does not 

assemble at the cell membrane because GluR2 protein expression is not present in 

oligodendrocytes (Li and Stys 2000). GluR2 subunits, commonly found in the AMPA receptors 

of neurons, are considered Ca2+ impermeable. This fact is one reason that OPCs are more 

susceptible to glutamate mediated excitotoxicity, which will be discussed subsequently. In 

addition, recent experiments conducted in vivo demonstrate that OPCs, and not immature or 

mature oligodendrocytes, contain functional AMPA receptors (De Biase et al. 2010; Kukley et 
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al. 2010). The location of the AMPA receptors is most commonly at the cell soma of the 

oligodendroglia (Káradóttir and Atwell 2007). 

 It was long thought that oligodendroglia do not express NMDA receptors. However, it 

has been shown that oligodendroglia of the WM do have functional NMDA receptors at all 

stages of the lineage (Káradóttir et al., 2005). The current observed from glutamate evoked 

action potentials exhibits a low magnesium (Mg2+) block; a characteristic of NMDA receptors 

containing NR1, NR2C and NR3A (Burzomato et al., 2010). Interestingly, a recent study showed 

that NMDA receptor signaling is not necessary for the generation of oligodendroglia or 

developmental myelination (De Biase et al., 2011). In contrast to AMPA receptors, NMDA 

receptors are found predominantly at the processes of the oligodendroglia (Káradóttir and Atwell 

2007). 

 Oligodendroglia also express metabotropic glutamate receptors (mGluRs), in particular 

mGluR1 and 5. In immature oligodendroglia both sub-types are expressed on the cell body. As 

the cell matures, expression decreases and the receptors are found more at the cellular processes 

(Jantzie et al., 2011). The functional significance of the mGluRs has recently been called into 

question. It was demonstrated that the activation of mGluR1 increases the amount of 

Ca2+permeable AMPA receptors (Zonouzi et al., 2011), and that activation of the mGluR5 can 

protect oligodendroglia for damage (Luyt et al., 2006). 

 Little is known about GABA receptor expression or function in the oligodendroglia 

lineage. In culture, OPCs express mRNA for GABAA subunits α2, α3, α4, α5, γ1, γ2and γ 3, but no 

δ subunits were detected, where as β subunits were not studied (Williamson et al., 1998). In 
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addition, GABA evoked depolarizations have been found in OPCs and they are thought to have a 

role in OPC migration (Tong et al., 2009). 

 

I.2.4.  The Myelin Proteins 

 As oligodendroglia progress further down the lineage and differentiate into mature 

myelinating oligodendrocytes, they begin to express a number of different myelin-associated 

proteins that undergo extensive trafficking to the plasma membrane to perform their functions. 

The onset of myelin protein expression is developmentally regulated and begins at 

approximately, postnatal day six (P6) and continues throughout adulthood in the rodent 

(Baumann and Pham-Dinh 2001; Miller 2002). The most abundant myelin protein in the CNS, 

which accounts for approximately 30% of total CNS myelin, is myelin basic protein (MBP). 

There are many isoforms of MBP with molecular weights ranging from 14kDa to 21.5 kDa. The 

levels of the various MBPs differ throughout development. In the adult rodent a greater amount 

of the 14kDa MBP is observed (Campagnoni and Macklin, 1988). Post-translational 

modifications of the protein take place and include methylation, acetylation and phosphorylation. 

The main function of MBP appears to be in the compaction of myelin and it is believed that 

MBP methylation plays a role in this process (Campagnoni and Macklin, 1988). MBP is found 

solely at the major dense line on the intracellular cytoplasmic surface and it has been proposed 

that it forms dimers which help to stabilize the major dense line. This hypothesis is supported by 

the fact that Shiverer mutants exhibit hypomyelination and incomplete major dense line 

compaction (Quarles et al., 2006). At the immature stage of maturation, oligodendroglia express 

MBP mRNA almost exclusively in the cell body, but as the cell differentiates the MBP mRNA is  



 

 

 

Figure 2: The Myelin Proteins

localization and interactions of several important myelin proteins with various structures 

locations and functions. The extracellular intra

myelin sheath and the major dense line is the cytoplasmic or intracellular portion of comp

myelin. The myelin glycoproteins, myelin oligodendrocyte glycoprotein (MOG) and myelin 

associated glycoprotein have complimentary locations with MOG being on the outer most 

myelin layer and MAG expression taking place at the axo

segment of the myelinated axon. 
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Figure 2: The Myelin Proteins The creation of compact myelin requires the synthesis, 

actions of several important myelin proteins with various structures 

locations and functions. The extracellular intra-period line contains the opposing layers of the 

myelin sheath and the major dense line is the cytoplasmic or intracellular portion of comp

myelin. The myelin glycoproteins, myelin oligodendrocyte glycoprotein (MOG) and myelin 

associated glycoprotein have complimentary locations with MOG being on the outer most 

myelin layer and MAG expression taking place at the axo-glial junction of the i

segment of the myelinated axon.  

The creation of compact myelin requires the synthesis, 

actions of several important myelin proteins with various structures 

period line contains the opposing layers of the 

myelin sheath and the major dense line is the cytoplasmic or intracellular portion of compact 

myelin. The myelin glycoproteins, myelin oligodendrocyte glycoprotein (MOG) and myelin 

associated glycoprotein have complimentary locations with MOG being on the outer most 

glial junction of the internodal 
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shuttled to the processes of the cell where the MBP protein rapidly associates with the membrane 

(Trapp et al, 2004). 

Another abundant myelin protein is the proteolipid protein (PLP). PLP and its 

alternatively spliced iso-form DM20, are made up of four hydrophobic alpha-helic trans-

membrane spanning proteins whose C-and N- termini are on the cytoplasmic side of the 

membrane and the loops are extracellular. DM20 appears to be expressed in much lower 

amounts than PLP, but is similar in its properties and function (Quarles et al, 2006). PLP/DM20 

is thought to play a structural role in complex myelin and is involved in stabilization and spacing 

of the intra-period line. One hypothesis is that the extracellular loops of the protein form a 

“zipper-like” interaction at the intra-period line allowing for the close compaction of myelin.  

 PLP knockouts and mutants exhibit a condensed intra-period line in the CNS, but myelin 

synthesis appears to be normal (Campagnoni et al., 2001).  A similar phenotype is observed in 

mice only expressing the DM20 gene, adding to the thought that PLP/DM20 plays an important 

role in myelin compaction/structure (Stecca et al., 2000). In addition, adult PLP/DM20 knockout 

mice show a significant amount of axonal degeneration, revealing an important role for 

PLP/DM20 in axon integrity and function (Campagnoni et al., 2001). 

The 2', 3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase) protein is much less abundant 

than the two major myelin proteins, MBP and PLP. It is expressed almost exclusively in cells of 

the oligodendroglia lineage and unlike CNPase mRNA, which is expressed throughout the entire 

lineage, the CNPase protein is expressed primarily in mature oligodendrocytes. As previously 

stated, CNPase does have enzymatic activity, however despite extensive effort, its function 

remains elusive (Quarles et al., 2006). 
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The remaining myelin proteins are glycoproteins found in the myelin of the WM. The 

first, myelin-oligodendrocyte glycoprotein (MOG) is a 26 kDa, transmembrane glycoprotein 

located at the outer surface of the oligodendrocyte and therefore the myelin sheath (Quarles et 

al., 2006; Baumann and Pham-Dinh 2001). The functional significance of MOG has yet to be 

determined, because MOG-null mice failed to exhibit an altered phenotype (Delarasse et al., 

2003). It is thought that MOG may participate in signaling between adjacent oligodendrocytes 

and MOG has also been proposed to be a target in myelin-mediated autoimmune disorders, 

including multiple sclerosis (Quarles et al., 2006). 

 The second major myelin glycoprotein is myelin associated glycoprotein (MAG). It is a 

100 kDa protein that is located on the intermodal segments of peri-axonal myelin 

(oligodendrocyte) membranes at the axo-glial junction and is not present in compact myelin 

(Schnaar and Lopez 2009; Quarles et al., 2006). MAG is thought to participate in 

oligodendrocyte-axonal communication and play an important role in developmental 

myelination. MAG-null mice are able to synthesize myelin normally, but display dysmyelination 

(Pan et al., 2005) and axonal degeneration (Pan et al., 2005; Yin et al., 1998). They also have 

decreased axon caliber, neurofilament spacing and neurofilament phosphorylation (Pan et al., 

2005; Yin et al., 1998). MAG knockouts are able to form a paranodal region (Marcus et al., 

2002); however abnormalities appear to exist on the paranodal segment (Yin et al., 1998). Lastly, 

MAG-null mice demonstrated motor deficits and hyperactivity (Pan et al., 2005). MAG has 

complementary receptors on the axonal surface including: i) two ganglioside receptors, GD1a 

and GT1b and ii) the Nogo receptor, NgR1 (Schnaar and Lopez 2009).  The evidence regarding 

the biological function of the ganglioside receptors has been investigated primarily through the 
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use of knockout mice with altered ganglioside receptor expression. These mice exhibit 

phenotypes very similar to their MAG-null counterparts, including, paranodal abnormalities, as 

well as altered nodes of ranvier and Kv1.2 distribution in the CNS and PNS (Suzuki et al., 2007). 

In addition, ganglioside knock-outs showed signs of dysmyelination, axonal degeneration, 

decreased axon caliber, increased neurofilament spacing and decreased neurofilament expression 

(Suzuki et al., 2007; Pan et al., 2005). Electrophysiological and motor deficits were found in 

these animals (Suzuki et al., 2007; Pan et al., 2005), which also displayed hyperactivity (Pan et 

al., 2005). The activity of the Nogo receptors appears to be linked to the axon regeneration 

inhibition properties of MAG. The role of Nogo receptor signaling in axonal integrity and 

organization has yet to be fully studied. However, Ngr1 null mice did exhibit slight motor 

coordination problems (Lee et al., 2008). 

 These findings suggest that MAG-ganglioside receptor mediated signaling is required for 

proper developmental myelination, axonal integrity and WM function. 

 

I.2.5.  Axonal Function, Organization and Structure 

 Saltatory conduction involves the movement of action potentials along myelinated axons. 

Myelination, provided by oligodendrocytes in the CNS and Schwann cells in the PNS, insulates 

the axon and optimizes electrical conduction. As the electrical signal moves down the axon, it 

“jumps” along segments of unmyelinated axon called the nodes of Ranvier (Quarles et al., 2006). 

Proper saltatory conduction requires the correct structure and function of each axonal segment 

and the myelinated axon contains specific regions that are molecularly and functionally distinct 

from one and other (Poliak and Peles 2003).  



 

20 
 

  

Figure 3: Axonal domain proteins The myelinated axon is divided into distinct domains that 

contain specific proteins and ion channels with unique functions and locations. The nodes of 

Ranvier contain many Na+ channels that are responsible for rapid saltatory conduction. At the 

paranodal segment the contactin/contactin associated protein (Caspr) complex on the 

oligodendroglia interacts with neurofascin (NF155) of the axon to facilitate myelination. The 

juxtaparanodal segment contains Caspr2, contactin2 (Tag1) and K+ channels. 
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 During development the clustering of Na+ channels takes place at the nodes of Ranvier 

with a large number of Na+ channels being at each node. Early in development the predominant 

Na+ channel expressed is of the Nav1.2 sub-type. As development progresses, Nav1.2 is almost 

entirely replaced by Nav1.6 (Kaplan et al., 2001; Boiko et al., 2001). The segment adjacent to the 

nodes of Ranvier, the paranodal region, contains the initial axo-glial junction. During the process 

of axon wrapping, the oligodendrocyte contacts the axon many times along the paranodal region 

forming compact myelin. The interaction of the axon and the oligodendrocyte at the paranode 

region involves several important proteins. On the axonal side, contactin-1 and contactin 

associated protein (Caspr) are expressed (Figure 3). Caspr is a transmembrane protein from the 

family of neurexins who function as cell adhesion proteins. The interaction of contactin and 

Caspr is necessary for the complex to be transported to the cell membrane (Poliak and Peles 

2003). The oligodendrocyte membrane expresses neurofascin (NF155) and this protein is thought 

to interact with the contactin-Caspr complex, although this theory has met controversy because 

NF155 is expressed in the paranodes later than Caspr (Poliak and Peles 2003).  

 The region next to the paranodal region is the juxtaparanodal segment. The proteins most 

commonly associated with this region are Caspr2 and a type of delayed rectifier K+ channel, 

Kv1.2. Caspr2 and Kv1.2 co-localize and form a complex with an additional cell adhesion 

molecule, transient axonal glycoprotein-1 (Tag1), also known as contactin-2. This complex 

consists of a Tag1 molecule on the oligodendrocyte membrane and a Caspr2/Tag1 on the axon 

(Traka et al., 2003) and is necessary for the localization of K+ channels to the juxtaparanodal 

region (Poliak and Peles 2003). The exact function of juxtaparanodal K+ channels in the CNS 

remains unclear, but they are thought to be involved in maintaining the intermodal resting 
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potential (Poliak and Peles 2003). The internodal segment is much less studied, but it has been 

shown that there is a unique “line” where paranodal (Caspr and contactin) and juxtaparanodal 

(K+ channels, Caspr2, and Tag1) are expressed between the myelin sheath and the axon. 

 In addition to having precise axon-oligodendrocyte interactions and correct domain 

organization, myelinated axons must also have intact structural components to carry out their 

proper functions. Neurofilaments (NFs) are the predominant component of adult the neuron 

cytoskeleton and have three distinct classifications: i) neurofilament light; NF-L (~68 kDa), ii) 

neurofilament medium; NF-M (~160 kDa) and iii) neurofilament heavy; NF-H (~200 kDa) 

(Perrot et al., 2008), with these three NFs interacting to form type IV intermediate filaments (10 

nm). The formation of the intermediate filaments involves the initial dimerization of NF-L with 

NF-M or NF-H. Two staggered dimers then associate with each other to form a tetramer. The 

tetramers combine to form semi-filaments, which then stack on top of one and other to create the 

final filament (Szaro and Strong 2010; Perrot et al., 2008). The assembly of NFs also contains 

projecting tail domains from the NF-M and NF-H chains that allow for the intermediate NF 

complex to interact with surrounding cytoskeletal components to stabilize the filament network 

of the neuron/axon (Perrot et al., 2008). The expression of NFs increases in maturing neurons 

and the assembly of new NFs involves the phosphorylation of many Ser and Thr residues. NFs 

can also undergo glycosylation and glycation, as well as oxidation, nitration and ubiquitination. 

The degradation of NFs is conducted by calcium-activated proteases (Perrot et al., 2008).  

 NFs enhance axon caliber and a positive correlation exists between axonal diameter and 

i) myelin thickness, ii) action potential amplitude and iii) conduction velocity in myelinated 

axons (Perrot et al., 2007).  
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I.2.6.  Astroglia 

 Oligodendroglia are not the sole population of cells that reside in the WM. The role of 

astroglia or astrocytes in the function of the CNS has changed drastically in recent decades. They 

are the most abundant cell type in the CNS and two main sub-types have been identified: 1) 

protoplasmic/flat or 2) fibrous/stellate astroglia. Both categories are classified based on their 

location and morphology (Nash et al., 2011; Sofroniew et al., 2010). Protoplasmic astrocytes are 

found throughout the gray matter and have several main processes extending from the cell body 

that give rise to many shorter branch-like processes. Fibrous astrocytes have many more fiber-

like processes that extend in all directions. Both types of astrocytes appear to make contact with 

the surrounding cerebral vascular system. This association gave rise to the hypothesis that 

astroglia are a functional and dynamic cell population rather than simply passive cells that 

provide structural and metabolic support to neurons. Astrocytes have been shown to serve many 

diverse and important functions in both the adult and developing brain including: i) structural 

support, ii) metabolic support/energy metabolism, iii) blood flow regulation, iv) water transport 

v) regulation of extracellular ion concentration, vi) antioxidant functions, vii) maintenance of 

neurotransmitter homeostasis (glutamate and GABA uptake), viii) promotion of myelination and 

axonal outgrowth and iv) a role in synaptic transmission and synaptogenesis (Nash et al. 2011; 

Kimelberg and Nedergaard 2010; Sorensen et al., 2008; Ishibashi et al., 2006; Pellerin 2005; 

Liberto et al. 2004; Ullian et al., 2001). 

 In order to carry out their diverse functions, astrocytes express many types of voltage-

gated ion channels, ligand-gated ion channels and neurotransmitter receptors, along with several 

membrane transporters. 
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 Despite the fact that astrocytes are non-excitable glial cells and do not fire sodium (Na+) 

channel dependent action potentials, they still have a small number of Na+ channels at their cell 

surface. The function of these Na+ channels remains to be determined, but it has been proposed 

that they are involved in Na+ homeostasis, maintaining consistent [Na+]i  levels at resting 

potentials of the astrocyte (Verkhratsky and Steinhäuser 2000). 

 Astrocytes express high levels of different types of potassium (K+) channels. The 

outward rectifying K+ channel, a voltage gated K+ channel, is paradoxically expressed. This 

channel is mainly involved in the repolarization of a cell. With astrocytes not being excitable 

cells, the function of this K+ channel is still a mystery. Astrocytes also have passive and inward 

rectifying K+ channels. The inward rectifying channels are thought to have a role in buffering 

[K+]e and also maintaining the resting membrane potential in astrocytes (Verkhratsky and 

Steinhäuser 2000). 

 Both T- and L- type calcium (Ca2+) currents can be found in astrocytes. The activation of 

these channels leads to large increases in [Ca2+]i and the expression of Ca2+ channels has been 

shown to change under pathological conditions (Chung et al., 2001; Westenbrock et al., 1998). 

 Astrocytes also express a host of ligand-gated ion channels and neurotransmitter 

receptors. The literature contains many examples of astroglia expressing functional AMPA 

receptors (Verkhratsky and Steinhäuser 2000). For many years astrocytes were thought to be free 

of NMDA receptors and their associated signal transduction, including Ca2+ signaling, however, 

recent evidence has shown that human astrocytes do express all NMDA receptor subunits. In 

addition, the application of NMDA caused an influx of Ca2+ indicating that NMDA receptors 

may in fact have a role in astrocyte function and signal transduction (Lee et al., 2010). 
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 Astrocytes have been shown to express two of the three types of GABA receptors; 

GABAA and GABAB.  Normally, the activation of the ionotropic GABAA receptor causes a rapid 

influx of Cl into the cell resulting in membrane hyperpolarization, however, in glia GABAA 

activation causes depolarization. This is due the [Cl] gradient across the astroglial cell 

membrane. Extracellular Cl is held relatively high because of two transporters expressed on 

astrocytes; i) Cl/HCO3 exchanger and ii) Na+/K+/2 Cl co-transporter, where Na+ enters the cell 

in exchange for K+ and 2 Cl. 

 Astroglia also express a variety of other receptors including: adrenergic, serotonergic, 

histaminic, perinergic (adenosine, ATP), somatostatin, substance P and opioid. 

 Lastly, astrocytes express high affinity glutamate uptake transporters; GLAST (EAAT-1), 

GLT-1 (EAAT-2) and EAAC1 (EAAT-3)  (Lui et al., 2006; Danbolt 2001; Fukamachi et al., 

2001; Miralles et al., 2001; Furuta et al., 1997). Expression of these transporters undergoes 

region specificity and is regulated during postnatal development throughout the rodent brain 

(Regan et al., 2007; Furuta et al., 1997). Recent evidence also points to a functional interaction 

between GFAP and GLAST (Sullivan et al., 2007), and both increased GFAP expression in 

reactive astrocytes (Cavaliere et al., 2007) as well as ablation of GFAP have been associated 

with reduced glutamate clearance and transporter trafficking (Hughes et al., 2004). 

  

I.2.7.  Microglia 

 Microglia are also found in the cerebral WM. Their primary function of these cells is to 

serve as the macrophages or immune cells of the CNS. They perform phagocytosis on dying or 

damaged neurons, or infectious/foreign agents. Microglia have also been shown to play a role in 
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the “normal” developing and adult brain. They are thought to play an active role in synaptic 

pruning during the “brain growth spurt” that occurs in the postnatal brain (Tremblay et al., 2011), 

and have also been shown to be involved in regulating neuronal activity and organization 

(Tremblay et al., 2011). 

 

I.3.   Additional Roles of the Oligodendrocyte 

 
 The communication that exists between axons and oligodendroglia is a unique 

physiological and functional partnership. Therefore, myelination has an important role in axonal 

organization and integrity (Simons and Trajkovic 2006). The formation of the structural domains 

of axons requires proper spatial and temporal interaction within the axon-oligodendrocyte 

complex. Myelination is also responsible for nodal development as well as the formation of the 

paranode, juxtaparanode and internodal regions. Prior to myelination, Na+ channel distribution is 

along the entire length of the axon. When myelination occurs the clustering of Na+ channels 

takes place at the nodes of Ranvier (Poliak and Peles 2003). The paranodal segment, as already 

stated, involves the interaction of Caspr, contactin and NF155. This region appears to be 

especially sensitive to pathology in the myelin membrane. Several studies using mice lacking 

specific myelin proteins including CNPase, MAG, and PLP have demonstrated abnormal 

distribution of paranodal proteins (Tanaka et al., 2009; Rasband et al., 2005; Schaeren-Wiemers 

et al., 2004; Yin et al., 1998).  

 Myelination has also been shown to play a neuroprotective role, as axonal loss is found in 

several demyelinating disorders, including multiple sclerosis (MS), leukodystrophies and 

Charcot-Marie-Tooth (CMT) neuropathy (Nave 2010; Piaton et al., 2010). In several myelin 
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protein knock out studies (CNPase, MAG and PLP), axonal injury was also evident, indicating 

the importance of myelination in maintain axon integrity. MAG is of particular interest because 

it is thought to mediate the direct contact between the unmyelinated axon and the 

oligodendrocyte. MAG has been shown to play a protective role in myelinated axons, through a 

mechanism involving gangliosides (Mehta et al., 2009; Lopez et al., 2011). 

 Evidence exists that properly ensheathed axons have larger diameters, which is likely due 

to increased neurofilament phosphorylation (Sánchez et al., 2000). Lastly, oligodendrocytes are 

able to give trophic support to neurons through the release of brain-derived neurotrophic factor 

(BDNF), insulin-like growth factor-1 (IGF-1) and/or glial cell line-derived neurotrophic factor 

(GDNF) (Bradl and Lassmann 2009). 

 

I.4.  Mechanisms of White Matter Injury 
 
I.4.1.  White Matter and Oligodendroglia Susceptibility 

 The developing CNS, between 25 weeks of gestation and 1-2 years after birth, exhibits 

vulnerability to various insults including hypoxia-ischemia, chronic hypoxia, inflammation, 

ethanol, anticonvulsants and anesthetics (Scafidi et al., 2009; Istaphanous and Loepke 2009; 

Kaindl et al., 2006; Munkeby et al., 2004; Olney et al., 2002). This maturation-dependent 

susceptibility coincides with cognitive development in humans and rodents, because it occurs 

during a time period of substantial brain growth and synaptogenesis in the developing CNS.  In 

humans, at the beginning of the third trimester, immature oligodendroglia predominate in the 

developing sub-cortical WM (Kinney 2006; Back et al., 2001). As the third trimester progresses, 

these cells differentiate into mature oligodendrocytes, develop contacts with axons projecting 
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through the sub-cortical WM and begin the myelination process (Jakovcevski et al., 2009). In the 

developing sub-cortical WM of the rodent, OPCs, pre-OLs and immature oligodendrocytes 

become increasingly abundant in the first week of life (Deng et al., 2008; Back et al., 2007), and 

normal developmental myelination in the rodent WM begins around approximately post-natal 

day seven (P7) (Deng et al., 2008; Craig et al., 2002). 

 The loss of pre-myelinating oligodendroglia is thought to be the underlying cause of WM 

injury due to cells of the lineage exhibiting several maturation-dependent factors that enhance 

vulnerability to oxidative stress as well as excitotoxicity and inflammation (Deng et al., 2008; 

Back 2006). Causes associated with these stressors include perinatal infection and 

hypoxia/ischemia (Volpe, 2008). 

 

I.4.2.  Oxidative Stress 

 During the process of differentiation and myelination the oligodendroglial lineage is 

under extreme metabolic stress. A typical oligodendrocyte can make up to three times the weight 

of its membrane per day and they have been proposed to have the highest metabolic rate of any 

cell in the brain (McTigue and Tripathi 2008). For proper myelination to occur, oligodendrocytes 

must consume large amounts of oxygen and ATP. Because of this enhanced energy metabolism, 

oligodendrocytes also create large amounts of toxic byproducts, such as hydrogen peroxide 

(H2O2) and reactive oxygen species (ROS), which can cause lipid peroxidation and DNA damage 

(Dewar et al. 2003; Ott et al. 2007). Oligodendrocytes also have enhanced susceptibility to 

oxidative stress because many of the enzymes required to create myelin depend on iron as a co-

factor (McTigue and Tripathi 2008). Iron and H2O2 can form hydroxyl free radicals via the 
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Fenton reaction, also resulting in lipid peroxidation. Lastly, oligodendroglia express small 

amounts of the anti-oxidant enzyme glutathione (Thorburne and Juurlink 1996). All of these 

factors render the oligodendroglial lineage extremely vulnerable to oxidative stress and free 

radical damage. These particles induce damage to oligodendroglia by interfering with the 

mitochondrial electron transport chain (Bradl and Lassmann 2008). 

 

I.4.3.  Glutamate-mediated Toxicity 

Altered glutamate homeostasis has been implicated in many neurological disorders 

including epilepsy, Alzheimer’s disease and Parkinson’s disease (Doble, 1999; Tilluex and 

Hermans, 2007; David et al., 2009). In addition, glutamate mediated excitotoxicity has been 

shown to cause extensive damage to the developing brain in animal models of hypoxia/ischemia  

(Silverstein et al., 1986) and trauma (Bittigau et al., 1999). Vesicular release of glutamate within 

the developing WM occurs from both myelinated (Bezzi et al., 2001; Ziskin et al., 2007) and 

unmyelinated axons (Montana et al., 2004). Furthermore, the uptake of glutamate through 

membrane transporters is critical for its extracellular clearance (Bergles et al., 1999; Danbolt, 

2001). Glial transporters, particularly in astrocytes, are believed to perform the majority of 

glutamate uptake in the brain  (Schousboe and Waagepetersen, 2005), and altered transport has 

been demonstrated in experimental models of neural dysfunction (Zugno et al., 2007) and Down 

syndrome  (Begni et al., 2003). 

The over-activation of non-NMDA glutamate receptors alone leads to oligodendroglial 

cell death (Follett et al., 2000; Deng et al., 2004), decreased OPC proliferation and attenuated 

oligodendroglia lineage progression (Gallo et al., 1996; Yuan et al., 1998). Also, elevated 
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glutamate levels have been linked to axonal injury and the disruption of the axo-glia junction (Fu 

et al., 2009; Domercq et al., 2005). As stated previously, immature oligodendroglia (OPCs and 

pre-OLs) express several receptor sub-types including i) Ca2+ permeable AMPA receptors, ii) 

NMDA and iii) kainate receptors, making them more susceptible to glutamate mediated 

excitotoxicity. The primary mechanism of glutamate mediated excitotoxicity is through 

enhanced Ca2+ influx during prolonged periods of AMPA and kainate receptor activation 

(Matute 2011; Matute et al., 2002; Alberti et al., 2002). Ca2+ overload leads to increased 

mitochondrial depolarization and enhanced production of reactive oxygen species and the 

liberation of pro-apoptotic molecules, resulting in caspase dependent cell death (Matute 2011). 

The pharmacological blockade of non-NMDA receptors and the removal of Ca2+ from the 

extracellular medium is sufficient to inhibit glutamate-induced excitotoxicity (Matute et al., 

2002). 

In culture, mGluRs were shown to have a role in protecting immature oligodendroglia 

from glutamate-induced excitotoxicity through a mechanism involving the activation of 

phospholipase C (PLC) and protein kinase C alpha (PKCα) (Deng et al., 2004). 

  

I.4.4.  Inflammatory Cytokines 

 Lastly, oligodendroglia are also sensitive to inflammatory cytokines. IL-1β, IL-2, tumor 

necrosis factor α (TNFα) and interferon gamma (IFNγ) have all been shown to cause apoptosis in 

vitro (McTigue and Tripathi 2008). TNFα causes cell death of oligodendrocytes through a 

caspase independent mechanism (Jurewicz et al., 2005) and IFNγ targets OPCs, but does not 

affect immature or mature oligodendrocytes (Horiuchi et al., 2006). 
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I.4.5.  Astroglial Dysfunction 

 The notion that astrocyte dysfunction could play a role in many pathological conditions is 

a relatively new concept. As mentioned previously, astrocytes are important in the developing 

and adult CNS, functioning as supportive cells that participate in a wide range of processes. They 

have also been shown to influence CNS damage (Sofroniew and Vinters 2010), with the classic 

response being astrogliosis (Nash et al., 2011). Reactive gliosis is associated with enhanced 

astroglia activity under pathological conditions. This involves molecular and functional changes 

within the cell population that are regulated by intra and extra cellular signal transduction, 

resulting in modifications of activity in response to injury (Nash et al., 2011). 

 Functional glutamate uptake is vital to cellular integrity and survival, and glutamate 

toxicity in glial cells is implicated in many instances of WM injury including ischemia, trauma, 

neurodegeneration and multiple sclerosis (Nash et al., 2011). Glial transporters, particularly in 

astrocytes, are believed to perform the majority of glutamate uptake in the brain (Schousboe and 

Waagepetersen 2005) and altered transport has been demonstrated in experimental models of 

neural dysfunction (Zugno et al., 2007) and Down syndrome (Begni et al., 2003).  

Normal astrocyte function is necessary for proper developmental myelination and 

remyelination following injury (Nash et al., 2011; Williams et al., 2007). In addition, basal 

astrocyte activity has been proposed to play a role in the regulation of oligodendroglial 

differentiation (Nash et al., 2011), and the importance of astroglia integrity in myelination and 

remyelination has been demonstrated in GFAP-null mice (Talbot et al., 2005; Li et al., 2002; 

Brenner et al., 2001; Liedtke et al, 1996). 
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 Central and peripheral axons also express functional AMPA/kainate and NMDA 

receptors, and glutamate-mediated axonal injury has been shown through the activation of both 

AMPA and NMDA receptors (Stirling and Stys 2010). The mechanism, although still poorly 

understood, may involve the release of intracellular stores of Ca2+ (Ouardouz et al., 2009).  

 

I.5.   Hyperoxia in the Pre-term Population 

Several clinical practices can have detrimental effects on the developing brain. Oxygen is 

the most commonly administered drug/agent in neonatal care and clinicians have debated for 

decades about the use of oxygen in this patient population. Oxygen therapy has been associated 

with adverse neonatal outcomes including retinopathy of prematurity and chronic lung disease 

(Tin et al., 2001; Chow et al., 2003). In addition, the literature contains significant information 

regarding oxidative stress in asphyxiated term neonates who have received resuscitation 

(Munkeby et al., 2004; Vento et al. 2002 and 2003).  

Studies suggest that targeting a higher oxygen-saturation range in the pre-term population 

does not result in an improvement in developmental outcomes and causes these infants to be of a 

greater financial burden to society (Askie et al. 2003). Clinical evidence also suggests that the 

use of high oxygen in pre-term infants can also lead to poor neurological outcome (Collins et al., 

2001; Deulofeut et al., 2007), however the role of oxygen in the etiology of WM injury has not 

been extensively characterized. The principle causes of neonatal hyperoxia exposure include 

insufficent monitoring of O2 administration and higher than needed oxygen saturation targets or 

possibly both (A. Sola et al. 2005 and B. Sola et al. 2005).  In addition, following birth, pre-term 

infants experience a several fold increase in arterial oxygen tension. In utero, the fetus is kept at 
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low oxygen tension (24-28 mmHg). At birth, the infant enters an environment with higher than 

necessary oxygen tension that ranging from 65-80 mmHg (Hoffmann, 2002). Therefore, it is 

possible that pre-term infants experience “supraphysiological” oxygen levels for a period of 

time, even without supplemental oxygen (Castillo et al., 2008). A recent study also revealed the 

brains of pre-term infants to be more oxygenated than term infants, even pre-term infants who 

were considered to be clinically stable (Sorensen and Greisen, 2009). 

 

I.6.   The Hyperoxic Animal Model of Pre-mature Brain Injury 

  The protocol for this model was previously established in rats (Felderhoff-Mueser et al., 

2004; Gerstner et al., 2008) and was successfully adapted for mice in the lab of Dr. Vittorio 

Gallo at Children’s National Medical Center, Center for Neuroscience Research in Washington, 

D.C. This paradigm was adapted from rats to mice because of cost and the advantage of using 

transgenic reporter strains for cellular analysis. The hyperoxia injury model involves the 

exposure of neonatal mice to 80% oxygen for 48 hrs, from P6 to P8. This time period coincides 

 

with a critical developmental window where the WM largely consists of immature 

oligodendroglia. 
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  Neonatal hyperoxia is also used in models of acute lung injury. The length of exposure 

ranges from 72 hours to 2 weeks and the percent oxygen used varies between 50 and 80% 

(Bhandari 2010). The intermediate length of exposure (48 hrs) does not induce significant lung 

damage, but produces neural toxicity. 

 

I.7.      Hyperoxia in the Scientific Literature 

Oxygen toxicity has gained particular attention in the field of neonatalogy and over the 

past several decades scientists have studied the effects of hyperoxia on brain development and 

function at the cellular and molecular level. However, the scientific and clinical literature 

contains only a few studies in which the effects of hyperoxia on the developing brain were 

investigated. 

 In an experimental rat model, exposure to 80% oxygen at postnatal day 7 (P7) for 24 

hours, resulted in widespread cell death throughout the brain, including the gray and sub-cortical 

white matter (Felderhoff-Mueser et al. 2004). Oxygen toxicity in the brain appears to be 

developmentally dependent, only occurring in the first two weeks of life and is more severe 

when oxygen administration occurs between P3 and P7 (Felderhoff-Mueser et al. 2004). 

Although cellular changes were not characterized in these studies, cell death in the brain was 

associated with an increase in oxidative stress and a decrease in the levels of neurotrophins 

(BDNF, NGF and NT-3). Later studies revealed that hyperoxia also caused an increase in the 

expression of intracranial pro-inflammatory cytokines (Felderhoff-Mueser et al., 2005), and 

produced a reduction in sub-cortical myelin basic protein (MBP) expression in neonatal rats 

(Gerstner et al. 2008). Subsequent in vitro studies revealed that hyperoxia,(80% oxygen) caused 
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caspase-dependent cell death in cultured O4+O1¯  pre-oligodendrocytes, but not in mature MBP+ 

oligodendrocytes , and also caused mitochondrial dysfunction (Gerstner et al. 2008; Gerstner et 

al., 2006). These findings indicate that high levels of oxygen cause oligodendroglial and WM 

damage. However, the underlying cellular and molecular mechanisms responsible for 

diffuse white matter injury (DWMI), as well as the global effects of hyperoxia on 

oligodendroglia and astrocytes of the immature WM remain unclear. It is also unknown if 

neonatal hyperoxia exposure affects the process of developmental myelination or axon 

integrity and/or function. Lastly, the process by which immature oligodendroglia are 

rendered more vulnerable to hyperoxia toxicity is also not fully understood. 

 

I.8.     Objectives and Purpose 

The pathophysiology of hyperoxia-induced WM injury is not well understood. In these 

studies, the two main objectives were to: i) characterize the cellular and molecular response of 

the developing WM to hyperoxic insult and ii) determine if hyperoxia exposure causes 

developmental and/or chronic disturbances in WM ultra-structure, integrity and function.  

The experiments in this dissertation will address the overall hypothesis that early 

hyperoxia exposure in the neonatal mouse alters the integrity of the WM on a cellular and 

molecular level resulting in chronic pathology that manifests as a disturbance in the structural 

and functional properties of the WM. 

 The analysis presented in this dissertation identifies hyperoxia-induced cellular and 

molecular changes in the oligodendroglia and astroglia populations that contribute to chronic 

WM pathogenesis. The studies reveal how disrupting normal glial functions during WM 
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maturation may be relevant to disease development. They establish an understanding of the 

micro-structural and physiological basis of WM injury and identify functional deficits associated 

with neonatal hyperoxia exposure. Ultimately, this knowledge may enable the development of 

cell-specific therapeutics designed to manipulate the developing WM at the cellular and 

molecular level to preserve WM integrity and function. 
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METHODS 

II.1.   Transgenic Animals 

Transgenic mice expressing enhanced green fluorescent protein (EGFP) under the control 

of the human GFAP promoter were generated on a FVB/N background (F. Kirchhoff, Max 

Planck Institute of Experimental Medicine, Goettingen, Germany) (Nolte et al., 2001). The 

FVB/NTgN (GFAP-EGFP) mice were previously characterized to express EGFP in 50% to 80% 

of GFAP-positive astrocytes, depending on age and brain region (Wehner et al., 2003). In these 

studies on external capsule (EC), cingulum (CG) and corpus callosum (CC) we found an overlap 

of glutamine synthetase (GS) immunostaining and EGFP expression in 50% of astrocytes at P8 

and 80% at P12. Transgenic mice expressing EGFP under the control of the 2-3-cyclic 

nucleotide 3-phosphodiesterase (CNP) promoter have been described previously (Yuan et al., 

2002). CNP-EGFP expression is detected in cells of the oligodendroglial lineage at early 

embryonic stages of development and this expression is maintained throughout brain maturation. 

In accordance, GFP+ oligodendroglia were detected within the sub-cortical white matter and 

cortex of CNP-EGFP transgenic mice throughout development. All procedures were performed 

according to the Institutional Animal Care and Use Committee, Children's National Medical 

Center, and National Institutes of Health guidelines. 

 

II.2.   Hyperoxia exposure, blood gas levels and metabolic panel measurements 

Six-day-old (P6) C57B/L6 wild-type mice as well as GFAP-EGFP and CNP-EGFP 

transgenic mice were subjected to hyperoxia by being placed, along with their mothers, in a 

chamber containing 80% O2 for 6 or 48 hours. Litters composed of both male and female 
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neonatal mice were divided into hyperoxia and control groups. The control pups of each litter 

were kept in room-air with a second lactating mother. The mothers of the two groups were 

replaced after 24 hours to prevent oxygen-induced acute lung injury (Taglialatela et al., 1998). 

During recovery in room air, all pups exposed to hyperoxia were reunited with their biological 

mother until sacrifice. The pups appeared normal and did not suffer weight loss [control (grams): 

P7 – 4.14 ± 0.24, P8 – 5.31 ± 0.26, P12 – 6.83 ± 0.29; hyperoxia (grams): P7 – 4.26 ± 0.21, P8 – 

5.22 ± 0.11, P12 – 6.76 ± 0.31] or changes in body temperature [control (C°): P7 – 30.65 ± 1.11, 

P8 – 30.07 ± 0.77, P12 – 31.37 ± 0.57; hyperoxia (C°): P7 – 30.75 ± 0.90, P8 – 30.10 ± 0.37, 

P12 – 31.10 ± 0.49. n = 6 for each time point] during or after the hyperoxia exposure. Body 

temperature was monitored by using a Micro Therma 2T device with a neonatal mouse (RET-4) 

rectal probe (Braintree Scientific, Braintree MA). 

To analyze oxygenation and metabolic status, blood gas levels and a metabolic panel 

were obtained in both experimental groups at P8. Animals exposed to hyperoxia were 

decapitated within the oxygen chamber. The blood sample was immediately taken with a 

capillary tube from the upper cervical region and caution was taken to prevent the formation of 

air bubbles in the sample. pH, pO2, pCO2, Na+, K+, Ca2+, Cl-, glucose and lactate were measured 

with a blood analyzer (Rapidlab 1200, Siemens, New York NY). 

 

II.3.   BrdU injections 

Acute BrdU incorporation within cells of the white matter (WM) was determined by 

administering an intraperitoneal (i.p) injection of 10 mg/kg BrdU in both hyperoxia exposed and 

litter matched control mice 2 hours prior to sacrifice. For BrdU analysis at P8, pups undergoing 
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hyperoxia exposure where administered the BrdU injection within the oxygen chamber to 

prevent room-air exposure. During further analysis of BrdU incorporation after recovery in room 

air at P10 and P12, pups again received an i.p. injection of BrdU 2 hours prior to sacrifice and 

transcardial perfusion. To evaluate cumulative BrdU incorporation during recovery in room air 

from P8 to P12, both experimental groups were subjected to a cumulative (pulse-chase) BrdU 

protocol where the animals were administered repeat i.p. injections of 10 mg/kg BrdU every 24 

hours, starting immediately after hyperoxia at P8 and continuing for four days until P12. At P12, 

all mice were sacrificed, transcardially perfused, tissue was then fixed and analyzed using 

immunohistological techniques. 

 

II.4.   Immunofluorescence 

Mice at P8, P10, P12, P15, P30 and P60 were anesthetized following NIH guidelines, and 

transcardially perfused with PBS and then 4% paraformaldehyde (PFA). Brains were dissected 

out, post-fixed with 4% PFA overnight at 4°C. Fixed brains were preserved in 10% glycerol in 

PBS. For tissue sections, brains were rinsed in 1XPBS, then frozen in Tissue Freezing Medium 

(Triangle Biomedical Sciences, Durham NC) and mounted on a Microm HM400 microtome 

(Microm International GmbH, Walldorf, Germany). Sections were cut (30-40 µm) and stored in 

a 1XPBS, 0.05% sodium azide solution. For immunohistochemistry, sections were blocked at 

room temperature for at least 1 hour in blocking solution [1% bovine serum albumin (BSA), 

0.3% Triton X-100, and 20% normal goat serum (NGS) in 1XPBS]. Primary antibodies were 

diluted using carrier solution (1% BSA, 0.3% Triton X-100 and 1% NGS in 1XPBS). Polyclonal 

rabbit antibody to NG2 chondroitin sulfate proteoglycan (Chemicon, Temecula CA) was diluted 
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1:400. Monoclonal mouse antibody to myelin basic protein (MBP; Covance, VA) was diluted 

1:500. Polyclonal mouse antibody to glial fibrillary acidic protein (GFAP; Sigma-Aldrich, St. 

Louis MO) and polyclonal chicken antibody to GFAP (Abcam, Cambridge MA) were diluted 

1:500. The monoclonal rabbit Ki67 antibody (Vectorlabs, Burlingame CA) was diluted 1:250. 

Monoclonal mouse BrdU antibody was diluted 1:500 (Axyll, Bethesda MD). Tissue analyzed for 

BrdU incorporation was pretreated with 2N HCl for 30 minutes followed by 0.1M boric acid for 

15 minutes at room temperature. Monoclonal rabbit Olig2 antibody and the monoclonal mouse 

CC1 antibody were diluted 1:500 (Abcam, Cambridge MA; Calbiochem, Darmstadt, Germany). 

Monoclonal mouse O4 antibody was diluted 1:100 (R&D Systems, Minneapolis MN). 

Polyclonal rabbit myelin associated glycoprotein (MAG; Santa Cruz, Santa Cruz CA) antibodies 

were diluted 1:250. Polyclonal guinea pig antibodies for GLAST/EAAT1 (Millipore/Chemicon, 

Temecula CA) and GLT-1/EAAT2 (Millipore/Chemicon, Temecula CA) were diluted to 1:500. 

Polyclonal rabbit antibody for glutamine synthetase (GS; Abcam, Cambridge MA) was diluted 

1:500. Polyclonal rabbit NF200 (Abcam, Cambridge MA) was diluted 1:250. Monoclonal mouse 

SMI-31 and SMI-32 (Covance, Emeryville CA) antibodies were diluted 1:250. Rabbit polyclonal 

contactin associated protein (Caspr; Abcam, Cambridge MA) was diluted 1:200. 

Brain sections were incubated in primary antibodies at 4°C overnight. Rinses were 

carried out in carrier solution at room temperature, with three changes of solution every 10 min. 

All secondary antibodies used were from Jackson Immunoresearch Laboratories, West Grove 

PA, in carrier solution: FITC-conjugated goat anti-mouse IgG (1:200), FITC-conjugated goat 

anti-rabbit IgG (1:200), FITC-conjugated donkey anti-chicken IgG (1:500); CY5 conjugated goat 

anti-mouse IgG (1:500), CY5 conjugated goat anti-rabbit IgG (1:500), CY5 conjugated goat anti-
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rat (1:500) and CY5 conjugated goat anti-guinea pig; CY3/Rhodamine conjugated goat anti-

mouse IgG (1:200), CY3/Rhodamine conjugated goat anti-rabbit IgG (1:200) and 

CY3/Rhodamine conjugated goat anti-guinea pig (1:200). Incubation was carried out at room 

temperature for 1 hour, followed by three washes as described above. Sections were then stained 

with DAPI for 10 min. and after three washings with PBS mounted with Mowiol. 

 

II.5.   Cell cultures 

Primary mixed glial cultures were prepared from E19 pregnant Sprague-Dawley rats by 

mechanical dissociation according to the method of McCarthy and de Vellis (McCarthy and de 

Vellis, 1980), as previously described (Gallo and Armstrong, 1995; Gallo et al., 1996). Mixed 

cultures (7 - 10 days old) were shaken overnight to detach oligodendrocyte progenitor cells 

(OPCs) from the astrocyte monolayer. To minimize contamination by microglial cells, the 

detached cell suspension was incubated in succession for 45 min. each in 60 mm dishes. OPCs 

enriched by this method contained > 95% GD31 cells labeled by the LB1 monoclonal antibody 

(Levi et al., 1986; Curtis et al., 1988), with < 0.05% GFAP+ astrocytes and < 0.05% Ox42+ 

microglia. Attached astrocytes were passaged after overnight shaking and transferred into T75 

culture flasks (BDFalcon, San José CA) at a density of 2 X 106 cells per flask with 10 ml DMEM 

media (Gibco Invitrogen, Carlsbad CA) containing 10% FCS which was changed after overnight 

incubation in order to remove non-attached OPCs. Once cells became confluent, flasks were 

shaken overnight and media containing non-attached OPCs and microglia was removed. For 

immunocytochemistry, astrocyte layers were trypsinized and plated on poly-lysine (0.1 mg/ml) - 

coated 25 mm cover slips in 35 mm dishes using 2 X 105 cells in 2 ml DMEM with 10% FCS 
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until confluent after several days. For Western blot protein analysis, astrocytes, after 

trypsinization, were plated on 6 well plates in a density of 2 X 105 cells per well in 2 ml DMEM 

with 10% FCS until confluent. For sub-confluent astrocyte cultures, 1 X 105 cells in 2 ml DMEM 

containing 10% FCS were transferred to 6 well plates and cultured for 48 hours, media was 

changed the day after trypsinization. The 6 well plates were then used for experiments at either 

80% or 21% O2. 

 

II.6.   Immunocytochemistry  

Live staining for cell surface antigens with A2B5, O4, and O1 antibodies (Bansal et al., 

1989) was performed as previously described (Yuan et al., 1998). Briefly, live cells were 

incubated at room temperature for 1 hour with primary antibodies diluted 1:10 in DMEM, 

followed by fluorescein-conjugated goat anti-mouse IgM for 45 min. After three washes in PBS, 

cells were fixed in 4% paraformaldehyde (pH 7.3 in PBS) for 10 min. at room temperature and 

washed in PBS. Coverslips were then mounted in DAPI-Containing Vectashield. For double 

staining with GFAP, cells after live staining, fixation and washing were blocked again in 10% 

normal goat serum (NGS) in DMEM containing 0.1% Triton X-100 for permeabilization during 

20 min. at room temperature. Incubation with GFAP mouse antibody (1:500, Sigma-Aldrich, St. 

Louis MO) followed for 1 hour at room temperature. After washing, the cells were incubated 

with rhodamine anti-mouse IgG antibodies (1:200, JacksonImmuno, West Grove PA). The cells 

were then washed and mounted in Vectashield with DAPI.  
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II.7.   TUNEL Assay 

Rhodamine-dUTP TUNEL assays were performed according to the manufacturer’s 

directions (In Situ Cell Death detection kit, Rhodamine, Roche Applied Science, Indianapolis 

IN). TUNEL immunostaining was performed on tissue obtained following hyperoxia or from 

animals kept in room air (control). Tissue was then processed for NG2 immunolabeling as 

previously described above (Immunofluorescence). Sections were then permeabilized using 

0.2% Triton X-100 in 1XPBS for 1 hour, rinsed with 1XPBS and incubated with TUNEL 

solution for 1 hour at 37°C. After 3 washes in 1XPBS, tissue was mounted on slides, allowed to 

dry and placed in Vectashield with DAPI. 

 

II.8.   Western blotting 

Protein analysis was only conducted in wild-type (WT) mice. Micro-dissected tissue of 

the WM, including corpus callosum, cingulum and external capsule was homogenized in 4°C 

RIPA buffer solution for protein extraction. For analysis of cultured astrocytes, cells were 

harvested and lysed in 4°C RIPA buffer for 30 min. on ice. Following cell lysis, lysates were 

centrifuged at 4°C for 30 min. Aliquots were then assayed for protein concentration using the 

Pierce BCA kit (Pierce, Rockford IL) with a 30 min. incubation at 60°C prior to 

spectrophotometry at 590 nm. Total proteins were equally loaded (10–40 µg per lane) on 4-20% 

mini precast Tris-glycine gels. The gels were transferred onto PVDF membranes at 4°C 

overnight and blocked in 4% nonfat dry milk in TBST. Primary antibodies were diluted 1:500 to 

1: 2,000 in 4% milk. Horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-rabbit 

and anti-mouse, BD Biosciences Pharmingen, San Diego CA; anti-goat; Santa Cruz 
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Biotecnology, Santa Cruz CA, anti-guinea pig, Millipore/Chemicon, Temecula CA) were diluted 

1:2,000 in 4% milk in TBST. Chemiluminescent detection was performed using ECL Plus 

(Amersham) or Supersignal West Pico (Pierce) kits according to manufacturers’ directions. The 

antibodies used were as follows: monoclonal mouse MBP 1:1000 (Covance VA), polyclonal 

mouse GFAP 1:1000 (Sigma-Aldrich, St. Louis MO), polyclonal rabbit GLAST/EAAT1 1:250 

(Abcam, Cambridge MA), polyclonal guinea pig GLT-1/EAAT2 1:250 (Millipore/Chemicon, 

Temecula CA), monoclonal mouse β-actin 1:1,250 (Millipore/Chemicon, Temecula CA). 

Polyclonal rabbit proteolipid protein (PLP; Abcam, Cambridge MA), myelin oligodendrocyte 

glycoprotein (MOG; Abcam, Cambridge MA) and myelin associated glycoprotein (MAG; Santa 

Cruz, Santa Cruz CA) antibodies were diluted 1:500. Monoclonal mouse 2, 3-cyclic nucleotide 

3’-phosphodiesterase (myelin CNPase; Covance, Emeryville CA) antibody was diluted 1:1000. 

Monoclonal mouse NF200 (Abcam, Cambridge MA) was diluted 1:500. Monoclonal mouse 

SMI-31 and SMI-32 (Covance, Emeryville CA) antibodies were diluted 1:250. 

 

II.9.   Microscopy and cell density measurements 

A Zeiss LSM 510 confocal laser scanning microscopic (CLSM) system was used for the 

analysis of fluorescence following immunohistochemical staining in wild-type mice, CNP-EGFP 

and GFAP-EGFP mice. Optical sections were acquired with field depth of 10-15 µm, using a 

20X, 40X or a 60X objective and the LSM 510 software. Four different laser lines were used to 

image localization of FITC (488 nm excitation; 522/35 emission filter), CY3 (560 nm excitation; 

605/32 emission filter), Cy5 (647 nm excitation; 680/32 emission filter) and DAPI (400 nm 

excitation). Data acquisition and processing were controlled by LSM software. Analysis of  
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Figure 4: Regions of Interest: 40X image of the WM at P15, showing the two main regions of 

interest, 1) CG = cingulum and 2) EC = external capsule. The CG region included a large portion 

of the corpus callosum (CC) and was located directly above the subventricular zone (SVZ). Scale 

bar = 50 µm. 
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immunofluoresence was performed on confocal z-stacks. Cells were counted in 225 X 225 X 10-

15 µm (X, Y, Z planes) images for cells/volume quantifications. An average of 3 images were 

taken from the corpus callosum (CC), cingulum (CG) and external capsule (EC) regions as 

depicted in Figure 4 within 2-3 sections for each animal analyzed. Confocal Assistant 4.02 and 

Image J (NIH) software were used to merge images for analysis. Merged images were processed 

in Photoshop 7.0 with minimal manipulation of contrast. Cells were counted in a blinded fashion 

and double or triple labeled by analyzing the merged image for each confocal z-stack and 

identifying positive immunofluorescence for each individual channel. 

 

II.10.   Exposure of primary astrocytes to hyperoxia 

At the beginning of the experiment, cultures were placed in 6-well plates using 2 mL 

DMEM growth media per well as mentioned and transferred to a humidified oxygen chamber 

(Billups-Rothenberg Inc., Del Mar CA). The chamber was filled with 80% O2 using a gas tank 

containing 80% O2, 5% CO2 and 15% N2 (Robert’s Oxygen, Washington DC) with a flow 

regulator (Biospherix, Redfield NY) and maintaining a flow of 20 L/min for 10 min., in 

accordance with the manufacturer’s instructions. Exposures were performed for 24 hours and 48 

hours respectively. Normoxia plates for control were kept under 21% O2, 5% CO2 and 15% N2 at 

37°C.  

 

II.11.   Astrocyte-OPC co-cultures 

Monolayers of confluent astrocytes were obtained on cover slips, as previously described. 

Media was then renewed with DMEM without FCS containing 100µM dibutyryl (db)-cAMP 
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(Sigma-Aldrich, St. Louis MO) and exposed to a mixture of 80% O2, 5% CO2 and 15% N2 for 48 

hours. The dishes were removed from the oxygen chamber briefly before the OPC suspensions 

were prepared for plating. For control, dishes containing astrocytes on cover slips were kept at 

21% O2, 5% CO2 and 75% N2 in an incubator. In order to reduce the number of microglia in the 

mixed glia cell cultures, media was changed after shaking for 2 hours. Following an overnight 

shake for 12-16 hours, OPCs were harvested and transferred to 15 mL tubes for centrifugation at 

1500 rpm for 5 min. Re-suspended cells were transferred to a 60 mm culture dish and incubated 

for 45 min. at 37°C for attachment of microglia. OPCs were removed by gentle flushing of the 

media. The OPC suspension was collected into a 15 mL tube and centrifuged for 5 min. at 1500 

rpm. 

To label OPCs Qtracker™-Orange CMRA (Invitrogen, Carlsbad CA) was used according 

to manufacturer`s instructions in a final concentration of 10 µM in 10 mL DMEM containing the 

OPCs to be plated. After incubation for 45 min. at 37°C, the tube was centrifuged for 5 min. at 

1500 rpm and media was aspirated. Pellets were re-suspended in 2 mL DMEM containing 10% 

FCS per 300,000 OPCs. 2 mL of this OPC suspension was placed on top of the astrocytes 

exposed to either 80% or 21% O2. After 1 hour incubation to allow OPC attachment, media was 

carefully aspirated and replaced by 2 mL DMEM without FCS for each dish/cover-slip. For 

glutamate challenge, 40 µL of glutamate 50 mM was added to the dish in order to obtain a final 

glutamate concentration of 1mM/2 mL culture media. For protection experiments, the non-

NMDA-receptor antagonist NBXQ (100 µM) (Sigma-Aldrich, St. Louis MO) was added to the 

culture media one hour before glutamate challenge. The co-cultures were maintained for 24 

hours for analysis of A2B5+/Dye+ cells, and for 48 hours for O4+/Dye+ cells.  
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II.12.   
3
H-D-aspartic acid uptake assay with WM Tissue  

3H-D-aspartic acid uptake assays at all time points (P8, P12, P15 and P30) were 

performed using WM tissue isolated by micro-dissection and a modified assay protocol (Weller 

et al., 2008). Brains were removed and placed in D1 solution [1X Hanks’ balanced salt solution 

(HBSS)], 1M HEPES, sugar solution containing 6% glucose and 15% sucrose and 1% PenStrep) 

on ice until being sliced into coronal sections. The WM was then carefully removed and placed 

in 1 ml of homogenizing buffer (50 mM Tris, 0.3 M sucrose, pH 7.4) on ice. Following 

homogenization, suspension was centrifuged at 13,500 rpm for 10 min at 4°C. Pellet was then re-

suspended in KRH (Kreb’s solution). Duplicate 200 µL assays were performed for each 

experimental condition. Assays containing dihydrokainic acid (DHK) 100 µM (Sigma-Aldrich, 

St. Louis MO) and 75 µM TBOA (Tocris Bioscience, Ellisville MO) were incubated at 37°C for 

10 min. After each respective agent was added to the sample, 50 nM of 3H-D-aspartic acid 

(Perkin Elmer, Boston MA) was placed in each sample and allowed to incubate for 5 min. at 

37°C. Preparations were then centrifuged at 13,500 rpm for 5 min. Samples were then washed by 

re-suspending the pellet in KRH – Na (sodium-free Kreb’s solution containing the same molar 

concentration of “normal” Kreb’s solution but with choline chloride in place of sodium chloride) 

twice to stop additional sodium-dependent 3H-D-aspartic acid uptake. Cells in each sample were 

then lysed with 1N NaOH and 150 µL of the lysate was added to Fischer Scientific Scintiverse® 

scintillation fluid and allowed to extract overnight. Protein concentration of each sample was 

measured by Bradford assay using the remaining 50 µL of lysate. 3H-D-aspartic acid uptake was 

determined using a Beckman LS 6500 scintillation counter and calculated as pmol/mg 

protein/min. Values obtained from samples containing TBOA were subtracted from the total and 
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non-GLT values to show sodium-dependent 3H-D-aspartic acid uptake for each respective 

sample in all experiments. 

 

II.13.   Compound Action Potentials (CAPs) 

  C57B/L6 wild-type mice exposed to hyperoxia, along with their litter matched control 

counterparts were anaesthetized with isoflurane at P30 and P60 for compound action potential 

(CAP) analysis. Once removed, brains were rapidly placed in ice-cold slicing solution (85 mM 

NaCl, 2.5 mM KCl, 25 mM NaHCO3, 1.25m M NaH2PO4, 0.5 mM CaCl2, 7 mM MgCl2, 25 mM 

glucose, 75 mM sucrose) with pH of 7.4 and bubbled in 95% O2 / 5% CO2. Coronal slices 400 

µm in thickness were obtained using a VT1000S vibratome (Leica) and placed for 30 minutes in 

an incubating chamber containing recording solution (125 mM NaCl, 2.5 mM KCl, 26 mM 

NaHCO3, 1.25 m M NaH2PO4, 2.5 mM CaCl2, 1.3 mM MgCl2, 11 mM glucose, pH = 7.4) 

bubbled in 95% O2 / 5% CO2 and maintained at 37°C. Slices were then kept in the same 

recording solution at room temperature (22-25°C) for 3-4 hours until the time for 

electrophysiological analysis. Three slices for each animal, at both P30 and P60 were analyzed 

for CAP recordings corresponding to sections 14-17 (Bregma 0.74 to -1.28 mm) of the National 

Institutes of Mental Health’s mouse brain atlas (http://www.mbl.org/atlas 

170/atlas170_frame.html). Slices were placed in a recording chamber superfused with 

oxygenated recording solution at a flow rate of 2 ml min-1 and viewed using the 10X objective of 

an Olympus BX61WI microscope. CAPs recordings were obtained using extracellular field 

electrodes with a tip resistance of 1 MΩ and filled with recording solution connected to a multi-

clamp 700B amplifier connected via a digidata 1322A interface (Axon Instruments). A bipolar 
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Ni-Cr stimulating electrode (~ 200-µm tip separation) connected to a constant current stimulator 

DS3 (Digitimer; 100-200 µA) and a computer using pClamp (Clampex 10.2). The stimulating 

and recording electrodes were placed ~ 2 mm apart (~ 1 mm on each side of the midline) in the 

corpus callosum of sub-cortical WM and a constant stimulus of 700 pA was delivered to each 

slice in current clamp for each recording. A paired pulse protocol was used with 2 stimulations 

per pulse, with a duration of 0.2 ms between stimulations. The pulse frequencies were 200 Hz 

and had a period of 5 ms. Ten sweeps, each an average of ten pulses were acquired and used in 

analysis for CAP amplitude and conduction velocity. Two distinguishable downward waves were 

evident for each CAP recording, with the first corresponding to rapidly propagating myelinated 

(M) axons and the second to slower propagating unmyelinated (UM) axons. The maximum CAP 

amplitude for both the M and UM waves were used for analysis. To measure conduction velocity 

for the M wave, the time duration (ms) to reach maximum amplitude from baseline was 

determined. The conduction velocity of the UM wave was found from measuring the time 

duration (ms) from the baseline until the maximum amplitude of the UM wave. 

 

II.14.   Electron Microscopy 

Mice were transcardially perfused with a fixation buffer containing 2.5% glutaraldehyde and 4% 

paraformaldehyde for 20 minutes, followed by a perfusion with a phosphate buffer at room 

temperature for 3 minutes. To reduce myelin damage, each perfusion was done with an 

automated perfusion pump with a constant flow of 15 ml/h. Brains were then kept in the fixation 

buffer for 48 hours at room temperature (37°C). Coronal 200 µm sections of sub-cortical WM 

tracts were obtained corresponding  to sections 15-16 (Bregma 0.38 to 0.00 mm) of the National 
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Institutes of Mental Health’s mouse brain atlas (http://www.mbl.org/). Thin sections of 0.5 µm 

were then collected, placed on grids and stained with uranyl acetate and lead citrate. The grids 

were then imaged using a transmission ZEISS electron microscope (“Leo 906”, Jena, Germany). 

Randomly selected axons (80 - 100 per section of the corpus callosum) were counted and 

classified. For one animal, 800 to 1000 callosal axons were measured, with axons of < 0.3µm 

excluded from the analysis.  Parameters for analysis included axonal diameter, myelin thickness, 

g-ratio and delamination of the myelin sheath. A Mann-Whitney statistical test was used to 

compare animals exposed to hyperoxia and their litter matched controls. 

 

II.15.   Magnetic Resonance Imaging (MRI) and Diffusion Tensor Imaging (DTI) 

 MRI was performed using a 7 Tesla rodent scanner (Pharmascan 70⁄16, Bruker BioSpin, 

Ettlingen, Germany) with a 16 cm horizontal bore magnet and a 9 cm (inner diameter) shielded 

gradient with an H-resonance-frequency of 300 MHz and a maximum gradient strength of 300 

mT/m. For imaging a 1H-Phased-Array surface coil for mouse head and a 1H-RF-

Volumeresonator (72 mm) for transmission were used. Data acquisition and image processing 

were carried out with the Bruker software Paravision 4.0. During the examinations mice were 

anaesthetized with 2.0 –1.0% isoflurane (Forene, Abbot, Wiesbaden, Germany) delivered in a O2 

/N2O mixture under constant ventilation monitoring (Small Animal Monitoring & Gating 

System, SA Instruments, Stony Brook, New York, USA). To ensure physiological body 

temperature animals were placed on a heated circulating water blanket. To localize the corpus 

callosum (CC) we first used a T2-weighted 2D turbo spin-echo sequence (TR/TE = 4200 / 36 

ms, rare factor 8, 4 averages) with a field of view (FOV) of 2.56 x 2.56 cm and a matrix size of 
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256 x 256 with 20 slices at 0.5 mm to cover the whole brain. For following DTI imaging, a 1 mm 

slice with a FOV of 2.60 x 2.60 cm and a matrix size of 128 x 128 was placed over the CC. 

Imaging parameters are: DTI Epi with Spin Echo preparation and 16 diffusion directions, b-value 

= 1000 s/mm2, diffusion duration δ= 4 ms, diffusion separation ∆ = 20ms, TR/TE = 3000 / 34 

ms, 1 average. If there were movement artifacts, the whole data set of the animal was excluded 

from analysis. On a pixel by pixel basis, fractional anisotropy was calculated for the CC using 

Bruker software Paravision 4.0. One value per animal was obtained by averaging the 

measurements of 9 separate pixels along the length of CC fibers. In addition, directionally 

encoded color (DEC) maps were used to represent anisotropy in three directional manners in 

coronal images; red for lateral-medial, blue for anterior-posterior, green for in-out (Pajevic and 

Pierpaoli, 1999). Given the axonal directory in the CC, the dominant direction for fractional 

anisotropy in this region is medial-lateral (red). Mean, SD and statistical significance (Mann-

Whitney rank test) of FA values for control vs. hyperoxia were calculated using GraphPad 5.0 

software. 
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SECTION III 

Cellular Changes Underlying Hyperoxia-induced Delay of 

White Matter Development 

Schmitz T.*, Ritter J.*, Mueller S., Felderhoff-Mueser U., Chew, L.J. and Gallo 
V. (2011)  Cellular Changes Underlying Hyperoxia-induced Delay of White Matter 

Development. J. Neurosci., Mar 16; 31(11):4327-44.  
 

* Equally contributing first authors 

 

 

 

 

 

 

 



 

55 
 

III.1. Introduction 

Despite dramatic improvement in the survival of preterm infants, children born 

prematurely are more likely to develop future motor and cognitive deficits (Aylward, 2002; 

Bhutta et al., 2002; Wocadlo and Rieger, 2008). The most common pathology observed in the 

preterm infant is diffuse white matter injury (DWMI). Unfortunately, the underlying 

pathogenesis of DWMI and these deficits remains poorly understood. 

Clinical evidence also suggests that the use of high oxygen in preterm infants can lead to 

poor neurological outcome (Collins et al., 2001; Deulofeut et al., 2007) and the role of oxygen in 

the etiology of DWMI has not been extensively characterized. 

In an experimental rat model, exposure to 80% oxygen at postnatal day 7 (P7) resulted in 

cell death in the gray matter and sub-cortical white matter (WM) that is not observed with 

exposure at later postnatal ages (Felderhoff-Mueser et al., 2004). Subsequent in vivo studies 

revealed that hyperoxia produced a maturation-dependent reduction in myelin basic protein 

(MBP) expression in neonatal rats (Gerstner et al., 2008). In vitro, 80% oxygen caused caspase-

dependent cell death in cultured O4+O1¯
 pre-oligodendrocytes, but not in mature O4+O1+MBP+ 

oligodendrocytes (Gerstner et al., 2008). These findings indicate that high levels of oxygen cause 

oligodendroglial and WM damage; however, the overall effects of hyperoxia on oligodendroglia 

and astrocytes in the immature WM are unknown. 

Glutamate-mediated excitotoxicity has been shown to cause extensive damage to the 

developing brain in animal models of hypoxia/ischemia  (Silverstein et al., 1986) and trauma 

(Bittigau et al., 1999). In addition, the over-activation of non-NMDA glutamate receptors 

(GluRs) leads to oligodendroglial cell death (Follett et al., 2000; Deng et al., 2004), decreased 
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OPC proliferation and attenuated oligodendroglia lineage progression (Gallo et al., 1996; Yuan 

et al., 1998). The uptake of glutamate through membrane transporters is critical for its 

extracellular clearance (Bergles et al., 1999; Danbolt, 2001) and glial transporters, particularly in 

astrocytes, are believed to perform the majority of glutamate uptake in the brain  (Schousboe and 

Waagepetersen, 2005). It is thus possible that hyperoxia-induced injury also involves the 

dysregulation of glutamate homeostasis. 

The series of experiments described in this section were designed to characterize 

hyperoxia-induced cellular changes within the developing WM and investigate the role of 

astrocytes and astrocyte-mediated glutamate uptake as contributing factors in 

oligodendroglial damage and altered WM development. Understanding the cellular and 

molecular basis of diffuse WM injury is the first step in discovering targets for 

pharmacological intervention. 
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III.2. Hyperoxia delays white matter maturation in newborn mice 

To determine the degree of oxygenation in animals exposed to hyperoxia, analysis of 

blood gas levels was performed immediately following the full exposure at P8. As shown in 

Figure 5, animals exposed to hyperoxia exhibited a 2.32 fold increase (n = 5, P < 0.001) in 

average oxygen tension (oxygen partial pressure) compared to control animals kept in room air. 

No change in any metabolic panel value was observed in the hyperoxia group when compared to 

control (Figure 5).  

Myelin basic protein (MBP) is part of the major family of myelin proteins (Baumann and 

Pham-Dinh, 2001; Back, 2006) and MBP expression marks the onset of WM maturation. 

Therefore, the effect of hyperoxia on MBP expression was determined through 

immunofluorescence and western blot analyses in the developing WM. When compared to 

controls, animals exposed to hyperoxia showed a marked decrease in MBP immunofluorescence 

at P8, P10 and P12 (Fig. 6A). A reduction in MBP protein expression immediately following 

exposure at P8 (56.4% decrease, n = 4, P < 0.025), after two days of recovery at P10 

(95.3%decrease, n = 3, P < 0.005) and after four days of recovery at P12 (66.0% decrease, n = 4, 

P < 0.025) confirmed these observations (Fig. 6B, C). To determine if hyperoxia caused a 

chronic disturbance in MBP expression, levels were measured following more prolonged periods 

of recovery. Both immunostaining and western blots revealed a compensation in MBP 

expression to control levels at P15 and P30 (Fig. 6A-C). These results indicate two distinct 

phases of myelin regulation following hyperoxia exposure. An acute phase from P8 to P12, 

where MBP is reduced, followed by a secondary phase during continued recovery that involves 

compensatory MBP formation and the return of MBP to control levels at P15 and P30. 
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Figure 5: Blood Gas Levels and Metabolic Panel: pO2 levels in mice exposed to hyperoxia 

(48 hours, from P6-P8) were significantly higher than that of mice kept in room air over the same 

time period. No change was observed for any metabolic panel parameter between the hyperoxia 

and control groups. Data are shown as mean ± SD, using an unpaired t-test comparing control vs. 

hyperoxia, where *P < 0.001. All data collected and analyzed by J.R. 
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Figure 6: Hyperoxia delays MBP expression in the developing white matter. Six-day-old 

(P6) mice were exposed to normoxia (21% oxygen, room air) or hyperoxia (80% oxygen) for 48 

hours. Tissue was micro-dissected from the white matter at each of the time points indicated. (A) 

Time course of white matter MBP immunohistochemical staining from P8 (immediately 

following hyperoxia) to P30 (after 3 weeks of recovery) in control vs. hyperoxia animals. All 

images are of the external capsule (EC). Scale bar = 50 µm. (B) Western blots for MBP and β-

actin at all represented time points (P8 to P30). (C) Densitometric analysis of MBP Western 

blots showing decreased MBP expression following hyperoxia at P8, P10 and P12. MBP 

expression returned to control levels at P15 and P30. Values represent standardized mean ratios 

of MBP and β-actin. For each group and time point, n = 3 - 6 brains. An unpaired t-test 

comparing control vs. hyperoxia, where *P < 0.05, **P < 0.025 and ***P < 0.005 was used for 

statistical analysis. All data collected and analyzed by J.R. 
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III.3. Hyperoxia alters oligodendroglia number in the immature white matter 

Cells of the oligodendroglial lineage progress through a series of maturational steps to 

become myelinating oligodendrocytes; i) oligodendrocyte progenitor cells (OPCs), ii) pre-

oligodendrocytes (pre-OLs), iii) immature/pre-myelinating oligodendrocytes and iv) mature 

oligodendrocytes (Baumann and Pham-Dinh, 2001; Back, 2006). 

 First, the oligodendroglia population at P4, P6 and P8 was characterized in neonatal mice 

kept in room air (control), to determine the cellular distribution of the various stages of 

oligodendroglial development at these ages. Overall, the number of total oligodendroglia (Olig2+ 

cells) and mature oligodendrocytes (CC1+ cells) increased throughout early postnatal 

development in the WM (Figure 7). The OPC (NG2+O4¯  cells) population appeared to be the 

predominant cell type within the OL lineage in the first postnatal week of WM development, 

displaying a pre-OL phenotype (NG2+O4+and O4+NG2¯  cells) remained consistent throughout 

this time period, even though the actual number of pre-OLs increased throughout WM 

development (Figure 7).  Lastly, in agreement with the observation that the developing WM 

contains a low percentage of CC1+ cells between P4 and P8, MBP expression was almost 

undetectable in the WM at P4 and P6 (data not shown), with levels increasing slightly at P8 

(Figure 6). Similar to the findings of Gerstner et al 2008, we observed changes in WM MBP 

expression following hyperoxia exposure during the first postnatal week of development. 

Therefore, during this critical developmental time window, the WM of the rodent is of an 

immature state and an insult during this period is more likely to result in injury. 

 The next goal was to determine the cellular changes underlying the observed hyperoxia-

induced delay in MBP expression in the developing WM. Consistent with the changes in MBP, 
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newborn mice exposed to 48 hours of hyperoxia displayed a reduction in the number of Olig2+ 

cells (total oligodendroglia) and CC1+ cells (mature oligodendrocytes) in both the external 

capsule (EC) and cingulum (CG) regions of the WM at P8 (Fig. 8A-E). At P10, the hyperoxia 

group only showed a reduction in the number of CC1+ cells and no difference in the Olig2+ cell 

population was observed between the two groups in either WM region of interest (Fig. 8F). 

Interestingly, the number of Olig2+ cells in the CG was elevated by 27% (n = 6, P < 0.050) in the 

hyperoxia exposed animals, when compared to controls after four days of recovery in room air 

(P12) (Fig. 8G-H, K). In addition, despite the decrease in MBP expression in pups exposed to 

hyperoxia, the number of CC1+ oligodendroglia returned to control levels in both WM regions at 

P12 (Fig. 8I-K). 

 This analysis points to a hyperoxia-induced reduction in the oligodendroglial population 

within the developing WM, followed by compensation in both total oligodendroglia (Olig2+) and 

CC1+ oligodendrocytes following recovery in room air. Changes in the CC1+ cell population are 

likely responsible for the observed biphasic response in MBP expression following hyperoxia. 
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Figure 7: Neonatal WM Oligodendroglia lineage analysis: Numbers of cells at various stages 

of oligodendroglia development in the postnatal WM. The Olig2+ (total oligodendroglia) 

population expands throughout early postnatal development. NG2+O4¯  cells (oligodendrocyte 

progenitor cells: OPCs) appear to be the predominant phenotype during this time period, with the 

% of pre-oligodendrocytes (pre-OLs: NG2+O4+ and O4+NG2¯  cells) remaining relatively 

constant over this time period. The CC1+ (mature oligodendrocytes) cell population increased 

over time to a represent larger percentage of the overall oligodendroglia population. Note that 

NG2+O4+ cells were counted as a separate group and were not included in either the NG2+O4¯  or 

the O4+NG2¯  groups. Data is shown as mean ± SD for the number of cells in 106mm3, where n 

= 3 - 6. All data collected and analyzed by J.R. 
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Figure 8: Changes in the Olig2
+
 and CC1

+
 oligodendroglia population of the immature 

white matter are associated with hyperoxia exposure. P6 mice underwent exposure to 

normoxia (21% oxygen, room air) or hyperoxia (80% oxygen) for 48 hours. Abbreviations are as 

follows: CTX = cortex, STR = striatum, EC = external capsule and CG = cingulum. (A-D) 40X 

confocal images showing a reduction in the number of Olig2+ and CC1+ oligodendroglia in 

hyperoxia vs. control mice at P8. The areas of interest included the EC and CG. (E, F) Total 

number of Olig2+ and CC1+ within the EC and CG at P8 and P10. (G, H) Images showing an 

increase in the number of Olig2+ oligodendroglia within the CG of hyperoxia exposed pups vs. 

control mice at P12. (I, J) CC1+ oligodendroglia in hyperoxia vs. control mice at P12 in the EC. 

No significant difference was found between the two groups in the EC or CG. (K) Total number 

of Olig2+ and CC1+ within the EC and CG at P12. Scale bar = 50 µm. Data shown is expressed 

as mean ± SD (n = 3 - 6 brains for each group, using an unpaired t-test comparing control vs. 

hyperoxia, where *P < 0.05 and **P < 0.025) for the number of cells in 106µm3. All data 

collected and analyzed by J.R. 
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III.4. Changes in NG2
+
 oligodendrocyte progenitor cells following hyperoxia: damage and 

repair 

It is well established that OPCs and pre-OLs differentiate into mature myelinating 

oligodendrocytes within the developing brain (Baumann and Pham-Dinh, 2001; Nishiyama et al., 

2009), and OPCs play a crucial role in remyelination following a demyelinating lesion (Zhao et 

al., 2005; Franklin and Ffrench-Constant, 2008). Therefore, changes in the OPC population 

(NG2+ cells) may underlie the hyperoxia-induced changes observed in oligodendroglia numbers 

and MBP expression. Total NG2+ cell proliferation in newborn WT mice was also analyzed 

using bromodeoxyuridine (BrdU) immunofluorescence. Immediately following 48 hours of 

hyperoxia at P8, there was a significant decrease in the number of NG2+ cells found within the 

EC and CG, when compared to control values (Fig. 9A, B, I). In addition, hyperoxia diminished 

the number of proliferating NG2+ cells (NG2+BrdU+) in both WM regions of interest (Fig. 9C, 

D, I). Following two days of recovery in room air (P10), no significant difference between 

hyperoxia and controls in the total number of NG2+ cells or NG2+BrdU+ cells in the WM was 

found (Fig. 9J). After four days of recovery at P12, there was a 43% increase in the number of 

NG2+ cells and a 62% increase in NG2+BrdU+ cells within the CG of the hyperoxia exposed 

animals in comparison to control animals (Fig. 9E-H, K). No difference in the number of NG2+ 

or NG2+BrdU+ cells was detected in the EC at this time point (Fig. 9K).  

 These results indicate that hyperoxia alters the growth of the NG2+ oligodendroglia 

population. NG2+ cells are also likely involved in the repair of the developing WM following 

hyperoxia. This is supported by the observation that hyperoxia causes an acute reduction in the 

number of NG2+ and NG2+BrdU+ cells in the WM immediately following exposure at P8. 
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Furthermore, we found a greater number of NG2+ and NG2+BrdU+ cells when compared to 

controls at P12. This was associated with a restoration of the CC1+ cell population after recovery 

at the same time point (Figure 8). 
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Figure 9: Time-dependent changes in white matter NG2
+
 oligodendrocyte progenitor cells 

following hyperoxia. (A, B) Confocal images of NG2+ progenitors under control conditions or 

following hyperoxia in wild-type (WT) mice at P8. (C, D) Confocal images of NG2+BrdU+ 

progenitors in control vs. hyperoxia WT mice at P8. (E, F) Images of NG2+ progenitors in the 

control vs. hyperoxia group in WT mice at P12. (G, H) NG2+BrdU+ progenitors control vs. 

hyperoxia in WT mice at P12. Arrows indicate respective triple immunolabeling. (I) Decrease in 

the total number of NG2+ and NG2+BrdU+ cells in the external capsule (EC) and in the cingulum 

(CG) at P8. (J) At P10, the total number of NG2+ and NG2+BrdU+ cells in the hyperoxia group 

returned to control levels in both WM areas of interest. (K) Increase in NG2+ and NG2+BrdU+ 

cells within the CG of the hyperoxia group at P12. Total numbers of NG2+ and NG2+BrdU+ 

returned to control levels within EC. Scale bar = 50 µm. EC = external capsule and CG = 

cingulum. Data is shown as mean ± SD (n = 3 - 5 brains for each group, using an unpaired t-test 

comparing control vs. hyperoxia, where *P < 0.05 and **P < 0.025). All data collected and 

analyzed by J.R. 
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III.5. Hyperoxia-induced oligodendroglial lineage apoptosis in the developing white matter 

The immature rat brain, especially the WM, is susceptible to hyperoxia-induced apoptosis 

(Felderhoff-Mueser et al., 2004) with cells of the oligodendroglial lineage exhibiting several 

maturation-dependent factors that enhance susceptibility to oxidative stress (Back et al., 2007; 

Khwaja and Volpe, 2008; Bradl and Lassmann, 2009). Recent in vitro studies revealed immature 

oligodendroglia to be most vulnerable to caspase-dependent apoptosis, while mature 

oligodendrocytes remain resistant (Gerstner et al., 2008). To assess overall hyperoxia-induced 

apoptosis in the developing WM in vivo, the EC and CG regions were analyzed together for the 

presence of cleaved caspase-3αimmunopositive (Casp3+) cells and terminal deoxynucleotidyl 

transferase dUTP nick end labeling positive (TUNEL+) cells. In wild-type mice, hyperoxia 

caused a significant increase in the number of Casp3+ cells at P6 (after 6 hours of hyperoxia), P8 

and P12, with the peak of cell death occurring at P8 (Fig. 10A). Hyperoxia-induced apoptosis 

was virtually undetectable at P15 and P30 (Fig. 10A).  

To verify the results obtained in WT mice, the CNP-EGFP transgenic mouse was also 

analyzed and these mice when exposed to hyperoxia exhibited a similar pattern of apoptotic cell 

death in the WM. There was a significant elevation in the number of Casp3+GFP+ double-

positive cells at P8 and after 4 days recovery at P12, when compared to controls at these time 

points (Fig. 10B-D). 

To identify the developmental stage of oligodendroglia susceptible to hyperoxia-induced 

toxicity in vivo, CNP-EGFP transgenic mice were first immunostained for Casp3 and CC1. No 

Casp3+GFP+CC1+ cells were found at any time point after hyperoxia exposure, indicating 

oligodendroglia undergoing cell death to be of immature state (Fig. 10E). Based on these 
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findings further immunohistochemical analysis was performed using TUNEL and antibodies 

against NG2 and O4. There was a significant increase in the number of TUNEL+ and 

NG2+O4¯ TUNEL+ cells in the hyperoxia group at P8 (Fig. 10F-H). No difference in 

O4+NG2¯ TUNEL+ or NG2+O4+TUNEL+ was found between the two experimental groups (Fig. 

10F). At P12, a significant increase in TUNEL+ and NG2+O4¯ TUNEL+ cells was observed in the 

hyperoxia group with very little cell death in control animals (Fig. 10I). Again, no difference 

was found when comparing the numbers of O4+ NG2¯ TUNEL+ and NG2+O4+TUNEL+ cells in 

each group at P12 (Fig. 10I). 

In summary, hyperoxia causes apoptosis in the OPC population (NG2+ cells) of the 

developing WM. This increased OPC cell death, both during and immediately following 

hyperoxia exposure, may in part explain the changes in: i) Olig2+/CC1+ cell numbers and ii)  

MBP expression. 
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Figure 10: Hyperoxia causes cell death of NG2
+ 

oligodendroglia in the developing white 

matter. (A) Quantification of caspase-3α+ (Casp3+) cells in WT mice. (B, C) Images of activated 

Casp3+ cells in P8 CNP-EGFP mice. (D) Numbers of Casp3+GFP+ cells in CNP-EGFP mice 

within both regions combined at P8 and P12.  (E) Confocal images from a P8 animal exposed to 

hyperoxia, showing Casp3+GFP+ cells to be negative for CC1. (F) Histogram showing the 

number of terminal deoxynucleotidyl transferase dUTP nick end labeling positive (TUNEL+), 

NG2+O4¯ TUNEL+, O4+NG2¯ TUNEL+ and NG2+O4+TUNEL+ cells at P8 (G, H) Confocal 

images of TUNEL+ and NG2+O4¯ TUNEL+ cells in control and hyperoxia exposed animals. 

Arrowheads indicate double immuno-positive cells (NG2+TUNEL+). (I) Quantification of 

TUNEL+, NG2+O4¯ TUNEL+, O4+NG2¯ TUNEL+ and NG2+O4+TUNEL+ cells at P12. (J) 

Representative image from a P8 hyperoxia exposed animal showing several NG2+O4+TUNEL+ 

cells. Scale bars = 50 µm. CG = cingulum and EC = external capsule. Data is shown as mean ± 

SD (n = 3 - 6 brains for each group, using an unpaired t-test comparing control vs. hyperoxia, 

where *P < 0.05, **P < 0.025 and ***P < 0.005). All data collected and analyzed by J.R. 
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III.6. Regeneration of mature oligodendroglia following hyperoxia exposure 

The generation of mature, myelinating oligodendrocytes occurs throughout development 

and is also crucial in WM repair following demyelination (Franklin and Ffrench-Constant, 2008). 

To assess oligodendrogenesis during the recovery period from P8 to P12, the generation of 

newly formed oligodendrocytes was determined through analysis of BrdU, CC1 double 

immunopositive cells following cumulative BrdU labeling as described in Methods. At P12, the 

number of newly generated BrdU+CC1+ oligodendrocytes was increased in the hyperoxia 

exposed group within both the EC and CG (Fig. 11A-B). 

In addition, a comparison of the CC1+ cell populations between P8 and P12 revealed that 

hyperoxia caused an 8.41 fold average increase in the total number of CC1+ cells in the two WM 

regions of interest compared to a 4.01 fold increase in controls (P < 0.05, one-way ANOVA, 

Holm-Sidak). This indicates that more CC1+ oligodendroglia were generated in the experimental 

group exposed to hyperoxia over this time period. 

Taken together with our previously described OPC observations, these findings indicate 

that during the recovery phase, restoration of the NG2+ population contributes to newly formed 

CC1+ oligodendroglia in the WM at later time points. The generation of new CC1+ cells is then 

responsible for the restoration of MBP expression observed at P15 and P30. 
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Figure 11: Increased oligodendrogenesis following hyperoxia exposure throughout the 

immature white matter. Six-day-old (P6) mouse pups were exposed to normoxia (room air, 

21% oxygen) or hyperoxia (80% oxygen) for 48 hours. Animals in both experimental groups 

were kept in room air from P8 to P12. BrdU injections were started immediately at the end of 

exposure and were given every 24 hours and newly generated oligodendrocytes were labeled by 

immunofluorescence for CC1 and BrdU at P12. (A, B) Confocal images of CC1+BrdU+ 

oligodendrocytes in control vs. hyperoxia exposed mice at P12. Arrowheads indicate triple 

immunolabeling for CC1, BrdU and DAPI. CG = cingulum and EC = external capsule. Scale bar 

= 50 µm. (C) Total numbers of newly formed CC1+BrdU+ oligodendrocytes in the external 

capsule (EC) and in the cingulum (CG) following cummulative BrdU injections from P8 to P12. 

Data is shown as mean ± SD (n = 3 - 5 brains for each group, using an unpaired t-test comparing 

control vs. hyperoxia, where *P < 0.05 and **P < 0.025). All data collected and analyzed by J.R. 
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III.7. Hyperoxia alters astrocyte phenotype in the immature white matter  

In the course of characterizing hyperoxia-induced changes within the oligodendroglial 

lineage, it was hypothesized that changes in the functional properties of other WM cell types 

could interfere with the survival or growth of oligodendroglia. Astrocytes have been found to 

influence CNS damage (D’Amelio et al., 1990; Kuroda and Shimamoto, 1991; Levine et al., 

1999) and repair (Davies et al., 1997; Li et al., 2008). Therefore, it was possible that astrocytes 

may contribute to hyperoxia-induced WM damage and the properties of WM astrocytes were 

investigated to determine their reactivity in response to hyperoxia. 

Hyperoxia exposure caused a biphasic astrocytic response in the developing WM. 

Immunofluorescence and Western blots were first used to assess glial fibrillary acidic protein 

(GFAP) expression. At P8, immediately following 48 hours of hyperoxia, GFAP 

immunoreactivity was reduced in the hyperoxia experimental group when compared with 

controls in both the CG and EC (Fig. 12A-D, I). Western blots of micro-dissected WM tissue 

collected from P8 pups also revealed a decrease in GFAP protein expression following hyperoxia 

(Fig. 12J-K). In contrast, at P12, the intensity of GFAP immunofluorescence was elevated in the 

hyperoxia treated group compared to controls (Fig. 12E-H, I). The increase of GFAP expression 

was confirmed by Western blot analysis (Fig. 12J-K). 
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Figure 12: GFAP expression in the developing white matter is altered by hyperoxia 

exposure. Expression for glial fibrillary acidic protein (GFAP) was measured immediately 

following 48 hours of hyperoxia exposure at P8, and after four days of room air recovery at P12. 

(A-H) Confocal images of GFAP immunohistochemistry within the cingulum (CG) and external 

capsule (EC) at P8 and P12. Scale bar = 50 µm. (I) At P8, analysis (pixel intensity) of the CG 

and EC regions combined, revealed a decrease in GFAP immunoreactivity within the hyperoxia 

group when compared to controls. Following four days of recovery at room air, increased GFAP 

expression was observed at P12 within the white matter. (J-K) Western blot analysis was 

performed using micro-dissected tissue of the white matter at each time point indicated. The 

hyperoxic group exhibited a decrease in GFAP protein expression at P8 and an increase at P12. 

Data is shown as mean ± SD (n = 5 - 8 brains for each group, using an unpaired test comparing 

control vs. hyperoxia, where *P < 0.01 and **P < 0.001). All data collected and analyzed by 

T.S. 
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This initial decrease followed by an increase in GFAP expression has also been observed 

in astrocytes of the hippocampus in a model of transient global ischemia (Ouyang et al. 2007). 

The similarity between the pattern of GFAP expression and that of changes in the 

oligodendroglia lineage following hyperoxia suggests a role for astrocyte dysfunction in WM 

damage. 

To quantify the number of astrocytes in the WM under both experimental conditions co-

immunolabeling for GFAP and glutamine synthetase (GS) was performed. GFAP+ processes of 

fibrous astrocytes are often at a distance from the cell soma or nucleus, making identification and 

quantification of individual GFAP+ cells difficult. In contrast, expression of GS, the enzyme 

responsible for the conversion of glutamate and ammonia to glutamine, is highly confined to the 

soma of all astroglia in the WM (Miyake and Kitamura, 1992). No change was observed in the 

number of GFAP+GS+ astrocytes at P8 or P12 (Fig. 13D, H). GS immunostaining in GFAP-

EGFP mice, a transgenic mouse where astrocytes are labeled with green fluorescent protein 

(GFP) expressed under the control of the human GFAP promoter (Nolte et al., 2001) was also 

performed, to asses astrocyte proliferation (Ki67) and apoptosis (Casp3) following hyperoxia. At 

all time points evaluated, no Ki67+GFP+GS+ astrocytes were observed in either the hyperoxia or 

control group (Figure 14) and no cell death was observed in GFP+GS+ WM astrocytes (Figure 

14), even at time points at which immature oligodendroglia displayed susceptibility to 

hyperoxia-induced apoptosis (Figure 10). 

GFAP+GS+ astrocytes express high affinity glutamate uptake transporters; GLAST 

(EAAT-1), GLT-1 (EAAT-2) and EAAC1 (EAAT-3) (Danbolt, 2001; Fukamachi et al., 2001; 

Miralles et al., 2001; Liu et al., 2006; Arranz et al., 2010) and the expression of these  
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Figure 13: Hyperoxia does not affect astrocyte number, but decreases astrocytic GLAST 

expression in the immature WM.  (A1-5, B1-5)  Immunofluorescence labeling with antibodies 

for glial fibrillary acidic protein (GFAP), glutamine synthetase (GS), the glutamate-aspartate 

transporter (GLAST) and the nuclear fluorescent stain DAPI in WT mice at P8. Arrowheads 

indicate cells positive for each respective marker and all four in merged image. (C1-5) Enlarged 

image of boxed region in A showing three GFAP+GS+GLAST+DAPI+ cells from a control 

mouse. (D) Histrogram showing no difference in the number of astrocytes or glutamate 

transporter GLT-1 positive astrocytes (GFAP+GS+GLT-1+ cells) between the control and 

hyperoxia experimental groups at P8. However, hyperoxia reduced the number of astrocytes 

expressing GLAST. (E) Data indicating that hyperoxia decreases the percentage of GLAST-

expressing astrocytes without changing the number of astrocytes expressing GLT-1 at P8. (F, G) 

Immuno-labeling with antibodies for GFAP, GS, GLT-1 and DAPI to analyze astrocyte numbers 

and the amount of astrocytes expressing GLT-1 in WT mice at P12. Arrowheads indicate cells 

positive for each respective marker and all four in merged image. (H, I) No change in the total 

number of GFAP+GS+GLAST+ cells or GFAP+GS+GLT-1+ cells was observed at P12. (J, K) 

Densitometric analysis of GLAST and GLT-1 western blots at P8 and P12. (L) Representative 

western blots of GLAST, GLT-1 and β-actin protein expression using micro-dissected WM 

tissue from P8 and P12 animals in each experimental group. Data is shown as mean ± SD. For 

each group and time point, n = 3 - 5 brains. An unpaired t-test comparing control vs. hyperoxia, 

where *P < 0.05, **P < 0.025 and ***P < 0.005, was used for statistical analysis. All data 

collected and analyzed by J.R. 
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Figure 14: Hyperoxia does not alter astrocyte proliferation or cell dealth in the developing 

white matter. (A) Immunostaining for glutamine synthetase (GS) and Ki67 in GFAP-EGFP 

transgenic mice at P8, P10 and P12. No Ki67+GFP+GS+ immunostaining was detectable at any 

time point in either experimental group (hyperoxia vs. control). Scale bar = 50 µm. (B)  Confocal 

images from GFAP-EGFP transgenic mice following hyperoxia for 6 hours (P6) and 48 hours 

(P8) vs. litter-matched controls. Staining for cleaved caspase3-α is not detectable in EGFP+ 

astrocytes of the white matter at either time point. Scale bar = 50 µm. 
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transporters undergoes region specificity and is regulated during postnatal development 

throughout the rodent brain (Furuta et al., 1997; Regan et al., 2007).  GLAST and GLT-1 are 

expressed on the astrocytic cell membrane, function in vivo and are responsible for the majority 

of astrocyte-mediated glutamate uptake (Anderson and Swanson, 2000; Danbolt, 2001). EAAC1 

is thought to be primarily neuronal (Danbolt, 2001) and the functional significance of EAAC1 in 

glutamate uptake performed by astrocytes has yet to be fully established. Even though cultured 

astrocytes do express EAAC1, it was not found to be expressed at the cell surface (Dallas et al., 

2007; Arranz et al., 2010). 

Intriguingly, recent evidence points to a functional interaction between GFAP and 

GLAST (Sullivan et al., 2007), and both increased GFAP expression in reactive astrocytes 

(Cavaliere et al., 2007) as well as ablation of GFAP have been associated with reduced glutamate 

clearance  (Hughes et al., 2004). Modifications in glutamate uptake  have been shown to cause 

glutamate-mediated excitotoxic cell death of immature oligodendroglia (Matute et al., 2002; 

Deng et al., 2006; Matute et al., 2007) and activation of oligodendroglia non-NMDA glutamate 

receptors (GluRs) can lead to decreased OPC proliferation and the inhibition of lineage 

progression (Gallo et al., 1996; Yuan et al., 1998). Therefore, hyperoxia-induced modulation in 

GFAP expression might be associated with altered astrocyte-mediated glutamate uptake, which 

may ultimately have detrimental effects on the oligodendroglia population of the immature WM.  

 To investigate a possible link between hyperoxia and altered glutamate homeostasis in 

the developing WM, the number of astrocytes expressing GLAST or GLT-1 was analyzed. At P8 

and P12, a decrease in the number of GFAP+GS+GLAST+ cells and a 14.08% reduction in the 

astrocyte population expressing GLAST was found at P8 in the hyperoxia group, with no 
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difference in either parameter detected at P12 (Fig. 13A-E). When quantifying the number of 

astrocytes expressing GLT-1 there was no statistically significant difference in total 

GFAP+GS+GLT-1+ cells or the percentage of GFAP+GS+ cells positive for GLT-1 between the 

hyperoxia and control groups at either P8 or P12 (Fig. 13D-I). In addition, the majority 

(approximately 95% at P8 and 85% at P12) of cells expressing either GLAST or GLT-1 were 

GFAP+GS+ astroglia. GLAST+ astrocytes of the WM, in both experimental groups, also 

displayed a differential expression pattern, where GLAST immuno-reactivity could be observed 

in the cell soma or astrocytic processes or in both locations (Fig 13C). In contrast, 

GFAP+GS+GLT-1+ cells exhibited a more uniform distribution of GLT-1 immunofluorescence.  

Protein expression in micro-dissected WM tissue was also measured at both P8 and 

P12.GLAST was reduced by 34% in the WM of mice previously exposed to hyperoxia when 

compared to age-matched controls (n = 8, P < 0.005) and GLAST expression returned to control 

levels at P12 (Fig. 13J-L). No change in the amount of GLT-1 was found at either P8 or P12 

(Fig. 13J-L). These results suggest that hyperoxia may affect glutamate uptake by altering 

GLAST expression on GFAP+GS+ astrocytes in vivo. 

 

III.8. Astrocyte glutamate uptake transporter function is attenuated by hyperoxia exposure 

To determine if hyperoxia directly affects astrocyte-mediated sodium-dependent 

glutamate uptake during early postnatal development, 3H-D-aspartic acid uptake analysis was 

performed in tissue extracts of the WM and culture. The amount of total and non-GLT-1 

mediated [100 µM dihydrokainic acid (DHK) was used to selectively block GLT-1] sodium-

dependent 3H-D-aspartic acid uptake was determined by analyzing WM taken at P8, P12, P15 
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and P30. DL-threo-b-Benzyloxyaspartic acid (TBOA), a non-transportable agent that selectively 

blocks all excitatory amino acid transporters (EAATs) was also administered to a subset of 

samples, at a concentration of 75 µM. At P8, the rate of total 3H-D-aspartic acid uptake was 1.11 

± 0.13 pmol/mg protein x min-1 in the control group decreased to 0.75 ± 0.24 pmol/mg protein x 

min-1 in the hyperoxia group (Fig. 15A). Non-GLT-1 mediated 3H-D-aspartic acid uptake was 

also decreased from 0.83 ± 0.07 pmol/mg protein x min-1 in controls to 0.47 ± 0.16 pmol/mg 

protein x min-1 in the hyperoxia group (Fig. 15A) (n = 7, P < 0.001). A similar pattern was 

observed at P12 where total 3H-D-aspartic acid uptake and non-GLT-1 uptake were reduced in 

hyperoxia when compared to control (n = 4, P < 0.001; control, total: 1.28 ± 0.11 pmol/mg 

protein x min-1, non-GLT: 0.73 ± 0.04 pmol/mg protein x min-1, hyperoxia, total: 0.68 ± 0.09 

pmol/mg protein x min-1, non-GLT: 0.23 ± 0.04 pmol/mg protein x min-1) (Fig. 15B). No change 

in total or non-GLT-1 3H-D-aspartic acid uptake was found between control and hyperoxia 

groups at either P15 (Fig. 15C) or P30 (data not shown). There was a significant difference 

between total and non-GLT mediated (+ DHK) 3H-D-aspartic acid uptake, in both control and 

hyperoxia groups, at P8 and P12 (Fig. 15A, B). Lastly, no difference was observed at any time 

point in samples containing TBOA when comparing hyperoxia and control groups (Fig. 15A-C). 

The previously described data suggests that hyperoxia exposure decreases sodium-

dependent glutamate uptake transporter activity in astrocytes through a non-GLT mediated 

mechanism. This is supported by our previous data showing GLAST to be the primary glutamate 

transporter present on astrocytes in the WM of neonatal mice around the time of hyperoxia 

exposure.  The ability of DHK to reduce 3H-D-aspartic acid uptake by the same extent in both 

experimental groups at P8 and P12 (Fig. 15 A, B), indicates that the GLT-1 mediated component 
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of sodium-dependent glutamate uptake is functionally intact following hyperoxia exposure and 

the observed decrease in 3H-D-aspartic acid uptake may be contributed largely by GLAST.  This 

is in agreement with the observation that there was no change in the number or percentage of 

astrocytes expressing GLT-1 (Fig. 13 D-I) and no change in overall WM GLT-1 protein 

expression (Fig. 13 J-L). A reduction in astrocyte-mediated glutamate uptake/clearance has been 

implicated in animal models in which oxidative stress is prominent (Chen et al. 2005; Yeh et al. 

2005).  However, unlike this study, GLT-1 appears to be the vulnerable glutamate uptake 

transporter in this model of brain injury in the adult rodent. 
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Figure 15: Astrocyte-mediated sodium-dependent 
3
H-D-aspartic acid uptake is decreased 

following hyperoxia. 
3H-D-aspartic acid uptake assays at P8, P12 and P15. Micro-dissected 

WM was used to perform experiments and sodium-dependent 3H-D-aspartic acid uptake was 

measured in pmol/mg protein x min-1. (A) The hyperoxia group exhibited a decrease in total and 

non-GLT-1 mediated (+ DHK) 3H-D-aspartic acid uptake when compared to control (n = 7) (B) 

Lower total and non-GLT-1 mediated 3H-D-aspartic acid uptake was also observed at P12 (n = 

4). (C) No difference in total or non-GLT-1 mediated 3H-D-aspartic acid uptake was found at 

P15 (n = 5). Note: Y-axis scale in C is different from A and B. Addition of TBOA nearly 

abolished all sodium-dependent 3H-D-aspartic acid uptake at all time points analyzed. Data is 

shown as mean ± SD, statistical significance between groups was determined using an ANOVA 

followed by a Holm-Sidak test, where *P < 0.001 was considered to be significant. All data 

collected and analyzed by J.R. 
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III.9. Hyperoxia increases glutamate-induced OPC toxicity by reducing astrocyte-mediated 

protection 

Reduced glutamate transport or uptake in the presence of a pathological glutamate 

challenge can inflict excitotoxic damage to surrounding cells (Matute et al., 2007). The over-

activation of non-NMDA glutamate receptors (GluRs) can cause decreased OPC proliferation 

and inhibit oligodendroglia lineage progression (Gallo et al., 1996; Yuan et al., 1998).  

Therefore, it was determined if the reduction in astrocyte-mediated glutamate uptake, induced by 

hyperoxia, altered the OPC (A2B5+ cells) and/or O4+ oligodendroglia populations in the 

presence of high extracellular glutamate levels. To test this, an astrocyte-OPC co-culture system 

was established in which dye-labeled OPCs were added to primary astrocytes previously exposed 

to hyperoxia or normoxia. Following the presentation of an exogenous glutamate challenge (1 

mM), OPCs were immunostained and analyzed for changes in cell number. A2B5+ cells were 

analyzed after 24 hours and O4+ cells after 48 hours in culture. Glutamate did not significantly 

affect the number of OPCs in co-cultures prepared with normoxic (control) astrocytes. (Fig. 16 

A-D, I). However, glutamate challenge significantly decreased the numbers of A2B5+Dye+ and 

O4+Dye+ cells in co-cultures containing astrocytes that were previously exposed to hyperoxia 

(Fig. 16 A, B, E, F, I). Among the experimental groups that contained astrocytes that were 

exposed to 80% oxygen, but did not receive a glutamate challenge, hyperoxia produced a 

significant decrease in only the numbers of O4+Dye+ and did not affect the numbers of total dye-

labeled or A2B5+Dye+ cells (Fig. 16 I). The toxic effect of glutamate was prevented by exposure 

to the non-NMDA receptor antagonist NBQX (100 µM) one hour before glutamate challenge 

(Fig. 16 E vs. G – A2B5, and Fig. 16 F vs. H – O4). 
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These results obtained in astroglia-OPC co-culture support the notion that hyperoxia 

diminishes extracellular glutamate uptake by a mechanism likely to involve reduced expression 

of GLAST, which in turn could inhibit the growth or survival of OPCs. 
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Figure 16: Reduced astrocyte-mediated protection of OPCs during glutamate challenge is 

attenuated by NBQX.  Astrocytes were exposed to hyperoxia or normoxia (control) for 48 

hours prior to incubation with dye-labeled OPCs (red). Co-cultures were challenged with 1 mM 

glutamate at the beginning of co-culture or did not receive glutamate treatment. A2B5+ cells 

(green, A, C, E, G) were analyzed after 24 hours and O4+ cells (green, B, D, F, H) after 48 hours 

of co-culture. (A, B) A2B5+ and O4+ cells in control co-cultures without glutamate challenge. 

(C, D) Glutamate challenge does not significantly affect A2B5+ cells and O4+ cells in control co-

cultures. (E, F) A significant decrease in the number of A2B5+ and O4+ cells was observed 

following glutamate treatment in co-cultures with hyperoxia-treated astrocytes when compared 

to control co-cultures after glutamate challenge. (G) Addition of non-NMDA receptor antagonist 

NBQX (100 µM) one hour before glutamate challenge significantly attenuated the toxic effects 

on A2B5+/Dye+ and (H) O4+/Dye+ cells. (I) Values were normalized with DAPI and expressed 

as a percentage of control without glutamate challenge (Control - Glu) in each respective group 

(Dye+; white bars, A2B5+Dye+; gray bars and O4+Dye+; black bars). *P < 0.01; **P < 0.001; 

unpaired student's t-test vs. Control - Glu. #P < 0.01; unpaired student's t-test vs. Hyperoxia + 

Glu. n = 4 – 5 for each group. Scale bar = 50 µm. All data collected and analyzed by T.S. 
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III.10. Summary and Conclusions 

  The experiments presented in SECTION IV of this dissertation shed light on cellular and 

molecular mechanisms underlying hyperoxia-induced delayed WM development. These studies 

are the first to demonstrate i) changes in the oligodendroglial lineage following hyperoxia 

exposure, using an in vivo time course analysis, ii) recovery of WM oligodendroglial cells after 

hyperoxia exposure and iii) alterations in WM astrocyte phenotype and function that are 

temporally associated with oligodendroglia changes.  

  Hyperoxia exposure in newborn mice perturbs WM development by disrupting the 

normal maturation of the oliogendroglial lineage through a mechanism involving decreased 

proliferation and increased apoptosis in OPCs. Interestingly, the lineage rapidly recovers over the 

course of several days and the number of oligodendrocytes returns to normal.    

  The effects of hyperoxia on the developing oligodendroglia of the WM are potentially 

both direct and indirect, as changes in the astroglial population were also detected. No change 

was observed in the number of total astrocytes in the WM, or astrocyte cell death/proliferation. 

However, hyperoxia exposure did alter astrocyte GFAP and GLAST expression in vivo and 

decreased D-3H-aspartic acid uptake in astrocytes of the WM. Intriguingly, these parameters 

normalized during recovery in parallel to that of the changes in the oligodendroglia population. 

This data suggests that astrocyte dysfunction may play a significant role in the delay of WM 

development following hyperoxia exposure. 

  These important findings raised new questions about how this developmental delay may 

affect overall structure and function of the WM, specifically, myelination and axonal integrity. 

Therefore, parameters such as i) myelin protein expression, ii) myelin thickness, iii) axon ultra-
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structure, iv) axon domain organization, iv) WM diffusivity and v) axonal function were 

analyzed at various developmental time points. 
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V.1.   Introduction 

  The pathogenesis of premature WM injury is not well defined. The studies presented in 

the previous section shed light on the cellular and molecular response of the developing WM to 

neonatal hyperoxia exposure in the mouse. Understanding how the changes in the cell 

populations of the maturing WM affect the structural and functional integrity of the developing 

and adult WM is a key component in determining new treatment strategies for this pathology. 

  The analysis in SECTION V of this dissertation seeks to discover the ultra-

structural and physiological characteristics of hyperoxia-induced WM injury in the 

developing and adult mouse. The proposed studies will provide us with new insights to how 

delayed WM development and altered glutamate homeostasis may be relevant to pre-

mature WM injury.  

   The structure and function of the WM is dependent on several key factors including 

myelination and axonal integrity. Therefore, as stated previously, parameters such as i) myelin 

protein expression, ii) myelin thickness, iii) axon ultra-structure, iv) axon domain organization,  

iv) axonal function and v) WM diffusivity were analyzed at various developmental time point. 

  This knowledge will enable us to develop cell-specific therapeutics designed to 

manipulate the developing WM at the cellular and molecular level to preserve WM integrity and 

function. 
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V.2.   Neonatal hyperoxia alters oligodendrocyte myelin protein expression throughout 

WM development 

 In humans, at the beginning of the third trimester, immature oligodendroglia predominate 

in the developing sub-cortical WM (Kinney 2006; Back et al., 2001). As the third trimester 

progresses, these cells differentiate into mature oligodendrocytes, develop contacts with axons 

projecting through the sub-cortical WM and begin the myelination process (Jakovcevski et al., 

2009). In the developing sub-cortical WM of the rodent, OPCs, pre-OLs and immature 

oligodendrocytes become increasingly abundant in the first week of life (Deng et al., 2008; Back 

et al., 2007), and normal developmental myelination in the rodent WM begins around 

approximately post-natal day seven (P7) (Deng et al., 2008; Craig et al., 2002). 

To determine if neonatal hyperoxia exposure disrupted developmental myelination, 

myelin protein expression in the WM was first measured using a time course analysis following 

the neonatal hyperoxia exposure. Mature oligodendrocytes of the central nervous system (CNS) 

express a number of different myelin-associated proteins with various locations and distinct 

functions (Quarles et al., 2006; Baumann and Pham-Dinh 2001). Myelin basic protein (MBP) 

expression, as mentioned in SECTION IV, returned to control levels by P15 (Figure 6). The 

additional myelin proteins analyzed included myelin associated glycoprotein (MAG), myelin 

oligodendrocyte protein (MOG), proteolipid protein (PLP) and 2', 3'-cyclic-nucleotide 3'-

phosphodiesterase (CNPase). Following 48 hours of hyperoxia exposure (80% oxygen) from P6 

to P8 and four days of recovery in room air (P12) the protein expression of MAG, MOG and 

PLP were significantly lower than in the control group. No difference was observed in the levels 

of CNPase (Fig. 17 A-B). At P15, protein levels of MAG and PLP remained significantly lower 
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in the hyperoxia group, but levels of MOG returned to control levels. Again, no change in 

CNPase protein expression was found between the two groups (Fig. 17 A-B). When protein 

levels were determined at P30, the expression pattern was identical to the one observed at P15, 

MAG and PLP were significantly decreased in the hyperoxia group compared to controls, with 

no change found in MOG or CNPase expression (Fig. 17 A-B). At P60, all myelin protein 

expression returned to control levels in the hyperoxia group (Fig. 17 A-B). 

In addition to looking at overall myelin protein expression, the number of mature (CC1+) 

and mature myelinating (CC1+MAG+) oligodendrocytes was quantified at various developmental 

time points. The number of CC1+ oligodendrocytes increased over time in both experimental 

groups, but there were significantly less CC1+ oligodendrocytes at P8 and P10, with numbers 

returning to control levels by P12 (Fig. 17 C-D). In contrast, the number of CC1+MAG+ 

oligodendrocytes remained significantly less at P12, P15 and P30 in the hyperoxic group of 

animals (Fig. 17 C-D). 

These results show that, despite rapid recovery in the total number of mature 

oligodendrocytes (CC1+ cells), myelin protein levels, specifically MAG and PLP, expression 

remain reduced throughout development. In addition, the number of CC1+MAG+ cells is also 

decreased throughout development in the animals exposed to hyperoxia. This indicates a change 

in the ability of differentiating oligodendrocytes of the maturing WM to produce specific myelin 

proteins, which may ultimately alter developmental myelination. 
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Figure 17: Hyperoxia causes a selective decrease in myelin protein expression during WM 

myelination. Myelin associated glycoprotein (MAG) and proteolipid protein (PLP) expression 

along with the number of MAG+CC1+ oligodendrocytes were decreased throughout WM 

development in the hyperoxic group. A) Representative Western blots for each MAG, MOG, 

PLP and CNP at P12, P15, P30 and P60. B) Quantification of myelin protein expression for each 

respective myelin protein at P12, P15, P30 and P60. C) Images of MAG+CC1+ oligodendrocytes 

at P15. The number of MAG+CC1+ cells was significantly lower in the hyperoxic group with no 

change in the number of CC1+ cells. D) Number of CC1+ oligodendrocytes found in the white 

matter (WM) throughout development in control vs. hyperoxia. E) % of CC1+ oligodendrocytes 

that are immunopositive for MAG at P8, P12, P15 and P30. The number of MAG+CC1+ cells 

was significantly lower in the hyperoxic group with no change in the number of CC1+ cells.  

Data is shown as mean ± SD (n = 3 - 6 brains for each group, using an unpaired t-test comparing 

control vs. hyperoxia, where *P < 0.05, **P < 0.025 and ***P < 0.005). All data collected and 

analyzed by J.R. 
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V.3.   Mice exposed to neonatal hyperoxia exhibit a reduction in myelin thickness and 

axonal caliber 

  Several myelin protein knockout and mutant mice exhibit myelin and axonal 

abnormalities. MAG-null mice are able to synthesize myelin normally, but display: i) 

dysmyelination (Pan et al., 2005; Yin et al., 1998), ii) decreased axon caliber (Pan et al., 2005; 

Yin et al., 1998) and iii) axonal degeneration (Pan et al., 2005).  

  PLP knockouts and mutants exhibit a condensed intra-period line in the CNS, but myelin 

synthesis appears to be normal (Campagnoni et al., 2001). A similar phenotype is observed in 

mice only expressing the DM20 gene, supporting the hypothesis that PLP/DM20 plays an 

important role in myelin compaction/structure (Stecca et al., 2000). Adult PLP/DM20 knockout 

mice also show a significant amount of axonal degeneration, revealing an important role for 

PLP/DM20 in axon integrity and function (Campagnoni et al., 2001). Lastly, myelination may 

also serve to increase the diameter of the axon (Quarles et al., 2006). 

  The observation that mice exposed to neonatal hyperoxia exhibited a reduction in MAG 

and PLP protein expression in the WM and a decrease in these myelin proteins at several time 

points during developmental myelination (Figure 17), suggests that changes in myelin thickness 

and axon caliber could be observed with electron microscopy. In addition, the g-ratio was 

calculated to determine the relationship between axon size and the degree of axonal myelination. 

  The time points chosen, P15 and P30, represent important landmarks in developmental 

myelination. P15 is a period that falls in the middle of WM development and P30 is a time at 

which the majority of myelination has taken place in the WM. Mice exposed to neonatal 

hyperoxia exhibited a significant decrease in overall myelin thickness at both P15 and P30 (Fig. 
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18 A-B). These same mice analyzed also showed a marked decrease in average axon caliber at 

P30 (Fig. 18 A, C). Interestingly, the hyperoxia group did not show a significant decrease in 

axon caliber at P15 (Fig. 18 A, C). The change in axon diameter at P30 is evident from the 

overall distribution of axon diameters, within the corpus callosum (CC) at P30 in the hyperoxia 

vs. control groups. A larger percentage of smaller axons were observed in the hyperoxia group 

and a greater percentage of larger axons were found in the control group (Fig. 18 D). However, 

when comparing the g-ratios (Axon diameter / Fiber diameter) of the two experimental groups, no 

significant difference was detected (Fig. 18 E). Interestingly, animals in the hyperoxia group also 

had many more callosal axons with a delaminated phenotype (Fig. 18 A). No difference was 

observed between the two experimental groups in the total number of callosal axons at P15 or 

P30, suggesting that neurodegeneration is not present in WM axons following neonatal 

hyperoxia exposure (data not shown). 

  This data indicates that animals exposed to neonatal hyperoxia which express lower 

amounts of MAG and PLP proteins also exhibit decreased myelin thickness and axon caliber. 

Taken together with the changes in axon caliber in MAG-null mice, these results suggest that 

myelin proteins play significant roles in myelination and axon integrity in the developing WM. 
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Figure 18: Mice exposed to neonatal hyperoxia exhibit decreased myelin thickness and 

axon caliber in the WM (A) Representative electron microscopy (EM) images at P30 

displaying decreases in both myelin thickness and axon caliber in mice exposed to neonatal 

hyperoxia. (B) Histogram displaying decreased mean myelin thickness in the hyperoxia exposed 

group compared to controls. (C) Quantification of mean axon caliber in hyperoxia vs. control 

groups. Mice exposed to neonatal hyperoxia had a significant reduction in average axon diameter 

compared to controls. (D) Distribution of axon caliber for hyperoxia vs. control groups at P30. 

(E) Mean g-ratio’s of both hyperoxia and control groups. G-ratio was calculated as the axon 

diameter divided by the fiber diameter (diameter of axon + myelin). No difference was observed 

between the two experimental groups. Data is shown as mean ± SD (n = 3 - 5 brains for each 

group, using a Mann-Whitney rank sum test comparing control vs. hyperoxia, where *P < 0.05, 

**P < 0.025 and ***P < 0.005). All data collected and analyzed by J.R. 
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V.4.   Neurofilament phosphorylation is altered following neonatal hyperoxia exposure 

  Myelinated axons must have intact structural and molecular components to carry out their 

proper physiological functions. Neurofilaments (NFs) are the predominant component of the 

adult neuronal cytoskeleton and subdivided into three distinct classes: i) neurofilament light; NF-

L (~68 kDa), ii) neurofilament medium; NF-M (~160 kDa) and iii) neurofilament heavy; NF-H 

(~200 kDa) (Perrot et al., 2008), with these three NFs interacting to form type IV intermediate 

filaments (10 nm). The expression of NFs increases in maturing neurons and the assembly of 

new NFs involve phosphorylation of many Ser and Thr residues (Perrot et al., 2008). NFs 

enhance axon caliber and a positive correlation exists between axonal diameter and i) myelin 

thickness, ii) action potential amplitude and iii) conduction velocity in myelinated axons (Perrot 

et al., 2007). 

  Evidence exists that properly ensheathed axons have larger diameters, which is likely due 

to increased neurofilament phosphorylation (Quarles et al., 2006; Sánchez et al., 2000; 

Kirkpatrick and Brady 1999). In addition, MAG knockouts not only exhibit dysmyelination and 

reduced axon calibers (Pan et al., 2005; Yin et al., 1998), they also display decreased 

neurofilament spacing (Pan et al., 2005; Yin et al., 1998) and neurofilament phosphorylation 

(Pan et al., 2005; Yin et al., 1998). Therefore, since mice exposed to hyperoxia displayed 

decreased MAG protein expression as well as a reduction in myelin thickness and axon caliber, 

NF [total NF (NF-H/NF200), phosphorylated NF (SMI-31) and non-phosphorylated NF (SMI-

32)] expression were analyzed to assess the impact of hyperoxia exposure on proteins which 

regulate axon radial expansion under normal physiological conditions.  
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 When total NF200 expression was determined using Western blot analysis of micro-

dissected WM tissue, no significant change was observed between the hyperoxia and control 

groups at any developmental time point (Fig. 19 A-E). However, when the total SMI-31 and 

fractional SMI-31 (SMI-31/NF200) were quantified, a significant decrease was found at both 

P12 and P15, with protein expression returning to control levels by P30 (Fig. 19 A-E) and P60 

(data not shown). The changes in total and fractional SMI-32 showed a trend opposite to that of 

SMI-31. Protein levels of SMI-32 were increased at P12 and P15, returning to control levels by 

P30 (Fig. 19 A-E) and P60 (data not shown). Immunofluorescence of NF200, SMI-31 and SMI-

32 revealed an expression pattern similar to that found by Western blot analysis (Fig. 19 B).  

 The changes observed in NF phosphorylation are evident during a critical period in WM 

development, i.e. when the myelination of maturing axons is important for their radial expansion.     

This raises the possibility that altered developmental myelination in the WM affects overall 

axonal integrity. These alterations may also reflect changes in axonal metabolism that lead to 

chronic axonal dysfunction. 
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Figure 19: Neurofilament phosphorylation is altered following neonatal hyperoxia 

exposure (A) Representative Western blots for the neurofilaments NF200, SMI-31 and SMI-32 

at P12, P15 and P30. (B) Confocal images of NF200, SMI-31 and SMI-32 at P15 in control vs. 

hyperoxic mice. Scale bar (small) = 50 µm. Scale bar (large) = 25 µm. (C-E) Quantification of 

the total amount of protein expression for each neurofilament as well as the ratios of SMI-

31/NF200 and SMI-32/NF200 at P12, P15 and P30 No significant difference was observed in 

NF200 expression. However, SMI-31 expression was decreased and SMI-32 increased at P12 

and P15. Both returned to control levels by P30. Data is shown as mean ± SD (n = 3 - 5 brains 

for each group, using an unpaired t-test comparing control vs. hyperoxia, where *P < 0.05, **P < 

0.025 and ***P < 0.005). All data collected and analyzed by J.R. 
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V.5.   Axonal paranode organization is disrupted following neonatal hyperoxia exposure 

 Saltatory conduction involves the propagation of action potentials along myelinated 

axons. This electrical propagation requires the correct structure and function of each axonal 

segment and the myelinated axon contains specific domains that are molecularly and functionally 

distinct from one and other (Poliak and Peles 2003).  

 During development a large number of Na+ channels cluster at the nodes of Ranvier. The 

segment adjacent to the nodes of Ranvier, the paranodal region, contains the initial axo-glial 

junction. During the process of axon wrapping, the oligodendrocyte contacts the axon many 

times along the paranodal region forming compact myelin. The interaction between the axon and 

the oligodendrocyte at the paranode region involves several important proteins. On the axonal 

side, contactin-1 and contactin associated protein (Caspr) are expressed. Caspr is a 

transmembrane protein from the family of neurexins who function as cell adhesion proteins. The 

interaction of contactin and Caspr is necessary for the complex to be transported to the cell 

membrane (Poliak and Peles 2003). 

  Interestingly, although MAG-/- mice are able to form a paranodal region (Marcus et al., 

2002); abnormalities appear to exist on the paranodal segment (Yin et al., 1998). PLP mutants 

too exhibit disturbances in the formation of the paranode region of the myelinated axon of the 

PNS and CNS (Tanaka et al., 2009). Therefore, it appears as if proper developmental 

myelination is necessary for the creation of the paranodal segment. 

  To assess the effect of hyperoxia on paranode organization, the number and distribution 

of Caspr pairs was determined.  Throughout development the number of Caspr pairs increased in 

both groups from P12 to P60 (Fig. 20 A). In addition, the distance between Caspr pairs as well as 
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the Caspr spread decreased during WM maturation (Fig. 20 B-C). At all time points analyzed the 

hyperoxia group contained significantly fewer Caspr pairs in the WM (Fig. 20 A, D). The mean 

distance between Caspr pairs (node of Ranvier) was also significantly larger in the animals 

exposed to neonatal hyperoxia at all developmental time points (Fig. 20 B, D). When Caspr 

spread was analyzed at each time, a significant decrease was found in the mean distribution of 

Caspr immunofluorescence in the hyperoxia group compared to controls at P15, P30 and P60 

(Fig. 20 C, D). Representative histograms in Figure 20 E-F demonstrate the ranges and overall 

increase in the distance between Caspr pairs, as well as the decrease in Caspr spread in the WM 

of hyperoxia vs. control groups at P30.  

  The changes in paranodal Caspr expression observed in the hyperoxia group reveal a 

relationship between altered WM development/myelination and a disruption in axonal domain 

organization. Oligodendrocyte dysfunction can cause dysmyelination or hypomyelination and 

may lead to a decrease in the amount of contacts between the axon and oligodendrocyte, thus 

reducing the size of the paranodal segment.  
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Figure 20: Caspr pair number and distribution are modified following neonatal hyperoxia 

exposure A) Total number of Caspr pairs in the white matter (WM) in hyperoxia vs. control. At 

each developmental time point (P12, P15, P30 and P60) the number of Caspr pairs was 

significantly less in the hyperoxia group. B-C) Histograms displaying the mean Caspr distance 

and Caspr spread at P12, P15, P30 and P60 respectively. The average Caspr distance was 

significantly increased at all time points and the Caspr spread was decreased at P15, P30 and 

P60. D) Representative Confocal images of Caspr and NF200 at P30 showing a decrease in the 

number of Caspr pairs and the changes to the Caspr distance and spread. E-F) Distributions of 

Caspr distance and Caspr spread at P30 respectively.  Data is shown as mean ± SD (n = 3 - 4 

brains for each group, using an unpaired t-test comparing control vs. hyperoxia, where *P < 0.05, 

**P < 0.025 and ***P < 0.005). All data collected and analyzed by J.R. 
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V.6.   Neonatal hyperoxia exposure alters electrophysiological properties of the WM 

  To characterize the consequences of hyperoxia-induced injury on the functional 

properties of the adult WM, compound action potentials (CAPs) were recorded from the corpus 

callosum (CC) at P30 and P60 (Fig. 20 A). CAPS are electrophysiological field recordings that 

measure the conduction properties of a designated region of the brain and have been utilized in 

other models of WM injury (Crawford et al., 2009; Aguirre et al., 2007). Following the initial 

stimulus, CAPs display two subsequent downward waves, with the first representing the rapidly 

conducting myelinated (M) axons, and the second being the slower unmyelinated (UM) axons. 

The parameters analyzed in the hyperoxia and control groups included both the maximal 

amplitude (mV) and the conduction velocities (ms) of both the M and UM waves.  

  At P30, the mean amplitude of the hyperoxia group for the M wave was 0.078 mV and 

0.209 mV for the UM wave, which was a significant decrease from the control group that 

demonstrated an M wave amplitude of 0.350 mV and an UM wave amplitude of 0.559 mV, 

respectively (Fig. 20 B-D). A similar trend was observed at P60 (Fig. 20 B, D-E; control M 

mean – 0.446 mV, control UM mean – 0.638 mV and hyperoxia M mean – 0.197 mV, hyperoxia 

UM mean – 0.356 mV). Analysis of the M / M + UM ratio found a significant decrease between 

the hyperoxia and control groups at P30, but not at P60 (Fig. 20 F). When comparing conduction 

velocities of the M waves at P30, the animals exposed to neonatal hyperoxia had a 50% slower 

time to peak amplitude (ms) than controls (Fig. 20 G). At P60, conduction velocity (ms) was 

found to be improved in the hyperoxia group, but was still 25% less than controls (Fig. 20 G). A 

significant difference in the rate of the UM wave was detected at P30, but not at P60 (Fig. 20 H). 
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  These findings indicate that animals exposed to neonatal hyperoxia exhibit persistent 

changes in the electrophysiological properties of the WM. These functional deficits include 

changes in the speed and degree of axonal action potential propagation, and both properties are 

affected by myelin thickness, axon caliber and paranode organization. 

 



 

114 
 

   



 

115 
 

Figure 21: Changes in CAP recordings following neonatal hyperoxia exposure A) Diagram 

demonstrating the placement of the stimulating and recording electrodes for CAP recordings in 

the corpus callosum (CC) of the WM. B) Graph displaying the significant decrease in mean 

amplitude (mV) of the myelinated (M) wave between hyperoxia and control groups at P30 and 

P60. C) Representative trace of CAP recordings for control vs. hyperoxia groups at P30. Each 

recording contained a rapid myelinated (M) wave and a slower unmyelinated (UM) wave. D) 

Graph showing the significant decrease in mean amplitude (mV) of the unmyelinated (UM) 

wave in hyperoxia and control group at P30 and P60. E) Representative trace of CAP recordings 

for control vs. hyperoxia groups at P60. F) Graph comparing the myelinated (M) divided by the 

combined M and unmyelinated (UM) amplitudes. A significant difference in the ratio was found 

at P30, but not at P60. G-H) Histograms demonstrating the mean velocity of the M and UM 

waves, represented by % of control for each group at P30 and P60. Data is shown as mean ± SD 

(n = 5 brains for each group, using a Mann-Whitney rank sum test comparing control vs. 

hyperoxia, where *P < 0.05, **P < 0.025 and ***P < 0.005). All data collected and analyzed by 

J.R. 
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V.7.   Neonatal exposure to hyperoxia reduces WM diffusivity in the adult mouse 

  Quantitative-diffusion-tensor magnetic resonance imaging (DTI) is a non-invasive, in 

vivo, live imaging technique that uses Fractional anisotropy (FA) to detect changes in the 

directionality of water diffusion throughout the brain. WM maturation is characterized by 

increasing FA in both humans and rodents (Drobyshevsky et al., 2005; Provenzale et al., 2007). 

This increase in FA has also been associated with oligodendroglia maturation and myelination 

(Drobyshevsky et al., 2005). In addition, changes in FA have been linked to aging, various WM 

pathologies, demyelination, axon damage and behavioral abnormalities (Horsfield and Jones, 

2002; Chahboune et al., 2009, Xie et al., 2010; Madden et al., 2011). 

 FA defines the integrity and organization of the WM by analyzing its intrinsic macro and 

micro-structural features. It is a value on a scale of zero to one that defines the overall anisotropy 

within a given three dimensional space. A value of zero corresponds to diffusion being isotropic 

(uniform movement in all directions), while a value of one means that diffusion is anisotropic or 

present along only one axis and restricted in all other directions. The amount of molecular 

motility through a particular media is dependent on its orientation and structural features. Water 

diffusion can be altered (the trajectory of water molecules being interrupted) by several factors, 

such as cell membranes, organelles and molecules/structures in the extracellular environment 

(Von Meerwall et al., 1981). The multi-directional movement of molecules under biological 

conditions is lowered by these structures. Under these conditions it is understood that water 

diffusivity is “hindered” and the diffusion properties of a given liquid do not resemble that of a 

“bulk” liquid whose molecule displacement is dependent on chemical properties and temperature 

(Horsfield et al, 2002). 
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 DTI and FA allow one to analyze characteristics of the intact WM including: i) degree of 

myelination, ii) fiber density and iii) the alignment of packed axons following an acute or 

chronic injury (Huppi et al., 2006; Horsfield et al., 2002; Moseley, 2002; Basser et al., 1996; 

Inder et al., 1999) and provide understanding to the underlying pathology present. In a rodent 

study, using a model of hypoxic white matter (WM) damage, neonatal mice were exposed from 

P3 to P11. FA in the corpus callosum (CC) was markedly decreased at ages P45 and P51 and low 

FA in the CC significantly correlated to poor neurological outcome assessed by neuro-

developmental tests (Chahboune et al., 2009). FA changes can demonstrate WM injury that is 

not detectable by conventional T2-weighted MRI (Huppi et al., 2006; Counsell et al., 2003) and 

is superior to other diffusion imaging markers such as apparent diffusion coefficient (ACD) in 

analyzing WM abnormalities (Ward et al., 2009). 

  To determine if chronic disturbances could be detected in the WM of mice exposed to 

hyperoxia, fractional anisotropy (FA) was measured by diffusion tensor imaging (DTI). T2-

weighted magnetic resonance imaging (MRI) sequences were performed to select the coronal 

slice for DTI measurement in the CC and generated directionally encoded color (DEC) maps to 

represent anisotropy in the lateral-medial directional manners of the CC. In the anisotropy 

measurements, FA was significantly decreased in P30 animals that had been exposed to 

hyperoxia from P6 to P8 (Fig. 22B, D, F, I; mean = 0.450, 25 - 75% percentile = 0.433 - 0.471) 

compared to litter matched control animals always kept in room air (Fig. 22A, C, E, I; mean 

0.580; 25 - 75% percentile = 0.524 - 0.601, n = 6, P< 0.005). This significant decrease of FA in 

the CC was maintained even at P60 (Fig. 22G-I; mean hyperoxia = 0.525; 25 - 75% percentile = 

0.495 - 545; mean control = 0.623; 25 - 75% percentile 0.580 - 0.680, n = 6, P< 0.005).  
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  The FA data demonstrates that the altered structural components of the WM following 

neonatal hyperoxia exposure do in fact disrupt diffusivity in the adult WM. It is likely that the 

change in diffusivity arises from reduced fiber density, a result of decreased axon diameter and 

abnormal myelin compaction observed by the EM analysis. These structural correlates are also 

associated with the observed disturbance in WM axonal conduction. 
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Figure 22: Changes in fractional anisotropy (FA) detected in P30 and P60 mice after 

exposure to hyperoxia from P6 to P8 (A, B) T2-weighted coronal MRI images of P30 mice 

kept in room air (control) and age matched mice following exposure to hyperoxia from P6-P8.  

Red box shows region of corpus callosum (CC) that was selected for diffusion tensor imaging 

(DTI) measurements. (C1, D1)  Fractional anisotropy (FA) obtained by DTI in control and 

hyperoxia exposed animals, respectively. (E1, F1)  Using directionally encoded color (DEC) 

maps, FA of medial-lateral directory representing fibers in the CC is shown in red (G1, H1) FA 

in the CC is significantly decreased at P30 and P60 in mice after neonatal exposure to hyperoxia 

as compared to controls. C2, D2 are enlarged from the boxes in C1, D1. E2- H2 are enlargements 

of boxes from E1-H1. Data is shown as mean ± SD (n = 6 - 7 animals per group, using a Mann-

Whitney rank test *P < 0.005). All data collected and analyzed by T.S. 
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V.8.   Summary and Conclusions 

  The experiments presented in SECTION V of this dissertation further reveal the 

consequences of hyperoxia-induced WM injury. The findings describe changes in axon and glial 

interactions following neonatal hyperoxia exposure that disrupt the ultra-structure of the WM at 

many levels, including; i) myelination, ii) axon integrity (axon caliber/neurofilament 

phosphorylation) and iii) the assembly of the axonal paranode segment. These structural 

abnormalities were shown to affect both the electrophysiological and diffusivity properties of the 

adult WM. 

  Hyperoxia exposure in newborn mice alters developmental expression of the myelin 

proteins, MAG and PLP and decreases the number of MAG+CC1+ oligodendrocytes. This 

disruption changes myelination (myelin thickness) of axons at P15 and P30. It also has an effect 

on axon caliber at P30, which is likely due to changes in phosphorylation status of the 

neurofilaments during development. Hyperoxia causes a decrease in the expression of the 

phosphorylated form of the heavy chain neurofilament (SMI-31) and an increase in the levels of 

the non-phosphorylated form of the heavy chain neurofilament (SMI-32). The disturbance of 

developmental myelination is also associated with qualitative and quantitative alterations in 

Caspr expression and, therefore, changes to the paranodal segment of the myelinated axon. 

Ultimately, these ultra-structural pathologies result in decreased action potential propagation and 

diffusivity in the adult WM, observed by CAP and DTI analysis, respectively. 

  Overall, this characterization provides important insight into the pathogenesis of 

hyperoxia-induced WM injury. It also paves the way for future study and the development of 

novel therapeutic interventions that may prevent WM injury associated with pre-mature birth. 
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VI.1.   Pre-mature WM injury: More than oligodendroglia loss 

The loss of pre-myelinating oligodendrocytes during a crucial developmental time 

window is thought to be the primary cause of WM injury in the pre-term population. Animal 

models of pre-mature brain injury have been shown to cause WM damage, hypomyelination and 

altered WM integrity (Scafidi et al., 2009; Li et al., 2010). Several studies using the neonatal 

hyperoxia model of pre-mature brain injury have shown the insult to also cause damage to the 

developing WM in the rat (Felderhoff-Mueser et al., 2004; Gerstner et al., 2008).  

In previously described experiments and results from SECTION IV, hyperoxia caused 

an initial decrease in the number of total oligodendroglia (Olig2+ cells – Figure 8), including the 

amount of both mature oligodendrocytes (CC1+ cells – Figure 8) and NG2+ oligodendrocyte 

progenitor cells (OPCs – Figure 9). Myelin basic protein (MBP) expression was also reduced 

following exposure (Figure 6). However, the numbers of oligodendroglia lineage cells and MBP 

expression returned to control levels by P15. This indicates that the lineage has the ability to 

quickly recover from a hyperoxic insult and undergo differentiation and this hypothesis is 

supported by the data presented in Figure 11, where enhanced oligodendrogenesis was observed 

during the recovery period following hyperoxia exposure. Therefore, neonatal hyperoxia 

exposure results in disturbance of WM development and a delay in the cellular maturation of the 

oligodendroglial lineage rather than a permanent loss of oligodendrocytes. 

 

VI.2. OPC vulnerability to hyperoxia exposure and the role of OPCs in recovery and 

remyelination 

OPCs are the primary source of oligodendrocytes in the developing brain (Baumann and 

Pham-Dinh, 2001; Nishiyama et al., 2009) and in re-myelinating WM lesions (Zhao et al., 2005; 
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Franklin and Ffrench-Constant, 2008). The pre-term infant is most vulnerable to periventricular 

white matter injury (PWMI) when immature, pre-myelinating oligodendroglia, including OPCs, 

predominate in the developing WM (Back et al., 2001).  

Figure 7 depicts the maturational status of the oligodendroglial lineage of the WM prior 

to and immediately following neonatal hyperoxia exposure. The cell population of the mouse 

WM at P6 consists mainly of immature oligodendroglia (NG2+O4¯ , NG2+O4+ and O4+NG2¯  

cells). Gernster et al. 2008 identified pre-myelinating, O4+ oligodendrocytes as being the 

susceptible sub-population of oligodendroglia in vitro. However, in vivo, Figure 10 demonstrates 

that the NG2+O4¯  population appears to be the vulnerable population of oligodendroglia. 

Significantly more NG2+O4¯ TUNEL+ cells were observed following hyperoxia at P8, P10 and 

P12, without changes in the number of O4+NG2¯ TUNEL+ or NG2+O4+TUNEL+ cells. Reasons 

for this discrepancy include species differences between the OPC (NG2+ cells) and in vitro vs. in 

vivo analysis. 

The observations in the proliferating NG2+ cell population are consistent with other 

studies, which indicate that changes in oligodendroglia proliferation constitute mechanisms of 

injury (Robinson et al., 2005; Yan and Rivkees, 2006) and repair after such insults as ischemia or 

traumatic brain injury (Amat et al., 1998; Segovia et al., 2008) in the developing brain. The 

finding that during recovery more NG2+ and NG2+BrdU+ cells were found only in the cingulum 

(CG), suggests that local NG2+ cell populations in the various WM regions respond differentially 

to injury, or that targeted recruitment of migratory OPCs into the CG occurs from germinal 

regions in close proximity, such as the subventricular zone (SVZ). 
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The initial induction of cell death and reduced proliferation in the NG2+ cell population 

following hyperoxia (Figures 9 and 10) is likely to be responsible for the decrease in WM CC1+ 

oligodendroglia observed at P8 and P10 (Figure 8). This is due to fewer immature 

oligodendroglia being available to undergo maturation. The reduction in mature 

oligodendrocytes is, at least in part, responsible for the decrease in MBP expression observed at 

P8 and P10 in animals exposed to hyperoxia (Figure 6). 

  

VI.3. Hyperoxia-induced astrocyte dysfunction and altered WM glutamate homeostasis 

 Astroglial reactivity plays a role in injury of the developing WM and was identified in 

ischemia (Biran et al., 2006), trauma (Rostworowski et al., 1997) and infection (Rousset et al., 

2006). No hyperoxia-induced changes in astrocyte number, cell death or proliferation were 

observed in vivo (Figures 13 and 14). The astroglial response consisting of changes in GFAP 

(Figure 12) and the glutamate transporter GLAST (Figure 13) overlapped temporally with 

oligodendroglial changes, and occurred in two phases: i) an initial decrease in protein expression 

of GFAP and GLAST immediately after 48 hours of hyperoxia at P8, and ii) increased levels of 

GFAP and restored GLAST expression after four days of recovery in room air at P12. The 

transporters GLAST and GLT-1 are co-expressed by both astrocytes and oligodendroglia in vivo 

and in vitro (Domercq et al., 2005; Regan et al., 2007) and GLT-1 has recently been shown to be 

important for glutamate homeostasis in cultured oligodendroglia (DeSilva et al., 2009). 

However, evidence suggests that only mature oligodendrocytes express functional glutamate 

uptake transporters in vivo (De Biase et al. 2010; Kukley et al. 2010) and as indicated by Figure 

7, the majority of the cells in the WM at P6 display an immature phenotype. While one cannot 
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rule out the contribution of oligodendroglial GLAST and GLT-1 in WM glutamate homeostasis, 

the data indicates that at P8 and P12, GLAST expression in the WM is localized pre-dominantly 

in GFAP+GS+ astrocytes (Figure 13). Quantification also revealed a significant decrease in the 

number GFAP+GS+GLAST+ cells and GLAST protein levels in the WM after hyperoxia (Figure 

13). No change in total GLT-1 expression or the number of GFAP+GS+GLT-1+ cells was found 

after hyperoxia (Figure 13). 

3H-D-aspartic acid uptake assays conducted in WM tissue at P8 showed that hyperoxia 

caused a significant decrease in the rate of total and non-GLT-1 mediated sodium-dependent 3H-

D-aspartic acid uptake when compared with controls (Figure 15). Similar reductions in uptake 

were observed in control and hyperoxia groups with the application of the GLT-1 inhibitor DHK 

at P8 and P12 (Figure 15), suggesting that hyperoxia did not alter levels of GLT-1 activity in the 

WM. Taken together, these observations support a non-GLT-1-mediated mechanism of injury. 

Intriguingly, total and non-GLT-1 mediated 3H-D-aspartic acid uptake was also 

significantly lower in the hyperoxia group at P12 and did not return to control levels until P15 

(Figure 15). This was despite a recovery in GLAST expression within the WM. Possible 

explanations for the decrease at P12 include post-translational regulatory mechanisms such as: i) 

decreased cell surface expression of the transporter, ii) decreased Na, K- ATPase coupling (Rose 

et al., 2009), iii) altered interactions with the extracellular matrix (Ye and Sontheimer, 2002) and 

iv) oxidative stress- mediated modifications (Miralles et al., 2001). The cellular redox status can 

regulate glutamate uptake kinetics directly through changes in reactive cysteine residues in 

transporter structure, which allows maximal uptake activity only in the reduced state (Trotti et 

al., 1997). 
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Altered glutamate homeostasis has been implicated in many neurological disorders 

including epilepsy, Alzheimer’s disease and Parkinson’s disease (Doble, 1999; Tilluex and 

Hermans, 2007; David et al., 2009). Glutamate has been shown to cause oligodendroglial 

damage (Domercq et al., 2005), changes in proliferation and apoptosis of NG2+ OPCs (Gallo et 

al., 1996; Yuan et al., 1998), axonal injury (Domercq et al., 2005) and disruption of axo-glia 

junctions (Fu et al., 2009). In the glial co-culture system, astrocytes exposed to hyperoxia were 

unable to protect A2B5+ and O4+ oligodendroglial cells against the toxicity of glutamate 

challenge (Figure 16). This vulnerability was eliminated in the presence of the non-NMDA-

antagonist NBQX (Figure 16). Therefore, it is possible that reduced glutamate uptake/clearance 

leads to higher amounts of glutamate in the extracellular space. This phenomenon may occur in 

isolation or in combination with enhanced cellular and/or axonal glutamate release throughout 

the WM. The resulting environment likely contributes to changes in the oligodendroglia 

population. Excitotoxicity has been associated with AMPA/kainate glutamate receptor activation 

in oligodendroglia (Alberdi et al., 2002; Sanchez-Gomez et al., 2003) and OPCs may exhibit 

enhanced vulnerability, due to the expression of higher levels of AMPA/kainate glutamate 

receptors than pre-oligodendrocytes (pre-OLs) or immature/mature oligodendrocytes (De Biase 

et al. 2010; Kukley et al. 2010). 

 

VI.4. Hyperoxia-induced delayed WM development alters WM integrity and function 

  These cellular and molecular analyses provide evidence that neonatal hyperoxia exposure 

disrupts the proper interaction of glia through a novel pathological mechanism involving altered 

astrocyte GFAP and GLAST expression, and decreased astrocyte-mediated glutamate uptake. 
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These changes in astrocyte properties are associated with oligodendroglia damage and ultimately 

delayed maturation of the WM.  

  The characterization of the structural and functional consequences of delayed WM 

development described in SECTION V is paramount in understanding the pathogenesis of 

hyperoxia-induced WM injury. The function of the WM depends on two major factors; 

myelination and axon integrity. The apparent cellular recovery of the oligodendroglial lineage 

would suggest that WM integrity and function would be expected to remain intact or at least 

recover after a tempory disruption. However, analyzing the ability of oligodendrocytes to 

myelinate axons within the WM following neonatal hyperoxia exposure revealed that disturbing 

the proper timing of WM development, specifically, within the oligodendroglial lineage, leads to 

altered myelin protein and reduced phosphorylated neurofilament (NF) expression. These factors 

ultimately result in decreased myelination and axon caliber as well as altered paranode 

organization in the adult WM. The overall consequences of this pathology are evident in the 

observed reduction in WM conduction and diffusivity. 

 

VI.5. The relationship between oligodendrocyte dysfunction and axonopathy in hyperoxia-

induced pre-mature WM injury 

 Myelination has been shown to play a neuroprotective role, as axonal loss is found in 

several demyelinating disorders, including multiple sclerosis (MS), leukodystrophies and 

Charcot-Marie-Tooth (CMT) neuropathy (Nave 2010; Piaton et al., 2010). Presently, it is unclear 

how pre-mature WM injury affect axonal integrity, but myelin associated glycoprotein (MAG) is 

of particular interest because it is thought to mediate the direct contact between the unmyelinated 
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axon and the oligodendrocyte. MAG has been shown to play a protective role in myelinated 

axons, through a mechanism involving gangliosides (Nguyen et al., 2009; Lopez et al., 2011). 

Despite a decreased in MAG expression throughout development in the WM, neonatal hyperoxia 

exposure did not induce neurodegeneration or loss of axons at any time point analyzed. 

 In these studies altered expression of MAG and proteolipid protein (PLP) was decreased 

throughout WM development at P12, P15 and P30 in the hyperoxia experimental group (Figure 

17). In addition, the number of myelinating oligodendrocytes (MAG+CC1+) was decreased at the 

same time points, despite a recovery in the total number of mature CC1+ oligodendrocytes in the 

WM (Figure 17). This oligodendrocyte dysfunction is associated with reduced myelin thickness 

at both P15 and P30 (Figure 18) and suggests that a reduction in MAG protein levels in CC1+ 

cells contributes to reduced myelination of axons after hyperoxia. 

 Myelination by the mature oligodendrocyte is also thought to play a significant role in 

axonal integrity and organization (Simons and Trajkovic 2006). Properly myelinated axons have 

been proposed to have axons have larger calibers, and this has been associated with enhanced 

neurofilament (NF) phosphorylation (Quarles et al., 2006; Sánchez et al., 2000; Kirkpatrick and 

Brady 1999). In addition, NF-H-/- mice display fewer axons of large diameter (Elder et al., 1998). 

NF abnormalities are observed in several neurodegenerative diseases including: amyotrophic 

lateral sclerosis (ALS), Alzheimer’s disease, Parkinson’s disease, Charcot-Marie-Tooth disease, 

and toxic neuropathy (Lui et al., 2011). Differential NF expression, stoichiometry and 

phosphorylation status in animal models of these diseases reveals the important role NFs play in 

axon integrity (Lui et al., 2011). Interestingly, Schirmer et al. 2011 discovered that spinal cord 

WM lesions of multiple sclerosis (MS) patients contained significantly less phosphorylated 
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heavy chain NF (SMI-31), suggesting that reduced NF phosphorylation may be viewed as a 

common feature of diseases with or without axonal degeneration. 

 Indeed, MAG knockout mice exhibit decreased NF spacing, reduced neurofilament 

phosphorylation and smaller axonal diameters (Pan et al., 2005; Yin et al., 1998). Additional in 

vivo studies have indicated that MAG causes a direct increase in phosphorylated NFs, and this 

phenomenon is thought to be mediated through the kinases cdk5 and ERK 1/2 (Dashiell et al., 

2002). Ganglioside receptors, GD1a and GT1b, located on the axonal surface have also been 

identified as being important for axonal integrity (Schnaar 2010). Ganglioside-null mice showed 

signs of dysmyelination, axonal degeneration, decreased axon caliber, increased NF spacing and 

decreased NF expression (Suzuki et al., 2007; Pan et al., 2005). These findings suggest that 

MAG-ganglioside mediated signaling is required for proper developmental myelination and 

axonal integrity. 

 Animals exposed to neonatal hyperoxia displayed changes in the degree of 

phosphorylation of heavy chain NFs (SMI-31 and SMI-32) at P12 and P15 (Figure 19), a time 

point when decreased myelin protein expression (Figure 17) and decreased myelin thickness 

(Figure 18) is also observed. Interestingly, the axons in animals of the hyperoxia group did not 

display decreased diameters at P15 (Figure 18). This suggests that the effect of 

hypo/dysmyelination on callosal axon caliber takes time to develop and that changes in myelin 

proteins and NF phosphorylation precede the reduction in axon diameter. This contrasts with 

studies in the development of the of rat optic nerve that suggest that radial axon growth precedes 

myelination of the axon. The changes in the status of NF phosphorylation at P12 and P15 may be 

directly responsible for the decreased axon diameters observed in the hyperoxia animals at P30 
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(Figure 18). The return of NF phosphorylation to that of control levels at P30 is unable to restore 

the axonal diameters of animals exposed to neonatal hyperoxia (Figure 18 and 19), suggesting 

that there is a critical period of time during WM development where proper myelination and NF 

phosphorylation must take occur for the radial growth of axons to take place.  

 Myelination is also responsible for nodal development as well as the formation of the 

paranode, juxtaparanode and internodal regions (Poliak and Peles 2003). The paranode region 

appears to be especially sensitive to pathology in the myelin membrane. Several studies using 

mice lacking specific myelin proteins including CNPase, MAG, and PLP have demonstrated 

abnormal distribution of paranodal proteins (Tanaka et al., 2009; Rasband et al., 2005; Schaeren-

Wiemers et al., 2004; Yin et al., 1998). Ganglioside deficient mice also exhibit phenotypes very 

similar to their MAG-null counterparts, including, paranodal abnormalities, as well as altered 

nodes of ranvier and Kv1.2 distribution in the CNS and PNS (Suzuki et al., 2007). 

 Animals exposed to neonatal hyperoxia exhibited both a decrease in Caspr pair number 

and immunofluorescence (size of paranode region) at all developmental time points (Figure 20). 

The correlation between decreased myelin thickness and reduction in the size of the paranode 

region is not surprising given the fact that myelin thickness (number of myelin wraps) is 

determined by the number of contacts the oligodendrocyte makes with the axon. If this is 

decreased, then the size of the paranode region of the axon should also be reduced. 

 The studies in SECTION V indicate that delayed WM development, induced by neonatal 

hyperoxia exposure does not cause axon loss, but leads to decreased myelination and NF 

phosphorylation as well as reduced axon caliber and abnormal paranodal organization. These 
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events may be due to altered axon-oligodendroglia communication through MAG, whose express 

is reduced by hyperoxia. 

   

VI.6. Conduction and diffusivity deficits accompany cellular and ultra-structural 

abnormalities 

 The functional characterization of hyperoxia-induced WM injury is important in 

understanding how cellular dysfunction and altered ultra-structure of the WM modifies its 

physiological properties. It is well established that disturbing normal myelination in the WM (i.e. 

hypomyelination, dysmyelination) alters the conduction velocity of the underlying axons and 

models of demyelination have demonstrated these abnormal electrophysiological properties in 

the WM (Crawford et al., 2009; Aguirre et al., 2007). Axon caliber has been shown to directly 

influence action potential propagation and current amplitude (Waxman et al., 1995). 

 Compound action potentials (CAPs) in the corpus callosum of the WM at both P30 and 

P60 revealed a similar pattern. The animals exposed to neonatal hyperoxia displayed a reduction 

in mean M and UM wave amplitude (Figure 21). A significant decrease in conduction velocity 

was also present in the M wave at P30 and P60 (Figure 21). A change in conduction velocity 

was observed for the UM wave at P30, but not P60 (Figure 21). This data supports our previous 

in vivo studies and indicates that the cellular and ultra-structural changes following neonatal 

hyperoxia lead to long term functional deficits in the conduction properties of the adult mouse 

WM. 

To confirm the long term impact of neonatal hyperoxia on WM integrity and structure, 

diffusion tensor imaging (DTI) was used to determine fractional anisotropy (FA) at P30 and P60. 
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Changes in FA have been associated with demyelination, axonal damage and behavioral 

abnormalities (Chahboune et al., 2009; Xie et al., 2010) and pre-term infants exhibit a loss in 

WM volume and FA when compared to term infants (Dudin et al. 2007). The DTI measurements 

in the CC demonstrate that neonatal hyperoxia during a critical developmental window produces 

a significant long term decrease in WM diffusivity both at P30 and P60 (Figure 22). These 

findings support the hypothesis that the structural integrity of the WM is decreased following 

neonatal hyperoxia exposure.   

  A question of interest is if neonatal hyperoxia exposure causes long term changes in 

behavior. In addition to ultra-structural changes, MAG-/- mice exhibit motor deficits and 

hyperactivity (Pan et al., 2005). Recently, a longitudinal study examined the effect of neonatal 

hyperoxia exposure on motor coordination at P30 and P53 (Schmitz et al., 2012). The authors 

discovered that mice in the hyperoxia group displayed motor learning deficits on a complex 

running wheel task (Schmitz et al., 2012). Interestingly, these mice also showed increased 

activity (maximum velocity of meters run) on the conventional running wheel. Both 

characteristics are associated with reduced FA in the same subjects. This data indicates that mice 

exposed to neonatal hyperoxia not only exhibit cellular, structural and physiological 

abnormalities in the WM, but motor coordination and activity of the mice is also affected.  It also 

suggests that hyperoxia-induced WM injury may have a role in attention deficit hyperactivity 

disorder (ADHD) and that the neonatal hyperoxia model may be a useful tool in the study of 

ADHD. 
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VI.7. Summary and Perspective 

  The studies and analyses contained in this dissertation indicate that hyperoxia causes 

astroglial dysfunction and altered glutamate homeostasis. This disrupts the normal environment 

of the developing WM during a critical point of maturation, leading to a delay in the 

differentiation of the oligodendroglial lineage. The consequences of this delay in WM 

development result in myelination abnormalities and axonopathy. This pathogenesis ultimately 

results in irreversible structural and functional pathology in the WM. 

  Interventional strategies for the prevention of pre-mature WM injury will have to focus 

on several key components of the pathological mechanism; i) protect the astroglia lineage to 

prevent dysfunction or re-establish astrocyte mediate glutamate uptake, ii) protect the 

oligodendroglia lineage to prevent delayed WM development either directly or indirectly, iii) 

enhance oligodendroglia function (i.e. axon-oligodendroglia communication, myelination and 

axonal organization) or iv) restore axonal function independent of the previous three 

interventional approaches.   

  The clinical impact of these studies may be two fold. They provide insight into the 

mechanisms involved in hyperoxia-induced WM injury in pre-term infants and it may alter the 

standards of care for oxygen administration in the pre-term population. Identifying novel targets 

involved in the pathophysiology of WM injury will aid in the development of cell-specific 

therapeutics designed to manipulate the developing WM at the cellular and molecular level to 

preserve WM integrity and function. 

 

 



 

135 
 

VI.8. Future Directions 

   Further exploration into the molecular mechanisms of hyperoxia-induced WM injury is 

vital in the understanding of the underlying pathology. Identifying specific molecular targets in 

the pathophysiological mechanism will allow for the development of interventional strategies to 

prevent pre-mature WM injury. In addition, further studying the axonopathy present in WM 

injury is an area of important research. 

 

Determine if white matter injury after neonatal hyperoxia exposure involves Wnt/beta-catenin 

signaling and alters Sox17 expression in vivo 

  The Wnt/β-catenin canonical pathway has been shown to regulate progenitor cell 

populations in the germinal zones of the brain in development and injury in the adult brain 

(White et al., 2010). In the cortex, the pathway is activated in the subcallosal NG2+ OPC 

population after traumatic brain injury (White et al., 2010; Feigenson et al., 2009), but little is 

known about its activity in perinatal brain injury and delayed white matter formation. Its 

suppression by the SRY-Box transcription factor Sox 17 is associated with cell cycle exit and 

differentiation of the lineage (Chew et al., 2011; Sohn et al., 2006). In addition, the disruption of 

Wnt/β-catenin signaling alters remyelination (Fancy et al., 2009). Therefore, determining if 

neonatal hyperoxia exposure affects Wnt/β-catenin signaling and Sox17 expression may provide 

an additional mechanistic basis for the changes observed in the oligodendroglial lineage 

following hyperoxia. A developmental time course study using CNP-EGFP transgenic mice, 

where green fluorescent protein (GFP) is expressed exclusively in the oligodendroglial lineage 

and flow cytometry fluorescence-activated cell sorting (FACS), the protein and mRNA 
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expression levels of Sox17 and molecules involved in Wnt/β-catenin signaling could be 

determined. In addition, immunofluorescence in the CNP-EGFP mice could be used to analyze 

protein expression in the oligodendroglial lineage. Changes in the levels of Sox17 protein and 

mediators of beta-catenin signaling in the reactive NG2+ cells between exposure to hyperoxia 

and the onset of recovery would suggest a role for these pathways in the injury. These 

mechanisms may help further our understanding of NG2+ cell vulnerability and response in this 

injury. 

 

Determine the molecular mechanism of altered GLAST function in WM astrocytes following 

neonatal hyperoxia exposure   

  Neonatal hyperoxia exposure has been shown to disrupt astrocyte-mediated glutamate 

uptake even in the presence of “normal” GLAST protein expression. It is important to identify 

the cause of this GLAST dysfunction. Two potential causes of this discrepancy are: i) altered cell 

surface expression of GLAST and ii) decreased coupling between GLAST and the Na+/K+ 

ATPase. To determine if there is a decrease in cell surface expression of GLAST, GFAP_EGFP 

mice could be used. These mice express green fluorescent protein under the control of the human 

glial fibrillary acidic protein (GFAP) promoter. To purify the astrocyte population and isolate the 

cellular membranes in these animals, fluorescence-activated cell sorting (FACS) using a flow 

cytometer and cell membrane fractionation could be used. Western blot analysis would then 

determine the amount of GLAST expression between the cytosol and the cell membrane.. A 

decrease in the amount of GLAST expression in the cell membrane samples of the hyperoxia 

group would indicate that the trafficking of GLAST is disrupted following hyperoxia. A decrease 
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GLAST, Na+/K+ ATPase coupling could be determined using the same samples and performing 

co-immunoprecipitations (Co-IPs) and Western blots. If a decrease in GLAST expression, co-

IP’ed with Na+/K+ ATPase was observed in the hyperoxia group, it would indicate that there is 

reduced coupling. 

 

Determine if neonatal hyperoxia affects the formation of other axonal domains 

 Functional domains of the axon are important for proper function, including the nodes of 

Ranvier and the juxtaparanode region. The clustering of Na channels and the switch from the 

Nav1.2 to the Nav1.6 sub-type are both vital developmental processes in the formation of the 

nodes of Ranvier. Prior to myelination Na channels of the sub-type Nav1.2 are dispersed along 

the entire length of the axon (Kaplan et al., 2001). The initiation of myelination causes the 

clustering of the Nav1.2 channels and as the WM develops the Nav1.2 sub-type switches almost 

completely to the Nav1.6 subtype by the end of developmental myelination (Kaplan et al, 2001). 

Because neonatal hyperoxia exposure delays the development of the WM and disrupts 

myelination, it may too affect the clustering of the Nav1.2 channels. Using markers for paranodal 

domains, this could be analyzed with immunofluorescence using a time course study from P12 to 

P60 quantifying the localized distribution and number of Nav1.2 clusters associated with Caspr 

pairs, in axons of the WM. In addition, total Nav1.2 and Nav1.6 expression could be determined 

using Western blots and immunofluorescence from P12 to P60. 

  The organization of the juxtaparanode could be determined by quantifying Kv1.2 and 

Caspr2 (a juxtaparanode protein) co-localization or Kv1.2 and Caspr (a paranode protein). 
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Decreased Kv1.2/Caspr2 or increased Kv1.2/Caspr co-localization would indicate juxtaparanodal 

disorganization. 

 

  Overall, the studies contained in this dissertation and the experiments proposed in Future 

Directions will further our understanding of WM injury and identify treatment strategies aimed 

at preventing or mitigating pre-mature brain injury. 
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Abbreviations 

ACD  Apparent Diffusion Coefficent 

AMPA   α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

APC    Adenomatous Polyposis Coli 

BDNF  Brain-Derived Neurotrophic Factor 

BrdU  Bromodeoxyuridine 

CAP    Compound Action Potential 

Caspr   Contactin Associated Protein 

CC    Corpus Callosum 

CG  Cingulum 

CNPase   2',3'- Cyclic-nucleotide 3'-phosphodiesterase 

CNTF   Ciliary Neurotrophic Factor 

CSF    Cerebral Spinal Fluid 

DAPI  4',6-Diamidino-2-Phenylindole, Dihydrochloride 

DHK  Dihydrokainic acid 

DTI  Diffusion Tensor Imaging 

DWMI   Diffuse White Matter Injury 

EC  External Capsule 

EGFP  Enhanced Green Fluorescent Protein 

FA    Fractional Anisotropy 

FGF    Fibroblast Growth Factor 

GABA   γ-Aminobutyric Acid 
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GalC    Galactosylceramidase 

GDNF  Glial cell line Derived Neurotrophic Factor 

GFAP   Glial Fibrillary Acidic Protein 

GLAST   Glutamate-Aspartate Transporter 

GLT-1  Glutamate Transporter One 

GS  Glutamine synthetase 

IFNγ  Interferon gamma 

IGF    Insulin-like Growth Factor 

MAG    Myelin Associated Glycoprotein 

MAL    Myelin Associated Lymphocyte Protein 

MBP    Myelin Basic Protein 

MOG    Myelin Oligodendrocyte Glycoprotein 

MRI  Magnetic Resonance Imaging 

MS   Multiple Sclerosis 

NF    Neurofilament  

NF155   Neurofascin 

NG2    Nerve/Glial Antigen 2 

NMDA  N-Methyl-D-Aspartic Acid  

Olig2    Oligodendrocyte Transcription Factor 2 

OPCs    Oligodendrocyte Progenitor Cells 

PDGF   Platelet Derived Growth Factor 

PDGFR-α   Platelet Derived Growth Factor Receptor-alpha 
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PFA  Paraformaldehyde 

PKCα  Protein Kinase C alpha 

PLC  Phospholipase  C 

PLP    Proteolipid Protein 

pre-OLs    Pre-Oligodendrocytes 

PWMI   Periventricular White Matter Injury 

ROS  Reactive Oxygen Species 

SVZ    Subventricular Zone 

TBOA  DL-threo-b-Benzyloxyaspartic acid 

TNFα  Tumor Necrosis Factor alpha 

TUNEL Terminal deoxynucleotidyl transferase dUTP Nick End Labeling 

WM  White Matter 

WT  Wild-type 

VLBW   Very Low Birth Weight 
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