
ROLE OF CALCIUM INFLUX THROUGH GLUTAMATE 

RECEPTORS IN WHITE MATTER BRAIN INJURY AND 

OLIGODENDROCYTE REGENERATION 

 

A Dissertation  
Submitted to the  

Temple University Graduate Board 
 

 
In Partial Fulfillment of the  

Requirement for the  
Degree of Doctor of Philosophy 

 
 

By 
Rabia Raheel Khawaja 

August 2019 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Examining Committee Members: 

 
Dr. Shin H. Kang (Advisor), Shriners Hospitals Pediatric Research Center, Department 
of Anatomy and Cell Biology, Temple University  
Dr. George Smith, Shriners Hospitals Pediatric Research Center, Temple University 
Dr. Seonhee Kim, Shriners Hospitals Pediatric Research Center, Department of 
Anatomy and Cell Biology, Temple University 
Dr. Servio H. Ramirez, Department of Pathology and Laboratory Medicine, Temple 
University 
Dr. Judith B. Grinspan (External Examiner), Department of Neurology, University of 
Pennsylvania   



i 
 

Copyright © 2019 
By Rabia Raheel Khawaja 

All Rights Reserved 
 



 

ii 
 

ABSTRACT 
 

Role of calcium influx through glutamate receptors in white matter brain injury and 

oligodendrocyte regeneration 

Rabia Raheel Khawaja 

Doctor of Philosophy 

Temple University 2019 

Doctoral Advisor: Shin H. Kang, Ph.D. 

 

Ca2+-influx through ionotropic glutamate receptors expressed on non-excitable cells, 

such as CNS glia, may regulate important cell events via intracellular signaling 

mechanisms. Oligodendrocytes and oligodendrocyte progenitors (OPCs), two glial 

populations supporting CNS myelination and myelin repair, express AMPA and NMDA 

receptors. Although Ca2+-influx through these receptors is thought to cause glutamate 

excitotoxicity to oligodendrocytes in CNS injuries, more recent studies suggest that 

AMPA or NMDA receptor-mediated synaptic transmission between neurons and OPCs 

plays a positive role in neuronal activity-dependent oligodendrocyte development and 

regeneration. Given the opposing roles of glutamate receptors in oligodendrocyte death 

and repair, the clinical relevance of these receptors in white matter injuries remain 

unclear. Another major challenge for exploring the role of these receptors in white matter 

injuries is that OPCs and neurons express a similar complement of AMPA and NMDA 

receptor subunits, which has complicated the interpretation of pharmacological 

manipulations and global genetic deletion approaches. To define the cell autonomous 

role of AMPA and NMDA receptor-mediated Ca2+ signaling in oligodendroglia, I 

abolished the Ca2+ influx through glutamate receptors using two different genetic 
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approaches, and examined their impacts on oligodendrocyte development, injury-

induced cell death, and regeneration. First, I employed a new mouse line which allows 

overexpression of GluA2, the Ca2+-impermeable AMPA receptor subunit, in a Cre 

activity-dependent manner. After crossing these mice with OPC- or oligodendrocyte-

lineage-specific Cre mice, I applied hypoxic-ischemic injury to these multiple transgenic 

mice. Surprisingly, even though AMPA receptor-mediated Ca2+ influx was blocked in 

OPCs, oligodendrogenesis or myelin integrity was not affected. However, GluA2 

overexpression significantly promoted oligodendrocyte regeneration and OPC 

proliferation after injury, while the same manipulation in oligodendrocytes did not protect 

them from the initial cell loss. Moreover, GluA2 overexpression also stimulated 

transcriptional activities linked to myelinogenesis, even without injury. Second, I used 

conditional knockout mice for Grin1, the gene encoding an essential subunit of NMDA 

receptor complexes. As with GluA2 overexpressing mice, the removal of NMDA 

receptors from OPCs or all oligodendroglia did not significantly change normal 

oligodendrocyte development. However, the ablation of NMDA receptor in OPCs 

exacerbated oligodendrocyte loss by impairing new oligodendrogenesis in hypoxic-

ischemic injury. These results suggest that neither AMPA receptors nor NMDA receptors 

mediate glutamate excitotoxicity in oligodendrocytes in neonatal hypoxic-ischemic injury. 

Instead, these receptors play distinct roles in post-injury oligodendrocyte development: 

AMPA receptor-mediated Ca2+ suppresses oligodendrocyte regeneration, and NMDA 

receptor signaling supports oligodendrocyte regeneration after injury.   
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CHAPTER 1 

INTRODUCTION 
 

 
1.1    Overview of Oligodendroglia 

 

a.  Oligodendrocytes 

Oligodendrocytes (OLs), a major glial population in the central nervous system 

(CNS), were first described and named by Pío del Río Hortega in 1921 (Boullerne, 2016; 

Perez-Cerda et al., 2015). Due to the limits of metallic impregnation techniques that had 

been used for CNS cell staining in the early 1900s, OL could be identified only after the 

use of the silver carbonate impregnation method that was later developed by Hortega. 

He also suggested that OLs form myelin sheaths around axons in a similar manner to 

Schwann cells in the periphery, which was later confirmed by Bunge et al. (1962) with a 

technical advancement of electron microscopy (EM). (Bunge et al., 1962) 

Myelin sheaths provide the structural basis for saltatory conduction by restricting 

action potentials to short unmyelinated portions of axons, so-called nodes of Ranvier, 

and hence, allow the signal to hop from node to node (Nave, 2010). Thus, OLs allow 

rapid conduction of action potentials, and without it, sensory, motor, and cognitive 

functions cannot be executed appropriately. Had myelin not evolved, neurons would 

spend an enormous amount of energy in maintaining sodium and potassium ion 

gradients along the axons, and therefore, would be unable to meet the demands of a 

higher order nervous system (Hartline and Colman, 2007). In addition to their critical 

roles in rapid axonal  conduction, OLs provide metabolic support to the axon in form of 

energy substrates (Funfschilling et al., 2012; Lee et al., 2012; Saab et al., 2016), and 

contribute to extracellular potassium homeostasis in white matter (Larson et al., 2018). 
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In human, OL development begins from mid-gestation (Jakovcevski et al., 2009). 

According to a study with the radiocarbon dating, most of the oligodendrogenesis 

complete at five years of age, but myelin continues to grow and culminates at 17 years 

of age in the corpus callosum (CC), a highly myelinated white matter tract (Yeung et al., 

2014). 

 

b.         Oligodendrocytes progenitor cells 

During development, subsets of neural stem cells committed to OL-lineage 

generate ‘OL progenitor cells (OPCs)’ in the ventricular zone of the brain and spinal cord 

(Michalski and Kothary, 2015). Glial cells that can be differentiated into OLs in vitro were 

isolated, and first characterized by Raff et al. (Raff et al., 1983). OPCs migrate into other 

CNS areas from the ventricular zone, and at birth, these cells are widespread in the 

brain and spinal cord. OPCs are also referred to as ‘NG2 cells’ following the name of the 

chondroitin sulfate proteoglycan expressed on their cell surface (Wilson et al., 1981). 

Likely when axonal signals are given, OPCs undergo rapid morphological 

changes, first differentiating into immature premyelinating OLs (pre-OLs), and finally 

mature into myelinating OLs (Fig. 1-1). While some of the OPCs differentiate, neighbor 

OPCs proliferate, and thus, the densities of OPCs are maintained in a homeostatic 

fashion (Birey and Aguirre, 2015; Hughes et al., 2013).  In the adult brain and spinal 

cord, OPCs persist as the largest population of dividing cells throughout life (Dawson et 

al., 2003; Hughes et al., 2013). 

Whether adult OPCs merely serve as a reservoir for the replacement of OLs in 

the event of OL loss, or if they actively contribute to the other aspects of CNS functioning 

remains unclear. Notably, there is a report that partial ablation of OPCs in adult 

prefrontal cortex (CTX) impaired excitatory glutamatergic transmission and astrocytic 

glutamate uptake, and induced depressive-like behavior in mice (Birey et al., 2015). 
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Further investigations are needed to determine whether there are, and if any, what roles 

OPCs play other than being neural cell progenitors.  

 

c.        Neuronal activity-dependent regulation of oligodendrogenesis and 

myelination 

OL development and myelination are regulated by diverse extracellular signaling 

molecules and bio-physical cues, such as trophic factors derived from neurons or 

astrocytes, cell adhesion proteins, and axon diameter (Mitew et al., 2014). Recently, 

neuronal activity has been proposed as an important mechanism that  modulates 

myelination as blocking neural activity has been shown to inhibit myelination, and 

enhancing neural activity has been shown to promote myelinogenesis (Demerens et al., 

1996). 

In human studies that used diffusion tensor imaging (DTI), the degree of 

myelination of appropriate brain regions coincides with the acquisition of respective skills 

(Fields, 2008; Mabbott et al., 2006; Nagy et al., 2004), such as expansion of vocabulary 

(Pujol et al., 2006), and executive decision making (Giedd, 2004; Liston et al., 2006). 

Furthermore, other studies have detected changes in white matter structure of 

individuals trained in complex sensorimotor tasks, such as playing piano, juggling and 

abacus use (Bengtsson et al., 2005; Hu et al., 2011; Scholz et al., 2009). These 

observations suggest that myelin modulation is not only an early event during 

development, but may also be an important factor in learning and neural plasticity. In line 

with this hypothesis, acquisition of a novel motor skills required new OL generation in 

mice (McKenzie et al., 2014; Xiao et al., 2013). Conversely, deprivation of neural activity 

by whisker removal reduced OL generation in somatosensory CTX (Hill et al., 2014). 

The discovery of synaptic contacts between axons and OPCs (Bergles et al., 2000; 

Kukley et al., 2007; Lin and Bergles, 2004; Lin et al., 2005; Ziskin et al., 2007) has drawn 
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attention in the myelin research field, as the axon-OPC synaptic transmission may serve 

as a putative mechanism of neuronal activity-dependent myelination (Fields, 2015).  

 

d.        Oligodendrocytes in CNS disorders 

Among glia, OLs are particularly vulnerable to injury. OL damage is observed in a 

wide range of CNS disorders, including leukodystrophies (Charzewska et al., 2016), 

hypoxic-ischemic (H/I) injury (Dewar et al., 2003; Liu et al., 2002; Ziemka-Nalecz et al., 

2018), traumatic brain and spinal cord injuries (Almad et al., 2011; Armstrong et al., 

2016), neurodegenerative diseases (Cai and Xiao, 2016; Ferraiuolo et al., 2016; Kang et 

al., 2013), and neuropsychiatric disorders (Cassoli et al., 2015). Widespread OL loss 

and sustained myelin damage likely aggravates neuronal dysfunction associated with 

the corresponding CNS injury or disease (Alizadeh et al., 2015; Pan and Chan, 2017). 

Conversely, enhanced OL regeneration assists in rapid restoration of neuronal 

functioning, and prevents further spread of tissue damage (Mei et al., 2016; Wang et al., 

2018). 

 

e.         Perinatal white matter injury and oligodendrocyte pathology 

Approximately, 10% of all births occur prematurely (i.e. before 37 weeks of 

gestation) (Glass et al., 2015). Owing to the improved neonatal care, more than 90% of 

the 15 million preterm infants born worldwide now survive beyond infancy (Glass et al., 

2015). Preterm infants are, however, extremely vulnerable to brain injury: 25-50% of 

them manifests broad spectrum of behavioral, cognitive, social and visual deficits, and 5-

10% of them develop cerebral palsy (CP), a more serve disability (Back and Rosenberg, 

2014; Glass et al., 2015).  

White matter injury is recognized as the major brain injury found in the survivors 

of preterm birth (Back and Rosenberg, 2014; Volpe, 2009), and OLs are a major cellular 
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target of injury (Deng, 2010). Because the crucial processes of WM development, 

including OPC to OL lineage transition, begin between 23-32 weeks postconceptional 

age (van Tilborg et al., 2018), the white matter may be particularly vulnerable to this 

injury. Among white matter injuries, periventricular leukomalacia (PVL) is one of the most 

severe forms of injury, which is caused by a lack of oxygen or blow flow to the 

periventricular area of the brain. PVL is characterized by a focal necrotic lesion that is 

surrounded by diffuse injury to the white matter, and hypomyelination (Deng et al., 

2008). Unfortunately, no specific therapy exists for this form of brain injury, partly 

because the molecular mechanisms underlying OL loss are not well understood.  

The etiology of perinatal white matter injury is likely multifactorial: Hypoxia and 

ischemia, infection and/or inflammation are considered as likely mediators of initial cell 

loss (Back and Rosenberg, 2014). Due to underdeveloped lungs and hearts and poor 

vascularization, premature infants are particularly vulnerable to hypoxia and ischemia. 

Although the immediate impact of hypoxia/ischemia is dysregulation of ionic 

homeostasis, this process is completely reversible. However, for neurons, the initial ionic 

imbalance leads to reversal of glutamate transporters, which promote the accumulation 

of glutamate in the synapses, dictating irreversible injury (Choi, 1988; Larm et al., 1997; 

Rothman et al., 1987). It was shown that extracellular glutamate levels remain high for at 

least several hours after injury (Benveniste et al., 1984; Davalos et al., 1997; Doyle et 

al., 2018; Godino Mdel et al., 2013; Wahl et al., 1994), leading to the persistent 

stimulation of AMPARs and NMDARs in the brain (Rossi et al., 2000). Overactivation of 

glutamate receptors results in Ca2+ overload, which subsequently leads to generation of 

free radicals, activation of proteases, mitochondrial membrane permeability transition, 

and eventual cell death (Dong et al., 2009). Glutamate excitotoxicity has also been 

considered as a major mechanism driving OL loss in neonatal H/I injury (Follett et al., 
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2000; Karadottir et al., 2005; McDonald et al., 1998; Micu et al., 2006; Salter and Fern, 

2005). 

 
1.2 Glutamate receptors in oligodendroglia 

 

a.         Ionotropic glutamate receptors 

Glutamate is the principal excitatory neurotransmitter in the CNS, and act 

through two classes of glutamate receptors: ionotropic and metabotropic receptors. 

Ionotropic glutamate receptors are further divided into three subtypes on the basis of 

their ligand binding properties and sequence similarity: N-methyl-D-aspartate (NMDA), 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionicacid (AMPA), and kainate receptors 

(Niciu et al., 2012). AMPA and NMDA receptors (AMPARs and NMDARs) have been 

most extensively studied, and their relevance in oligodendroglial injury and regeneration 

is the focus of this dissertation.  

AMPARs are heteromeric tetramers, and composed of four subunits, GluA1 – 

GluA4. AMPARs are non-selective cation channels, permeable to Ca2+, Na+ and K+, but 

GluA2-containing AMPARs are impermeable to Ca2+ (Hollmann et al., 1991; Hume et al., 

1991). NMDARs are also formed as tetrameric receptor complexes, and exist as a 

diverse array of subtypes formed by seven subunits (GluN1, GluN2A-D, and GluN3A-B). 

Importantly, GluN1 is the obligatory subunit in all functional NMDARs (Forrest et al., 

1994). Notably, the gating of NMDARs is contingent upon the release from a voltage-

dependent Mg2+ block, and thus, NMDAR activation requires a sufficiently strong 

depolarization.  NMDARs are highly permeable to Ca2+ in addition to Na+, which enables 

them to transduce specific synaptic inputs into long-lasting alterations in synaptic 

strength. Therefore, NMDARs are the predominant source of synaptically evoked Ca2+ 

influx (Blanke and VanDongen, 2009). 
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b.         Expression of AMPA and NMDA receptors in oligodendroglia 

Glutamate-activated currents were first observed in cultured and acutely isolated 

OPCs two decades ago, and as these were blocked by CNQX, an AMPAR (or kainate 

receptor) antagonist. This observation indicated the presence of AMPA/kainate 

receptors in these cells (Barres et al., 1990; Gallo et al., 1989). Since then, recordings of 

AMPAR-mediated synaptic transmission (Bergles et al., 2000; De Biase et al., 2010; Ge 

et al., 2006; Kukley et al., 2007; Patneau et al., 1994; Ziskin et al., 2007) in different 

brain regions, and the detection of mRNAs of AMPAR subunit genes (GluA2, GluA3, and 

GluA4) (Patneau et al., 1994) have further confirmed functional expression of AMPARs 

in OPCs. Although GluA2 appears to be the most highly expressed subunit in OPCs 

(Fig. 1-2A), it has been shown that OPCs also express Ca2+-permeable AMPARs (Fig. 1-

2A), and exhibit higher Ca2+ permeability than most neurons (Bergles et al., 2000; Ge et 

al., 2006; Holzwarth et al., 1994; Zhang et al., 2014; Ziskin et al., 2007). Immature pre-

OLs and OLs also express AMPARs (De Biase et al., 2010; Karadottir et al., 2005; 

Matute et al., 1997; Salter and Fern, 2005; Sanchez-Gomez and Matute, 1999), but the 

expression levels and synaptic connectivity significantly decrease as OPCs differentiate 

(Fig. 1-2A) (De Biase et al., 2010; Zhang et al., 2014). 

Expression of various NMDAR subunits, including GluN1, have been detected at 

both transcriptional and translational levels (Fig. 1-2B) (Li et al., 2013; Micu et al., 2006; 

Salter and Fern, 2005; Zhang et al., 2014). NMDAR currents were also recorded (De 

Biase et al., 2010; Karadottir et al., 2005; Wang et al., 1996) in OPCs (De Biase et al., 

2010; Karadottir et al., 2005; Spitzer et al., 2019; Wang et al., 1996) and OLs (De Biase 

et al., 2010; Karadottir et al., 2005). The most highly-expressed subunits in OPCs are 

GluN3A, GluN1, and at a lower level, GluN2C and GluN2D (Fig. 1-2B) (Zhang et al., 

2014). NMDARs containing GluN3A, GluN2C, and GluN2D are known to have reduced 
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sensitivity to Mg2+ block (Kuner and Schoepfer, 1996; Sasaki et al., 2002), and 

consistent with these observations, NMDARs in OPCs have been shown to be less 

sensitive to extracellular Mg2+ than those in neurons (Karadottir et al., 2005; Ziskin et al., 

2007). The expression levels of NMDARs in OPCs are much lower than that of AMPARs 

in OPCs (De Biase et al., 2011) and that of NMDARs in neurons (Fig. 1-2B) (Zhang et 

al., 2014), and only a subset of OPCs (60% to 80%) exhibit NMDAR currents in the 

developing CNS (Spitzer et al., 2019; Ziskin et al., 2007). Similar to AMPARs, the mRNA 

expression levels of NMDAR subunits and NMDAR-mediated synaptic currents are 

downregulated as OPCs differentiate into pre-OLs and OLs (Fig. 1-2B) (De Biase et al., 

2010; Zhang et al., 2014). 

 

c.         Glutamate signaling in oligodendrocyte development 

Glutamate signaling regulates both embryonic and adult neurogenesis by 

modulating migration, survival, and differentiation of neuronal progenitors (Lujan et al., 

2005; Schlett, 2006). The expression of NMDARs and AMPARs in OPCs has raised the 

question of whether glutamate signaling regulates OPC proliferation, migration, and 

differentiation into myelinating OLs. However, the exact role of AMPARs and NMDARs 

in OL development remains unclear, due to an inconsistency in evidenced obtained from 

in vitro and in vivo reports (Table 1-1). Glutamatergic synapses between axons and 

OPCs are widely observed in both gray matter and white matter (Bergles et al., 2000; 

Kukley et al., 2007; Ziskin et al., 2007). In vitro studies with AMPAR inhibitors suggest 

that AMPAR signaling regulates the morphological maturation (Fannon et al., 2015), 

migration (Gudz et al., 2006), differentiation (Fannon et al., 2015; Gallo et al., 1996; 

Yuan et al., 1998) of OPCs, and at later stages, the myelin maturation (Fannon et al., 

2015). Recently, a study reported that OL-lineage specific conditional genetic deletion of 

key AMPAR subunits from early development resulted in hypomyelination 
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(Kougioumtzidou et al., 2017), suggesting a positive role of AMPAR signaling in OL 

survival and/or maturation.  

Although substantial evidence has suggested the expression of NMDARs in 

OL-lineage cells, their physiological function in OL development remains elusive 

(Table 1-1). In vitro studies suggested that NMDAR signaling plays role in OPCs 

migration (Xiao et al., 2013) and differentiation (Li et al., 2013). In particular, Wake et al. 

(2011) demonstrated that NMDAR signaling promotes activity-dependent myelination in 

neuron-glia co-culture. However, genetic deletion of GluN1, the essential NMDAR 

subunit for functional receptor complex formation, from OL-lineage cells in vivo either 

had no effect on oligodendrogenesis (De Biase et al., 2011; Guo et al., 2012) or only 

transiently delayed early myelination (Saab et al., 2016). Interestingly, the loss of 

NMDARs from OL-lineage cells is accompanied by increased surface expression of 

Ca2+-permeable AMPARs (De Biase et al., 2011), suggesting that NMDAR signaling 

may regulate transport of AMPAR subunits to the membrane. GluN1 deletion also 

downregulated surface expression of glucose transporter 1 (GLUT1) in OLs (Saab et al., 

2016), and reduced glucose import in OLs. These results suggested that OLs regulate 

glucose import, and provide metabolic support to axons by using NMDAR activation as a 

gauge for axonal spiking activity. 

 

d.        Susceptibility of oligodendroglia to glutamate excitotoxicity 

Early studies indicated that the presence of glutamate receptors may set OLs as 

targets for excitotoxic injury similar to neurons (Choi, 1988; Larm et al., 1997; Rothman 

et al., 1987). Activation of AMPARs with application of glutamate or AMPA induces OL 

toxicity in vitro (Alberdi et al., 2002; Matute et al., 1997; McDonald et al., 1998; Sanchez-

Gomez and Matute, 1999) and in vivo (McDonald et al., 1998). The high vulnerability of 

OLs to glutamate and AMPA, raised the possibility that a similar mechanism might be at 
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play in H/I conditions which lead to the accumulation of extracellular glutamate to 

pathological levels. Transient oxygen and glucose deprivation (OGD), an in vitro 

experimental model of ischemia, causes OL death which was attenuated by NBQX, an 

AMPAR antagonist (McDonald et al., 1998; Salter and Fern, 2005; Tekkok and 

Goldberg, 2001). Furthermore, systemic administration of NBQX attenuated OL and 

myelin loss, and decreased motor deficits in a rodent model of PVL, a neonatal H/I injury 

(Follett et al., 2004; Follett et al., 2000; McCarran and Goldberg, 2007).  

Pathologically prolonged activation of AMPARs can result in OL death through 

several downstream mechanisms. Although AMPARs are permeable to both Ca2+ and 

Na+, Ca2+ entry is considered to be the major determinant of OL vulnerability to 

excitotoxic injury. NBQX completely blocked ischemia-induced Ca2+ rise in OL soma 

(Salter and Fern, 2005), which suggested that AMPARs are the primary source of 

excessive Ca2+ influx in OL soma after ischemia in OLs. Furthermore, removal of 

extracellular Ca2+ reduced OL death that was caused by OGD (Tekkok and Goldberg, 

2001) or prolonged AMPAR activation (Alberdi et al., 2002; Matute et al., 1997; 

Sanchez-Gomez and Matute, 1999). It was shown that excessive Ca2+ entry through 

AMPARs in cultured OLs leads to mitochondrial depolarization, an increase in ROS, 

activation of calpain and pro-apoptotic factors, including Bax and caspase-3, eventually 

leading to cell death (Liu et al., 2002; Sanchez-Gomez et al., 2003; Sanchez-Gomez et 

al., 2011). Alternatively, AMPAR-mediated Ca2+ overload induces Zn2+ mobilization 

leading to cytosolic accumulation of Zn2+ and OL death in a poly [ADP]-ribose 

polymerase 1 (PARP-1)-dependent manner (Domercq et al., 2013; Mato et al., 2013).  

Similar to AMPARs, early studies have suggested role of NMDAR-mediated Ca2+ 

influx in H/I injury-induced damage to OL and OPCs in H/I injury. NMDAR antagonists 

abolished ischemia-induced Ca2+ rise in OL processes (Micu et al., 2006), and reduced 
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myelin damage during OGD (Karadottir et al., 2005; Micu et al., 2006; Salter and Fern, 

2005) and in neonatal H/I injury (Manning et al., 2008).  

Although several studies have demonstrated the detrimental impact of AMPAR 

and NMDAR over-activation on OLs during ischemia, there are some inconsistencies in 

the available evidence (Table 1-2). A recent study reported that ischemia-induced Ca2+ 

rise in OL soma and myelin processes in optic nerve was not mediated by AMPARs or 

NMDARs, but instead, attributed the Ca2+ rise to the transient receptor potential A1 

(TRPA1) channels. (Hamilton et al., 2016). Furthermore, unlike in neurons, in purified OL 

culture, AMPA application is toxic only at a high concentration, and by co-application 

with cyclothiazide (CTZ), an AMPAR desensitization inhibitor (Alberdi et al., 2002; 

Matute et al., 1997; Sanchez-Gomez and Matute, 1999). Purified human OLs are 

resistant to excitotoxicity induced by high and sustained levels of AMPA, even in the 

presence of CTZ (Wosik et al., 2004). Similar to AMPA treatment, application of NMDA 

alone also does not induce cell death in primary OL culture (Sanchez-Gomez and 

Matute, 1999).  NMDAR antagonist did not protect against the OGD-induced loss of 

OPCs in primary culture (Deng et al., 2003), or immature (O4+ and O1+) and mature OLs 

(CC1+) in acute brain slices (McCarran and Goldberg, 2007).  

One possible explanation of these inconsistencies is that the abnormal activation 

of glutamate receptors expressed on neighbor neurons or other glia may indirectly affect 

OL survival in the CNS tissue whose context is not precisely recapitulated by dissociated 

cell culture preparation. Neurons express NMDARs and AMPARs at much higher levels 

than oligodendroglia (Zhang et al., 2014), and are likely to be the prime target of 

glutamate excitotoxicity (Benveniste et al., 1988; Choi et al., 1987; Greenwood and 

Connolly, 2007; Leibowitz et al., 2012; Paschen, 1996). Thus, it is conceivable that 

enhanced neuronal survival and axonal integrity by the glutamate receptor antagonists in 

neonatal H/I injury contributes to improved OL preservation in vivo, since OLs survival 
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and myelination during development depends on axonal cues (Barres et al., 1992; 

Barres and Raff, 1999; Piaton et al., 2010; Trapp et al., 1997). White matter axons can 

also respond to AMPAR agonists, and prolonged stimulation of these receptors can lead 

to axonal damage (Fowler et al., 2003; Hosie et al., 2012; Matute, 1998; Ouardouz et al., 

2009a; Ouardouz et al., 2009b; Ouardouz et al., 2006). Furthermore, there is mounting 

evidence that AMPAR activation in cultured microglia can trigger the release of IGF-1, 

ATP and TNF-α, upregulate cFOS expression, and promote microglial chemotaxis 

(Beppu et al., 2013; Murugan et al., 2013; Noda, 2016).  Astrocytes also express 

NMDARs and AMPARs (Dzamba et al., 2013; Jimenez-Blasco et al., 2015; Kirchhoff, 

2017; Molders et al., 2018), and are damaged by glutamate application in an in vitro 

model of spinal dorsal columns (Li and Stys, 2000). Hence, to validate the contribution of 

NMDARs and AMPARs in H/I OL injury, the receptors need to be manipulated cell type 

specifically in vivo. 

 

e.         Glutamate signaling in oligodendrocyte regeneration 

Remyelination is a spontaneous regenerative process, and is essential for 

functional recovery in demyelinating conditions, such as multiple sclerosis (MS) and 

spinal cord injury. Remyelination after a demyelinating injury is ensured by tissue-

resident parenchymal OPCs as well as the OPCs migrating from sub-ependymal zone 

(Tripathi et al., 2010; Xing et al., 2014; Zawadzka et al., 2010). OPCs recruited to the 

demyelinated lesion can form de novo glutamatergic synapses with the demyelinated 

axons in white matter (Etxeberria et al., 2010; Gautier et al., 2015). In active MS lesions 

(many of which undergo remyelination), the expression of synaptic proteins is 

significantly increased compared to the adjacent normal appearing white matter, further 

suggesting that regenerating OPCs form synapses with neurons (Gautier et al., 2015; 

Sahel et al., 2015). Interestingly, inhibition of neuronal activity and synaptic transmission 
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with TTX impaired remyelination following EtBr-induced demyelination (Gautier et al., 

2015).  At the site of demyelination, OPCs exhibit evoked excitatory postsynaptic 

currents (eEPSCs) and spontaneous EPSCs that were blocked by CNQX, 

AMPA/Kainate receptor antagonist. More specifically, blocking glutamatergic synaptic 

transmission by AMPAR antagonist at an early stage of remyelination prevent OPCs 

from fully differentiating into myelinating OLs (Gautier et al., 2015). These results raise 

the possibility that stimulation of AMPARs on OPC may be an therapeutic strategy in 

progressive stages of MS in which spontaneous myelination fails. 

OPCs can also sense neuronal activity via NMDARs during remyelination, and 

NMDAR signaling is required for efficient remyelination. NMDAR-mediated currents can 

be detected in OPCs in the second week of remyelination after Ethidium bromide (EtBr)-

induced focal demyelination of cerebellar axons (Gautier et al., 2015). Systemic 

administration of MK-801, an NMDAR antagonist, delayed remyelination of callosal 

axons in cuprizone model of demyelination, likely due to impaired lineage progression of 

OPCs to OLs (Li et al., 2013). Local infusion of MK-801 to demyelinated lesions also 

reduced the number of remyelinated axons and myelin thickness (Lundgaard et al., 

2013). However, the reports regarding the positive role of NMDARs in adult 

demyelinating disease are not completely in agreement with earlier findings, which have 

shown that, inhibiting NMDARs attenuated demyelination and clinical severity in 

Experimental autoimmune encephalomyelitis (EAE), the most commonly used model for 

MS (Basso et al., 2008; Bolton and Paul, 1997; Grasselli et al., 2013). Further 

complicating the interpretation of these results, the studies with OL-specific removal of 

NMDARs did not alter the clinical course or severity of EAE (Guo et al., 2012; Saab et 

al., 2016). These complex findings have highlighted the need for the OL-lineage-specific 

manipulation of ionotropic glutamate receptors to clarify their roles in OL regeneration 

and remyelination.  



 

14 
 

 

1.3       The rationale and specific aims of the present study 

Mounting evidence suggests that neuronal activity regulates oligodendrogenesis, 

and glutamate receptor signaling between axons and OPCs have been considered as a 

likely candidate. Several studies have also demonstrated an excitotoxic role of glutamate 

receptors in oligodendroglial injury particularly after H/I. However, supporting in vivo 

evidence has been limited to outcomes of systemic administrations of pharmacological 

agents, which are not cell-specific, and likely impact neurons and other glia as well. 

Moreover, it is not clear from their outcomes if ionotropic glutamate receptors should be 

stimulated to promote OL regeneration, or inhibited to reduce OL death in pathological 

conditions that often involve both OL loss and regeneration. Currently, glutamate 

excitotoxicity is considered to be the major mechanism responsible for OL loss after H/I. 

Furthermore, glutamate signaling between axons and OPCs have attracted a 

considerable attention as a putative mechanism for OL regeneration. Hence, to 

understand the clinical relevance of AMPARs and NMDARs in OL-lineage cells, the 

physiological and pathological functions of NMDAR and AMPAR-Ca2+ signaling should 

be identified in cell type- and lineage-specific manners in vivo. In my thesis studies, I 

used a newly developed mouse line that allows for (Q > R edited) GluA2 overexpression 

and, as a consequence, blocks Ca2+ entry through AMPARs in a cell-specific manner. 

Also, I employed Grin1 floxed mice (Fukushima et al., 2009) which, after crossing with 

cell type-specific Cre mice, allow for the deletion of GluN1, the obligatory subunit of 

NMDARs, by which NMDAR signaling is completely abolished in target cells. The 

functions of OPC-specific Ca2+ signaling mediated by two major ionotropic glutamate 

receptors were analyzed in normal OL development as well as in injury-induced OL loss 

and regeneration after H/I injury in neonatal mice.  

 

Two specific aims were set up as follows: 
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Specific Aim 1: Determine the role of Ca2+ influx through AMPARs in normal OL 

development, and in OL loss and regeneration after neonatal H/I brain injury. 

Specific Aim 2: Determine the role of OPC-specific NMDAR signaling in OL loss and 

regeneration after neonatal H/I brain injury.  
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Fig. 1-1 I Oligodendrocyte maturation: OL-lineage cells (oligodendroglia) can be 

divided into three different maturation stages: OPCs, pre-OLs and OLs. OPC-to-OL 

lineage transition is characterized by increasingly complex morphology, and expression 

of well-defined markers. All OPCs co-express NG2 proteoglycan and PDGFRα. OL 

express antigens to APC (CC1) in soma, and myelin-related proteins including myelin 

basic protein (MBP), proteolipid protein (PLP), 2’,3’-cyclic-nucleotide 3’-

phosphodiesterase (CNPase), myelin-associated glycoprotein (MAG), myelin 

oligodendrocyte glycoprotein (MOG), and myelin-associated oligodendrocyte basic 

protein (MOBP) in myelin sheaths. Currently, well-working markers are not available for 

the specific detection of pre-OLs in vivo. All OL-lineage cells commonly express two 

transcription factors, Olig2 and Sox10.  
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Fig. 1-2 I Expression of AMPA and NMDA receptors in oligodendrocyte lineage 

cells: Levels of AMPAR (A) and NMDAR (B) subunits expressed in OL-lineage cells and 

neurons according to RNA-sequencing results of Zhang et al. (2014). Neurons, OPCs, 

pre-OLs and OLs were acutely purified by immunopanning from mouse CTX at P7 (for 

neurons) or P17 (for OL-lineage cells). Two biological replicates for each cell type was 

obtained. 
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Table 1-1. Controversy over the role of ionotropic glutamate receptor signaling in 

oligodendrocyte development 

 

AP5, a selective antagonist of NMDA receptors; GYKI, a non-competitive antagonist of AMPA receptors;  

CNQX, a competitive antagonist of AMPA/kainate receptors; DNQX, a competitive antagonist of AMPA/ 

kainate receptors 
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Table 1-2. Controversy over the role of ionotropic glutamate receptor signaling in 

injury-induced oligodendrocyte death and post-injury regeneration 

MK801, a noncompetitive antagonist of the NMDA receptors; 7-CKA (7-Chlorokynurenic acid), a selective 

noncompetitive antagonist of the glycine site of the NMDA receptors; Memantine, a non-competitive 

antagonists of NMDA receptors; QNZ46, a NR2C/NR2D-selective non-competitive antagonist of NMDA 

receptors; NBQX, an AMPA receptor antagonist; Topiramate, Topiramate reduces AMPA-induced Ca2+ 

transients. 
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CHAPTER 2 

METHODS 
 

 

2.1      Mice 

The mice used in this study are listed in Table 2-1. Cspg4-CreER, Plp1-CreER, 

ROSA26-tdTomato, and ROSA26-EYFP mice were purchased from the Jackson 

Laboratory. Mobp-EGFP (generated by GENSAT) (Kang et al., 2013), Pdgfra-CreER 

(Kang et al., 2010), and Grin1f/f (Fukushima et al., 2009) mice were obtained from Dr. 

Dwight Bergles (Johns Hopkins University). Exons 19 and 20 of Grin1 gene is flanked 

with loxP sites in Grin1f/f mice.  ROSA26-Gria2 mice were generated by electroporation 

of mouse ES cells with an engineered construct containing ROSA26-CAG-loxP-stop-

loxP-EGFP-Gria2-WPRE, and via homologous recombination. The EGFP-Gria2 cDNA 

had been obtained from Dr. Richard Huganir (Johns Hopkins University). Sox10-CreER 

BAC mice were generated by a BAC modification method (Yang et al., 1997), and in the 

modified BAC, the CreERT2 cDNA and the rabbit beta-globin polyadenylation signal were 

inserted into the endogenous translation start site (ATG) of mouse Sox10. 

The genetic background of Cspg4-CreER; R26-tdTomato; R26-Gria2 Tg mice 

were C57BL/6, and other mice had mixed genomic backgrounds of B6SJL, C57BL/6, 

and 129. Both genders were used for experiments in an unbiased manner. All 

experiments were carried out in compliance with the animal protocols approved by the 

Institutional Animal Care and Committee (IACUC) at Temple University School of 

Medicine. 

 

2.2 Administration of 4-Hydroxytamoxifen and EdU 
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To induce Cre activity, (Z)-4-Hydroxytamoxifen (4HT, Sigma-Aldrich H7904) was 

used. 4HT was prepared as described before (Kang et al., 2010). Briefly, 4HT was 

dissolved in 100% ethanol (20 mg/ml) with bath sonication, and aliquots of 1 mg (in 50 

µl) were prepared, and kept at -80 °C until use. For each application, aliquots were 

emulsified in 250 µl of sunflower seed oil, and the ethanol was evaporated for 30 min 

using a vacuum centrifuge. The total 4HT dose and number of injections for each set of 

experiments are stated in the figure legends of each figure. For example, a single dose 

of 4HT (0.2 mg per injection) was injected to Cspg4-CreER; R26-tdTomato; R26-EGFP-

Gria2 mouse pups at P2 and P4 before H/I injury applied. For cell proliferation analysis, 

some mice were given a single injection of Ethynyl-2’-deoxyuridine (EdU; 10 mg/kg, one 

dose per day) at P8 and P9 for the sampling at P10, or three injections between P22 and 

P23 for the sampling at P24. 

 

2.3 Primary OPC culture 

OPC primary culture was prepared according to a method described by Chen et 

al. (2007). After P3 pups were decapitated, the cortices were isolated from the crania, 

chopped in small pieces with blade, and digested with papain and DNase I for 15 min at 

37 oC. Cells were further mechanically dissociated with gentle pipetting, and re-

suspended in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin. These mixed glial cells were plated on T75 flasks coated with 

poly-D-lysine (PDL), and maintained for 7 - 10 days. The T75 flasks were shaken (200 

rpm) for 1 h at 37 oC to remove microglial cells. After changing media, the flasks were 

shaken (200 rpm) overnight (18 – 20 h) at 37 oC to detach OPCs.  OPCs were obtained 

from the media by centrifugation, seeded onto PDL-coated coverslips (12  mm), and 

kept in the basal defined medium (BDM: DMEM, 4 mM L-glutamine, 1 mM sodium 

pyruvate, 0.1% BSA, 50 μg ml−1 Apo-transferrin, 5 μg ml−1 insulin, 30 nM sodium 
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selenite, 10 nM D-biotin and 10 nM hydrocortisone) containing 20 ng ml−1 PDGF-AA and 

20 ng ml−1 bFGF for additional 2 - 3 days.  

 

2.4 Calcium imaging 

Ca2+ imaging was performed in a collaboration with Dr. Jonathan Soboloff 

laboratory (Department of Medical Genetics and Molecular Biochemistry, Temple 

University). Cultured OPCs were loaded with Fura-2 acetoxymethyl ester (2 µM; 

Invitrogen) in cation-safe solution (107 mM NaCl, 7.2 mM KCl, 1.2 mM MgCl2, 11.5 mM 

glucose, 20 mM Hepes-NaOH, 1 mM CaCl2, pH 7.2) for 30 min at room temperature 

(RT). Cells were washed and incubated for an additional 30 min for complete de-

esterification of the dye. A Leica DMI 6000B fluorescence microscope controlled by 

SlideBook Software (Intelligent Imaging Innovations) was used to monitor intracellular 

Ca2+ levels, assessed by fluorescence emission at 505 nm while alternating excitation 

wavelengths between 340 and 380 nm. AMPAR-dependent Ca2+ responses in OPCs 

were induced by the addition of cyclothiazide (CTZ, 100 μM) and AMPA (20 μM). The 

peak values of CTZ-sensitized, AMPA-dependent Ca2+ responses minus peak values of 

AMPA alone-Ca2+ responses of all recorded cells were averaged for each coverslip, 

which was counted as one replicate.  

 

2.5 OPC isolation by immunopanning and surface staining of EGFP-GluA2 

OPCs were isolated from P10 pups with the immunopanning method described 

by Emery and Dugas (2013) (Emery and Dugas, 2013). In brief, one day before cells 

were collected, a 100 mm dish was coated with goat anti-rat IgG (Jackson Immuno 

Research) at 4 °C overnight, and then incubated with rat anti-CD140 (PDGFRα) 

antibodies (BD Biosciences) for 3 h at RT. The panning dish was rinsed with DPBS three 

times. Mouse cortices were digested with papain and DNase I, and cells were further 
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mechanically dissociated. After re-suspension, cells were placed and incubated on the 

panning dish for 45 min RT. Non-adherent cells were discarded, and the remaining cells 

(OPCs) were trypsinized, seeded onto PDL-coated coverslips, and kept in a BDM 

containing 20 ng ml−1 PDGF-AA and 20 ng ml−1 bFGF for 5 days. 

The OPCs on coverslips were fixed with 4% PFA for 20 min, and immunostained 

in the absence of Triton X-100 throughout entire staining procedures. OPCs were 

blocked with 10% normal donkey serum for 1 h at RT, and incubated with goat anti-GFP 

antibodies (1:500) and rabbit anti-Olig2 antibodies (1:500) at 4 oC overnight. After 

washing with PBS (for 5 min, three times), OPCs were incubated with secondary 

antibodies for 2 h at RT. Only after secondary antibody incubation, OPCs were exposed 

to 0.1% Triton X-100 solution containing DAPI for 20 min. As the experimental control, 

OPCs on a separate coverslip were permeabilized with 0.1% Triton X-100 from the 

blocking step, and subjected to the immunostaining for the detection of intracellular 

EGFP and Olig2. 

 

2.6  Hypoxic-ischemic injury to mouse neonates 

The mouse pups underwent a surgical procedure for permanent unilateral 

common carotid artery (CCA) ligation and subsequent exposure to hypoxia (Levine, 

1960; Rice et al., 1981) with minor modifications (Shen et al., 2012). After being 

anesthetized with isoflurane (4% for induction and 2.5% for maintenance), P7 pups were 

fixed on a surgical platform.  After midline incision of the skin was made in the upper 

anterior thorax region, the right CCA was identified with key anatomical landmarks. 

Fascia, the vagus nerve, and sympathetic ganglia were carefully moved away, and the 

CCA was isolated using a small hook, and cauterized with a fine tipped cauterizer (Fine 

Scientific Tools). After confirming lack of blood flow into the external and internal carotid 

artery, muscles and superficial fascia were gently moved back into the proper 
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anatomical position, and the incision was closed using 3M Vet-bond tissue adhesive. 

After recovery from anesthesia, the pups were returned to the dam for an additional 30 

min. The pups were then moved to a sealed hypoxia chamber infused with nitrogen to 

maintain the oxygen level at 6.0 % for 30 min at 35 °C, and then returned to the dam.  

 

2.7 Immunofluorescence and EdU detection                                               

Mice were anesthetized with sodium pentobarbital (70 mg/kg, i.p.), subjected to 

trans-cardiac perfusion with PBS, and 4% paraformaldehyde (PFA in 0.1M phosphate 

buffer, pH 7.4). Brains were removed from the skull and incubated in 4% PFA at 4 oC for 

an additional 5 h. Fixed brains were moved to and stored in 30% sucrose (in PBS) at 4 

oC for at least 36 h for cryoprotection until sectioning. Brain samples were frozen in 

O.C.T compound with dry ice, and sectioned at a thickness of 35 µm using a cryostat. 

Four or 5 free-floating brain sections were used for each set of immunostaining in a free-

floating manner: The sections were first permeabilized with 0.3% Triton X-100, and 

blocked with 5% normal donkey serum for 1 h at RT. The sections were then incubated 

with primary antibodies in the same blocking solution at 4 oC overnight. The primary 

antibodies used in this study, and the relevant information are described in Table 2-2. 

After brief washing with PBS (for 5 min, three times), the sections were incubated with 

secondary antibodies (raised in donkey) for 2 h at RT. The secondary antibodies used in 

this study were Alexa Fluor 488-, Cy3-, or Cy5- conjugated IgG against rat, rabbit, 

mouse, goat, chicken, or guinea pig (Jackson Immuno Research, 1:500). Nuclei were 

co-stained with DAPI. After brief washing (for 5 min, three times), the sections were 

mounted on slide glasses with ProLong antifade reagents (Thermo Fisher Scientific).  

For anti-APC (CC1) immunostaining, brain sections were pretreated with 5 mM 

citrate buffer (5 mM citric acid, 0.05% Tween 20, pH 6.0) at 95 oC for 90 s (for brain 

sections from P8 or P10 mice) or 5 min (for brain sections from P35 mice) before 
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permeabilization. For the detection of EGFP-GluA2 at P35 mice, brain sections were 

pretreated with 0.3% H2O2 for 30 min before permeabilization, and anti-EGFP signals 

were amplified using Tyramide Signal Amplification kit (PerkinElmer) according to the 

manufacturer’s instruction.  

For the detection of EdU, brains sections were treated with Alexa Fluor-647 

Click-iT reaction cocktail solution (Thermo Fisher Scientific) according to manufacturer’s 

instructions before blocking. For assessing the colocalization of EGFP and EdU, GFP 

immunostaining was performed prior to the incubation of the brain sections with EdU 

detection reagents.  

 

2.8 Image acquisition and analysis 

Widefield fluorescence images were collected with an epifluorescence 

microscope Axio-Imager M2 (Zeiss), and analyzed with Axiovision software (Zeiss), and 

if necessary, with image J (NIH). Confocal images were obtained with a laser scanning 

microscope TCS SP8 (Leica), and processed with LAS X software (Leica). CTX, CC and 

external capsule (EC) were analyzed with at least three brain sections per mouse. For 

H/I injured mice, the EC of both brain hemispheres were analyzed. 

 

2.9 Fluorescence assisted cell sorting (FACS)  

Entire cerebra were isolated from P7 or P15 pups, and chopped with blade into 

small pieces. The brain cells were manually dissociated using the Neural Dissociation Kit 

(Miltenyi Biotec) according to manufacturer’s instructions. After enzymatic digestion, the 

cells were mechanically dissociating with gentle pipetting, and suspended in HBSS. Cell 

suspension was applied over 40 µm cell strainer. Cells were re-suspended in 0.5 % FBS 

in HBSS.  EYFP+ cells were isolated from Pdgfra-CreER; R-YFP; ±Grin1f/f mice. 

tdTomato+EGFP– or tdTomato+EGFP+ cells were isolated from Cspg4-CreER; R26-
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tdTomato; R26-Gria2 mice. Cells were isolated with BD influx (BD Biosciences) at the 

Flow Core Facility of Temple University School of Medicine.  

 

2.10     Quantitative RT-PCR  

Total RNAs were extracted from the FACS-isolated cells with RNAeasy Plus 

Micro Kit (Qiagen). cDNAs were generated from these RNAs using SuperScript III First-

Strand Synthesis System (Thermo-Fisher). Quantitative PCR (qRT-PCR) was performed 

using SYBR Green PCR kit (Qiagen) and StepOnePlus Real-time PCR system (Applied 

Biosystems). The gene names and sequences of the primers used for qRT-PCR are 

shown in Table 2-3. 

 

2.11 Western blot analysis of myelin proteins 

Mice cortices were isolated, snap frozen in dry ice, and kept at -80 oC until use. 

The cortices were homogenized in Radioimmunoprecipitation assay (RIPA) buffer (50 

mM Tris pH 7.5, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40) 

supplemented with protease inhibitor cocktail (Thermo-Fisher). Five µg of protein lysate 

per each sample was mixed with an equal volume of 2X Laemmli Sample Buffer (Bio-

Rad), and resolved with a 12% Bis-Tris gel. Proteins were transferred to a PVDF 

membrane (EMD Millipore) by electrophoretic transfer method. The blot membranes 

were blocked in 5% skim milk for 1 h, and incubated with primary antibody for 1 h at RT. 

The primary antibodies used for western blotting in this study were described in Table 2-

2.  After washing the blot membrane with TBS-T (for 10 min, three times), the 

membranes were incubated with HRP-conjugated anti-rabbit or anti-mouse IgG 

(Jackson Immuno Research, 1:20,000) in 5% skim milk for 1 h at RT. After washing with 

TBS-T for 10 min (four times), the membranes were subjected to chemiluminescence 

reaction using an ECL kit (Supersignal West Dura, Thermo-Fisher), and signal detection 
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using X-ray film. Intensities of protein bands on X-ray films were quantified with Image J 

software. To perform sequential probing with different antibodies, membranes were 

stripped with stripping solution (2% SDS, 0.06 M Tris-HCl, pH 6.8, 0.8% 2-

mercaptoethanol) for 10 min at 55°C, and washed with TBS-T five times before re-

blocking. 

 

2.12 Electron microscopy  

Mice were deeply anesthetized with pentobarbital (100 m/kg, i.p) and perfused 

with PBS followed by 2.5% PFA, 2% glutaraldehyde (in 0.1 M phosphate buffer, pH 7.4). 

After brain isolation, samples were post-fixed for 18 h at 4˚C, transferred to 0.1 M 

phosphate buffer, and kept at 4˚C. To analyze myelin ultrastructure, ultrathin sections 

were obtained, and electron micrographs of myelinated fibers were taken by Dr. 

Masahiro Fukaya (Kitasato University, Japan). The EM images were analyzed with 

Image J (NIH) software for g-ratios (the ratio of inner axonal diameter to the total outer 

diameter) of individual myelinated axons.     

 

2.13 Statistical analysis 

Prism 5 (Graphpad) was used for graph drawing and statistical analyses of the 

data. Assuming the quantitative variables of this study are normally distributed, two 

tailed Student’s t-test, or One-way or Two-way ANOVA was used to test the statistical 

significance. Paired t-test was used to compare ipsilateral with contralateral sides, as 

well as EGFP– with EGFP+ cells of each mouse for their responses to H/I injury. 

Unpaired t-test was used to compare cellular responses in biologically independent 

groups (e.g., when control and GluA2 overexpressing cells were quantified from different 

mice). Two-way ANOVA with Bonferroni post-hoc analysis was used to assess new OL 

generation from P8 to P10 among control and GluA2-overexpressing cells. Bars and 
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error bars of a graph represent means and standard errors of the mean (s.e.m.), 

respectively. Unless otherwise stated, the sample size (i.e., n number) represents either 

number of coverslips or number of mice used for each experiment. 
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Table 2-1. Mice used in this study 
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Table 2-2. Primary antibodies used in this study 
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Table 2-3. Primers used for qRT-PCR in this study 
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CHAPTER 3 

 

CALCIUM INFLUX THROUGH AMPA RECEPTORS INHIBITS 

OLIGODENDROCYTE REGENERATION IN THE INJURED 

DEVELOPING BRAIN 
 

AMPAR-mediated glutamate excitotoxicity is thought to be a major mechanism of 

OL loss associated with CNS injury (Deng et al., 2003; McCarran and Goldberg, 2007; 

McDonald et al., 1998; Salter and Fern, 2005). Systemic administration of an AMPAR 

antagonist reduced OL loss in H/I injuries (Follett et al., 2000; McCarran and Goldberg, 

2007) and a MS-like condition (Pitt et al., 2000). However, AMPARs are also expressed 

in OPCs at higher levels than in OLs (De Biase et al., 2010; Zhang et al., 2014), and the 

presence of functional axon-OPC synapses (Bergles et al., 2000; Kukley et al., 2007; Lin 

et al., 2005; Ziskin et al., 2007) raises the possibility that AMPAR-mediated, axon-glia 

synaptic transmission is involved in the neuronal activity-dependent regulation of 

oligodendrogenesis (Fields, 2015; Spitzer et al., 2016). Supporting this view, recent 

studies have indicated AMPAR signaling positively regulates myelin maturation or OL 

survival during normal development (Fannon et al., 2015; Kougioumtzidou et al., 2017) 

and remyelination (Gautier et al., 2015). Hence, in CNS injuries that often involve both 

OL loss and remyelination, it remains unclear whether AMPARs predominantly play an 

excitotoxic or regenerative role.   

Although whether AMPAR activation in OPCs or immature OLs can generate 

action potentials remains a matter of debate (Bergles et al., 2000; Berret et al., 2017; De 

Biase et al., 2010; Karadottir et al., 2008; Kukley et al., 2010), it is highly conceivable 

that receptor-mediated Ca2+ influx triggers signaling events that lead to changes in the 

cell properties and behavior of CNS glia (Butt, 2006; Pende et al., 1994; Watanabe, 

2002). Indeed, it was recently shown that a specific type of Ca2+ transients controls 
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myelin sheath growth in zebra fish, which was also dependent on neuronal activity 

(Baraban et al., 2018; Krasnow et al., 2018). Thus, it is important to identify the specific 

roles of Ca2+ influx through AMPARs in order to understand collective functions of 

AMPAR signaling in OL development, injury and regeneration. 

 

3.1 A mouse system for selective blockade of calcium influx through AMPA 

receptors  

To investigate the role of Ca2+ influx through AMPARs in oligodendrogenesis 

during normal development and maturation of the CNS, as well as after brain injury, I 

used a new mouse line in which (Q > R) gene-edited GluA2, the Ca2+-impermeable 

AMPAR subunit (Hollmann et al., 1991), is overexpressed in a specific cell population. A 

loxP-flanked STOP (loxP-STOP-loxP or l-s-l) cassette and a subsequent cDNA encoding 

EGFP-fused to the N-terminus of GluA2 (EGFP-Gria2) were introduced to exon 1 of the 

ROSA26 locus with an upstream CAG promoter by homologous recombination (Fig. 3-

1A). This transgene construct is almost identical to that of ROSA26-CAG-(l-s-l)-

tdTomato (Ai14) (Madisen et al., 2010) except for sequences encoding tdTomato that 

have been replaced with the coding sequences for EGFP-GluA2. When these mice 

(hereafter called R26-Gria2 mice) are crossed to a Cre driver, it is anticipated that Cre-

active cells and their progeny will express EGFP-GluA2 under the control of the CAG 

promoter (Fig. 3-1A), and as a consequence, AMPAR-mediated Ca2+ entry will be 

abolished (Fig. 3-1B). 

 

3.2  Surface localization of GluA2 in OPCs  

To validate the GluA2 overexpression in OPC membranes, and its impact on 

AMPAR-dependent Ca2+ responses in OPCs, R26-Gria2 mice were bred with newly 

developed Sox10-CreER BAC transgenic (Tg) mice. With two injections of a small dose 
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of 4HT (0.2 mg s.c. per injection) between P0 and P2 (Fig. 3-2A), the Sox10-CreER; 

R26-Gria2 double Tg pups exhibited widespread EGFP expression at P10, which was 

restricted to PDGFRα+ OPCs and OL-lineage cells (Fig. 3-2B). After primary OPCs were 

isolated from these mice by immunopanning at P10, immunodetection of EGFP without 

cell membrane permeabilization demonstrated the extracellular surface expression of 

EGFP-GluA2 (Fig. 3-2C), indicating the correct targeting of EGFP-GluA2 into the OPC 

membrane. 

 

3.3  Selective blockade of calcium influx through AMPA receptors by GluA2 

overexpression  

 To validate the efficacy of GluA2 overexpression in blocking AMPAR-Ca2+ influx, 

Ca2+ imaging was performed in cultured OPCs obtained from P3 Sox10-CreER; R26-

Gria2 and R26-Gria (without Sox10-CreER) pups (Fig. 3-3A). Fura-2-loaded OPCs 

expressing R26-Gria2 were identified based upon EGFP expression (Fig 3-3B), and then 

sequentially exposed to AMPA alone (20 μM), after a brief wash, to cyclothiazide (CTZ, 

100 μM), and to CTZ + AMPA (Fig. 3-3C, D). The brief pre-incubation with CTZ, a potent 

AMPAR desensitizing inhibitor, allowed for more sensitive and selective measurement of 

AMPAR-mediated Ca2+ influx relative to non-specific AMPA-induced Ca2+ responses 

(e.g., kainate receptor-dependent Ca2+ responses) (Patneau et al., 1993). OPCs 

obtained from controls or EGFP– OPCs from Sox10-CreER; R26-Gria2 mice displayed a 

marked Ca2+ rise after CTZ + AMPA treatment (Fig. 3-3B - E). However, EGFP+ OPCs 

did not exhibit such elevation (Fig. 3-3 B - E). These results confirm that the elevated 

expression of GluA2 using R26-Gria2 mice effectively blocks AMPAR-mediated Ca2+ 

entry in OPCs, and that R26-Gria2 mice are a powerful tool for assessing the role of 

AMPAR-mediated Ca2+ signaling in a defined cell population.   
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3.4 Cell mosaic analysis of GluA2-overexpressing OPCs   

To trace the fate of OPCs overexpressing GluA2, R26-Gria2 mice were bred with 

Cspg4-CreER mice. The Cspg4-CreER; R26-Gria2 mice were further bred with R26-

tdTomato (Ai14) mice to independently label some OPCs with tdTomato. To label with 

EGFP and/or tdTomato in a mosaic fashion, only a single dose of 4HT (0.2 mg s.c.) was 

given to P3 Cspg4-CreER; R26-Gria2; R26-tdTomato triple Tg pups (Fig. 3-4A). Five 

days later (P3+5), OPCs expressed either tdTomato or EGFP (i.e., EGFP-GluA2) or both 

throughout the brain (Fig. 3-4B). In the CC, among fluorescence-labeled cells, 32.2 ± 

3.9% expressed tdTomato alone, 16.2 ± 1.0% expressed EGFP-GluA2 alone, and 51.6 

± 3.6% expressed both tdTomato and EGFP (n = 5 mice) (Fig. 3-4C). I observed a 

similar fractional labeling pattern in other brain areas (e.g., CTX) at P8 (data not shown) 

and in the CC at a later age (P15: tdTomato 32.1%, EGFP 19.1%, and both 48.9%), 

even though the labeled oligodendroglia at P15 include not only OPCs, but also newly 

formed OLs. These observations confirm that a small dose of 4HT administration into 

Cspg4-CreER; R26-Gria2; R26-tdTomato mice allows for mosaic identification of 

different fluorescence-labeled OPCs, and facilitates the analysis of differences in cell 

behavior of the two groups within the same brain. To rule out biases caused by 

tdTomato expression in assessing cellular activity, I compared tdTomato+ EGFP– cells 

(as the control) with tdTomato+ EGFP+ cells (the GluA2-expressing cells) throughout the 

following cell mosaic analyses. 
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3.5       OPC-specific GluA2 overexpression does not affect their differentiation 

Kougioumtzidou et al. (2017) have shown that genetic deletion of three major 

AMPAR subunits (Gria2 – 4) from OL-lineage cells results in lost AMPAR currents and 

reduced OLs in the adult brain. However, they did not specifically address the role of 

Ca2+ currents through AMPARs in OPCs. To better understand the significance of Ca2+-

permeability of AMPAR in OPC-to-OL differentiation, I examined the brains of 4HT-

administered Cspg4-CreER; R26-Gria2; R26-tdTomato mice at P15 (P3+12). The Cre-

loxP recombination of these mice leads to the expression of fluorescence reporter 

proteins under the constantly active CAG promoter, and the OPC-derived new 

premyelinating OLs (pre-OLs) and OLs continue to express the same fluorescent 

proteins. By immunostaining these brain sections with a mature OL marker (i.e., CC1) 

(Fig. 3-5A), I quantified the proportion of newly developed CC1+ OLs among control 

(tdTomato+ alone) and GluA2-overexpressing (tdTomato+ EGFP+) cells. The proportions 

of PDGFRα+ OPCs were similarly quantified (Fig. 3-5B). Surprisingly, percentages of 

newly developed OLs (Fig. 3-5C) and OPCs (Fig. 3-5D) among each of the two groups 

did not differ for the examined brain regions, the CTX, CC, and EC. These results 

indicate that the elevated GluA2 levels in OPCs and their progeny did not alter the rate 

of oligodendrogenesis.   

 

3.6 GluA2 overexpression does not alter OPC proliferation during development 

To determine whether AMPAR-mediated Ca2+ signaling regulates OPC 

proliferation, I injected multiple doses of 4HT and 5-ethynyl-2’-deoxyuridine (EdU; 10 

mg/kg per injection) into Cspg4-CreER; R26-Gria2 mice before sampling at P24 (Fig. 3-

6A). I analyzed the percentages of EdU-laden cells among non-EGFP-expressing 

PDGFRα+ OPCs (the control), and among EGFP+ PDGFRα+ OPCs (GluA2-

overexpressing OPCs) (Fig. 3-6B), but observed no difference between these two 
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groups (Fig. 3-6C). This indicates that cell-autonomous GluA2 overexpression did not 

change OPC proliferation during normal brain development, suggesting that AMPAR 

Ca2+ currents per se do not play critical roles in OPC proliferation and OL development.  

 

3.7 A genetic approach for widespread and prolonged overexpression of 

GluA2 in oligodendrocyte-lineage cells 

Because the use of Cspg4-CreER mice and a small dose of 4HT allows for gene 

recombination in a relatively small subset of OPCs, I injected multiples doses of 4HT (at 

P9, P11, and P13) into Sox10-CreER; R26-tdTomato (control) and Sox10-CreER; R26-

Gria2; R26-tdTomato mice (Fig. 3-7A). In response to the same doses of 4HT, Sox10-

CreER mice induced greater Cre activities in both oligodendrocytes and OPCs than 

Cspg4-CreER (Fig. 3-7B), as assessed by tdTomato+ oligodendrocytes (94.5% in CC 

and 90.4% in CTX of Sox10-CeER; R26-tdTomato; R26-Gria2 vs. 64.8% in CC and 

69.6% in CTX of Cspg4-CreER; R26-tdTomato; R26-Gria2 mice) and by the pattern of 

EGFP-GluA2 expression (Fig. 3-7C). Moreover, the lack of tdTomato expression in other 

cell types (Fig. 3-7D) confirmed that the Cre activity of Sox10-CreER mice is persistently 

restricted to OL-lineage cells in the CNS. 

 

3.8     Prolonged GluA2 overexpression in oligodendrocyte lineage does not 

change OL numbers 

Next, I examined the effects of GluA2 expression on long-term OL development 

and survival. In Sox10-CreER; R26-tdTomato; R26-Gria2 mice, a large number of OL-

lineage cells were labeled with both tdTomato and EGFP at P35 (Fig. 3-8A), and 75% of 

the tdTomato+ cells were also EGFP+ in the CTX (Fig. 3-8B). Despite GluA2 expression 

in most of the tdTomato-labeled cells, there was no significant difference in the density 

of total tdTomato+ (p = 0.25) and tdTomato+CC1+ cells (p = 0.97) (Fig. 3-8C, D) in the 
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CTX between Sox10-CreER; R26-tdTomato (control) and Sox10-CreER; R26-tdTomato; 

R26-Gria2 mice. The percentages of CC1+ OLs in each group were also similar (Fig. 3-

8E). Moreover, there was no apparent difference in immunoreactivity of fragmented 

caspase-3 (data not shown), suggesting no discernible change in long-term OL survival 

by GluA2 overexpression.  

 

3.9      Myelin development and maintenance were unaffected by GluA2 

overexpression 

To determine if GluA2 overexpressing OLs are able to myelinate effectively, I 

analyzed myelin structure with MBP immunohistochemistry. The immunostaining of MBP 

revealed no gross myelin defects (Fig. 3-9A). The western blot analysis of myelin 

proteins further showed that myelin protein levels were not altered after sustained 

increase of GluA2 expression in OL-lineage cells (Fig. 3-9B, C). Myelin ultrastructure 

appeared normal, and g-ratio remained unaltered in GluA2 overexpressing mice (Fig. 3-

9D - F). These results suggest that elevated GluA2 expression itself, and the 

consequent blockade of AMPAR-mediated Ca2+ influx into OL-lineage cells, does not 

change the course of OL development, survival or myelinogenesis.  

 

3.10 Hypoxic-ischemic injury induces a robust loss of mature oligodendrocytes 

Following CNS injury, pathologically elevated extracellular glutamate levels 

cause excess Ca2+ influx through AMPARs, leading to excitotoxic neuronal death (Choi, 

1988), and OLs are thought to be subject to the same mechanism (Deng et al., 2003; 

Salter and Fern, 2005). However, previous studies did not address the question of 

whether OLs’ susceptibility to excitotoxic injury in vivo is directly caused via Ca2+ influx 

through AMPARs expressed on OLs. Although these results suggest that Ca2+ influx 

through oligodendroglial AMPARs is not required for early OL development, it is unclear 
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if it plays regulatory roles in post-injury OL death and/or OL regeneration. To address 

this issue, I induced unilateral H/I injury to the brain of P7 mouse pups, using a surgical 

procedure described earlier (Shen et al., 2012) (Fig. 3-10A). When the brain was 

observed three days after H/I injury induction (P10, 3 dpi), there was marked 

astrogliosis, and a prominent reduction of OLs and MBP levels in the EC ipsilateral to 

the ligated artery (Fig. 3-10B - E), which is consistent with earlier observations (Shen et 

al., 2012). Some previous studies suggest that immature OLs (i.e., O4+ OPCs or pre-

OLs) are more vulnerable to H/I injury than OLs, because of the higher expression of 

Ca2+-permeable AMPARs in immature OLs compared to OLs (Deng et al., 2003; Liu et 

al., 2013; Volpe, 2001). Indeed, the transcriptional levels of AMPAR subunits (Zhang et 

al., 2014) and AMPAR-mediated synaptic connectivity (De Biase et al., 2010) are higher 

in OPCs than OLs, and sharply decline as OL-lineage cells mature. However, contrary to 

this prediction, H/I injury did not change PDGFRα+ OPC density at P10 (Supplementary 

Fig. 3-10F).  

 

3.11 Hypoxic-ischemic injury impairs cell lineage progression from pre-OL to 

oligodendrocyte in white matter 

To further define cell responses of OL-lineage to CNS injury according to their 

maturation stage, I gave unilateral H/I injuries (P7) to 4HT-administered (at P3) Cspg4-

CreER; R26-Gria2; R26-tdTomato mice, and first analyzed the OL-lineage cells labeled 

by tdTomato alone at 3dpi (P10). Except for tdTomato+ pericytes that were easily 

distinguishable by their morphology, all the tdTomato+ cells were Olig2+ in the EC (Fig. 

3-11A). Although pre-OLs could not be directly identified due to the lack of pre-OL-

specific markers, tdTomato-labeled pre-OLs could be indirectly quantified by subtracting 

the numbers of tdTomato+ PDGFRα+ OPCs and tdTomato+ CC1+ OLs from the total 

number of tdTomato-labeled cells. As expected from the results of H/I injured Mobp-
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EGFP mice, tdTomato+CC1+ OLs were reduced in the injured (ipsilateral) side, and the 

density of tdTomato+PDGFRα+ OPCs was unchanged (Fig. 3-11B). However, the density 

of pre-OLs (tdTomato+CC1– PDGFRα–) was significantly increased in the ipsilateral EC 

(Fig. 3-11B). Despite these differential changes at each cell stage, the number of total 

tdTomato+ cells did not differ between ipsilateral and contralateral ECs (Fig. 3-11C), 

resulting in an increase in the estimated proportion of pre-OLs and a decrease in that of 

OLs among tdTomato+ cells in the injured side (Fig. 3-11D).  

There were significant increases in the proportion of EdU+ cells among 

tdTomato+ cells in the ipsilateral side (Fig. 3-11E), but OPC density was not altered, 

suggesting that OPCs underwent enhanced cell division and increased differentiation 

into pre-OLs in the injured area. Therefore, the increase in post-injury accumulation of 

pre-OLs may be accounted for by an impaired lineage progression from pre-OL to OLs, 

while OPC proliferation and differentiation into pre-OLs are increased after injury.   

 

3.12 GluA2 overexpression promotes oligodendrocyte lineage progression in 

injured white matter 

Next, I examined differential behaviors of tdTomato+ cells and EGFP+tdTomato+ 

(GluA2-overexpressing) cells in the H/I-injured Cspg4-CreER; R26-tdTomato; R26-Gria2 

mice (Fig. 3-12A). As with the tdTomato+ control cells (See Fig. 3-11B, C), the number of 

GluA2 overexpressing OLs (tdTomato+EGFP+CC1+) were reduced by injury, but the total 

number of tdTomato+EGFP+ cells did not change in the injured EC at P10 (Fig. 3-12B,C).  

However, whereas the control (tdTomato+CC1+) OLs decreased by 32.9% compared to 

the contralateral side, the EGFP+tdTomato+CC1+ OLs decreased by only 14.1%. 

Consequently, the degree of OL loss was significantly less in EGFP-GluA2 expressing 

cells compared to controls (p = 0.009) (Fig. 3-12D). Moreover, unlike control pre-OLs 

(See Fig. 3-11B), tdTomato+EGFP+ pre-OLs did not increase after H/I (Fig. 3-12B). 
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Therefore, despite the absence of significant differences in injury-induced cell density 

changes (relative to the contralateral side) between the two groups of cells (Fig. 3-12E, 

F), the ratios of OL to pre-OL (OL/ pre-OL) was increased by GluA2-overexpression in 

all brain samples (p = 0.006, n = 7 mice) (Fig. 3-12G). Consequently, the proportion of 

OLs in tdTomato+ cells was increased (from 27.8% to 41.7%, p = 0.0097) by GluA2 

overexpression, whereas that of pre-OLs was significantly reduced (from 39.9% to 

24.7%, p = 0.019) in the injured side (Fig. 3-12H). In contrast, the proportions of OLs and 

pre-OLs were not changed by GluA2-overexpression in the contralateral side (Fig. 

3.12H). These results suggest that the increased GluA2 levels, and thus, the block of 

Ca2+ influx through AMPARs in OPCs or immature OLs, promotes cell-lineage 

progression from pre-OLs to OLs in H/I injured WM. 

 

3.13 GluA2 overexpression promotes regenerative OPC proliferation in injured 

white matter 

To determine whether the pre-OL to OL transition promoted by GluA2-

overexpression is accompanied by an increase in OPC proliferation, I analyzed EdU 

incorporation into tdTomato+ cells in the Cspg4-CreER; R26-Gria2; R26-tdTomato mice 

(Fig. 3-13A). For tdTomato+ control cells, although the percentage of EdU+ cells was 

higher in the injured relative to the contralateral side (See Fig. 3-11E), the actual density 

of EdU+ tdTomato+ cells was not significantly increased (p = 0.2) (Fig. 3-13B), possibly 

due to an increased death of tdTomato+ cells by the injury. However, the density of EdU+ 

tdTomato+EGFP+ cells was greatly enhanced in the ipsilateral side (Fig. 3-13B), and 

consequently, the percent increase in EdU labeling in the injured relative to the 

contralateral side became even greater in GluA2-overexpressing cells than in the control 

cells (an increase by 55% among tdTomato+EGFP+ cells vs. by 21% among tdTomato+ 

cells; p = 0.041) (Fig. 3-13C). These results suggest that upon injury, GluA2-
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overexpressing OPCs proliferate at a higher rate, differentiate into pre-OLs, and support 

the OL regeneration.  

 

3.14 GluA2 overexpression does not spare oligodendrocytes from injury-

induced initial cell loss 

Because the GluA2 overexpression was induced from OPCs at P3, the 

decreased loss (thus more sparing) of EGFP+ OLs at P10 could be an outcome of either 

increased OL regeneration from EGFP+ OPCs, or enhanced OL survival by GluA2-

overexpression after injury, or both. If AMPAR-mediated Ca2+ influx causes excitotoxic 

cell death of immature oligodendroglia as previously suggested (Deng et al., 2003; Liu et 

al., 2013), GluA2 overexpression may protect OPCs or immature OLs from the H/I-

induced cell stress.  

To determine whether GluA2-overexpression enhances survival of OPCs or pre-

OLs, I examined the injury-induced loss of OL-lineage cells one day after H/I (i.e., P8, 

one dpi, Fig. 3-14A).  Similar to P10, there was a significant reduction in CC1+ OL 

density in the injured EC (Fig. 3-14B), but the degree of reduction did not differ between 

the two groups (22.8% for control vs. 22.6% for EGFP-GluA2+) (Fig. 3-14C). 

Interestingly, unlike P10, at which pre-OLs increased after injury (See Fig. 3-11B), pre-

OLs were also significantly reduced by injury at P8 (Fig. 3-14D), but the degree of 

reduction was similar between the two groups (24.1% for control vs. 23.3% for EGFP-

GluA2+) (Fig. 3-14E). The OPC numbers in the ipsilateral side remained unaltered in 

both groups (Fig. 3-14F). These observations suggest that OL-lineage vulnerability to H/I 

injury was not directly correlated to levels of AMPAR expression in vivo. More 

importantly, the injury-induced changes in the proportion of OLs, pre-OLs and OPCs did 

not differ between the control and GluA2-overexpressing cells at this early stage (Fig. 3-

14G).  
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Further analysis of time–dependent changes in the proportion of each OL-lineage 

cells shows that the ratios of OLs/(pre-OLs + OPCs) increased from P8 to P10 in the 

uninjured contralateral side, regardless of GluA2 overexpression, indicating natural OL 

development. In contrast, in the ipsilateral side, the ratio OLs/(pre-OLs + OPCs) did not 

increase for tdTomato+EGFP– control cells (Fig. 3-14H), indicating that normal OL 

development was severely impaired by injury. However, the GluA2 overexpression 

resulted in a pronounced increase of this ratio (Fig. 3-14H). Therefore, the increased 

OL/pre-OL ratio at P10 should be ascribed to promoted OPC proliferation and OL 

differentiation, rather than to an improved survival of immature OLs. These results also 

indicate that GluA2 overexpression manifests its beneficial effects during the 

regenerative process, but does not spare OL-lineage cells at the initial stage of injury.  

 

3.15 GluA2 overexpression from mature oligodendrocytes does not prevent 

oligodendrocyte loss after injury 

To determine whether blocking AMPAR-mediated Ca2+ entry protects mature 

OLs from glutamate excitotoxicity, R26-Gria mice were bred with Plp1-CreER mice. 

GluA2 overexpression in OLs was induced by injecting 4HT (0.2 mg s.c. per injection, 

three doses) between P5 and P7, using Plp1-CreER; R26-EYFP mice as controls (Fig. 

3-15A). At P10, without H/I injury, more than 90% of the EYFP+ cells (in Plp1-CreER; 

R26-EYFP) and EGFP+ cells (in Plp1-CreER; R26-Gria2 mice) in EC were CC1+ OLs 

(data not shown). The density of GluA2-EGFP+ cells was higher than that of EYFP+ cells, 

which may reflect different target site effectiveness of the two loxP-containing 

transgenes (R26-EYFP vs. R26-Gria2) to a Cre (Madisen et al., 2010) (Fig 3-15B, C). 

Nonetheless, after injury, I could not observe any difference in OL loss between two 

groups (Fig. 3-15C, D).  This suggests that the H/I-induced OL death in the developing 

mouse brain is induced by mechanisms other than AMPAR-mediated excitotoxicity, and 
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additionally supports the conclusion that blocking AMPAR Ca2+ signaling facilitates OL 

(re)generation, rather than promoting OL survival.  

 

3.16 GluA2 overexpression in oligodendrocyte lineage enhances transcriptional 

activities related to myelination.  

To understand molecular changes in GluA2-overexpressing cells, tdTomato+ 

cells and tdTomato+EGFP+ cells were isolated by FACS from the brains of 4HT-

administered, uninjured Cspg4-CreER; R26-Gria2; R26-tdTomato mice at P15 (P3 + 12) 

(Fig. 3-16A, B). Using mRNAs obtained from these two groups of cells, I performed RT-

PCR for EGFP, and the presence of EGFP mRNAs only in tdTomato+EGFP+ cells 

confirmed the clear cell separation between the two groups (Fig. 3-16C). Results of qRT-

PCR also revealed that the EGFP+ cells had GluA2 mRNA levels three-fold that of the 

controls (Fig. 3-16D). Surprisingly, the GluA2-overexpressing OL-lineage cells also 

expressed significantly higher mRNA levels for Myrf (four-fold that of the control levels), 

the critical transcription factor of OL development, whereas those of Olig1, the OL-

lineage-specific transcription factor, were not altered (Fig. 3-16E). Moreover, three (Mbp, 

Cnp, Mag) of five tested myelin genes (Fig. 3-16F) as well as three (Cyp51, Hmgcs1, 

Ugt8a) of five tested genes involved in lipid biosynthesis (Fig. 3-16G) significantly 

increased. These unexpected results suggest that high levels of GluA2 expression, or 

the resultant blocking of Ca2+ entry through AMPARs in OL-lineage cells, stimulates a 

transcriptional program for OL maturation, although either alone is insufficient to 

enhance OL differentiation during normal CNS development, as shown by the results of 

OPC fate analysis (Fig. 3-5).  

To conclude, these findings revealed a novel role of Ca2+-impermeable GluA2 in 

regulating OL development after injury. GluA2 overexpression in OPCs or OLs neither 

changed the course of normal OL maturation nor protected OLs from initial loss after H/I 
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injury. However, it did significantly promote OL regeneration in the injured WM by 

facilitating the pre-OL-to-OL cell transition and enhancing OPC proliferation. 

Furthermore, GluA2 overexpression increased transcriptional activities associated with 

myelinogenesis even in the uninjured brain, although these changes were insufficient to 

promote OL maturation. These results reveal a subunit-specific, regulatory role of GluA2, 

and suggest that blockade of AMPAR- Ca2+ influx via increase of GluA2 levels benefits 

WM repair by promoting OL regeneration, but without affecting oligodendrogenesis in 

non-injured CNS areas.   
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Fig. 3-1 I A genetic approach to block calcium influx through AMPA receptors: A, 

Schematic diagram of the transgene placed on the Rosa26 locus for Cre-dependent 

GluA2 expression. B, Schematic illustration of the expected outcome after insertion of 

overexpressed EGFP-GluA2 into the cell membrane. Due to the Ca2+-impermeability of 

(Q > R edited) GluA2, its presence in the AMPARs blocks Ca2+ entry through AMPARs, 

regardless of subunit composition. A1 – A4 are GluA1 – GluA4, respectively.  
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Fig. 3-2 I Surface detection of GluA2 in OPCs: A, Schematic illustration of 

experiments to validate incorporation of EGFP-GluA2 in OPC membrane. Sox10-CreER; 

R26-Gria2 mice received two 4HT injections (0.2 mg s.c. per injection) between P1 and 

P2, and were sampled at P10 for immunohistochemistry or immunopanning and surface 

detection of EGFP. B-1, B-2, Widespread EGFP expression in the CTX. Fluorescence 

(B-1) and confocal images (B-2) of EGFP and PDGFRα. Yellow arrowheads indicate 

EGFP+PDGFRα+ OPCs; white arrowheads indicate EGFP+PDGFRα– pre-OLs. Scale 

bars: 100 µm (B-1) and 25 µm (B-2). C, Given the predicted topology of EGFP-GluA2, 

EGFP is expected to be expressed in the extracellular space. OPCs isolated by 
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immunopanning were immunostained for EGFP (visualized with Cy3) and Olig2 (by Cy5) 

with or without membrane permeabilization (using Triton X-100). For nuclear staining 

with DAPI, OPCs (right) were permeabilized only after secondary Ab incubation for 10 

min. White arrow indicates the failed immuno-detection of Olig2 in an OPC nucleus, 

which confirms the appropriate surface staining. Scale bars: 25 µm.    
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Fig. 3-3 I Selective blockade of calcium influx through AMPA receptors in OPCs by 

cell-specific GluA2 overexpression: A, Schematic illustration of an experiment to 

validate blockade of AMPAR-Ca2+ influx in OPCs by GluA2 overexpression. R26-Gria2 

and Sox10-CreER; R26-Gria2 mice received two 4HT injections (0.2 mg s.c. per 

injection) between P1 and P2, and were sacrificed at P3 for OPC culture and Ca2+ 

imaging. B, Fluorescence images of OPCs showing expressed EGFP (left) and CTZ-

AMPA-dependent Ca2+ responses (middle and right). After loading OPCs with fura-2AM, 
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changes in intracellular Ca2+ levels were assessed by fluorescence emission at 505 nm 

while alternating excitation wavelengths between 340 and 380 nm. Middle: cells before 

AMPA (20 µM) addition. Right: cells exposed to the combination of CTZ (100 µM) and 

AMPA. Lower panel: magnified view of the two cells (EGFP+ and EGFP– OPCs) in 

circled areas of the upper panel. Yellow arrowhead and white arrow indicate EGFP+ cells 

and EGFP– cells, respectively. Scale bar: 50 µm. C,D, Traces of Ca2+ responses of 

individual cells are shown as ratios of fluorescence collected after excitation at 340 and 

380 nm. Red bars and shaded blue regions represent the duration of AMPA and CTZ 

applications, respectively. Ca2+ responses of 17 cells obtained from a R26-Gria2 mouse 

(no Cre) on a coverslip (C). Ca2+ responses of eight EGFP+ cells from a Sox10-CreER; 

R26-Gria2 mouse (D). E, Percentages of CTZ-AMPA-dependent Ca2+ responses relative 

to the control group. The CTZ-AMPA-dependent Ca2+ response for each cell was taken 

as the peak response to CTZ-AMPA-combination minus the peak response to AMPA 

alone, and averaged over all cells for each coverslip (17 – 50 cells were used per 

coverslip for the control group, and 3 – 8 cells per coverslip for the EGFP-GluA2 group). 

n = 3 coverslips per group. Data are represented as mean + s.e.m. Unpaired Student’s t-

test. P = 0.0008, t4 = 9.19.  *** P < 0.001. 
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Fig. 3-4 I Mosaic analysis of GluA2-overexpressing and control OPCs in the same 

brain: A, Experimental timelines for 4HT injections and mice sampling. Cspg4-CreER; 

R26-tdTomato; R26-Gria2 triple Tg pups received a single 4HT injection (0.2 mg, s.c.) at 

P3, and were sampled either at P8 or P15. B, Left: fluorescence image showing 

widespread expression of tdTomato and EGFP in the brain of a 4HT-administered 

Cspg4-CreER; R26-tdTomato; R26-Gria2 mouse (P3+12). Right: confocal images of 

cells expressing tdTomato and/or EGFP-GluA2 in the EC at P10 (P3+7). Inset of the 

right panel shows two cells that express tdTomato alone (control), and both tdTomato 

and EGFP (+GluA2). Scale bars: 1 mm (left), 50 µm (right). C, Pie chart for cells that 

expressed tdTomato alone, EGFP alone, or both tdTomato and EGFP in the CC at P8 

(P3+5).     
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Fig. 3-5 I OPC-specific GluA2 overexpression does not affect their differentiation 

into oligodendrocytes: A, B, Confocal images of tdTomato+ CC1+ OLs (A) and 

tdTomato+ PDGFRα+ OPCs (B) with or without EGFP-GluA2 obtained from Cspg4-

CreER; R26-tdTomato; R26-Gria2 triple Tg pups (P3+12). White arrows indicate cells 

that express tdTomato alone (control), and yellow arrowheads indicate those that 

express both tdTomato and EGFP (+GluA2). Scale bar: 25 µm. C,D, Percentages of 

OLs (C) and OPCs (D) among tdTomato+ EGFP– cells (control) and among tdTomato+ 
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EGFP+ cells (+GluA2). Three different brain regions were examined: CTX, CC, and EC. 

Data are represented as mean + s.e.m.; n = 5 mice.  Paired Student’s t-test (control vs. 

+GluA2 group, CTX: P = 0.227, t4 = 1.426; CC: P = 0.498, t4 = 0.744; EC: P = 0.102; t4 = 

2.117 (C). CTX: P = 0.776; t4 = 0.304; CC: P = 0.957; t4 = 0.057; EC: P = 0.895, t4 = 

0.141 (D)).   
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Fig. 3-6 I OPC proliferation during development is not altered by GluA2 

overexpression: A, Experimental timelines for injections of 4HT and EdU, and mice 

sampling for cell proliferation assay. Cspg4-CreER; R26-Gria2 double Tg pups received 

4HT injections at P2, P4, P6, and P14, and three injections of EdU between P22 and 

P23, and were sampled at P24.  B-1, B-2, Confocal images of EdU+ PDGFRα+ OPCs. 

Panels in (B-2) are magnified views of the insets in (B-1). Scale bars: 25 µm (B-1) and 

10 µm (B-2). C, Percentage of EdU+ cells in EGFP-PDGFRα+ OPCs (control) and 

EGFP+PDGFRα+ OPCs (+GluA2). Paired Student’s t-test (control vs. +GluA2 group, 

CTX: P = 0.305, t3 = 1.235, n = 4 mice; CC: P = 0.613, t4 = 0.548, n = 5 mice).   
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Fig. 3-7 l Efficient and oligodendrocyte lineage-specific Cre activity in Sox10-

CreER BAC mice: A, Experimental timeline for the 4HT injections and mice sampling. 

Sox10-CreER (or Cspg4-CreER; R26-tdTomato); R26-Gria2 mice were each given three 

injections between P9 and P13 (0.2 mg s.c. per injection), and sampled at P35. B, 

Expression of tdTomato in the brain of Cspg4-CreER; R26-tdTomato mice (left) and 

Sox10-CreER; R26-tdTomato mice (middle) after administration of the same multiple 
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doses of 4HT. Right: Without 4HT, Sox10-CreER; R26-tdTomato mice do not express 

tdTomato, indicating that the Cre activities are tightly controlled by 4HT in Sox10-CreER 

mice. Scale bar: 500 µm.  C. Fluorescence images of the expressed EGFP-GluA2 in 

Cspg4-CreER; R26-Gria2 (left) and Sox10-CreER; R26-Gria2 (right) mice (P9+26). 

Scale bar: 200 µm. D, Confocal images of tdTomato and other cell type-specific markers 

(green) in the brain of Sox10-CreER; R26-tdTomato (P9+26) mice. Markers include: 

NG2 (OPCs), NeuN (neurons), Sox9 (astrocytes), GFAP (astrocytes) and glucose 

transporter T1 (GluT1, endothelial cells). Imaged cells are from CTX, except for Sox9 

and GFAP, which are from hippocampus (Hipp). Scale bar: 50 µm. 
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Fig. 3-8 I Prolonged oligodendrocyte lineage-specific GluA2 overexpression does 

not alter oligodendrocyte development: A, Fluorescence images showing widespread 

expression of tdTomato with or without EGFP-GluA2 in the Sox10-CreER; R26-

tdTomato mice (control) and Sox10-CreER; R26-tdTomato; R26-Gria2 (+GluA2) 

(P9+26). Scale bar: 200 µm. B, Confocal images indicating co-expression of tdTomato 

and EGFP in the CTX of a Sox10-CreER; R26-tdTomato; R26-Gria2 mouse. Scale bar: 

50 µm. C, Confocal images of cortical tdTomato+CC1+ OLs in control and GluA2-

overexpressing mice. Scale bar: 50 μm.  D, Densities of all tdTomato+ cells and 

tdTomato+CC1+ OLs in the CTX (control vs. +GluA2 group, total tdTomato+ cells:  P = 

0.246, t7 = 1.266; tdTomato+CC1+ OLs: P = 0.972, t7 = 0.0365). E, Percentage of CC1+ 

OLs among tdTomato+ cells in the control mice, and among tdTomato+EGFP+ cells in 

GluA2 overexpressing mice. The value of (tdTomato+CC1+ OLs)/ (tdTomato+ cells) X 100 

(%) in the controls was compared to that of (tdTomato+EGFP+CC1+ OLs)/ 
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(tdTomato+EGFP+ cells) X 100 (%) in GluA2 overexpressing mice (control vs. +GluA2 

group, P = 0.633, t7 = 0.5), n = 5 (control) and n = 4 (+GluA2) mice for (D,E). Data are 

represented as mean + s.e.m. Unpaired Student’s t-test. 
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Fig. 3-9 I Sustained GluA2 overexpression in oligodendrocyte lineage cells does 

not affect myelinogenesis: A, Fluorescence and confocal images of MBP in R26-Gria2 

(control) and Sox10-CreER; R26-Gria2 (+GluA2) (P9+26). Insets in upper panels 

correspond to confocal images (bottom) with an optical thickness of 7 μm. Scale bars: 

200 μm (up) and 50 μm (bottom).  B, Western blot analysis of myelin proteins (MBP, 

MOG, CNP, and MAG) in cortical lysates. n = 3 mice per group.  C, Western blot results 

shown in (B) were quantified by densitometry (control vs. +GluA2 group, MBP: P = 

0.877, t4 = 0.165; MAG: P = 0.337; t4 = 1.09; MOG: P = 0.611; t4 = 0.551. CNP: P = 

0.636, t4 = 0.511). D, Electron micrographs of the CC. Scale bar: 2 μm. E, Scatter plot of 

g-ratios. More than 150 myelinated axons per mouse were analyzed. F, Average g-ratio 

(control vs. +GluA2 group, CC: P = 0.880, t4 = 0.161; CTX: P = 0.570, t4 = 0.618), n = 3 

mice per group. To achieve EGFP-GluA2 expression at near maximal level, an 
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additional single dose of 4HT (1 mg i.p. per injection) was injected at P20 and P21 to 

mice used in (B-F). Data are represented as mean + s.e.m. Unpaired Student’s t-test for 

(C,F).   
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Fig. 3-10 I Hypoxic-ischemic brain injury results in astrogliosis and 

oligodendrocyte loss: A, Illustration of procedures to induce H/I brain injury in neonatal 

mice. B, Fluorescence images showing astrogliosis (top panels), and confocal images 

showing loss of OLs (middle panels) and MBP (bottom panels) in the injured side of the 

brain, ipsilateral to the ligated artery, at P10 (3 dpi). OLs were labeled with anti-CC1 or 

EGFP in Mobp-EGFP mouse injured by H/I.  Scale bars: 500 μm (up) and 50 μm 
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(bottom). C, Quantification of enhanced GFAP immunoreactivity in the Hipp and CTX of 

the injured hemisphere after H/I. (contralateral vs. ipsilateral side, Hipp: P = 0.0004, t5 = 

8.239; CTX: P = 0.038, t5 = 2.811, n = 5 mice for each group). D-F, Quantification of OL 

(based on CC1 or EGFP), MBP-labeled fluorescence and PDGFRα+ OPCs in EC. 

(contralateral vs. ipsilateral side, CC1+ OLs: P = 0.011, t2 = 9.518, n = 3 mice; EGFP+ 

OLs: P = 0.00004, t8 = 8.116, n = 9 mice; MBP intensity: P = 0.008, t5 = 4.265, n = 6 

mice; OPCs: P = 0.942, t8 = 0.076, n = 9 mice). Data are represented as mean + s.e.m. 

Paired Student's t-test.  * P < 0.05; ** P < 0.01; *** P < 0.001. 
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Fig. 3-11 I Hypoxic-ischemic brain injury results in oligodendrocyte loss, but 

increases OPC proliferation and pre-OL number: A-1,A-2, Confocal images of 

tdTomato and Olig2 in the H/I injured brain (at 3 dpi). Dotted lines indicate boundaries of 

the EC. Panels in (A-2) are magnified views of insets in (A-1). tdTomato+ pericytes 

identified based on their morphology were at low density in the EC; they were excluded 

from the analysis. Scale bars: 50 μm (middle) or 25 µm (bottom).  B, Densities of 

tdTomato (EGFP–)-expressing CC1+ OLs, pre-OLs, and PDGFRα+ OPCs in EC at 3 dpi 

(P10) (contralateral vs. ipsilateral side, OL: P = 0.0004, t10 = 5.21, n = 11 mice; pre-OL: 

P = 0.0172, t7 = 3.14, n = 8 mice; OPCs: P = 0.434, t8 = 0.824, n = 9 mice). C, Densities 

of total tdTomato (EGFP–)-expressing cells (contralateral vs. ipsilateral side, P = 0.461, 

t10 = 0.766, n = 11 mice).  D, The proportion of OLs, pre-OLs and OPCs among 

tdTomato+ EGFP– cells in EC (contralateral vs. ipsilateral side, OLs: P = 0.002, t7 = 

4.982; pre-OLs: P = 0.002, t7 = 4.8; OPCs: P = 0.235, t7 = 4.8. n = 8 mice). E, 
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Percentage of EdU+ cells among the total tdTomato+EGFP– cells (contralateral vs. 

ipsilateral side, P = 0.0082; t = 4.873, n = 5 mice).  Data are represented as mean + 

s.e.m. Paired Student’s t-test for (B–E). * P < 0.05; ** P < 0.01; *** P < 0.001. 
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Fig. 3-12 I GluA2 overexpression promotes pre-OL to oligodendrocyte cell 

maturation in the injured white matter: A, Schematic diagram of the mosaic analysis 

of tdTomato (with no EGFP)-expressing cells (the control, denoted by red dots) and 

EGFP-GluA2-expressing cells (+GluA2, denoted by green dots) in the injured EC 

(shaded) in Cspg4-CreER; R26-tdTomato; R26-Gria2 mice. Inset shows a confocal 

image of tdTomato and EGFP in the ipsilateral EC at P10.  B, Densities of CC1+ OLs, 

CC1– PDGFRα– pre-OLs, and PDGFRα+ OPCs that express both tdTomato and EGFP, 
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in EC at P10 (contralateral vs. ipsilateral side, OLs: P = 0.031, t10 = 2.508, n = 11 mice; 

pre-OLs: P = 0.436, t7 = 0.826, n = 8 mice; OPCs: P = 0.561, t8 = 0.606, n = 9 mice).  C, 

Densities of total tdTomato+EGFP+ cells (contralateral vs. ipsilateral side, P = 0.552, t10 = 

0.616, n = 11 mice).  D-F, Percentages of labeled CC1+ OLs (D), CC1– PDGFRα– pre-

OLs (E), and PDGFRα+ OPCs (F) in the EC of the ipsilateral (injured) side relative to the 

contralateral side (control vs. +GluA2 group,  OLs: P = 0.009, t10 = 3.254 , n = 11 mice 

(D); pre-OLs: P = 0.107, t7 = 1.847, n = 8 mice (E); OPCs: P = 0.127, t8=1.701, n = 9 

mice (F)). G, Individual ratios of (OLs to pre-OLs) on the ipsilateral side of each mouse. 

The separate colored circles with error bars represent means ± s.e.m. for each group 

(control vs. +GluA2 group, P = 0.006, t6 = 4.172, n = 7 mice).  H, The proportion of OLs, 

pre-OLs and OPCs among labeled OL-lineage cells (control vs. +GluA2 group, n = 8 

mice, contralateral OLs: P = 0.557, t7 = 0.616; contralateral pre-OLs: P = 0.399, t7 = 

0.898; contralateral OPCs: P = 0.553, t7 = 0.622; ipsilateral OLs: P = 0.0097, t7 = 3.526; 

ipsilateral pre-OLs: P = 0.019, t7 = 3.05. ipsilateral OPCs: P = 0.653, t7 = 0.470).  Data 

are represented as mean + s.e.m. Paired Student’s t-test for (B-H). * P < 0.05; ** P 

< 0.01.   

  



 

67 
 

 

 

Fig. 3-13 I GluA2 overexpression enhances injury-induced proliferation: A, 

Confocal images of EdU+ cells in the Cspg4-CreER; R26-tdTomato; R26-EGFP-Gria2 

mice at P10. White arrows indicate tdTomato+EGFP–(control) cells that incorporated 

EdU, and yellow arrowheads indicate EdU+ tdTomato+EGFP+ (+GluA2) cells. Scale bar: 

25 μm. B, Densities of EdU+ cells (contralateral vs. ipsilateral side, control (tdTomato+ 

EGFP–) group: P = 0.181, t4 = 1.62; +GluA2 (tdTomato+ EGFP+) group: P = 0.0005, t4 = 

10.45).  C, Percentages of EdU+ cells in the ipsilateral EC relative to the contralateral 

(control vs. +GluA2 group, P = 0.041, t4 = 2.964). n = 5 mice for (B,C). Data are 

represented as mean + s.e.m. Paired Student’s t-test for (B,C). * P < 0.05; ** P < 0.01; 

*** P < 0.001. 
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Fig. 3-14 I GluA2 overexpression in OPCs does not change early oligodendroglial 

responses to hypoxic-ischemic injury: A, Experimental timeline for 4HT injection, H/I 

injury induction, and sampling of Cspg4-CreER; R26-tdTomato; R26-EGFP-Gria2 mice. 

The mice were sampled at 1 dpi (P8) to examine early cell loss after injury. B, Densities 

of fluorescent protein-labeled CC1+ OLs in EC (contralateral vs. ipsilateral side, control: 

P = 0.006, t4 = 5.452; +GluA2: P = 0.026, t4 = 3.470). C, Percentage of fluorescent 

protein-labeled OLs in the ipsilateral EC relative to contralateral EC (control vs. +GluA2, 
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P = 0.975, t4 = 0.033).  D, Densities of fluorescent protein-labeled pre-OLs (contralateral 

vs. ipsilateral side, control: P = 0.025, t4 = 3.497; +GluA2: P = 0.0348, t4 = 3.142). E,F, 

Percentage of fluorescent protein-labeled pre-OLs and OPCs in the ipsilateral EC 

relative to the contralateral EC (control vs. +GluA2 group, pre-OLs: P = 0.779, t4 = 0.301; 

OPCs: P = 0.240, t4 = 1.380). G, Composition of OLs, pre-OLs and OPCs among 

tdTomato+EGFP– and tdTomato+EGFP+ cells on the ipsilateral side (control vs. +GluA2 

group, OLs: P = 0.969, t4 = 0.042; pre-OLs: P = 0.115, t4 = 2.012; OPCs: P = 0.099, t4 = 

2.139). n = 5 mice for (B-G).  H, The ratios of OL / (Pre-OL + OPC) at P8 and P10 

(contralateral control vs. contralateral +GluA2, P8: P > 0.05, t = 0.125; P10: P > 0.05, t = 

0.797; ipsilateral control vs. ipsilateral GluA2, P8: P > 0.05, t = 0.009; P10: P < 0.001, t = 

3.023). n = 5 (at P8) and n = 9 (at P10) mice. Paired Student’s t-test for (B-G). Two-way 

ANOVA with post hoc comparison by Bonferroni test for (H). Data are represented as 

mean + s.e.m. * P < 0.05; ** P < 0.01; *** P < 0.001. 
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Fig. 3-15 I Oligodendrocyte-specific GluA2 overexpression does not protect 

oligodendrocytes from hypoxic-ischemic injury: A, Timeline of 4HT injection, H/I 

injury induction, and sampling for Plp1-CreER; R26-Gria2 (+GluA2) and Plp1-CreER; 

R26-EYFP (control) mice. B, Confocal images of CC1+ oligodendrocytes that express 

EYFP or EGFP-GluA2. Scale bar: 25 μm. C, Densities of fluorescent protein-labeled 

CC1+ oligodendrocyte in EC (contralateral vs. ipsilateral side, n = 6 mice, Paired 

Student’s t-test, control (EYFP+): P = 0.004, t4 = 11.16, n = 5 mice; +GluA2 (EGFP+): P = 

0.005, t5 = 4.67). D, Percentages of fluorescent protein-labeled CC1+ oligodendrocytes 

in the ipsilateral EC relative to the contralateral (control vs. +GluA2 group, Unpaired 

Student’s t-test.  P = 0.987, t9 = 0.017, n = 5 (Ctrl) or n = 6 mice (+ GluA2)). Data are 

represented as mean + s.e.m. * P < 0.05; ** P < 0.01; *** P < 0.001. 
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Fig. 3-16 I GluA2 overexpression in oligodendrocyte lineage enhances mRNA 

levels of genes linked to myelin formation: A, Experimental timeline for 4HT injection, 

and sampling of Cspg4-CreER; R26-tdTomato; R26-Gria2 mice (P3+12) mice for FACS. 

B, Isolation by FACS of tdTomato+EGFP– cells and tdTomato+EGFP+ cells from Cspg4-

CreER; R26-tdTomato; R26-Gria2 mice (right). The tdTomato+ cells from an age-
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matched Cspg4-CreER; R26-tdTomato littermate mouse were used as the gating control 

(left). C, RT-PCR of EGFP with the isolated cells. The absence or presence of EGFP 

mRNA confirms effective separation of control and GluA2-overexpressing cells from the 

same brain. D, mRNA levels of Gria2 were measured by qRT-PCR in tdTomato+EGFP– 

(control) and tdTomato+EGFP+ (+ GluA2) cells. P = 0.013, t2 = 8.796.  E-G, qRT-PCR for 

Cspg4, Olig1 and Myrf (E), genes of myelin proteins (F), and genes related to lipid 

biosynthesis (G). Gapdh: P = 0.463, t2 = 0.900; Olig1: P = 0.555, t2 = 0.702; Cspg4: P = 

0.009, t2 = 10.320; Myrf: P = 0.020, t2 = 7.064; Mbp: P = 0.020, t2 = 6.902; Cnp: P = 

0.039, t2 = 4.943; Mag: P = 0.019, t2 = 7.088; Mog: P = 0.194, t2 = 1.929; Plp: P = 0.064, 

t2 = 3.752; Cyp51: P = 0.016, t2 = 7.94; Elovl1: P = 0.306, t2 = 1.363; Fdft1: P = 0.245, t2 

= 1.629; Hmgcs1: P = 0.030, t2 = 5.684; Ugt8a: P = 0.028, t2 = 5.854. Data are 

represented as mean + s.e.m. n = 3 mice for (D-G). Paired Student’s t-test. * P < 0.05; ** 

P < 0.01. 
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CHAPTER 4 

 

NMDA RECEPTORS ARE REQUIRED FOR OLIGODENDROCYTE 

REGENERATION AFTER PERINATAL HYPOXIC-ISCHEMIC 

INJURY 
 

For more than a decade, NMDARs have been thought as the major mediator of 

excitotoxic OL loss in CNS injury. This is largely supported by the beneficial effects of 

NMDAR antagonists on myelin damage in some experimental conditions that involves 

myelin loss, such as OGD (Karadottir et al., 2008; Salter and Fern, 2005), neonatal H/I 

brain injury (Manning et al., 2008) and stroke (Doyle et al., 2018) in the rodent brain. In 

contrast, several recent studies have shown that inhibiting NMDAR singling not only 

reduced activity-dependent normal OL maturation in vitro (Li et al., 2013; Wake et al., 

2011), but also impaired remyelination in demyelinated white matter, suggesting critical 

roles of NMRARs in OL development and myelination (Li et al., 2013; Lundgaard et al., 

2013). Thus, given these contrasting results, there is no clear consensus on the role(s) 

of the oligodendroglial NMDAR signaling in the myelin integrity and OL regeneration in 

CNS injury. 

Of note, interpreting results of those studies needs caution, because the 

systemic administration of NMDAR antagonists lacked target cell specificity, and is likely 

to act on neurons more significantly. Moreover, OL-lineage cells in vitro culture 

conditions often undergo significant cellular property changes. Indeed, in contrast with 

the effects of an NMDAR antagonist on OL development in vitro (Wake et al., 2011), 

conditional knockout (cKO) of Grin1 from early OPCs or entire OL-lineage cells did not 

result in any overt oligodendroglial abnormalities or myelin deficits during normal 

development (De Biase et al., 2011; Guo et al., 2012). Grin1 deletion in mature OLs did 

not change clinical phenotypes in EAE, further suggesting that there is no or little 
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involvement of NMDAR signaling in the pathophysiology of inflammatory demyelination 

and subsequent remyelination (Guo et al., 2012; Saab et al., 2016). To determine in vivo 

role of cell-specific NMDARs in OL-lineage cells in CNS injury, I analyzed the effects of 

loss of NMDARs from OPCs on OL loss and regeneration after neonatal brain injury.   

 .  

4.1 Postnatal removal of NMDA receptors in OPCs by Grin1 deletion 

Grin1f/f mice were bred with Pdgfra-CreER mice (a line of powerful OPC-targeted 

Cre driver) to ensure effective Grin1 deletion specifically in OPCs. These mice were 

further bred with R26-EYFP reporter mice. Pdgfra-CreER; R26-EYFP; Grin1f/f and age-

matched Pdgfra-CreER; R26-EYFP (control) mice received 4HT via two single injections 

(0.2 mg s.c per injection) between P2 and P4 (Fig. 4-1A). This procedure typically allows 

the labeling of a large fraction of OL-lineage cells (e.g., 45% of PDGFR+ OPCs and 

87% of CC1+ new OLs in the EC) with EYFP at P10, indicating an efficient Cre-induced 

recombination (Fig. 4-1B).  

To assess the degree of Grin1 deletion with the Pdgfra-CreER mice and the 4HT 

protocol, I isolated EYFP+ cells from Pdgfra-CreER; R26-EYFP; ±Grin1f/f mice (P2+5) 

with FACS.  qRT-PCR with genomic DNA indicated that the floxed exons of Grin1 were 

almost completely depleted (by 99.2%) from the EYFP+ cells (Fig. 4-1C, D).  Separate 

qRT-PCR experiments with mRNAs extracted from EYFP+ cells indicated that Grin1 

mRNA levels were reduced by 85% compared to the control mice (Fig. 4-1E), confirming 

a highly efficient depletion of Grin1 with the 4HT protocol and Pdgfra-CreER mice.   

 

4.2 OPC-targeted NMDA receptor ablation does not change normal 

oligodendrogenesis 

I analyzed the degree of new OL development from EYFP+ OPCs in Grin1 cKO 

(Pdgfra-CreER; R26-EYFP; Grin1f/f) mice. At P2+13, the densities of total EYFP+ cells, 
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EYFP+CC1+ OLs, and EYFP+PDGFRα+ OPCs in the CTX, CC and EC were not different 

between the control and OPC-specific Grin1 cKO mice (Fig. 4-2). These results are 

consistent with De Biase et al. (2011) that observed a similar degree of OPC 

proliferation, and differentiation, and myelin development in Grin1 cKO mice at a later 

age (P4 + 26). Similarly, a recent study has only observed a subtle and transient delay in 

early myelination by Cnp-Cre-mediated Grin1 deletion in OLs (Saab et al., 2016). Thus, 

my results, together with others’ results obtained from two OL-lineage Grin1 cKO mouse 

lines, suggest that NMDAR signaling does not play a significant role in normal OL 

development.  

 

4.3 OPC-targeted NMDA receptor ablation exacerbates oligodendrocyte loss 

after hypoxic-ischemic injury  

In order to determine the role of OL-lineage cell-expressed NMDARs in the brain 

injury, the H/I injury was induced to 4HT-administered Pdgfra-CreER; R26-EYFP; 

±Grin1f/f pups at P7 (Fig. 4-3A). At P10 (3 days post injury, 3 dpi), EYFP+CC1+ OLs in 

the EC on the injured hemisphere (ipsilateral to ligated CCA) were markedly reduced 

compared to the uninjured contralateral side regardless of Grin1 cKO (Fig. 4-3B, C). 

However, the OL loss relative to the contralateral side was more severe in Grin1 cKO 

mice than in control (22% in control vs. 35% in Grin1 cKO mice; Fig. 4-3D). Surprisingly, 

it was also noticed that densities of total EYFP+ cells and EYFP+ CC1+ OL were 

significantly lower in Grin1 cKO mice than in control mice not only in the ipsilateral white 

matter but also on the contralateral side (Fig. 4-3B-C, E). These results indicate that OL-

lineage-specific abolishment of NMDAR signaling exacerbates the OL loss in injury, 

rather than giving benefitting cell survival. These findings are contrasted to those of 

other studies showing that application of NMDAR antagonists reduced OL loss during 

OGD (Salter and Fern, 2005), or in a H/I injury in vivo (Manning et al., 2008).  
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Despite a marked reduction in the labeled OL densities, the densities of OPCs 

(EYFP+PDGFR+) and pre-OLs (EYFP+PDGFR-CC1-) were comparable between the 

two groups, indicating that the decrease of OLs in the injured Grin1 cKO mice is not 

caused by a low degree of OPC labeling (Fig. 4-3F, G). These surprising observations 

raise the two possibilities: the loss of NMDAR signaling increases OL vulnerability or 

impairs OL regeneration after the initial OL loss in H/I-injured tissue environments. 

 

4.4 Loss of NMDA receptor signaling impairs post-injury oligodendrocyte 

development 

To better understand the role of NMDAR signaling in OL survival and 

regeneration, I characterized the spatiotemporal relationship of the injury event and OL-

lineage cells. The H/I-injured Pdgfra-CreER; R26-EYFP; ±Grin1f/f pups were sampled at 

P8 (1 dpi), along with age-matched uninjured mice (Fig. 4-4A). First, EYFP+CC1+ OL 

densities in the injured mice (P10) were quantified in four different brain regions as the 

percentage of the corresponding values in uninjured mice, and the relationship was 

analyzed as a function of distance to the site of injury (Fig. 4-4B). OL reduction in the 

injured Grin1 cKO mice was most pronounced in the area proximal to the injury-affected 

posterior regions, and decreased in the areas distant from the site of injury (Fig. 4-4B). 

Notably, EYFP+CC1+ OL densities in uninjured Grin1 cKO mice were comparable to 

those in control mice at P10 (Fig. 4-4C), which is in good agreement with previous 

results for normal OL development at P15 (See Fig. 4-2D). These observations further 

confirmed that enhanced OL loss in Grin1 cKO mice was contingent upon the harmful 

injury stimuli, and did not result from a low level of EYFP labeling or impaired normal OL 

development.  

  To determine whether the loss of NMDARs causes more severe OL death at an 

early phase after injury or impairs post-injury OL development, I examined the 
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responses of OL-lineage cells at one dpi (P8). There was no significant difference in 

densities of EYFP+ OLs or total EYFP+ cells between the two groups of mice at P8 (Fig. 

4-4D, E). Therefore, if combined the results from P8 and P10, there was a prominent 

increase in the ratio of OL to (pre-OL + OPC) from P8 to P10 on both contralateral and 

ipsilateral sides in the control mice. These increases likely reflect the normal 

development (on contralateral side) or spontaneous OL regeneration (on ipsilateral 

side), and the slope of the increase appeared to be smaller on the injured side (Fig. 4-

4F). However, Grin1 cKO mice did not exhibit the similar increase of the OL / (pre-OL 

+OPC) ratio from P8 to P10 on either sides, indicating impaired accumulation of mature 

OLs after injury (Fig. 4-4F). These results suggest that rather than enhancing OL 

survival after the initial injury, NMDAR signaling promotes OL regeneration after injury.   

 

4.5 NMDA receptor signaling is not required for post-injury OPC proliferation 

I asked a question of whether the reduced OL generation in OPC-specific Grin1 

cKO mice is due to impaired OPC proliferation after injury. EdU was injected into 4HT-

received Pdgfra-CreER; R26-EYFP; ±Grinf/f mice 24 and 48 hrs after H/I injury (Fig. 4-

5A). Co-labeling of OL-lineage stage markers and EdU revealed that the densities of 

EdU+EYFP+PDGFRα+ OPCs were similar in control and the Grin1 cKO mice (Fig. 4-5B), 

and that the patterns of increased OPC proliferation on the injured side were also 

comparable (Fig. 4-5C). These results exclude the possibility that the greater OL loss 

after injury in the NMDAR-deficient mice results from defects in OPC proliferation.   

In summary, the genetic deletion of NMDARs in OPCs specifically impaired post-

injury OL accumulation, whereas it did not affect the initial loss of OLs, pre-OLs, and 

OPCs. Also, the absence of NMDARs did not change post-injury regenerative OPC 

proliferation, suggesting that the greater OL loss in Grin1 cKO mice is the consequence 
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of maturation failure. Therefore, these findings reveal a critical role of NMDARs in OL 

regeneration in neonatal brain injury.  
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Fig. 4-1 I Early postnatal removal of NMDA receptors in OPCs by Grin1 deletion: A, 

Experimental timeline for 4HT injection (0.2 mg s.c. per injection), and sampling of 

Pdgfra-CreER; R26-EYFP; Grin1f/f and Pdgfra-CreER; R26-EYFP (control mice) for 

FACS (at P7), and immunohistochemistry (at P10). B, Fluorescence images showing 

EYFP expression in the brain of a 4HT-injected Pdgfra-CreER; R26-EYFP (right) and an 

uninjected (left) mouse. Scale bar: 500 µm. C,D, Grin1 gene levels in genomic DNA 

obtained from EYFP+ cells isolated by FACS from 4HT-injected Pdgfra-CreER; R26-

EYFP; Grin1f/f (+ CreER) mice. Genomic DNA obtained from R26-EYFP; Grin1f/f mice (- 

CreER) mice was used as control. Grin1 gene levels were compared by RT-PCR (C), 

and qRT-PCR (D). n = 5 (- CreER) or n = 3 mice (+ CreER). E, Grin1 mRNA levels 

quantified with qRT-PCR in EYFP+ cells obtained from Pdgfra-CreER; R26-EYFP; 

Grin1f/f (Grin1f/f), and Pdgfra-CreER; R26-EYFP (control) mice. n = 3 mice. Unpaired 

Student’s t-test. Data are represented as mean + s.e.m. ** P < 0.01. 
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Fig. 4-2 I Postnatal Grin1 deletion does not change early oligodendrocyte 

development: A, Confocal images of EYFP+ PDGFRα+ OPCs (white arrowheads), 

EYFP+ CC1+ OLs (yellow arrowheads), and EYFP+ PDGFRα– CC1– pre-OLs (white 

arrows) in 4HT injected, Pdgfra-CreER; R26-EYFP at P15 (P2+13). Scale bar: 25 µm.  

B-D, Quantification of the densities of total EYFP+ cells (B) , EYFP+ OPCs (C) and 

EYFP+ OLs (D) in 4HT injected, Pdgfra-CreER; R26-EYFP (control) and Pdgfra-CreER; 

R26-EYFP; Grin1f/f (Grin1f/f) mice in CTX, CC, and EC at P15 (P2+13). n = 5 (control) or 

n = 6 (Grin1f/f). Unpaired Student’s t-test. Data are represented as mean + s.e.m. 
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Fig. 4-3 I Oligodendrocyte loss is increased, and expands to wide areas of the 

brain in Grin1 cKO mice after the hypoxic-ischemic injury: A, Experimental timeline 

for 4HT injection, H/I induction and sampling of Pdgfra-CreER; R26-EYFP; ±Grin1f/f mice 

at P10 (3 dpi). B, Confocal images of total EYFP+ cells and CC1+ OLs at 3 dpi. The 

dotted line marks the boundary of EC. Scale bar: 50 µm. C, Densities of EYFP+ CC1+ 

OLs in contralateral and ipsilateral EC. D, Percentages of EYFP-labeled CC1+ OLs in 

the ipsilateral EC relative to the contralateral EC. E-G, Densities of total EYFP+ cells (E), 

EYFP+ PDGFRα– CC1– pre-OLs (F), and EYFP+ PDGFRα+ OPCs (G) in contralateral 
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and ipsilateral EC. n = 10 (control) or n = 8 (Grin1f/f). Unpaired Student’s t-test. Data are 

represented as mean + s.e.m. *P < 0.05; ** P < 0.01; *** P < 0.001. 
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Fig. 4-4 I Oligodendrocytes fail to accumulate in Grin1 cKO mice after the hypoxic-

ischemic injury:  A, Timeline for 4HT injection to uninjured and injured Pdgfra-CreER; 

R26-EYFP; ±Grin1f/f mice sampled at P10 (3 dpi), or injured mice sampled at P8 (1 dpi). 

B, A cartoon representation of areas examined for OL loss in posterior EC (site 0 and 1) 

and anterior EC (site 2 and 3) in injured mice. Site 0 is the injury core. The graph shows 

the percentages of EYFP+ CC1+ OLs in injured mice relative to the OLs in the 
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corresponding Grin1f/f or control mice in uninjured brain at P10. C, Densities of EYFP+ 

CC1+ OLs in uninjured mice in posterior EC at P10. D,E, Densities of EYFP+ CC1+ OLs 

(D) and total EYFP+ cells (E) in posterior EC at P8. F, The ratios of OL / (Pre-OL + OPC) 

at P8 and P10 in posterior EC. n = 5 mice (P8) or n = 8 mice (P10). Unpaired Student’s 

t-test for (B, C). Two-way ANOVA with post hoc comparison by Bonferroni test for (D-F). 

Data are represented as mean + s.e.m. * P < 0.05; ** P < 0.01; *** P < 0.001. 
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Fig. 4-5 I Grin1-deficient OPCs proliferate efficiently after the hypoxic-ischemic 

injury: A, Timeline for 4HT and EdU injection, H/I delivery and sampling of Pdgfra-

CreER; R26-EYFP; ±Grin1f/f mice. B, Densities of EYFP+ PDGFRα+ EdU+ OPCs in 

contralateral and ipsilateral EC. C, Percentages of EYFP+ PDGFRα+ EdU+ OPCs in the 

ipsilateral EC relative to the corresponding cells in contralateral EC. n = 5 (control) or n = 

6 (Grin1f/f) mice. Two-way ANOVA with post hoc comparison by Bonferroni test for (B). 

Unpaired Student’s t-test for (C). Data are represented as mean + s.e.m. 
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CHAPTER 5 

DISCUSSION 
 

 

5.1 A genetic approach for cell type-specific manipulation of AMPA receptor-

mediated calcium influx  

This study is the first to assess the specific role of Ca2+ influx through AMPARs of 

oligodendroglia in normal oligodendrogenesis, and in post-injury OL regeneration in the 

developing brain. In two recent genetic studies, either most AMPAR currents were 

removed in OL-lineage cells by the deletion of key AMPAR subunits (Kougioumtzidou et 

al., 2017), or the AMPAR permeability to Ca2+ was increased by GluA2 deletion 

(Kougioumtzidou et al., 2017) or altering GluA2 properties (Chen et al., 2018) during 

normal oligodendrogenesis. However, neither of these studies directly addressed the 

functions of Ca2+ influx through AMPARs via the selective blocking of Ca2+ during both 

normal and post-injury OL development. The genetic approach for enhancing GluA2 

expression used in this study, was OL-lineage and cell-maturation-stage specific. The 

Ca2+ imaging confirmed that the elevated levels of GluA2 effectively abolished AMPAR-

Ca2+ responses in OPCs.  Moreover, EGFP fused to the N-terminus of GluA2 enabled 

unambiguous visualization of GluA2-overexpressing cells and a comparison with 

neighboring, unaffected cells. The R26-EGFP-Gria2 mice, in combination with various 

OL-lineage-specific Cre mice, served as a powerful tool for the selective blockade of 

AMPAR-mediated Ca2+ influx, and as a reporter for affected cells that otherwise would 

be difficult to analyze.  

 

5.2 The calcium influx through AMPA receptors is not required for normal 

oligodendrocyte development 
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It is possible that ionotropic receptor-mediated Ca2+ entry triggers intracellular 

signaling cascades and induces diverse subcellular events even in non-excitable cells, 

such as CNS glia. Indeed, it has been shown that blocking AMPAR-mediated Ca2+ entry 

into cerebellar Bergmann glia disrupts cell morphology and function (Iino et al., 2001), 

which likely impacts motor functions (Saab et al., 2012).  An earlier study also suggested 

that AMPAR-Ca2+ regulates the strength of axo-OPC synapses (Ge et al., 2006). More 

interestingly, it was recently revealed that myelin growth requires an increase in 

intracellular Ca2+ in newly forming myelin sheaths (Baraban et al., 2018; Krasnow et al., 

2018) that is also dependent on neuronal activity. It is therefore important to identify the 

source of Ca2+ and understand the mechanisms by which the Ca2+ increase regulates 

myelin growth. Unfortunately, my results suggest that AMPAR- Ca2+ signaling is not 

required for normal OL development or myelin sheath formation.  

It is noteworthy that Kougioumtzidou et al. (2017) deleted GluA2 from OL-lineage 

cells in mice, but did not observe myelin defects. In contrast, when Chen et al. (2018) 

transduced a subset of dividing OPCs in the CC with retrovirus carrying GluA2 mutants 

that increased AMPAR Ca2+ permeability (as reflected by altered rectification of AMPAR 

currents), they observed an increase in OPC proliferation and reduced OL differentiation 

in the young brain (P10 ~ P17). The strategy of the present study was the opposite of 

those two approaches; it increased the GluA2 gene dosage and blocked Ca2+ 

permeability in the target cells, rather than enhancing their Ca2+ permeability. However, 

my results are similar only to those of Kougioumtzidou et al. (2017): levels of GluA2 in 

OL-lineage per se, whether elevated or depleted, do not affect normal 

oligodendrogenesis. Why the results of these three studies differ is unclear. One 

possibility is the differences in methods utilized to control GluA2 level or modify 

properties (e.g., germline-based transgenesis vs. acute viral transfection). Since I used a 

tamoxifen-inducible transgene expression system, my study results are unlikely to be 
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confounded by unknown compensatory mechanisms that sometimes mitigate mutant 

phenotypes when a gene is deleted at an embryonic stage. Moreover, I examined a 

large number of OPCs and OLs from multiple brain regions and at multiple age windows, 

but the effect of GluA2 on OL development and myelin protein expression was 

nevertheless insignificant. If OL numbers are changed only by completely abolishing 

AMPAR currents, as reported by Kougioumtzidou et al. (2017), but not by blocking only 

Ca2+ currents, then this would suggest that AMPAR signaling other than Ca2+ influx or 

AMPAR-dependent membrane depolarization plays a significant role in normal OL 

development and/or myelination. It is also possible that membrane depolarization 

induced in OPCs by AMPAR activation leads to Ca2+ influx via other types of channels 

(Cheli et al., 2016; Friess et al., 2016; Sun et al., 2016) or indirectly triggers Ca2+ release 

from internal stores (Li et al., 2018). 

 

5.3 Early hypoxic-ischemic brain injury impairs oligodendrocyte development  

When GluA2 was overexpressed directly in mature OLs (rather than through the 

development of OLs from GluA2-overexpressing OPCs), it did not spare OLs from the 

initial cell loss after H/I injury. This result challenges the view that ischemic CNS injury 

with subsequent Ca2+ entry via AMPARs directly causes excitotoxic cell death of OLs 

(Deng et al., 2003; Follett et al., 2000; Salter and Fern, 2005), as it does to neurons 

(Choi, 1988; Larm et al., 1997). However, it should be noted that early studies in vivo 

and with slice preparations suggesting AMPAR-mediated OL excitotoxicity (Follett et al., 

2000; McDonald et al., 1998; Salter and Fern, 2005) used pharmacological approaches 

that lacked target cell-type specificity. It is therefore possible that the observed reduction 

of OL loss in those studies resulted from indirect mechanisms involving other cell types 

that were also affected by AMPAR inhibition.  
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The genetic labeling used in this study not only revealed the pattern of OPC 

differentiation, but also enabled quantification of pre-OLs. By analyzing the post-injury 

spatiotemporal dynamics of cells at each stage of the OL-lineage, I have shown that the 

reduction of OLs following H/I injury results from the combination of initial OL death and 

the subsequent impairment of OL regeneration, and that the net cell loss may depend on 

the time when it is determined.  

 

5.4 Calcium influx through AMPA receptor inhibits post-injury oligodendrocyte 

regeneration 

My results reveal that the elevated GluA2 expression in OPCs promotes the cell 

maturation from pre-OLs to OLs, and increases OPC proliferation in the injured brain, 

suggesting that Ca2+ entry though AMPARs suppresses post-injury OL regeneration. 

Interestingly, H/I injury selectively reduces surface expression of GluA2 in OPCs in vitro 

(Deng et al., 2003). If this is the case in vivo, restoration or enhanced GluA2 expression 

in OPCs and pre-OLs, which effectively blocks the excessive Ca2+ influx induced by 

injury, appears to be highly beneficial to myelin repair (See Supplementary Fig. 3), 

whereas the same manipulation does not affect normal OL development in the 

undamaged areas of the CNS.  

It should also be noted that, in injury, the significant impact of Ca2+ entry via 

AMPARs is apparently suppressing OL maturation, rather than causing cell death. 

Consistent with this observation, the block of AMPAR-mediated Ca2+ influx in OL-lineage 

cells stimulated transcription of pro-myelin genes in the uninjured brain, which suggests 

that high levels of GluA2 enhance the potential of cells to form myelin even without 

injury. It is still unclear why this GluA2-regulated enhancement of OL differentiation 

occurs only in the injured brain area. 
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Injection of an AMPAR antagonist into a completely demyelinated area of WM, 

which therefore contains no remaining OLs, has been shown to impair remyelination 

(Gautier et al., 2015). Although this points to a positive role of AMPAR signaling in OL 

regeneration, it is unclear what types of cells (neuronal axons, astrocytes, or OPCs) 

were primarily affected by AMPAR inhibition, and what aspect of AMPAR signaling (Ca2+ 

signaling vs. depolarization) was targeted in this lesion. The findings of the present study 

illuminate a cellular mechanism that may reconcile the two opposing results concerning 

AMPARs signaling on oligodendroglia exposed to injury (harmful for OL survival, 

beneficial for OL regeneration): While excessive AMPAR Ca2+ reduces post-injury OL 

numbers by inhibiting the preOL–to-OL lineage progression, other aspects of AMPAR 

signaling appear to support remyelination. It will therefore be of great interest, when an 

appropriate agent becomes available, to determine whether selective upregulation of 

GluA2, rather than inhibition of whole AMPARs, is an effective clinical option to improve 

myelin repair.   

 

5.5 NMDA receptors do not mediate excitotoxic damage to oligodendrocytes 

after hypoxic-ischemic injury  

 The role of NMDARs in excitotoxic OL death remains controversial. It has been 

shown that NMDAR antagonists attenuated ischemia-induced excessive Ca2+ influx in 

OLs (Karadottir et al., 2005; Micu et al., 2006), and reduced myelin damage (Doyle et 

al., 2018; Salter and Fern, 2005). Systemic administration of NMDAR antagonists also 

reduced OL loss (Manning et al., 2008) and myelin damage (Doyle et al., 2018) after H/I 

injury in vivo. However, other studies reported that NMDAR antagonists neither 

attenuated the Ca2+ influx (Hamilton et al., 2016) nor protected OL-lineage cells or 

myelin (Deng et al., 2003; McCarran and Goldberg, 2007; Saab et al., 2016) in OGD. 
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The use of NMDAR antagonists in slice or in rodent may not have targeted only 

OLs. It is more likely that those reagents primarily impacted neurons that express 

NMDARs at far higher levels than OLs (See Fig. 1-2) Indeed, it was shown that CNS 

injuries abnormally increase glutamate release, and mediate neuronal death primarily 

through NMDAR-dependent excitotoxicity (Choi, 1988; Choi et al., 1988; Sinor et al., 

2000). Therefore, by using pharmacological approaches in vivo, it is extremely difficult to 

identify the cell-autonomous role of oligodendroglial NMDARs in injury, and its related 

mechanisms. This study used a genetic manipulation that allows target-cell-specific 

removal NMDAR complexes, and my results indicated the near complete Grin1 deletion 

in EYFP-labeled OL-lineage cells. Thus, this study is the first to identify the role of 

NMDARs in OL-lineage cells in H/I injury in vivo.  However, contrary to an initial 

prediction, the loss of NMDARs from OPCs and their progeny cells, did not increase OL 

survival in H/I injury, and aggravated the OL loss. My results suggest that 

oligodendroglia-specific NMDARs do not mediate excitotoxic damage, but are necessary 

for post-injury OL development.  

In neurons, differential roles of NMDARs have been revealed, which are 

dependent on the subunit composition of NMDARs. Following ischemia, GluN2B-

containing NMDARs resulted in neuronal excitotoxicity, and GluN2A-containing 

NMDARs mediated neuronal survival (Liu et al., 2007). Additionally, GluN2C knockout 

mice exhibited greater neuronal death following global cerebral ischemia, and GluN2C 

containing hippocampal neurons showed lower Ca2+ influx and marked resistance to 

NMDA-induced toxicity, which suggested that GluN2C-containing NMDARs are 

neuroprotective after ischemia (Chung et al., 2016). Notably, OPCs express higher 

levels of GluN2C than GluN2B (Fig 1-2B) (Zhang et al., 2014), which correlates with the 

observed supportive role of NMDARs in OL-lineage cells.  
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5.6 NMDA receptors are required for post-injury oligodendrocyte development 

Loss of NMDARs markedly reduced OL accumulation after H/I injury. 

Surprisingly, the additional OL loss in Grin1 cKO mice was evident not only in the injury 

core (EC ipsilateral to the ligated CCA) but also in the white matter contralateral to the 

site of injury. These results are reminiscent of a clinical case where white matter integrity 

is compromised by loss of NMDARs. A DTI study has shown that there is extensive 

damage to superficial white matter (Phillips et al., 2018) in patients with anti-NMDAR 

encephalitis, a disease in which autoantibodies against GluN1 of NMDAR subunits 

develop, and induce a reversible capping and internalization of NMDARs (Hughes et al., 

2010; Moscato et al., 2014). White matter abnormalities were also detected in a cohort 

of pediatric patients in whom NMDAR autoantibodies were identified (Hacohen et al., 

2014). My results reveal that NMDARs provide support to OLs during injury in 

developing brain, and suggest that white matter dysfunction observed in patients with 

anti-NMDAR encephalitis may have resulted from loss of OLs.  

The H/I injury resulted in more OL loss in broad brain areas (beyond the EC on 

ipsilateral side) at 3 dpi in Grin1 cKO mice than in control, without apparent differences 

in the injury-induced responses of pre-OLs and OPCs between these groups. The total 

number of labeled OL-lineage cells were also reduced in Grin1 cKO mice without a 

change in the degree of OPC proliferation, pointing to a possibility that enhanced OL 

loss is likely caused by increased cell death. However, it is noteworthy that, unlike at 3 

dpi, there was no difference in OL densities between control and Grin1 cKO mice at 1 

dpi, suggesting that OLs in both genotypes are similarly vulnerable to H/I injury at an 

early time point. Consequently, after H/I injury, the ratio of OLs / (pre-OLs + OPCs) did 

not increase from P8 to P10 in Grin1 cKO mice, whereas it did in control mice. Given this 

time-dependent, and OL-specific density changes in Grin1 cKO mice, my results raise 
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the possibility that NMDAR-deficient pre-OLs fail to develop into myelinating OLs after 

H/I injury, and thus rapidly undergo cell death.  

The role of NMDAR signaling in remyelination and functional recovery in adult 

demyelinating diseases is unclear. NMDAR antagonists attenuated demyelination, and 

clinical severity in EAE, suggesting glutamate excitotoxicity as a mechanism for OL 

damage in the demyelinating disease (Basso et al., 2008; Bolton and Paul, 1997; 

Grasselli et al., 2013). However, OL-specific deletion of Grin1 with Plp1-CreER mice did 

not ameliorate the clinical severity of EAE (Guo et al., 2012; Saab et al., 2016). 

Furthermore, administration of an NMDAR antagonist impaired remyelination in adult 

rats, suggesting a positive role of NMDARs in demyelinating injuries (Li et al., 2013; 

Lundgaard et al., 2013). My observations of the failed accumulation of NMDAR-deficient 

OLs after injury support a positive role of NMDARs in OL generation.  

 

5.7 Potential mechanisms of NMDA receptor-dependent oligodendrocyte 

development after injury 

Consistent with previous reports (De Biase et al., 2011; Guo et al., 2012), the 

OPC-specific Grin1 deletion in this study did not affect early normal oligodendrogenesis. 

However, this study revealed that NMDARs are required for OL regeneration after injury. 

Further studies are necessary to understand how NMDAR signaling regulates post-injury 

OL development, while it is dispensable for normal oligodendrogenesis.  

A recent study has shown that NMDAR signaling in OLs promotes the 

incorporation of glucose transporter 1 (GLUT1) into the myelin compartment (Saab et al., 

2016), and thus enhances glucose uptake by OLs (Saab et al., 2016). Supporting this 

hypothesis, Grin1 deletion leads to thinner myelin and fewer myelinated axons only in 

third postnatal week in optic nerve in mice (Saab et al., 2016). In rodent optic nerves, the 

third postnatal week marks the highest demand of glucose as a carbon source for lipid 



 

94 
 

synthesis due to the highest myelination rate (Hildebrand and Waxman, 1984). During 

the times that cells demand high level of glucose, such as myelin repair, NMDAR 

signaling may support OLs by enhancing the glucose import for their own use. However, 

this possibility needs to be tested in other similar contexts. 

De Biase et al. (2011) reported that Grin1 deletion in OL-lineage cells altered the 

surface composition of AMPARs, leading to an increase of Ca2+-influx through AMPARs, 

and suggested a tightly controlled homeostatic regulation of Ca2+-influx in OL-lineage 

cells by NMDARs and AMPARs. Then, it is likely that the loss of NMDAR signaling in 

OL-lineage cells alters the expression of subunit genes of AMPARs in such a way that 

Ca2+-influx through AMPARs is increased, including possible GluA2 downregulation, or 

decreased surface expression of GluA2 in NMDAR-deficient OPCs. Interestingly, my 

study results indicate that GluA2 upregulation promotes OL-lineage transition after H/I 

injury. Therefore, it will be important to test whether GluA2 expression or surface 

targeting is downregulated in Grin1-deficient OL-lineage cells, and whether it 

significantly contributes to impaired post-injury oligodendrogenesis in NMDAR-deficient 

mice.  If this hypothesis is validated, the results will suggest that NMDAR signaling 

positively regulates post-injury oligodendrogenesis by controlling intracellular Ca2+ levels 

in concert with AMPARs. 

 

5.8 AMPA and NMDA receptors play opposing roles in oligodendrocyte 

regeneration in the neonatal hypoxic-ischemic injury 

GluA2 overexpression, and a resulting blockade of AMPAR-Ca2+ influx promoted 

OPC proliferation and OL-lineage transition after injury, whereas the loss of functional 

NMDARs, (and consequent loss of Ca2+ influx through NMDARs) impaired OL 

accumulation. It should be noted that GluA2 overexpression only inhibits AMPAR-Ca2+ 

influx, while Grin1 deletion ablates all cationic influx through NMDARs. As I suggested 
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earlier, it is possible that entry of cations other than Ca2+ through AMPARs or NMDARs, 

or the receptor-induced depolarization supports post-injury OL development, while 

excessive Ca2+ influx through these receptors may dampen the regenerative potential of 

OLs. Thus, although NMDARs are highly permeable to Ca2+ than AMPARs, and the Ca2+ 

is the key player for NMDAR-dependent mechanisms in many CNS physiology, the loss 

of entire NMDAR complexes may have a greater impact on OL regeneration, due to the 

loss of NMDAR-mediated other cationic currents.  

Different subcellular localization, different densities, and specific binding partners 

of NMDARs and AMPARs may account for different Ca2+ responses of these two 

receptors (Rao and Finkbeiner, 2007). In neurons, synaptic NMDARs activate MAPK 

pathway and induce BDNF expression that promote the survival of neurons, while 

extrasynaptic NMDARs propagate opposing signals that cause cell death (Hardingham 

et al., 2002; Ivanov et al., 2006). Previous studies have shown that AMPARs are 

primarily evident in OL cell body, and NMDARs are localized to myelin processes (Micu 

et al., 2006; Salter and Fern, 2005), which may result in formation of different types of 

signaling microdomains, and activation of distinct downstream pathways.  

 

5.9 Concluding remarks and future directions 

In summary, this study identified distinct roles of AMPAR-Ca2+ and NMDARs in 

OL regeneration in H/I-induced neonatal white matter injury (Fig. 5-1). While the 

AMPAR-mediated Ca2+ influx in OPCs inhibits OL regeneration, NMDARs play a critical 

role in supporting OL development in the injured brain. For clinical perspectives, these 

results suggest that selective upregulation of GluA2 may be an attractive approach for 

facilitating post-injury OL regeneration without interfering with other aspects of AMPAR-

dependent regulation of myelin integrity in the uninjured CNS. My results also suggest 
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that in demyelinating injuries, which are characterized with a specific loss of OLs, 

inhibition of NMRARs is not beneficial to OL survival or regeneration.   

The identification of dynamic roles of AMPAR-Ca2+ signaling and NMDARs in OL 

injury and OL regeneration has opened many avenues for future research. Future 

studies should address questions of how Ca2+ signaling mediated by AMPARs and 

NMDARs play opposing roles in OL regeneration after injury, and the clinical significance 

of these contrasting roles. Identification of the subcellular localization, binding partners, 

and downstream signaling pathways of AMPAR- and NMDAR-Ca2+ in OL-lineage cells 

will be critical steps towards a better understanding of their distinct roles.  

Next, it will be important to investigate age- and gender-specific roles of AMPAR- 

and NMDAR-Ca2+ in OL-lineage cells. A recent report has shown temporally opposing 

expression patterns of NMDARs and AMPARs in OPCs: AMPAR densities increase, 

whereas those of NMDARs decline with age (Spitzer et al., 2019). Given these findings, 

it will be important to determine whether ionotropic glutamate receptors play the same 

role in adult demyelinating injuries as in early H/I injury, and to explore their potential 

contribution to remyelination failure observed in MS. In a similar vein, it will be 

worthwhile to investigate whether NMDAR- or AMPAR-Ca2+ signaling play a gender-

specific role in post-injury OL development. Males are more likely to develop cognitive, 

behavioral and neurological deficits (Kuban et al., 2016), and cerebral palsy (Chounti et 

al., 2013) after preterm birth than females. I used both males and females in my study in 

a blind fashion. There is no difference in glutamate receptor expression in OPCs 

between healthy male and female mice (Spitzer et al., 2019), but the expression in 

males and females after injury has not yet been determined.  

Lastly, as my study results suggest that OL-lineage-specific NMDAR- or AMPAR-

Ca2+ signaling neither directly contributes to activity-dependent myelination nor mediate 

excitotoxic OL death in H/I injury, the cell-autonomous molecular mechanism of activity-
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dependent OL development, and that of cytotoxic OL death after brain injury remain to 

be identified. 

  



 

98 
 

 

 

Fig. 5-1 I Schematic illustration of the role of calcium influx through AMPA and 

NMDA receptors in normal oligodendrogenesis and post-injury oligodendrocyte 

regeneration: During normal postnatal brain development and maturation, NMDAR and 

AMPAR-mediated Ca2+-influx does not play a significant role in OPC proliferation and OL 

generation. In the injured neonatal brain, Ca2+-influx through AMPARs dampens the 

regenerative potential of OPCs and pre-OLs. However, GluA2 overexpression blocks 
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excessive Ca2+-influx through AMPARs and promotes OPC proliferation, and pre-OL to 

OL maturation after injury. Contrary to AMPAR-Ca2+ signaling, NMDARs support post-

injury OL development, and removing NMDARs by Grin1 deletion markedly impairs OL 

accumulation after injury likely by hindering lineage transition, and enhancing immature 

OL death.   
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