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ABSTRACT 

TONG LUO 

Role of GluN2C-containing N-methyl-D-aspartate (NMDA) receptor in 

Oligodendrocyte Differentiation and Myelination  

(Under the direction of BO-SHIUN CHEN) 

Myelination by oligodendrocytes (OLs) is critical for rapid nerve signal 

conduction. Abnormalities of OLs mediate a variety of central nervous system (CNS) 

diseases, including multiple sclerosis. N-methyl-D-aspartate (NMDA) receptors are 

ionotropic glutamate receptors expressed in neurons and are key regulators for neuron 

survival and normal brain functions. Recently, NMDA receptors were identified in OLs 

and contribute to OL migration, differentiation and myelination. However, the exact 

function of NMDA receptors on OLs remains unclear. Previous studies have shown that 

GluN2C is one of the predominant NMDA receptor subunits expressed in OLs. Here we 

report that NMDA treatment promotes OL differentiation in vitro, but fails to increase 

mature OL percentage in the absence of GluN2C. In addition, we observed an early 

developmental myelination delay and long-term recovery in the optic nerve of GluN2C-

knockout (KO) mice in vivo, which was closely related to the impairment of OL 

differentiation. Overall, these results indicate a functional involvement of GluN2C-

containing NMDA receptors in OL differentiation and myelination. 

KEYWORDS:  NMDA receptor, GluN2C, Oligodendrocyte, Differentiation, Myelination  



 

 

Table of Contents 

ACKNOWLEDGEMENTS ............................................................................................... vi 

I. INTRODUCTION ...................................................................................................... 1 

A. Statement of the Problem ............................................................................................ 1 

1. Statement of problem .............................................................................................. 1 

2. Statement of hypotheses and Specific Aims ........................................................... 4 

B. Review of Related Literature ...................................................................................... 5 

1. Oligodendrocyte introduction ................................................................................. 5 

2. NMDA receptor introduction ................................................................................ 20 

II. MATERIALS AND METHODS .............................................................................. 49 

1. Animals ................................................................................................................. 49 

2. Electron microscopy ............................................................................................. 50 

3. OPC Coculture ...................................................................................................... 50 

4. Primary culture of hippocampal neurons and neuron-oligodendrocyte cocultures

 52 

5. Immunohistochemistry ......................................................................................... 53 

6. Immunocytochemistry for oligodendrocyte staining ............................................ 53 

7. Western blot analysis ............................................................................................ 54 

8. RNA isolation and quantitative PCR .................................................................... 54 

9. PCR ....................................................................................................................... 55 



 

 

10. DNA constructs ................................................................................................. 56 

11. Antibodies used in HeLa cells assays ............................................................... 56 

12. Immunofluorescent surface protein staining ..................................................... 57 

13. Immunofluorescent internalization assay in HeLa cells ................................... 58 

14. Cuprizone-induced demyelination model ......................................................... 59 

15. Quantification of overlap coefficient ................................................................ 59 

16. Data analysis and statistics ................................................................................ 60 

III. RESULTS ............................................................................................................. 61 

1. NMDA stimulation promotes rat oligodendrocyte precursor cell (OPC) 

differentiation. ............................................................................................................... 61 

2. GluN2C subunit expression level increases during the differentiation of 

oligodendrocytes in vitro. ............................................................................................. 62 

3. GluN2C is required for the promotion of NMDA stimulation on mouse 

oligodendrocyte differentiation. .................................................................................... 65 

4. The data of oligodendrocyte differentiation in neuron-oligodendrocyte coculture 

support that GluN2C play a role in oligodendrocyte differentiation. ........................... 69 

5. Myelination is delayed in the absence of GluN2C subunit in P25~P27 mice. ..... 72 

6. P60~P62 GluN2C-KO mice exhibit normal oligodendrocyte differentiation and 

myelination. .................................................................................................................. 76 



 

 

7. Cuprizone treatment failed to induce demyelination in optic nerve in a 

preliminary experiment ................................................................................................. 84 

8. Tac-GluN2C has a robust surface expression in HeLa cells ................................. 94 

9. Tac-GluN2C is relatively stable on the cell membrane. ....................................... 95 

10. Tac-GluN2C preferentially traffics to late endosomes following endocytosis. 95 

11. Use of MHC II α- and β- chains as reporter molecules to study GluN2C 

dimerization and trafficking .......................................................................................... 96 

IV. DISCUSSION ..................................................................................................... 106 

V. SUMMARY ............................................................................................................ 116 

VI. REFERENCES ................................................................................................... 117 

 



 

 

 

 

List of Tables 

 

Table 1: Commonly used rodent EAE models ..................................................................19 

Table 2: Expression and functions of different NMDA receptor subunits in neurons ......23 

Table 3: GluN2-subunit-specific permeation and gating properties. .................................27 

  



 

 

 

List of Figures 

 

Figure 1: Schematic drawing of the morphological and antigenic progression from 

precursor cells to myelinating mature oligodendrocytes .....................................................7 

Figure 2: Origins and migration of oligodendrocyte precursors in the rodent 

telencephalon .......................................................................................................................9 

Figure 3: A composite diagram showing the ultrastructure of CNS myelin and a typical 

CNS myelinated fiber from the spinal cord of adult dog. ..................................................12 

Figure 4: Biosynthetic pathway of long-chain sphingosine bases and glycosphingolipids.14 

Figure 5: Schematic illustration of glucose and lactate fluxes between blood vessels and 

oligodendrocytes ................................................................................................................15 

Figure 6. A schematic diagram illustrating the major steps in trafficking of NMDA 

receptors to and from the cell surface ................................................................................36 

Figure 7: NMDA stimulation promotes OPC differentiation in vitro. ...............................63 

Figure 8: GluN2C expression increases during OPC differentiation in vitro. ...................66 

Figure 9: GluN2C is required for the promotion of OPC differentiation induced by 

NMDA treatment ...............................................................................................................67 



 

 

 

Figure 10: GluN2C-KO oligodendrocytes have defect in differentiation in neuron-

oligodendrocyte coculture ..................................................................................................69 

Figure 11: GluN2C subunit is expressed in the mouse whole optic nerve. .......................72 

Figure 12: The density of myelinated axons is decreased in the optic nerve of P25~P27 

GluN2C-KO mice. .............................................................................................................76 

Figure 13: MBP expression but not PLP expression is consistently decreased in all 

Western blot analysis of the optic nerve of P25~P27 GluN2C-KO mice. .........................78 

Figure 14: Oligodendrocyte differentiation is impaired in the optic nerve of P25~P27 

GluN2C-KO mice.... ..........................................................................................................80 

Figure 15: The density of myelinated axons is normal in the optic nerve of P60~P63 

GluN2C-null mice.. ............................................................................................................84 

Figure 16: MBP expression but not PLP expression is consistently increased in all 

Western blot analyses of the optic nerve of P60~P63 GluN2C-KO mice. ........................86 

Figure 17: Oligodendrocyte differentiation is normal in the optic nerve of P60~P63 

GluN2C-KO mice… ..........................................................................................................88 

Figure 18: Cuprizone treatment failed to induce demyelination in both WT and GluN2C-

KO optic nerve.. .................................................................................................................90 

Figure 19: Tac-GluN2C surface expression in HeLa cells.. ..............................................96 



 

 

 

Figure 20: Time course of the endocytosis of Tac-GluN2C.. ............................................97 

Figure 21: Colocalization of Tac endosomes with Rab family endosome markers.. ........99 

Figure 22: L243-labeled signal can  be shown on the cell surface only with αβ-MHC.. 101 

 

 



 

 

1 

 

I. INTRODUCTION 

A. Statement of the Problem  

1. Statement of the problem 

Multiple sclerosis (MS) is an unpredictable and disabling disease of the central 

nervous system (CNS) that impairs signal transduction within the brain and between the 

brain and body. MS affects more than 2.5 million people worldwide, of which about 

250,000 to 350,000  are in the US (Pugliatti et al., 2002). Symptoms of MS include loss 

of vision, weakness, and loss of coordination.. At the present time, MS is not a curable 

disease. Current treatments for MS mainly use immunomodulatory or anti-inflammatory 

drugs, which act primarily by modulating or suppressing the immune system and 

inflammation. One of the difficulties for MS patients is the high cost of treatment. 

Comprehensive MS care begins with the diagnosis and lasts a lifetime. The average age 

of onset of MS is approximately 34 years, and the estimated median lifespan is 80 years 

for MS (Kaufman et al., 2014).  The cost of MS treatment is $60,000 per year on average 

(Hartung et al., 2015). Even though the current treatments can help modify or slow the 

disease course and reduce clinical deterioration, new cheaper and more effective 

therapeutics are needed in the market to better manage MS and enhance patients’ quality 

of life. 
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To speed up the process of developing effective therapeutics, it is important to 

understand the pathophysiology of MS. The disease mechanisms of MS are still unclear. 

However, MS is the most common demyelinating disease of the CNS, and loss of 

myelination is a well-known cause of the symptoms involved in MS. In the CNS, 

myelination is formed by oligodendrocytes, which is essential for neurons to function in a 

quick and energy-efficient manner (Baumann and Pham-Dinh, 2001; Simons and Nave, 

2015). Dysfunction of oligodendrocytes and failure of myelination lead to the lack of 

physical protection and metabolic support for axons. In addition to MS, oligodendrocyte 

dysfunction is also implicated in the pathophysiology of many nerve degeneration and 

demyelinating diseases, such as schizophrenia, leukodystrophies and bipolar disorder 

(Tkachev et al., 2003; Kubicki et al., 2005).  

Before myelination, oligodendrocyte progenitor cells (OPCs) go through complex 

and precisely timed stages, and finally differentiate into myelinating mature 

oligodendrocytes (Baumann and Pham-Dinh, 2001). In the chronic stages of MS, the 

demyelinated lesions do not become remyelinated in spite of the presence of surrounding 

OPCs, indicating a blockage of oligodendrocyte differentiation (Chang et al., 2000). Thus, 

understanding the factors regulating oligodendrocyte differentiation and myelination will 

help to develop drugs to improve oligodendrocyte survival, differentiation and 

remyelination in demyelinating diseases.  
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Neuronal activity may play an important role in OPC differentiation, myelination 

and myelin plasticity. Glutamate is one of the critical mediators of excitatory neuronal 

activity. It has been shown that glutamate stimulates oligodendrocyte differentiation 

through the activation of the N-methyl-D-aspartate receptor (NMDA receptor) (Cavaliere 

et al., 2012a; Li et al., 2013). However, the composition of the NMDA receptor expressed 

in oligodendrocytes, predominantly GluN1, GluN2C and GluN3A, is quite distinct from 

that of neurons, which is predominantly GluN1, GluN2A and GluN2B (Karadottir et al., 

2005; Salter and Fern, 2005; Burzomato et al., 2010). To avoid the off-target effect of 

nonspecific interference of NMDA receptor subunits (mainly from neurons), it is very 

important to understand the specific NMDA receptor subunit function on oligodendrocyte 

differentiation and myelination in order to develop new therapeutics. 

Results from this research demonstrated that GluN2C expression, not GluN3A, 

GluN2A or GluN2B, is increased during oligodendrocyte differentiation. Further studies 

focusing on GluN2C by molecular, biochemical, and cell biological approaches 

illustrated how GluN2C-containing NMDA receptors regulate oligodendrocyte 

differentiation and myelination, which can contribute to a better understanding of 

molecular mechanisms underlying oligodendrocyte differentiation and myelination as 

well as developing new drug targets for demyelinating diseases, since oligodendrocyte 

differentiation impairment is considered to be the major cause of remyelination failure in 

demyelinating diseases (Chang et al., 2000; Nave, 2010).  
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2. Statement of Hypothesis and Specific Aims 

Hypothesis: GluN2C-containing NMDA receptors play an important role in 

differentiation and/or myelination of oligodendrocytes in the mouse optic nerve. 

Aim 1: Determine the role of GluN2C-containing NMDA receptors in 

myelination of the optic nerve. 

(1a) Characterize the myelination of wild-type (WT) and GluN2C-null littermates 

in the optic nerve. 

(1b) Evaluate the myelin-related protein expression of WT and GluN2C-null 

littermates in the optic nerve. 

Aim 2: Determine the role of GluN2C-containing NMDA receptors in the 

differentiation of oligodendrocytes in the mouse optic nerve. 

(2a) Determine the effect of NMDA on oligodendrocyte differentiation. 

(2b) Determine the expression pattern of various NMDA subunits during 

oligodendrocyte differentiation.  

(2C) Determine the role of GluN2C-containing NMDA receptors in the promotion 

of oligodendrocyte differentiation induced by NMDA.  

(2d) Determine the role of GluN2C-containing NMDA receptors in 

oligodendrocyte differentiation using the neuron-oligodendrocyte coculture system. 

(2e) Characterize the oligodendrocyte differentiation of WT and GluN2C-null 

littermates in the optic nerve. 
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B. Review of Related Literature  

1. Oligodendrocyte introduction 

Oligodendrocytes are the myelinating cells of the CNS. They facilitate the rapid 

conduction of neuronal signals and support axonal survival. Processes extending from an 

oligodendrocyte contact and repeatedly envelope fragments of axons with subsequent 

condensation of this myelin. Prior to that, oligodendrocytes have to go through complex 

and precisely timed stages (Baumann and Pham-Dinh, 2001). Oligodendrocytes originate 

from migratory or mitotic precursors, then differentiate into mature oligodendrocytes and 

finally develop into the myelinating mature oligodendrocytes.  

1.1 Oligodendrocyte differentiation process and molecular markers. 

Oligodendrocyte progenitors in rodent species differentiate with a dramatic 

morphologic change and in several stages that can be characterized by many molecular 

markers. Oligodendrocyte progenitors are bipolar cells with the presence of specific 

markers, such as glycolipids like GD3 and A2B5 antigens, and a chondroitin sulfate 

proteoglycan named NG2 (Baumann and Pham-Dinh, 2001). They proliferate actively in 

response to fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF) 

and migrate extensively all over the brain before their final differentiation into mature 

oligodendrocytes. After migration, the oligodendrocyte progenitors settle down and 

become preoligodendrocytes with multiprocesses and the appearance of the marker O4. 

They retain the ability of cell mitosis, but gradually lose motility and their mitogenic 

response to PDGF. In rats, preoligodendrocytes transform into immature 

oligodendrocytes characterized by the presence of the marker galactocerebroside (GalC). 
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They lose progenitor markers such as the GD3 and A2B5 antigens. However, they 

express other cellular markers specific for developing oligdendrocytes: cyclic nucleotide 

phosphodiesterase (CNP) and receptor interacting protein (RIP). Studies in rat cerebellum 

indicate that both CNP and GalC are expressed at the same time, and the expression of 

myelin basic protein (MBP), along with proteolipid protein (PLP) and myelin-associated 

glycoprotein (MAG), occur subsequently to identify the stage of mature oligodendrocyte 

(Baumann and Pham-Dinh, 2001). In vitro analyses suggest that the differentiation 

process of oligodendrocyte from the precursors to the mature stage is similar in culture 

(Sarlieve et al., 1983).  Cultured isolated oligodendrocytes are used to investigate the 

differentiation process of oligodendrocytes. 
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Figure 1. Schematic drawing of the morphological and antigenic progression from 

precursor cells to myelinating mature oligodendrocytes. Stage-specific markers are in 

boxes. (Figure is used with permission from Baumann, N et al., Biology of 

oligodendrocyte and myelin in the mammalian central nervous system, 2001, Physiol 

Rev). 
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1.2 The origin of oligodendrocytes 

There are several waves of oligodendrocyte precursors in the cortex during 

development (Richardson et al., 2006). The first oligodendrocyte precursors originate 

from the neuroepithelial cells of ventral territories in the cortex at about embryonic day 

16 (E16). Cells that express oligodendrocyte lineage markers such as OLIG1, OLIG2, 

SOX10 and PDGFRα first appear in the medial ganglionic eminence (MGE). They 

migrate to the entire cortex and are then mixed with a second wave of oligodendrocyte 

precursors from the lateral and/or caudal ganglionic eminence(s) after E18. However, 

after birth, the first wave of oligodendrocyte precursors are rapidly eliminated from the 

cortex and gradually eliminated from all other parts of the brain. Production of the 

cortex-derived precursors occurs at that time (Fig 2).  

The optic nerve is considered to be a part of the CNS. The myelin in the optic 

nerve is generated by oligodendrocytes. During the past quarter century, oligodendrocyte 

precursor cell (OPC) development has been well documented in the vertebrate CNS (Ono 

et al., 1995; Miller, 1996; Ono et al., 1997; Miller, 2005). Although it is considered that 

ventricular zone-derived cells of the fetal forebrain relocated to the optic nerve and 

differentiated into oligodendrocytes (Small et al., 1987; Garcion et al., 2001), the precise 

origin of OPCs in the rodent optic nerve has not been examined experimentally. In 

chicken optic nerve, OPCs originate in a focal region at the ventral midline of the third 

ventricle. OPCs then migrate into the chiasmal end of the nerve and distribute uniformly 

(Ono et al., 1997). In addition, using lineage tracing of Olig2-positive cells and whole 

mount staining of PDGFRα-positive cells, Ono K et al.  
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Figure 2. Origins and migration of oligodendrocyte precursors in the rodent 

telencephalon (Figure is used with permission from Richardson W.D et al., 

Oligodendrocyte Wars, 2006, Nat Rev Neurosci). In the telencephalon, the ventral-most 

precursors in the medial ganglionic eminence appear from about E12.5 (1), the lateral 

ganglionic eminence-derived precursors are produced a few days later (2), and the cortex-

derived precursors are produced mainly after birth (3). Diagram is not to scale. 
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concluded that OPCs in the mouse optic nerve originate in the preoptic area (Ono et al., 

2017). 

1.3 Oligodendrocyte myelination 

Myelination is considered to be the formation of a membrane with a fixed 

composition and specific lipid-protein interactions that are s accompanied by membrane 

compaction and the formation of the dense and intraperiodic lines of myelin (Baumann 

and Pham-Dinh, 2001). As the nervous system matures, myelination occurs first in the 

peripheral neuron system (PNS), then in the spinal cord, and lastly in the brain. In mice, 

myelination starts in the spinal cord at birth and is achieved in most regions of the brain 

around 45-60 days postnatally (Baumann and Pham-Dinh, 2001; Baloch et al., 2009). In 

rats, the brain begins to myelinate postnatally at around 10-12 days. The maximal rate of 

myelination occurs at about 20 days. Synthesis of myelin components is rapid during 

deposition of myelin. In humans, the peak of myelin formation occurs during the first 

year postnatally and can last until 20 years of age. 

When myelination occurs, an oligodendrocyte sends one of its processes forming 

compact myelin spiraling around an axon. In transverse section, this forms a lamellated 

structure, and the axon is surrounded by many loops of the plasma membrane of the 

oligodendrocyte. Along the internode length, the myelin sheath is a ridge that is extended 

from the oligodendrocyte body. X-ray diffraction studies of myelin indicate a protein-

lipid-protein-lipid-protein structure. The internodes between two neighboring myelin are 

nodes of Ranvier (Figure. 3). At the nodes of Ranvier, voltage-dependent Na+ channels 

are clustered in the axonal membrane and fast K+ channels are concentrated. The entire 

node region is organized and sustained by adhesion and scaffold proteins.  
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Oligodendrocyte myelination is regulated by the axon-oligodendrocyte signalling. 

For example, the thickness of myelin varies according to the axon diameter, which can be 

indicated by the g-ratio value. The g-ratio is the ratio of axonal diameter divided by the 

diameter of both axon and myelin sheath. This means larger axons have thicker myelin, 

and smaller axons have thinner myelin. It has also been shown that the neuregulin-ErbB 

receptor system has a pivotal role for Schwann cell differentiation and myelination, 

which accounts for the PNS myelination. Without neuregulin 1 type III, Schwann cells in 

culture cannot myelinate neurons in the spinal cord (Nave and Salzer, 2006). However, 

analyses of a series of conditional null mutant animals lacking neuregulin 1 showed 

normal myelination in the CNS (Brinkmann et al., 2008), which suggests other possible 

mechanisms for the CNS myelination. Recently, glutamate released along axons has been 

shown to play an important role in regulating the myelination of oligodendrocytes by 

increasing local synthesis of MBP in the myelin sheath (Wake et al., 2011a). This 

suggests a potential role of glutamate receptors on oligodendrocytes during myelination. 
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Figure 3. Structure of myelinated axons. (A) Myelinating glial cells, oligodendrocytes in 

the CNS, form the myelin sheath by enwrapping their membrane several times around the 

axon. Myelin covers the axon at intervals (internodes), leaving bare gaps — the nodes of 

Ranvier. Oligodendrocytes can myelinate different axons and several internodes per axon. 

(B) Illustration of transverse section of myelinated axon at the internode. (Figures are 

used with permission from Poliak, S & Peles, E. The local differentiation of myelinated 

axons at nodes of Ranvier. Nature Reviews Neuroscience, 2003) 

  

A B 
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1.4 Myelin glycolipids and their synthetic pathway 

During myelination, the oligodendrocyte synthesizes lipids for the assembly of 

the myelin sheath. 80% of the dry weight of myelin contains cholesterol, phospholipids, 

and glycolipids, which range from 4:3:2 to 4:4:2 in molar ratios (Baumann and Pham-

Dinh, 2001). Glycolipids include galactocerebroside (GalC), galactosulfatide (sGalC) and 

galactodiglyceride (GalDG). The synthetic pathways of glycolipids are reviewed in Fig.4 

(Stoffel and Bosio, 1997), in which acylCoA is one of the important substrates. 

Oligodendrocytes can acquire acylCoA with glucose or lactate. Low glucose 

concentration reduces oligodendrocyte myelination, which can be rescued by adding 

exogenous L-lactate (Rinholm et al., 2011). The glucose can be acquired by 

oligodendrocytes through Glucose transporter 1 (GLUT1), and oligodendrocytes can get 

lactate through Monocarboxylate transporter 1 (MCT1) (Fig.5). Glucose and lactate not 

only support oligodendrocytes as a metabolic fuel, but also provide substrates for lipid 

synthesis. Oligodendrocytes utilize glucose and lactate at a higher rate than that measured 

from neurons and astrocytes (Sánchez-Abarca et al., 2001). The rate of lipid synthesis 

is also higher in oligodendrocytes (Sánchez-Abarca et al., 2001), suggesting the 

metabolism of oligodendrocytes is specifically suitable for the synthesis of lipids for 

myelin assembly.  
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Fig 4. Biosynthetic pathway of long-chain sphingosine bases and glycosphingolipids. The 

pathway outlines the biochemical reactions that lead to ceramide and the long-chain 

sphingosine bases. Ceramide is the branching point in the biosynthesis of sphingomyelin, 

neutral glycosphingolipids and gangliosides. Sphingosine and ceramide have been 

recognized as important potential lipid second-messenger molecules in different cell 

types. UDP-Gal, uridine-5'-diphospho-galactose; PAPS, 3'-phosphoadenosyl-5'-

phosphosulfate. (Figure is used with permission from Stoffel W, Bosio A. Myelin 

glycolipids and their functions. Current Opinion in Neurobiology 1997:654-661) 
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Figure 5. Schematic illustration of glucose and lactate fluxes between blood vessels and 

oligodendrocytes. Glucose is transported across the blood–brain barrier through glucose 

transporter 1 (GLUT1) expressed on endothelial cells and can be taken up by 

oligodendrocytes (through GLUT1). The lactate may be taken up by oligodendrocytes 

through MCT1. The lactate is converted to pyruvate, which can be used for ATP 

production, and in oligodendrocytes may be particularly important to produce lipids for 

myelination. (Figure is modified from Amaral AI, Sonnewald A et.al., Metabolic aspects 

of Neuron-Oligodendrocyte-Astrocyte interactions. Front. Endocrinol 2013, which is is 

an open-access article distributed under the terms of the Creative Commons Attribution 

License. No permission is needed. ) 
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1.5 Oligodendrocyte function 

Myelination enables fast and efficient transduction of action potential along the 

axons. The myelin sheath insulates the axons by forming a multilamellar membrane 

structure. During that process, the oligodendroglial plasma membrane spirally wraps and 

subsequently is compacted along the axons. This fine structure of compact myelin not 

only insulates axons electrically, but also functionally connects to the axon via 

cytoplasmic-rich myelinic channels for movement of macromolecules to and from the 

internodal periaxonal space (Nave, 2010). Damage of the normal structure of myelin or 

loss of oligodendrocytes can result in late-onset axonal degeneration and even neuronal 

death, as shown in several myelin-specific protein knockout mouse mutants (Inoue et al., 

1981; Li et al., 1994; Montag et al., 1994; Zoller et al., 2008). 

1.5 Animal models of Multiple Sclerosis 

Over the decades, experimental autoimmune encephalomyelitis (EAE) has been 

proposed as an animal model to investigate pathogenetic hypotheses and search for new 

therapies in the CNS inflammation and demyelination diseases such as MS. EAE is a 

CD4+ T cell-mediated demyelinating autoimmune disease that has strong similarity to 

MS (Brown et al., 1982; Karcher et al., 1982; Lassmann, 1983; Lublin, 1985; Tan et al., 

1992; Miller and Karpus, 1994; Eng et al., 1996). Demyelination associated with 

infiltrating T cells, macrophages, and B cells occurs in the white matter of the CNS in 

both EAE and MS (Traugott et al., 1979; Traugott et al., 1986; McCallum et al., 1987; 

Boyle and McGeer, 1990; Renno et al., 1995). Within lesions of EAE mice and MS 

patients, macrophages present as foam cell-like morphology with phagocytosed 

hydrophobic myelin debris (Epstein et al., 1983; Sommer et al., 1992; Smith, 1993). In 
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addition, oligoclonal IgG presents in the cerebrospinal fluid (CSF) in both cases (Karcher 

et al., 1982; Colover, 1988). The symptoms of both EAE and MS are similar and may 

show sensory loss, optic neuritis, problems with coordination and balance, and muscle 

weakness.  

Two methods are widely used to induce EAE in mice: active immunization with 

CNS proteins and passive transfer of pre-activated myelin-specific T cells into naïve 

recipients (Bigazzi, 1995). In active immunization of EAE, demyelination is induced by 

injection of myelin antigen(s) or peptides from such proteins. Peripheral immunization of 

such proteins or peptides leads to the breakdown of peripheral tolerance and the 

activation of T lymphocytes reacting against myelin antigens. These myelin-specific T 

cells differentiate into effector cells, which mediate EAE by recognizing the target 

antigen bound to class II molecules of the major histocompatibility complex (MHC). In 

many protocols, mice are co-injected with pertussis toxin to break down the blood-brain 

barrier, or the expression of integrins by effector T cells can help them to access CNS 

cells with endogenous myelin antigens (Yednock et al., 1992). During the immunization 

process, pro-inflammatory cytokines and chemokines are produced, and they induce 

inflammation and recruitment of other nonspecific effectors such as monocytes, 

macrophages, and neutrophils (Kroenke et al., 2008; Lees et al., 2008). This 

immunization leads to destruction of the myelin sheath of axonal tracts in the brain and 

spinal cord, formation of demyelination lesions and the onset of clinical symptoms. The 

whole process can be achieved by direct adoptive transfer of activated myelin-specific T 

cells into recipients (Raine et al., 1984; Zamvil et al., 1985; Cross and Raine, 1990).  
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Depending on the antigen and the genetic background of the animal, animals can 

develop EAE with distinct forms: a monophasic bout, a relapsing-remitting form, or 

chronic EAE. Although sharing some features, for example, demyelination, EAE has 

limitations when applied to human demyelinating diseases such as MS (Sriram and 

Steiner, 2005; Gold et al., 2006; Steinman and Zamvil, 2006). EAE either causes animal 

death or permanent disabilities. Severe nerve inflammation also often occurs in the EAE, 

and the time course of EAE is different from MS. Comments regarding popular rodent 

EAE models are reviewed in Table 1. The various conditions, including the induction 

method, clinical and pathological features, and amenability to treatment, add to its 

complexity and heterogeneity. 

Independently of autoimmune attack, two major toxin-induced models have been 

developed to investigate demyelination: the lysolecithin (LPC)-induced demyelination 

model and the cuprizone-induced demyelination model. In the LPC-induced 

demyelination model, LPC is injected into the spinal cord or other CNS regions. 

Detectable demyelination can be measured within hours (Hall, 1972) , and remyelination 

continues over the next several weeks (Woodruff and Franklin, 1999). Relatively little 

axonal loss is involved in this model (Hall, 1972) with oligodendrocytes particularly 

sensitive to LPC toxin (Fressinaud, 2005); the mechanism remains uncertain.  

Cuprizone-induced demyelination is another widely-used model for research in 

myelination and remyelination. A diet of 0.2% w/w powdered cuprizone over a period of 

6-8 weeks induces synchronous, consistent demyelination in several different brain 

regions, such as the hippocampus (Koutsoudaki et al., 2009; Norkute et al., 2009), the 

cortex (Gudi et al., 2009; Skripuletz et al., 2010; Silvestroff et al., 2012) and the corpus  
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Table 1. Commonly used rodent EAE models 

(Table is used with permission from Ralf Gold et al., Understanding pathogenesis and 

therapy of multiple sclerosis via animal models: 70 years of merits and culprits in 

experimental autoimmune encephalomyelitis research, Brain, 2006) 
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callosum (Carlton, 1967; Stidworthy et al., 2003). Moreover, remyelination occurs 

simultaneously after removal of cuprizone from the diet, which provides a good model 

for studying remyelination. Although first reported in the 1960s (Carlton, 1967), the 

actual mechanism of cuprizone-induced demyelination is not well understood. Several 

factors have been indicated to play a role, such as copper chelation (Venturini, 1973), 

mitochondrial dysfunction (Suzuki, 1969) and blockage of OPC differentiation (Cammer, 

1999). However, other evidence, which challenged these ideas, showed that 

administration of copper failed to reduce cuprizone-induced toxicity (Carlton, 1967). As 

cuprizone has been widely used to induce CNS demyelination for decades, some variable  

results in the degree of demyelination have been shown depending on the mouse strain, 

age, or gender (Kipp et al., 2009). Similar to the LPC-induced model, this cuprizone-

induced model has offered valuable insights into the basic biology of demyelination as 

well as the assessment of factors that may accelerate the remyelination process. 

2. NMDA receptor introduction 

Neuronal signals depend on numerous neurotransmitters and their receptors. 

Glutamate is one of the predominant excitatory neurotransmitters. Glutamate receptors 

can be classified into two groups: ion-tropic glutamate receptors and G protein-coupled 

metabotropic glutamate receptors. Ion-tropic glutamate receptors form the ion channel 

pore that activates when glutamate binds to the receptor. There are three main subtypes of 

ion-tropic glutamate receptors: the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA) receptor, the NMDA receptor and kainite (KA) receptor. Ion-tropic 

glutamate receptors relay information quickly, activate intracellular signaling, change the 
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synaptic plasticity and affect learning and memory. The NMDA receptors, which are 

highly expressed within the postsynaptic density (PSD) of excitatory synapses, are unique 

since they are both voltage-dependent and ligand-gated. Thus, NMDA receptors are 

known as “coincidence detectors” (Hollmann and Heinemann, 1994), meaning they can 

detect the occurrence of temporally close but spatially distributed input signals. 

2.1 NMDA receptor subunits  

NMDA receptor, as a subtype of ion-tropic glutamate receptor, is both voltage-

dependent and ligand-gated. Activation of NMDA receptors requires membrane 

depolarization to remove the Mg2+ block and binding of two agonists, glutamate and 

glycine or D-serine, which induces Na+, K+ and Ca2+ cation currents. Functional NMDA 

receptors are heterotetramers that  consist of two obligatory GluN1 subunits and two 

regulatory subunits from either the GluN2 (GluN2A, GluN2B, GluN2C and GluN2D) or 

the GluN3 (GluN3A and GluN3B) subunits. While splicing variants of GluN1 subunit 

could alter NMDA receptor properties, the two regulatory subunits primarily diversify 

and determine the properties of NMDA receptors. Each NMDA receptor subunit has a 

quite similar structure, with four distinct domains of variable lengths: an extracellular N-

terminal domain, an extracellular ligand-binding domain, a transmembrane domain and 

an intracellular C-terminal domain. There are three membrane-spanning helices. A 

membrane re-entrant loop is between the first and second helix, which contributes to 

channel pore formation. The intracellular C-terminal domain is responsible for the 

cytoplasmic protein-protein interaction, which is required for the trafficking and 

signalling of NMDA receptors (Cull-Candy et al., 2001; Paoletti et al., 2013). 

2.2 NMDA receptor expression 
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NMDA receptors were thought to exist in neurons only. Therefore, the expression 

and function of NMDA receptors in neurons are what have been mostly investigated. 

According to different regulatory subunits, their localization and function may vary 

during development (Table 2) (Cao and Yao, 2013). The GluN2 subunit NMDA 

receptors (GluN2A, Glun2B, GluN2C, and GluN2D) are major determinants of the 

NMDA receptor's functional heterogeneity.  Only the GluN2B and GluN2D subunits are 

found in the embryonic brain, and at this stage, GluN2D is mostly expressed in the caudal 

regions. During the first 2 postnatal weeks, there are remarkable changes in the 

expression of the GluN2 subunits. GluN2A expression initiates right after birth and 

progressively becomes universally and predominantly expressed all over the CNS area. In 

contrast to this rise of GluN2A expression after birth, GluN2D expression drops 

dramatically. In the adult, GluN2D is mostly expressed in the diencephalon and 

mesencephalon and in small amounts. However, GluN2B expression remains at a high 

level after birth and gradually becomes limited to the forebrain. Finally, the GluN2C 

expression rises at about postnatal day 10. In the adult mouse, GluN2C is mainly 

abundant in the cerebellum and the olfactory bulb, and it is also expressed in the thalamus 

and oligodendrocytes. In addition, the GluN3A and GluN3B subunits also display distinct 

expression patterns (Table 2) (Akazawa et al., 1994). These strikingly different 

spatiotemporal expression profiles strongly suggest a diverse functional heterogeneity of 

NMDA receptor subunits. 
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 Expression pattern Function 

GluN1 Increases after birth, peaks at adult, 

ubiquitously in nerve system  

Obligatory subunit with glycine or 

D-serine binding site; regulation on 

the plasticity of neuron 

GluN2A 2 weeks after birth, ubiquitously in 

nerve system  

Involved in long-term potentiation 

process, synaptic plasticity and 

neuronal survival signaling.  

GluN2B Predominant in embryonic stage, at 

forebrain and striatum in adult brain. 

Tyrosine phosphorylation sites, 

glutamic acid binding sites, 

excitotoxic effect including Ca2+ 

accumulation, mitochondrial 

swelling 

GluN2C In cerebellum, olfactory bulb, 

thalamus, oligodendrocytes 

Lowers sensitivity to Mg2+, less Ca2+ 

conductance, neuronal protective 

effect 

GluN2D Mainly expressed early in 

development, in adult at brainstem, 

midbrain and thalamus 

Expresses only at extra synapses, 

functions unclear. 

GluN3A Peaks in the early postnatal phase and 

declines at adulthood 

Glycine binding site; plasticity and 

synapse formation in sensation 

neurons 
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GluN3B At motor neurons  Neuroprotective function by 

decreasing Ca2+ influx through 

NMDARs 

Table 2: Expression and functions of different NMDA receptor subunits in neurons. 

(Table is used with permission from Cao, N. and Z.X. Yao, Oligodendrocyte N-

methyl-D-aspartate receptor signaling: insights into its functions. Mol Neurobiol, 

2013) 
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2.3 NMDA receptor structures 

There are four discrete modules in the NMDA receptor: the amino (N)-terminal 

domain (NTD) is involved in subunit assembly and allosteric regulation in the 

extracellular region; the agonist-binding domain (ABD) consists of two discontinuous 

segments (S1 and S2) that bind glycine or D-serine in GluN1 and GluN3 subunits and 

glutamate in GluN2 subunits; individual NMDA receptor subunits contain the 

transmembrane domain (TMD); and a long intracellular C-terminal tail. The TMD 

contains three transmembrane helices (M1, M3, M4) plus a pore loop (M2) that controls 

ion selectivity. The CTD contains intracellular binding sites to various proteins, that are 

involved in receptor trafficking, anchoring and coupling to signaling molecules. In the 

classical GluN1/GluN2 receptors, the NMDA receptor forms an alternating 

GluN1/GluN2/GluN1/GluN2 subunit arrangement tetrameric complex (Traynelis et al., 

2010; Paoletti, 2011). 

2.4 NMDA receptor channel properties 

NMDA receptors have unique properties that distinguish themselves from other 

types of ligand-gated ionotropic receptors (Dingledine et al., 1999; Cull-Candy et al., 

2001). First, NMDA receptors are both voltage-dependent and ligand-gated. Activation 

of the receptor requires membrane depolarization to remove the Mg2+ block, and also  

requires the binding of two agonists-glutamate and glycine or D-serine. Second, NMDA 

receptor channels are highly Ca2+-permeable. Third, their channel kinetics are unusually 

slow due to the slow glutamate unbinding. Fourth, they have a long NTD with an array of 

modulatory sites thatare exquisitely sensitive to the extracellular microenvironment. Fifth, 

the particularly long CTD of NMDA receptors provide various protein interaction sites in 
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which a lot of downstream signaling is involved. There are also remarkable variations in 

properties between different receptor subtypes due to their heterogeneity in biophysical 

structures, pharmacological properties and downstream signaling. 

It has been demonstrated by electrophysiology studies that the channel properties of 

different NMDA receptors are determined by the GluN2 subunit composition (Stern et al., 

1992; Dingledine et al., 1999; Cull-Candy et al., 2001; Traynelis et al., 2010). The major 

variations among the subunits are their sensitivity block by Mg2+, gating kinetics and specific 

permeability to ions (Table 3). NMDA receptors containing GluN2A or GluN2B exhibit 

large single-channel conductance with high sensitivity to Mg2+ block (Table 3). The GluN2C- 

or GluN2D-containing NMDA receptors display smaller conductance and a relatively lower 

sensitivity to Mg2+ block (Table 3). Activation of GluN2C-containing NMDA receptors only 

requires modest depolarization. Since oligodendrocyte membrane potential depolarization is 

not as easy as that of neurons, this low sensitivity to Mg2+ implies that GluN2C-containing 

NMDA receptors can still functionally operate to regulate downstream signaling. 

Combination of the GluN3 subunit with GluN1/GluN2 reduces Ca2+ permeability of the 

channel (Perez-Otano et al., 2001). If a NMDA receptor is only made of GluN3A or 3B with 

GluN1, it is impermeable to Ca2+ and can be activated only by glycine (Chatterton et al., 

2002a). 
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Table 3. GluN2-subunit specific permeation and gating properties. 

Classical GluN1/GluN2 receptors form channels with two conductance levels: a main and 

a sub-conducting state. NMDA receptor subtypes show distinct channel conductance, 

sensitivity to agonists (EC50), activation and deactivation kinetics (τoff) and channel 

mean open time and maximal open probability (Po). (Table is used with permission from 

Molecular basis of NMDA receptor functional diversity. Eur J Neurosci, 2011). 
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2.6 NMDA signaling in neuron survival 

NMDA receptor signaling in neurons can be varied due to the following distinct 

characteristics: 1) activation level; 2) subunit specific (GluN2A-GluN2D, or GluN3); and 

3) subcellular site (synaptic and extrasynaptic). The results can be pro-survival or pro-

death according to different sources of NMDA receptor signaling (Luo et al., 2011). In 

neurons, adequate activation of synaptic NMDA receptors (mainly GluN2A-containing 

receptors) causes an appropriate increase of intracellular Ca2+. This Ca2+ influx activates 

CaMKII and upregulates a battery of pro-survival genes by activation of cAMP response 

element binding protein (CREB). In addition, appropriate activation of NMDA receptors 

down-regulates the expression of pro-death genes by inhibiting forkhead box protein O 

(FOXO) activity through the PI3K-Akt pathway. Meanwhile, extrasynaptic NMDA 

receptor (mainly GluN2B-containing receptor) signal has an opposing effect on gene 

expression to induce neuronal death. Its activity blocks CREB-dependent pro-survival 

gene expression, and activates FOXOs and expresses pro-death genes (Luo et al., 2011). 

Overactivation of NMDA receptor induces Ca2+ overload and subsequent mitochondrial 

dysfunction. Excessive Ca2+ influx leads to excessive nitirc oxide (NO) synthesis, affects 

the tricarboxylic acid cycle and inhibits normal mitochondrial function. In addition, Ca2+ 

overload causes the over-uptake of Ca2+ into the mitochondria. Subsequently, pro-

apoptosis factors such as Cyto-C will be released followed by DNA fragmentation and 

cell apoptosis (Cao and Yao, 2013). 

2.7 NMDA receptor function in synaptic plasticity. 

The triple gating activation mechanism of the NMDA receptor, which is co-

activation by glutamate and glycine together with voltage dependent depolarization, 
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makes NMDA receptors perfect to modulate synaptic plasticity. With this mechanism, 

postsynaptic NMDA receptors can integrate the incidence of pre-synaptic 

neurotransmitter release and postsynaptic depolarization in order to open the channel and 

induce Ca2+ influx. Thus, NMDA receptors function as “coincidence detectors” of pre- 

and post-synaptic activity (Bliss and Collingridge, 1993). The Ca2+ influx can activate a 

number of intracellular second messengers that can either up-regulate or down-regulate 

the synaptic plasticity as long-term potentiation (LTP) (Bliss and Lomo, 1973) and long-

term depression (LTD) (Dudek and Bear, 1992). Further evidence suggests that GluN2A-

containing receptors play an important role in the induction of LTP whereas activation of 

extrasynaptic GluN2B-containing NMDA receptors are required in the induction of LTD 

(Hrabetova et al., 2000; Liu et al., 2004; Massey et al., 2004). Later, other work disputed 

that LTP and LTD are induced through activation of different NMDA receptor subtypes 

(Berberich et al., 2005; Weitlauf et al., 2005; Bartlett et al., 2007). 

3. Function of NMDA receptors in oligodendrocytes 

3.1 Effect of glutamate on oligodendrocyte differentiation 

The hypothesis that neuron activity affects oligodendrocyte development has been 

tested for decades. The amount and length of the axons requiring myelination should 

match with the myelin sheath produced by the mature myelinating oligodendrocytes 

during CNS development. One way to regulate this homeostasis is that axons locally 

release factors to control the differentiation and myelination of oligodendrocytes. 

Glutamate might be one of the factors, but its effects on oligodendrocyte differentiation 

and myelination are still controversial. It is possible that different concentrations of 
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glutamate activate different glutamate receptors on oligodendrocytes that serve distinct 

functions in regulating differentiation and myelination.  

Activation of metabotropic glutamate receptors (mGluRs) in immature 

oligodendrocytes with the mGlu4 receptor agonist L-2-Amino-4-phosphonobutyrate (L-

AP4; 50 µM for 48 h) promotes differentiation (Spampinato et al., 2014), and local 

translation of MBP was significantly decreased in the presence of mGluR antagonists 

(Wake et al., 2011a).  mGluRs also regulate AMPA receptor expression (Zonouzi et al., 

2011). However, glutamate (200µm), which activates mainly AMPA/kainate receptors, 

inhibits OPC proliferation and AMPA-inhibited OPC differentiation in vitro (Gallo et al., 

1996). Consistent with this data, mature oligodendrocytes were reduced by 

AMPA/kainate agonists in cerebellar slices in a dosage dependent manner (Yuan et al., 

1998). Similarly, blockade of AMPA receptor suppresses myelination, even though, 

inhibiting AMPA/kainate receptors increases the number of CC1+ oligodendrocytes, 

indicating these CC1+ oligodendrocytes failed to fully differentiate into myelinating 

mature oligodendrocytes (Fannon et al., 2015). NMDA receptors, acting through the 

Akt/mTOR pathway, are implicated in the late differentiation steps of oligodendrocytes 

(Li et al., 2013; Lundgaard et al., 2013). In vitro, activating NMDA receptors consistently 

promotes myelination and the local expression of myelin related proteins such as MBP 

and myelin oligodendrocyte glycoprotein (MOG) (Wake et al., 2011b; Cavaliere et al., 

2012b; Cavaliere et al., 2013; Li et al., 2013), in spite of the report that 50 µM AP5, but 

not 2.5 µM AP5, 10 µM MK-801 or 500 nm MK-801, reduced the percentage of CC1+ 

olig2+ cells in cerebellar slice cultures (Fannon et al., 2015). 
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NMDA receptors are found on OPC processes (Káradóttir et al., 2005; Salter and 

Fern, 2005) and inside compact myelin sheaths (Káradóttir et al., 2005; Micu et al., 2006). 

Consistent with that, NMDA receptors has been shown to mediate Ca2+ accumulation in 

myelin in the optic nerve in vivo, while AMPA receptor only mediated Ca2+ 

accumulation in the cell body of oligodendrocytes (Micu et al., 2006). It is very likely 

that activation of NMDA receptor on the oligodendrocyte processes promotes 

oligodendrocyte differentiation and myelination via increasing the expression of local 

myelin-related proteins. However, the activation of AMPA receptor in the 

oligodendrocyte cell body by glutamate might have distinct effects. 

3.2 Function of NMDA receptors in oligodendrocytes 

The function of NMDA receptors in oligodendrocytes has not been well studied. 

According to its function in neurons, excitotoxicity is one of the most important effects of 

NMDA receptors. Extracellular glutamate that is detected by local oligodendrocytes can 

be released at discrete sites along axons in white matter in the absence of neurons and 

nerve terminals (Kukley et al., 2007; Ziskin et al., 2007). Excessive NMDA receptor 

signaling causes Ca2+ overload. This leads to rapid loss of oligodendroglial processes 

(Salter and Fern, 2005). In particular, calcium accumulation in myelin sheath during 

chemical ischemia is specifically mediated by NMDA receptors rather than AMPA 

receptors (Micu et al., 2006). Ca2+ overload in cytoplasm causes excessive rapid uptake 

of Ca2+ into mitochondria, which results in mitochondria-mediated cell death and 

demyelination (Matute, 2010).  

In addition to the pathological roles of NMDA receptors in oligodendrocytes, 

NMDA receptor signaling is also of great importance in physiological conditions. 
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Stimulation of NMDA receptor promotes oligodendrocyte precursor cell migration by the 

Tiam1/Rac1/ERK signaling pathway (Xiao et al., 2013). By analyzing the number and 

morphology of differentiated oligodendrocytes versus total cell numbers, several studies 

came to a consistent conclusion that NMDA receptor signaling promotes oligodendrocyte 

differentiation (Cavaliere et al., 2012b; Li et al., 2013; Lundgaard et al., 2013). Along 

with migration and differentiation, myelination also requires axon-oligodendrocyte 

communication, which is partly mediated by glutamate receptors (Lundgaard et al., 2013). 

It is reported that glutamate from axons of mouse dorsal root ganglia promotes 

oligodendrocyte myelination and local synthesis of MBP through a Fyn kinase-dependent 

pathway (Wake et al., 2011b). Moreover, blocking of NMDA receptor delays 

remyelination in the cuprizone-induced demyelination model (Li et al., 2013). 

Oligodendrocytes have long been considered to provide trophic support to axons, which 

is critical for long-term axonal integrity. Fruhbeis et al. discovered that activity-

dependent release of glutamate triggers oligodendrocyte exosome secretion by Ca2+ 

entry through oligodendrocyte NMDA receptors and/or AMPA receptors and that these 

exosomes can be functionally retrieved by neurons (Fruhbeis et al., 2013). Moreover, 

NMDA receptor signaling was implicated to regulate the oligodendrocyte glucose 

transporter surface expression and axonal energy metabolism in adult myelinated axons 

(Saab et al., 2016). This suggests a role of NMDA receptor in neuron-glial 

communication after myelination.  

4. Clinical significance of research in NMDA receptors of 

oligodendrocytes 
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Since the NMDA receptor subunits were first identified in oligodendrocytes about 

ten years ago, a substantial amount of research has been invested into understanding the 

physiological function of NMDA receptors in oligodendrocytes in the healthy CNS and 

their pathological roles in demyelinating diseases. Like excitotoxicity on neurons, the 

excessive activation of NMDA receptors in oligodendrocytes mediates excessive influx 

of Ca2+, which results in damage of oligodendrocyte processes and myelin sheath. 

Concerning that impairment of oligodendrocytes and myelination leads to white matter 

diseases, which is a major part in stroke, cerebral palsy, spinal cord injury, and multiple 

sclerosis, NMDA receptor antagonists potentially can protect oligodendrocytes from 

these disease processes.  

However, in vitro evidence shows that NMDA receptor signaling promotes OPC 

differentiation and myelination (Cavaliere et al., 2012b; Li et al., 2013; Lundgaard et al., 

2013). In addition, blockage of the NMDA receptor activity can significantly impair the 

remyelination process, which suggests normal NMDA receptor signaling can promote 

remyelination. This indicates that a gentle NMDA receptor agonist, which is specifically 

targeted to the NMDA receptor on oligodendrocytes, might be able to promote 

remyelination and attenuate the demyelinating disease. 

In fact, ever since the landmark 1984 report of Roger Simon, Brian Meldrum, and 

their colleagues (Simon et al., 1984) showing excessive NMDA receptor activity during 

ischemic damage, many NMDA receptor antagonists have been tested to relieve damage 

to neurons. However, all of them failed in clinical trials. In most of the cases, the 

effective NMDA receptor antagonists blocked normal neuron activity and exhibited 

severe side effects, such as hallucinations, sleepiness, and coma, highlighting the need for 
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a more selective and gentle NMDA receptor antagonist, one that relatively spares normal 

neuronal activity while blocking excessive activity. WIth regards to white matter diseases, 

oligodendrocytes contain NMDA receptors with a distinctly different composition than 

those from neurons, which was reported as predominantly GluN1, GluN2C and GluN3A 

(Salter and Fern, 2005; Burzomato et al., 2010). GluN2C and GluN3A subunits can 

modify the properties of NMDA receptors, which makes the channels less sensitive to 

Mg2+ blockade with smaller conductance of Ca2+. These distinct compositions potentially 

allow an NMDA receptor antagonist or agonist to have different effects between 

oligodendrocytes and neurons. Currently, there are no selective agonists or antagonists 

for GluN3A subunits. Nevertheless, there are reports of selective antagonists and agonists 

targeted to GluN2C (Acker et al., 2013; Santangelo Freel et al., 2013; Zimmerman et al., 

2014). To develop appropriate drugs to selectively and specifically interact with NMDA 

receptor subunits and to avoid the off-target effect of nonspecific interference of these 

receptors, it is important for basic science studies and clinical interventions to further 

elucidate the subunit specific function of NMDA receptors in oligodendrocytes both in 

physiological and pathological conditions. 

In this study, we demonstrated that GluN2C expression, not GluN3A, GluN2A or 

GluN2B, is increased during oligodendrocyte differentiation. Further studies focusing on 

GluN2C illustrated how GluN2C-containing NMDA receptors regulate oligodendrocyte 

differentiation and myelination in mouse optic nerve, which is an oligodendrocyte-

enriched tissue. These data can contribute to a better understanding of molecular 

mechanisms underlying oligodendrocyte differentiation and myelination as well as 

developing new drug targets for demyelinating diseases. 
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5. NMDA receptor trafficking and protein interactions 

The trafficking of NMDA receptors plays an important role in modulating the 

strength of excitatory synaptic responses (Wenthold et al., 2003; Lau and Zukin, 2007). 

After assembling in the endoplasmic reticulum (ER), the receptors are transported to the 

plasma membrane via a biosynthetic secretory pathway. Endocytosis of NMDA receptors 

occurs through various pathways, including clathrin-dependentand clathrin-independent 

pathways. The trafficking of NMDA receptors is reviewed in Figure 6 (Nong et al., 2004). 

The long cytoplasmic CTDs of NMDA receptors, which are the least conserved regions 

among different subunits, contain several subunit-specific sites of regulation that have 

implications for receptor trafficking, localization and signaling. For example, GluN1-1, 

one of the GluN1 splice variants, contains an ER-retention motif. Neuronal activity can 

change the splicing of the GluN1 subunit mRNA, which transforms the C-termini of 

GluN1. This transformation coincides with a redistribution of NMDA receptors in 

neurons (Mu et al., 2003). Similarly, GluN2A, GluN2B and GluN2C CTDs have distinct 

motifs that control their trafficking.  

5.1 Membrane associated guanylate kinase (MAGUK) 

MAGUK is a superfamily of anchoring proteins that act in specialized membrane 

regions as key scaffolds in the organization of protein complexes. Some of these 

complexes play critical roles in cell-cell intercommunication. MAGUKs are defined by 

their inclusion of multiple protein-protein interaction domains such as PDZ, SH3 and 

GUK domains. In one of the major examples of the protein complexes, the neuronal 

synapse, MAGUKs present in both presynaptic and postsynaptic sites, including post-  
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Figure 6. A schematic diagram illustrating the major steps in trafficking of NMDA 

receptors to and from the cell surface. Following synthesis in the ER and further 

maturation in the Golgi complex, NMDA receptors are delivered to the cell surface 

through a process involving the exocyst complex. NMDA receptors undergo clathrin-

mediated endocytosis, and after internalization, the receptors are sorted to endosomes. 

Receptors containing GluN2B (NR2B) are preferentially recycled to the cell surface, 
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whereas those containing GluN2A (NR2A) are preferentially targeted for degradation. 

(Figure is used with permission from Nong Y et.al,. NMDA receptors are movin’ in, Curr 

Opin Neurobiol, 2004)   
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synaptic density 95 (PSD-95), synapse-associated protein 102 (SAP102), SAP97, PSD-93, 

Ca2+/calmodulin-dependent membrane-associated serine protein kinase 3 and membrane-

associated guanylate kinase 2 (CAMGUK protein 2 or CASK), and membrane-associated 

guanylate kinases (MAGUKs). MAGUKs play roles not only during synapse formation 

and development but also in synaptic plasticity. For example, to organize the postsynaptic 

density, MAGUKs form protein complexes with other scaffolding proteins, such as 

Shank and the actin cytoskeleton. Importantly, MAGUKs are involved in long-term 

potentiation, which is widely considered one of the major cellular mechanisms that 

underlies learning and memory. 

MAGUKs can directly interact with NMDA receptors via PDZ domains binding 

to the C terminus of GluN2 subunits (Wenthold et al., 2008). MAGUK can bind to the 

NMDA receptor early in the secretory pathway, such as in the ER and Golgi apparatus. 

SAP102 and the NMDA receptor form complexes in the ER (Sans et al., 2005), and both 

CASK and SAP97 are essential for the retention and trafficking of NMDA receptors in 

the ER subcompartment (Jeyifous et al., 2009).  

Through these interactions, MAGUKs can affect NMDA receptors clustering on 

the membrane. However, their interactions change during development. For instance, 

binding of the C termini to MAGUKs is critical for retention of GluN2B at synapses 

(Bard et al., 2010). In contrast, GluN2A can localize to postsynaptic sites even without 

the PDZ binding domain (Bard et al., 2010). The mechanism of GluN2A and GluN2B 

subunits binding with MAGUKs is still controversial. However, a hypothesis was 

proposed that GluN2B subunits preferentially interact with synapse-associated protein 

102 (SAP102) and GluN2A subunits interact with PSD-95. Thus, these distinct 
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interactions lead to differential postsynaptic localization (Sans et al., 2000). However, 

further work disputes this simple hypothesis (Al-Hallaq et al., 2007). More recently, the 

PSD-95 family of MAGUKs are shown to be required for anchoring NMDA receptors at 

the postsynaptic density (Chen et al., 2015).  

Although MAGUKs cluster NMDA receptors at synapses, it is not the interaction 

between NMDA receptor and MAGUK that is essential for the clustering of MAGUKs at 

the PSD. The synaptic localization of SAP102 in cultured hippocampal neurons is not 

altered when NMDA receptor-SAP102 binding is disrupted by point mutations (Zheng et 

al., 2010). Instead, the SH3/GK domains are critical for the synaptic clustering of 

SAP102 (Zheng et al., 2010), and the N-terminal palmitoylation motif of PSD-95 and a 

tyrosine-based trafficking signal in its C-termini are essential for its synaptic localization 

(Craven and Bredt, 2000; Zheng et al., 2010) (Craven and Bredt 2000; El-Husseini and 

others 2000a; Zheng and others 2010). Thus, clustering of SAP102 at synapses could 

depend on its interaction with PSD cytoskeleton proteins indirectly via the GK domain 

(noted above), while clustering of PSD-95 at synapses could depend mainly on its 

membrane association through palmitoylation sites.  

MAGUKs can also bind with other proteins to regulate the surface expression of 

NMDA receptors at synaptic spines. CASK, one of the MAGUKs, may affect GluN2B 

expression levels. Down-regulation of GluN2B can be achieved by translocation of 

CASK to the nucleus and its binding with the transcription factor T-brain-1 (Tbr-1) 

(Hsueh, 2009). A family of synaptic adhesion-like molecules (SALMs) interacts with 

MAGUKs; at least SALM1 was shown to bind to PSD-95, SAP102, and SAP97 (Ko et 
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al., 2006; Seabold et al., 2008). Expression of SALM1 recruits PSD-95 and GluN2A to 

dendritic spines in hippocampal neurons (Wang et al., 2006).  

At excitatory synapses, NMDA receptors are relatively stable compared with 

AMPA receptors. Studies show that MAGUKs are involved in the endocytosis of both 

AMPA and NMDA receptors. The endocytic zone, where the endocytosis occurs, is 

usually on the membrane next to the PSD. The size and location are critical for 

postsynaptic receptor endocytosis. The physical link between PSD-95–GKAP–Shank–

Homer–Dynamin-3 may contribute to determine the position of the endocytic zone (Lu et 

al., 2007). Knockdown of PSD-95 remarkably decreases NMDA receptor-triggered 

AMPA receptor endocytosis, even though there is no evidence showing a direct 

interaction between PSD-95 and AMPA receptors (Bhattacharyya et al., 2009). In 

addition, PSD-95 directly binds to NMDA receptors, but it is still unknown how PSD-95 

regulates the endocytosis of NMDA receptors. There are several endocytic motifs in the 

C terminus of GluN2 subunits, and their function may be involved with different kinds of 

MAGUKs. This will be reviewed in further detail in a later section. 

Overall, MAGUKs interact with other proteins to form protein complexes that 

play important roles in synaptic development, plasticity, and function. These protein 

complexes make up both the PSD and the presynaptic active zone. Specifically, 

MAGUKs are associated closely with the surface expression, synaptic clustering and 

endocytosis of NMDA receptors, which indicates a key role in NMDA receptor 

trafficking. 

5.2 Adhesion proteins associated with NMDA receptor 
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In addition to the MAGUKs, a number of adhesion proteins are localized to the 

synapse and play important roles in synaptic formation, maturation, and normal function 

(Dalva et al., 2007). These proteins interact directly or indirectly with NMDA receptors 

to regulate NMDA receptor trafficking. Similar to MAGUKs, these adhesion proteins 

may mediate the surface expression, synaptic clustering and endocytosis of NMDA 

receptors. Some of the adhesion molecules even work together with MAGUKs (Regalado 

et al., 2006; Futai et al., 2007). 

Among the few adhesion proteins that bind directly to NMDA receptors, a family 

of receptor tyrosine kinases named Eph may function at synapses (Murai and Pasquale, 

2004). The presynaptic ephrin-B interacts postsynaptic EphB receptors, which may 

induce a physical interaction of EphB receptors with the N terminal domains of NR1 

subunits (Dalva et al., 2000), regulating synapse formation and enhancing NMDA-

dependent synaptic function (Dalva et al., 2000; Henderson et al., 2001). Activated EphB 

receptors can act as tyrosine kinases to indirectly potentiate NMDAR-mediated calcium 

influx (Takasu et al., 2002). EphB1, EphB2 and EphB3 shape dendritic spines in the 

hippocampus (Henkemeyer et al., 2003). 

Other families of adhesion molecules may indirectly interact with NMDA 

receptors and form complexes to affect synaptic NMDA receptors (Dalva et al., 2007). 

Presynaptic neurexin, which presents in presynaptic terminals and interacts with PDZ 

domain-containing proteins, binds to postsynaptic neuroligin, which is bound to PSD-95 

(Levinson et al., 2005; Petralia et al., 2005; Dean and Dresbach, 2006). Neuroligin on the 

postsynaptic membrane may recruit NMDA receptors to synapses, and different 

neuroligins would determine synapses to become either excitatory or inhibitory 
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(Levinson et al., 2005; Petralia et al., 2005; Dean and Dresbach, 2006; Chubykin et al., 

2007).  

Integrin mediates the developmental switch from GluN2B-containing NMDA 

receptors to GluN2A-containing NMDA receptors at hippocampal synapses (Chavis and 

Westbrook, 2001) and enhances the currents of NMDA receptors by activating Src 

tyrosine kinases (Lin et al., 2003; Bernard-Trifilo et al., 2005).  

5.3 Activity-dependent modifications in NMDA receptors 

Other than the adhesion proteins, several kinases, such as casein kinase 2, cyclin-

dependent kinase 5 (CDK5), protein kinase A (PKA), protein kinase C (PKC), tyrosine 

receptor kinase B (TrkB) and Src tyrosine kinases, can phosphorylate specific sites of C 

terminal domains and therefore regulate subunit-specific trafficking and signaling (Chung 

et al., 2004; Salter and Kalia, 2004; Sanz-Clemente et al., 2010; Sanz-Clemente et al., 

2013). In addition, NMDA receptors can be modulated by posttranslational modifications 

such as ubiquitination and S-nitrosylation. These modifications produce a variety of 

effects regulating the function of NMDA receptors. 

5.3.1 Phosphorylation of NMDA Receptors by Ca2+/calmodulin-dependent 

protein kinase II (CaMKII) 

Activation of NMDA receptors induce calcium influx, which can activate 

CaMKII with calmodulin. Then CaMKII activation leads to autophosphorylation at Thr-

286, which may increase its localization at the PSD, and increase the interaction between 

CaMKII and NMDA receptors (Leonard et al., 1999; Shen and Meyer, 1999; Dosemeci et 

al., 2001). CaMKII is a constitutively active, calmodulin-trapping state after 

autophosphorylation that cannot be reversed by phosphatases and prevents Thr-305 and -
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306 from inhibitory autophosphorylation. This form may also activate 

autophosphorylation of neighboring CaMKII (Bayer et al., 2001). Subsequently, 

activated CaMKII binds to the NMDA receptor, which allows it to get close to the 

AMPA receptor and then mediates LTP by phosphorylating AMPA receptors (Lisman 

and Zhabotinsky, 2001; Lisman et al., 2002; Andrasfalvy and Magee, 2004; Barria and 

Malinow, 2005). 

CaMKII directly interacts with the GluN1, GluN2A, and GluN2B subunits of 

NMDA receptors (Gardoni et al., 1999; Leonard et al., 1999).  Two binding sites of 

CaMKII were identified in GluN2B (Merrill et al., 2005). As a result, the association of 

CaMKII with GluN2B is stronger than with GluN2A, and compared with CaMKII–

GluN2A, CaMKII–GluN1 and CaMKII–GluN2B are more stable complexes, suggesting 

subunit-specific determinations of CaMKII function (Strack and Colbran, 1998). 

Activation of NMDA receptors can promote the interaction between CaMKII and 

GluN2B (Leonard et al., 1999).  

CaMKII can phosphorylate NMDA receptors to produce various downstream 

effects. For instance, CaMKII can compete with PSD-95 in interacting with GluN2A 

(Gardoni et al., 2001). In hippocampal neurons, CaMKII phosphorylates SAP97 at Ser-

232 in an NMDA receptor-dependent manner to modulate the association of GluN2A 

with SAP97 (Gardoni et al., 2003), which can promote GluN2A surface expression 

(Mauceri et al., 2007). In hippocampal slices during an induction of LTP, while CaMKII-

dependent activity increases, there is an increase in the interaction of CaMKII with 

GluN2A and GluN2B, together with a decrease in the interaction of PSD-95 with 

GluN2A and GluN2B (Gardoni et al., 2001).Translocation of CaMKII to synapses in 
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cultured hippocampal neurons can be induced by activation of PKC, which can lead to 

rapid dispersal of NMDA receptors from synapses to extrasynaptic membranes (Fong et 

al., 2002). Thus, CaMKII plays a complex and various role in regulation of NMDA 

receptor activities and trafficking, which specifically allows subunit-specific effects in 

the postsynapse. 

5.3.2 Phosphorylation of NMDA Receptors by other kinases 

Activation of NMDA receptors induce calcium influx, which leads to the 

generation of cyclic AMP (cAMP) and subsequently activation of cAMP-dependent 

protein kinases (PKAs). PKAs can bind to GluN1, GluN2A, and GluN2B, promoting 

NMDA receptor activity and synaptic targeting by phosphorylation on specific sites 

(Crump et al., 2001). PKAs can also modulate the calcium permeability of NMDA 

receptor and directly regulates the NMDA receptor-dependent LTP (Skeberdis et al., 

2006). 

Protein kinase C (PKC) can also phosphorylate GluN1, GluN2A, and GluN2B 

subunits; however, the role of PKC in NMDA receptor regulation is still controversial. 

PKC can directly phosphorylate NMDA receptors, subsequently inducing rapid dispersal 

of NMDA receptors from synaptic to extrasynaptic sites (Tingley et al., 1997; Fong et al., 

2002). This may lead to down-regulation of surface expression of synaptic NMDA 

receptors. In contrast, other studies showed that PKC activation increased the amplitude 

of NMDA receptor-mediated currents and increased the  surface expression of synaptic 

NMDA receptors (Chen and Huang, 1992; Xiong et al., 1998; Lan et al., 2001). 

NMDA receptors are able to be phosphorylated by the Src protein tyrosine kinase 

(PTK) family, including five members in the CNS: Src, Fyn, Lyn, Lck, and Yes. NMDA 
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receptor-mediated currents can be increased by phosphorylation of tyrosine residues on 

GluN2A and GluN2B (Wang and Salter, 1994). At Schaffer collateral CA1 synapses, 

phosphorylation of NMDA receptors by Src is required to induce LTP  (Gingrich et al., 

2004). Dopamine d1-dependent trafficking of striatal NMDA receptors requires Fyn 

protein tyrosine kinase (Dunah et al., 2004). In striatal neurons, tyrosine phosphorylation 

is indicated to play an important role in determining the subcellular localization of 

NMDA receptors (Dunah et al., 2004). A major substrate for Fyn kinase is the tyrosine 

residue Tyr-1472 from the YEKL internalization motif on the GluN2B subunit 

(Nakazawa et al., 2001). Phosphorylation of this residue by Fyn is implicated to inhibit 

internalization of NMDA receptors (Prybylowski et al., 2005).  

Activation of casein kinase-II potentiates NMDA receptor-mediated currents 

(Lieberman and Mody, 1999) and may be involved in the induction of LTP (Charriaut-

Marlangue et al., 1991). Another kinase, CDK5, governs learning and synaptic plasticity 

via facilitating the degradation of GluN2B. Glycogen synthase kinase 3 (GSK-3) 

modulates NMDA receptor trafficking by increasing Rab5-mediated and PSD-95-

regulated NMDA receptor internalization (Chen et al., 2007a).  

6. Internalization of NMDA receptors 

In mature neurons, about 5% of NMDA receptors are internalized every 30 

minutes, while 22% are internalized in immature neurons (Roche et al., 2001). The 

process of neuron maturation includes a process of stabilization and organization of 

surface NMDA receptors. The homeostasis of surface NMDA receptors needs the 

balance between the association of NMDA receptors with scaffolding molecules, such as 

MAGUKs, and the interaction of NMDA receptors and endocytic machinery proteins, 



 

46 

 

such as AP2. The GluN2B subunit is predominantly expressed in immature neurons 

(Monyer et al., 1994; Sheng et al., 1994). In mature neurons, synaptic NMDA receptors 

switch from containing mostly GluN2B subunit to a mixture of GluN2B and GluN2A 

subunits. Since GluN2B subunits have higher binding affinity to AP2 than the GluN2A 

subunit does, the GluN2B-containing NMDA receptors are less stable in immature 

neurons compared with the GluN2A-GluN2B mixture (Groc et al., 2006).  The switch of 

NMDA receptor subunits between immature and mature neurons is consistent with the 

alteration of mobility of NMDA receptors (Roche et al., 2001; Groc et al., 2006). 

The receptor internalization is closely related to the C terminal domains of the 

NMDA receptors. By binding with MAGUKs with the PDZ domain, the NMDA receptor 

was located in the synapse and stabilized on the surface. Ser1480 is in the GluN2B PDZ 

domain, and activity-dependent phosphorylation of Ser1480 by CK2 can disrupt the 

binding of GluN2B and PSD-95, which reduces GluN2B surface expression (Chung et al., 

2004). Those GluN2B subunits without the PDZ domain are rapidly internalized and 

excluded from the synapse (Roche et al., 2001; Prybylowski et al., 2005).  

In the distal part of the C-terminus of GluN2B, there is a motif YEKL, which is 

involved in clathrin-mediated endocytosis. Tyr1472, in the YEKL motif, can be 

phosphorylated by Fyn (a member of the Src kinase family, reviewed above), and 

therefore regulates the interaction of GluN2B and the µ2-subunit of AP2 complexes 

(Tingley et al., 1997; Yamada et al., 1999; Nakazawa et al., 2001). Phosphorylation of 

Tyr1472 inhibits GluN2B endocytosis (Yaka et al., 2002; Prybylowski et al., 2005). 

Consistently, mutation of Tyr1472 or deletion of the YEKL motif suppresses GluN2B 

internalization and increases the surface expression of GluN2B (Lavezzari et al., 2003; 



 

47 

 

Prybylowski et al., 2005). Similar to the YEKL motif, NMDA receptor subunits also 

contain other binding motifs for the µ2 subunit of AP2, such as YKRH and VWRK in 

GluN1, YWKL in GluN2A, and YWQF in GluN2B (Vissel et al., 2001; Scott et al., 

2004).  

In addition to the constitutive endocytosis of NMDA receptors induced by a 

temperature change, NMDA receptors undergo agonist-stimulated internalization as well 

(Vissel et al., 2001). Just like other cell membrane receptors, for example, G-protein 

coupled receptors (GPCRs), repetitive agonist stimulation triggers the internalization of 

NMDA receptors, which is also called dynamic internalization (Pierce et al., 2002). This 

internalization is thought to be mediated by a tyrosine ring, which locates in the C termini 

of NMDA receptors, adjacent to the last transmembrane domain (Kohr and Seeburg, 

1996; Zheng et al., 1998; Vissel et al., 2001). This ring includes Tyr837 of GluN1 and 

Tyr842 of GluN2A. Agonist stimulation dephosphorylates the Tyr842 and promotes the 

interaction of this tyrosine with AP2 and subsequent receptor internalization (Vissel et al., 

2001). Later, glycine and D-serine were found to be able to prime the NMDA receptor 

for the agonist stimulated internalization (Nong et al., 2003).  

7. Gap in current knowledge of the endocytosis of GluN2C 

Compared with the large number of investigations focused on the trafficking 

properties of GluN2A and GluN2B, less is currently known about the GluN2C-containing 

NMDA receptors. A previous report showed that GluN2C is most highly expressed in the 

granule layer of the cerebellum and thalamus (Wenzel et al., 1997). More data have 

shown expression of GluN2C in forebrain areas (Karavanova et al., 2007), hippocampal 

neurons (Chung et al., 2016) and oligodendrocytes (Karadottir et al., 2005; Salter and 
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Fern, 2005; Micu et al., 2006). GluN2C is functionally involved in various diseases, such 

as stroke (Chung et al., 2016) and schizophrenia (Khlestova et al., 2016). However, little 

is understood for the maintenance and regulation of surface expression of the GluN2C-

containing NMDA receptor. Previous studies of GluN2C focused on the di-heteromeric 

NMDA receptors (GluN1/GluN2C). Properties of tri-heteromeric NMDA receptors are 

barely known. Therefore, we focused on the endocytosis of the GluN2C-containing 

NMDA receptor to address how GluN2C subunits are recycled, and we aim to probe the 

trafficking properties of GluN2A/GluN2C heterodimers using an approach based on the 

dimeric feature of the alpha- and beta- chains of the human major histocompatibility 

complex class II (MHC II) molecule. We hypothesize that the GluN2C-containing 

NMDA receptor has unique endocytic properties compared with GluN2A and GluN2B, 

and therefore we aim to characterize endocytic motifs, which may contribute to regulate 

the endocytic pathways, and the possible proteins interacting with them. Understanding 

the mechanism of the endocytosis of GluN2C-containing NMDA receptors could lead to 

a better understanding of the NMDA receptor trafficking mechanism and the 

development of therapy to manipulate surface expression of GluN2C under pathological 

conditions. 
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II. MATERIALS AND METHODS 

1. Animals 

The GluN2C−/− mice (Karavanova et al., 2007) obtained from Mutant Mouse 

Resource & Research Centers (Stock #: 030658-UNC) had a mixed strain genetic 

background (129/SvJ, Swiss black, FVBN and C57BL/6). The mice have been 

backcrossed with C57BL/6J mice 3 times to obtain heterozygous GluN2C+/− mice (87.5% 

C57BL/6J genetic background). These GluN2C+/− mice were bred to generate littermates 

of GluN2C−/− and GluN2C+/+ mice. Every pair of the GluN2C−/− and GluN2C+/+ mice 

used in electron microscopy was female from the same litter. Genotypes of all mice were 

determined by PCR analysis of tail genomic DNA using REDExtract-N-Amp Tissue 

PCR Kit (Sigma XNAT-100RXN). PCR primers were as follows: b-gal-F: 5’- 

GGAAAGCTGGCTGGAGTGCGATCTT -3’; b-gal-R: 5’- 

GCAAACGACTGTCCTGGCCGTAAC -3’; GluN2C-F: 5’-

TCTCACTTCACTCCTTGGTGC-3’ ; GluN2C-R: 5’-

GTGAGGACCACAGCAGAACCT C- 3’. All animal procedures were performed in an 

AAALAC-accredited facility in accordance with the Guide for the Care and Use of 

Laboratory Animals and approved by the Augusta University Institutional Animal Care 

and Use Committee. 
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2. Electron Microscopy (EM) 

Animals were perfused with fixative (4% paraformaldehyde, 2% glutaraldehyde 

in 0.1 M sodium cacodylate (NaCac) buffer, pH 7.4) and left to sit for one hour before 

brain and eyes were removed.  Eyes were removed and placed in fixative. Fixed brains 

were vibratomed at 100 micron thickness, and corpus callosum was dissected and agar 

embedded. Optic nerve samples were then postfixed in 2% osmium tetroxide in NaCac, 

stained en bloc with 2% uranyl acetate, dehydrated with a graded ethanol series and 

embedded in Epon-Araldite resin. Thin sections were cut with a diamond knife on a 

Leica EM UC6 ultramicrotome (Leica Microsystems, Inc, Bannockburn, IL), collected on 

copper grids and stained with uranyl acetate and lead citrate. Cells were observed in a 

JEM 1230 transmission electron microscope (JEOL USA Inc., Peabody, MA) at 110 kV 

and imaged with an UltraScan 4000 CCD camera & First Light Digital Camera 

Controller (Gatan Inc., Pleasanton, CA)". The number of unmyelinated axons or 

myelinated axons in EM pictures was counted manually.  G-ratios (diameter of the axon 

divided by the diameter of the axon and myelin) were calculated as the ratio of outer 

perimeter of the axon to the total perimeter of the axon and myelin. At least 28 pictures 

were randomly chosen for each mouse and total 60-150 axons per mouse were blindly 

calculated. 3 pairs were analyzed with each pair consisting of one wild type and one 

GluN2C-KO littermates.  

3. OPC Culture 

Purified rat OPCs were prepared as previously described with some modification 

(Chen et al., 2007b).  Mixed cortical glial cell cultures were isolated from E18 rat cerebra 
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and were cultured in DMEM with 10% FBS for 11days in 75cm2 flasks at 37°C and 5% 

CO2 while changing the medium every other day. The flasks were tightly screwed and 

horizontally shaken for 1hour at 200rpm. The mixed glial cultures were changed with 

fresh medium and were further shaken for 18-20 hours at 37°C at 200rpm. The 

supernatant was collected and transferred to an untreated Petri dish for 1 h at 37°C and 5% 

CO2 to isolate OPCs since the microglia and astrocytes would attach to the dish more 

efficiently than OPCs. The cell suspension was passed a cell strainer (20 µm pore size) 

and was plated onto poly-d-lysine-coated coverslips at a density of 1.25X104 cells/cm2.  

To induce differentiation in 24 hours after plating, the medium was changed from OPC 

medium to oligodendrocyte differentiation medium. The mouse OPC cultures were 

prepared following a published protocol (O'Meara et al., 2011). Briefly, mouse OPC 

culture steps were similar to the rat but using P0-P2 mice and incubating in 8% CO2. OL 

medium was used to induce mouse OPC differentiation.  OPC medium is defined as 

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 selenite, 10 nM D-biotin and 10 nM 

hydrocortisone, 10 ng ml−1 PDGF-AA and 10 ng ml−1 bFGF. Oligodendrocyte 

differentiation medium is defined as 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 selenite, 10 nM 

D-biotin and 10 nM hydrocortisone, 15 nM triiodothyronine, 10 ng ml−1 CNTF and 5 µg 

ml−1 NAC. OL medium is defined as DMEM, 23.75 mL; bovine insulin (from 1 mg/mL 

stock), 125 µL; glutamine, 250 µL; holo-transferrin (from 33 mg/mL stock), 37.5 µL; 

B27 Supplement, 500 µL; FBS, 125 µL; CNTF (from 50 ng/µL stock), 25 µL, 100X OL-
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Supplement, 250 µL. OL-supplement contains: DMEM, 100 mL; BSA, 1.02 g; 

progesterone, 0.6 mg; putrescine, 161 mg; sodium selenite, 0.05 mg; 3,3',5-triiodo-L-

thyronine, 4 mg.  

4. Primary culture of hippocampal neurons and neuron-oligodendrocyte 

cocultures 

Primary hippocampal cultures were prepared from E19 Sprague Dawley rats as 

previously described (Wei et al., 2015). Hippocampal tissue was dissected, dissociated 

with trypsin and plated on poly-D-lysine-coated coverslips. The cells were cultured in 

Neurobasal medium supplemented with B27 and L-glutamine (all from Invitrogen). The 

cultures were maintained at 37°C in 5% CO2, until at DIV 12~14, when mouse OPCs 

were added. After 24hours in neurobasal medium, the medium of the coculture was 

changed in half to myelin coculture medium (Gardner et al., 2012).  Cultures were 

maintained for 2.5 weeks. Myelin coculture medium is defined as: neurobasal medium, 

19.5mL; DMEM, 19.5mL; 200 mM glutamine, 400 µL; 100x penicillin-streptomycin, 

400 µL; 100x sodium pyruvate (100 mM), 400 µL;, insulin (0.5 mg ml−1), 400 µL;  100x 

Sato, 400 µL; 100x T3 (3.2 mg of triiodo-thyronine in 400 µl of 0.1 N NaOH), 400 µL; 

NAC (5 mg ml−(), 40 µL;, biotin (10 µg ml−b),  40 µL; 1,000× Cellgro Trace Elements B, 

40 µL. 100x Sato is defined as: neurobasal medium with 1% (wt/vol) transferrin, 1% 

(wt/vol) BSA, 2 µM progesterone, 0.16% (wt/vol) putrescine and 1% (wt/vol) sodium 

selenite. 



 

 

53 

 

5. Immunohistochemistry 

Brains or optic nerves (from retinal to chiasm) from mice were fixed by cardiac 

perfusion with 4% paraformaldehyde (PFA) in Phosphate-Buffered Saline (PBS), 

followed by fixation overnight for brains and 2 hours for optic nerves in 4% PFA. Tissues 

were then dehydrated for 24 hours in 20% sucrose in PBS, followed by 24 hours in 30% 

sucrose in PBS at 4°C and then were embedded in OCT compound. 30 µm frozen 

sections were cut with a cryostat. After overnight blocking of the sections with 0.1% 

BSA and 0.3% Triton-X 100 in PBS, the sections of the optic nerves were incubated with 

primary antibodies of mouse anti-MBP (Millipore MAB381; 1:500), mouse anti-Olig2 

(Millpore MABN50, 1:100), or mouse anti-CC1 (Millipore OP80, 1:100) overnight at 

4°C. These sections were then incubated for 1 hour at room temperature in Alexa 568 or 

Alexa 488-conjugated to the appropriate secondary antibodies (Invitrogen, Carlsbad, CA, 

USA) diluted by 1:500. Images were collected using a Zeiss LSM 700 confocal 

microscope using 40x objectives, and series of 1-3 µ3 optical sections were captured 

through the z-axis and used to create maximum projection images. 

6. Immunocytochemistry for oligodendrocyte staining 

Cells were fixed with 4% PFA for 15 min.  After 3 washes with PBS, cells were 

permeabilized with 0.25% Triton X-100 for 5 min followed by 10% normal goat serum in 

PBS for 1hour for blocking. Cells were then incubated with primary antibody, such as 

mouse anti-MBP (Millipore MAB381; 1:500), rabbit anti-Neurofilament 200 (Sigma 

N4142; 1:500), or rabbit anti-NG2 (Millipore AB5320; 1:200), at 4°C for overnight. 

After 3 washes, the secondary antibody (Alex goat anti mourse 488; 1:500) was added 
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and the cells incubated for 30min followed by staining with DAPI for 10min. To quantify 

the percentage of MBP+ oligodendrocytes present,, 6 independent field images from each 

coverslip (total 2 coverslips each experiment) were taken with a Zeiss confocal 

microscope at 40X (4X4 tile scan). MBP+ cell number was counted manually and DAPI 

number was evaluated by ImageJ with ITCN 1.6 plug in. Experiments and cell counts 

were performed blindly and repeated at least 3 times.  

7. Western blot analysis 

Western blot was performed by a standard protocol. Primary antibody used was 

mouse anti-MBP (Millipore MAB381; 1:500). Following three washes, the membranes 

were incubated for 1 hour in secondary antibody conjugated to horseradish peroxidase 

(HRP) (1:10000) and developed by SuperSignal West Pico Chemiluminescent Substrate 

(Thermo Prod#34080). After MBP blotting, the membrane was stripped with Re-Blot 

Plus Mild Solution (Millipore) for 15 min, then was blocked with 5%BSA and was 

blotted with anti-β-tubulin (1:1000) for 1 hour. The same secondary antibody was used to 

incubate the membrane and to detect the β-tubulin expression level. Densitometry and 

quantification of the relative levels of protein expression were performed on ImageQuant 

LAS4000 (GE Healthcare). 

8. RNA isolation and quantitative PCR 

Total RNAs of oligodendrocyte cells, mouse cortex or mouse optic nerves were 

isolated in a 6-well dish using the TRI Reagent procedure (Invitrogen) according to the 

manufacturer’s protocol. RNA was treated with RQ1 RNase-Free DNase and RNase 



 

 

55 

 

inhibitor (Promega) for 30min and the reaction stopped following the manufacturer’s 

protocol. The purity and concentration was verified with NanoDrop 2000 

Spectrophotomer (Thermo Scientific). RNA reverse transcription was performed using 

Invitrogen superscript III first stand kit. To compare the expression of different genes at 

distinct time points, quantitative PCR was performed using the CFX96 Touch real-time 

PCR detection system (Bio-Rad) with proper primer sets. For GluN2A, sense: 5’-

AGGACAGCAAGAGGAGCAAG-3’, antisense: 5’-ACCTCAAGGATGACCGAAGA-

3’; GluN2B, sense: 5’-TGAGTGAGGGAAGAGAGAGAGG-3’, antisense: 5’-

ATGGAAACAGGAATGGTGGA-3’; GluN2C, sense: 5’-

GGGCTCCTCTGGCTTCTATT-3’, antisense: 5’-GACAACAGGACAGGGACACA-3’; 

GluN3A, sense: 5’-TATGCACAACAGCACGAAGAG -3’, antisense: 5’-

AGTCTCACGGGTTTATGGATG-3’. MBP, sense: 5’-

CTATAAATCGGCTCACAAGG-3’, antisense: 5’-CTATAAATCGGCTCACAAGG-3’. 

β-actin, sense: 5’-AGGGAAATCGTGAGTGAC-3’, antisense: 5’- 

CGCTCATTGCCGATAGTG-3’. 

9. PCR 

Mouse cortex or optic nerve cDNA was used to perform PCR with TaKaRa EX 

Taq HS (clontech, RR006A) with the following primer sets (Salter and Fern, 2005): 

GluN1 intron, sense: 5’-TGCAGGGTAAGAACGGAATC-3’, antisense: 5’-

TGTCCTAAGTGCGTGAGGTG-3’. Thy1 intron, sense: 5’-

CCCTAACTGCTGGTCTCCTG-3’, antisense: 5’-CTAGCTGGCGCTTTCTCATC-3’. 

GluN2C, sense: 5’- ATCAGTGGAGGTTCTGCTGTGG-3’, antisense: 5’- 
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CTCCAGTCGTATTCCTCCAGC-3’. GluN1, sense: 5’-

CCCTAACTGCTGGTCTCCTG-3’, antisense: 5’-CTAGCTGGCGCTTTCTCATC-3’. 

10. DNA constructs 

The following cDNA constructs were obtained as gifts: green fluorescent protein 

(GFP)-Rab9 and GFP-Rab11 from Dr. Katherine Roche (Receptor Biology Section, 

NINDS, National Institutes of Health, Bethesda, Maryland 20892). The GluN2B C-

terminus (amino acids 1315–1482), GluN2A (amino acids 1304–1464), GluN2C (amino 

acids 1076-1250) were amplified using PCR and were subcloned into the cytosolic 

portion of Tac using EcoRV and XbaI as previously described (Standley et al., 2000; 

Roche et al., 2001; Lavezzari et al., 2004). Tailless HLADR-α (amino acids 1–239) and 

HLADR-β (amino acids 1–250) without the cytosolic domain were amplified and 

modified with PCR from the HLADR-α and HLADR-β cDNAs as previously reported 

(Pinet et al., 1995). All GluN2A (amino acids 1304–1464), GluN2B (amino acids 1315–

1482) and GluN2C (amino acids 1076-1250) were amplified using PCR. These DNAs 

were then subcloned into the truncated MHC II -α and -β chains in pcDNA3.1 using 

EcoRI restriction enzyme sites as previously described (Pinet et al., 1995). All chimeric 

construct sequences were confirmed by automated DNA sequence analysis.  

11. Antibodies used in the HeLa cell assays 

Mouse monoclonal antibodies that recognize Tac and only the dimerized MHC 

(L243) were used as purified supernatants and have been described previously (Roche et 

al., 2001; Tang et al., 2010). To stain for endocytosis, unconjugated rabbit or mouse IgG 
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from Sigma were applied before permeabilization to saturate the surface primary 

antibody. After permeabilization, the secondary antibody (Alexa Fluor 568-conjugated 

anti-mouse IgG) was applied to indicate endocytosis signals. 

12. Immunofluorescent surface protein staining 

HeLa cells (HeLa 229 cells; American Type Culture Collection), seeded on 

coverslips, were transfected with the cDNAs indicated (4 µg of DNA per well in a six-

well dish) using the calcium phosphate coprecipitation method. Cells were analyzed 48 

hours after transfection. For Tac construct experiments, transfected cells were washed in 

PBS two times (5 min each) and incubated with primary anti-Tac antibodies (1:500 in 

conditioned media) for 1 hour on ice to label the surface-expressed Tac proteins; cells 

then washed again with PBS three times (5 min each). The HeLa cells were fixed in 

freshly-made 4% PFA (or fresh-thawed from -20°C) in PBS for 15 min in the 6-well dish, 

washed in PBS again 3 times (5 min each) and then the HeLa cells were placed into 10% 

normal goat serum in PBS for 1 hour in order to block nonspecific binding. After 

blocking, HeLa cells were labeled with secondary antibodies at a dilution of 1:500 for 30 

min, washed with PBS for 3 times (5 min each) and then the cells were mounted with 

Prolong Antifade kit (Invitrogen). Cells were visualized using a 63x objective on a Zeiss 

LSM 700 confocal microscope (Carl Zeiss, Thornwood, NY). Images of 3 random cells 

were taken from each coverslip with the same high resolution. A series of Z-axis optical 

sections was collected at intervals of 0.5µm. Figures show maximum projections. For the 

MHC experiments, transfected HeLa cells were incubated with anti-αβ–dimer antibody 

(L243) on ice for 1 hour. The subsequent steps were as for th- Tac experiments.  
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13. Immunofluorescent internalization assay in HeLa cells 

HeLa cells were plated on coverslips in the 6-well dishes and cotransfected with 

Tac–NMDA receptor chimeras and GFP-Rab family proteins (1:1 ratio, total 4 µg of 

DNA per well in a six-well dish). Transfected cells were used in 48 hours to perform the 

assay. Cells were first washed in PBS two times (5 min each) and incubated with primary 

anti-Tac antibodies (1:500 in conditioned media) for 1 hour on ice to label the surface-

expressed Tac proteins, then cells were washed again with PBS two times (5 min each), 

and returned to conditioned media at 37°C for 15 min, 30 min, 45min or 1 hour, as 

indicated in the figures, to induce constitutive endocytosis of the surface-labeled Tac 

proteins. HeLa cells were then fixed in freshly made 4% PFA (or freshly thawed from -

20°C) in PBS for 15 min in the six-well dish, washed in PBS again 3 times (5 min each), 

and then the HeLa cells were placed into 10% normal goat serum in PBS for 1 hour in 

order to blocking nonspecific binding. After blocking, cells were labeled with excess 

unconjugated secondary antibody on ice for 1 hour to saturate all surface receptors. 

Subsequently, the cells were permeabilized in 0.25% Triton-X-100 in PBS for 5 min 

followed by 3 times washing with PBS (5 min each). Cells were incubated in 10% normal 

goat serum in PBS for 1 hour again and after 3 times washing with PBS (5 min each), 

secondary antibody (Alexa Fluor 568-conjugated anti-mouse IgG) was applied for 30 min 

to label the internalized receptors. Finally, HeLa cells were mounted with Prolong 

Antifade kit (Invitrogen) and visualized using a 63x objective on a Zeiss LSM 700 

confocal microscope (Carl Zeiss, Thornwood, NY). Images of 3 random cells were taken 
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from each coverslip with the same high resolution. A series of Z-axis optical sections was 

collected at intervals of 0.5µm. 

14. Cuprizone-induced demyelination model 

Eight-week-old male GluN2C-/- KO and GluN2C+/+ wild-type (wt) littermate mice 

were given 0.2% cuprizone mixed into standard rodent chow. At the end of week 6 on the 

cuprizone diet, mice were sacrificed and the optic nerves were dissected to process the 

immunohistochemistry staining for MBP. Images of three optic nerve sections with 

similar distance from retinal end were taken by a Zeiss LSM 700 confocal microscope 

using 40x objectives. The fluorescence intensity of MBP was measured and averaged by 

6 different regions from an individual image. 

15. Quantification of overlap coefficient 

Images of HeLa cells were collected using a Zeiss LSM 700 confocal microscope 

using 63x objectives, and overlap coefficient was analyzed and determined from the 

Zeiss software Zen. Cells were outlined manually, and 3 middle sections were analyzed 

to determine the overlap coefficient. The average value represented the overall overlap 

coefficient of the cell. 3 cells per coverslip were analyzed. 2 coverslips in three 

independent experiments were used for statistical analysis. Values represent the mean ± 

SEM of overlap coefficient. 
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16. Data analysis and statistics 

Wilcoxon matched-paired signed test was used to analyze the NMDA treatment 

on rat assay (Fig.7). This is a non-parametric test that does not require normal distributed 

sample results. 

Kruskal-Wallis test was applied to analyze the qPCR data in Fig. 8. This is a non-

parametric test that allows a comparison among a series of data and does not require 

normal distributed sample results. 

Since the data of NMDA treatment of WT and GluN2C-KO mice (Fig. 9) passed 

the Kolmogorov-Smirnov normality test, I applied the ratio paired t test to analyze those 

data. (WT ctrl: KS distance 0.24, P>0.1; WT NMDA: KS distance 0.20, P>0.1; KO ctrl: 

KS distance 0.24, P>0.1; KO NMDA: KS distance 0.23, P>0.1). 

In Figures 10,13, and 16, original data points were shown. Averages were taken 

within each independent experiment. 

Mann-Whitney test was applied to analyze the data collected from the electron 

microcopy images (Figs.12, 15). It was also used in the MBP fluorescence measurement 

(Figs. 14, 17) and CC1+/Olig2+ counting (Figs. 14, 17). In the analysis of overlap 

coefficient in Fig. 21, the Mann-Whitney test was used to analyze the statistical 

significance. This is a non-parametric test that does not require normal distributed sample 

results and can be used for small sample size. 
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III. RESULTS 

1. NMDA stimulation promotes rat oligodendrocyte precursor cell (OPC) 

differentiation. 

NMDA receptors are expressed in oligodendrocytes but their physiological role is 

unclear. It has been shown that NMDA treatment has a pro-differentiation effect in 

cultured rat OPCs (Cavaliere et al., 2012b; Li et al., 2013). To confirm previous studies, 

we examined the effects of NMDA receptors on oligodendrocyte lineage progression 

using purified rat OPCs cultured in differentiation medium with or without 100uM 

NMDA for 60-72 hours. Cells were then fixed and immunostained with anti-MBP 

antibody to detect mature oligodendrocytes (Figure 7A). NMDA treatment significantly 

increased the proportion of MBP+ oligodendrocytes to 0.11 ± 0.038 (p=0.016) compared 

with the control group (0.073 ± 0.019, Fig. 7C), and each individual quantification is 

shown (Figure 7B).  These results are consistent with previous published data (Cavaliere 

et al., 2012b; Li et al., 2013) and indicate that NMDA receptors play an important role in 

the regulation of OPC differentiation. 

It is well known that excessive activation of NMDA receptors can cause neuronal 

dysfunction and death (Luo et al., 2011).  Although OPCs have been shown to exhibit 

tolerance to 100uM NMDA treatment (Cavaliere et al., 2012b; Li et al., 2013), we 

examined potential NMDA-induced toxicity by comparing the total cell number labeled 
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with DAPI between OPCs with or without NMDA treatment. There was no significant 

difference between these two groups (P=0.38, Figure 7C), indicating that 100uM NMDA 

treatment did not significantly induce cell death in our OPC culture. 

2. GluN2C subunit expression level increases during the differentiation 

of oligodendrocytes in vitro. 

Previous studies have shown that functional NMDA receptors are expressed in 

oligodendrocyte cells and mediate calcium accumulation in myelin during ischemia 

(Karadottir et al., 2005; Salter and Fern, 2005; Micu et al., 2006). To investigate subunit-

specific NMDA receptor function in the differentiation of OPCs, we first investigated the 

expression pattern of NMDA receptor subunits during oligodendrocyte lineage 

progression. We performed quantitative reverse transcription PCR (qRT-PCR) to 

examine the mRNA expression levels of GluN2A, GluN2B, GluN2C and GluN3A in 

cultured OPCs with MBP (mature oligodendrocyte marker) as a positive control. Rat 

OPCs were purified and cultured in OPC medium for 24 hours And then the culture 

medium was changed to differentiation medium. The days that rat OPCs were in 

differentiation medium were counted as one day in vitro (DIV1), DIV3 and DIV5.  We 

found that the mRNA levels of GluN2A, GluN2B, and GluN3A showed no significant 

difference during the differentiation process (GluN2A, P=0.07; GluN2B, P=0.87; 

GluN3A, P=0.43; Figure 8C). In contrast, the mRNA levels of MBP and GluN2C were 
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Figure 7: NMDA stimulation promotes OPC differentiation in vitro. (A) Cultured OPCs 

were maintained in the oligodendrocyte differentiation medium for 60-72 hours in the 

presence or absence of 100 µM NMDA. Mature oligodendrocytes were labeled with anti-

MBP antibody (green), and nuclei were labeled with DAPI (Blue). Scale bar, 100µm. (B) 

Quantification of the percentage of MBP-positive cells from each individual replicate. 

Data represent mean. (C) Quantification of the percentage of MBP-positive cells in 

control versus NMDA-treated cultures and quantification of total number of cells (DAPI-

positive) in control versus NMDA-treated cultures. (Data represent means ± SEM. n = 7. 
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Cell cultures from 7 independent litters of rat pups. 3 coverslips were stained in each 

culture, and 6 random non-overlapping regions were imaged per coverslip. *, P = 0.016, 

Wilcoxon matched-paired signed test.) 
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remarkably increased (Figure 8A, 8B) (MBP DIV3: 4.58±1.08 and MBP DIV5: 

9.11±2.55, P =0.0005; GluN2C DIV3: 2.72±1.09 and GluN2C DIV5: 6.98±0.60, P 

<0.0001).  Such correlated expression patterns between MBP and GluN2C suggest that 

GluN2C-containing NMDA receptors are important for OPC differentiation. 

3. GluN2C is required for the promotion of NMDA stimulation on mice 

oligodendrocyte differentiation. 

To determine the role of GluN2C in OPC differentiation, we used GluN2C-/- KO 

and GluN2C+/+ WT littermate mice to investigate whether GluN2C is required for 

NMDA receptor-promoted OPC differentiation. Mice OPCs were cultured and 

differentiated according to a previously described protocol with minor modifications 

(O'Meara et al., 2011). After 3 days’ induction of differentiation, cells were treated with 

or without 100µM NMDA for 48 hours and stained with anti-MBP antibody and DAPI. 

NMDA treatment significantly increased the proportion of MBP+ cells in WT 

oligodendrocyte culture to 0.29±0.077 compared with non-treatment 0.25±0.076 

(p=0.025), whereas the same treatment did not significantly alter the percentage of MBP+ 

oligodendrocytes in GluN2C-KO oligodendrocyte culture (p=0.051) (Figure 9A, 9B).  

Consistently, the total cell number (DAPI+) of both groups did not significantly change 

after NMDA treatment (WT: P =0.42; KO: P =0.12) (Figure 9A, 9B). These results 

indicate that GluN2C-containing NMDA receptors play an important role in NMDA 

receptor-promoted OPC differentiation.  
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Figure 8: GluN2C expression is increased during OPC differentiation in vitro. 

Quantitative real-time PCR of MBP, GluN2A, GluN2B, GluN2C and GluN3A transcripts 

at 1 day in vitro (DIV1), DIV3, and DIV5 after initiation of OPC differentiation. 

Quantification was performed after normalization to β-actin. All the data shown are the 

ratio against DIV1 in each group. Data represent means ± SEM (n = 5 independent 

experiments; * P < 0.05, *** P <0.001, Kruskal-Wallis test.) 
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Figure 9: GluN2C is required for the promotion of mouse OPC differentiation induced by 

NMDA treatment. (A) Cultured OPCs from WT or GluN2C-KO mice were maintained in 

the oligodendrocyte differentiation medium for 48 hours in the presence or absence of 

100 µM NMDA. Mature oligodendrocytes were labeled with anti-MBP antibody (green), 

and nuclei were labeled with DAPI (Blue). Scale bar, 200µm. (B) Quantification of the 

percentage of MBP-positive cells in control versus NMDA-treated cultures using WT or 

GluN2C-KO oligodendrocytes. Quantification of total number of cells per field (DAPI-

positive) in control versus NMDA-treated cultures using WT or GluN2C-KO 

oligodendrocytes. (Data represent means ± SEM, n = 5. Cell cultures were from 5 

independent litters of mouse pups. More than 2 coverslips were stained in each culture, 
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and 6 random non-overlapping regions were imaged per coverslip. *, P = 0.025, ratio 

paired t test).   
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4. The data of oligodendrocyte differentiation in neuron-oligodendrocyte 

coculture support that GluN2C play a role in oligodendrocyte 

differentiation.  

In physiological conditions, activation of NMDA receptors not only requires the 

binding of two agonists, glutamate and glycine (or D-serine), to GluN2 and GluN1 

respectively, but also demands the removal of magnesium block by membrane 

depolarization. To investigate the impact of GluN2C loss on the differentiation of 

oligodendrocytes in more physiologically relevant conditions, we used an 

oligodendrocyte-neuron coculture system that comprises WT hippocampal neurons and 

purified OPCs from either GluN2C-/- KO or GluN2C+/+ WT littermate mice. Cultured 

OPCs from WT or GluN2C-KO mice were added onto rat hippocampal neuron cultures 

and maintained in myelination medium for 2.5 weeks to allow OPC differentiation and 

maturation. The cells were stained for neurofilament (NF, a marker for neurons), MBP (a 

marker for mature oligodendrocytes) and NG2 (a marker for OPCs). Compared with WT 

OPCs in the coculture, the GluN2C-KO OPCs had a tendency to have a decreased ratio of 

the number of MBP+ cells to NG2+ cells (data points reported in Figure 10B). This trend 

is consistent with our hypothesis that GluN2C-containing NMDA receptor may have an 

important role in the differentiation of OPCs in neuron-oligodendrocyte coculture. 
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Figure 10: GluN2C-KO oligodendrocytes have a tendency to achieve a lower ratio of 

MBP-positive cells to NG2-positive cells in neuron-oligodendrocyte coculture. (A) 

Cultured OPCs from WT or GluN2C-KO mice were added into rat hippocampal neuron 

cultures and maintained in myelination medium for 2.5 weeks. Axons (NF, white), 

mature oligodendrocytes (MBP, green) and OPCs (NG2, red) were labeled.  (B) 
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Quantification of the ratio of MBP-positive cells to NG2-positive cells in WT and KO 

coculture. (Data represent means from coverslips. n = 3, 3 cell cultures from independent 

mouse pups were used, 2 coverslips were stained for each culture, with 6 random non-

overlapping regions per coverslip imaged for counting. Each point indicates one result 

from a cell culture).   
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5. Myelination is delayed in the absence of the GluN2C subunit in 

P25~P27 mice. 

To determine whether GluN2C-containing NMDA receptors are required for 

myelination in vivo, we used GluN2C-KO mice to examine the structure of myelin 

sheaths in the optic nerve. We chose to investigate myelination of the optic nerve because 

three studies from different labs have consistently shown that GluN2C is expressed in 

optic nerve oligodendrocytes (Salter and Fern, 2005; Burzomato et al., 2010; Pina-Crespo 

et al., 2010). The optic nerve is composed of densely packed myelinated axons and is 

populated with oligodendrocytes. We first confirmed that GluN2C mRNA was expressed 

in the mouse whole optic nerve by RT-PCR (Figure 11A), which is consistent with 

previous reports. The specificity of the GluN2C signal was confirmed by the strong 

signal detected in the cerebellum where GluN2C is highly enriched and by the lack of 

signal in GluN2C-KO mice. To exclude the possibility that the optic nerve samples were 

contaminated with neuron somas, we performed RT-PCR for intron regions of GluN1 

and the neuron specific marker-Thy1, which exist only in the nucleus. The intron regions 

were selected because previous studies have shown protein synthesis within axons (Salter 

and Fern, 2005). The results showed that the GluN1 intron was expressed both in the 

cortex and optic nerve, whereas the Thy1 intron was only expressed in the cortex but not 

in the optic nerve (Figure 11B). Therefore, our optic nerve samples did not contain 

neuron somas. These data support that GluN2C is expressed in mouse optic nerve.   
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Figure 11: GluN2C subunit is expressed in the mouse whole optic nerve. (A) PCR 

products from cDNA generated by reverse transcription of whole optic nerve and 

cerebellum dissected from WT and GluN2C-KO mice show that GluN2C-containing 

NMDA receptor subunits are only present in WT optic nerve and WT cerebellum 

samples. (B) PCR products for intron regions of GluN1 (top lane) and Thy1 (bottom lane) 

in the cDNA of optic nerve and cortex from WT and Glun2C-KO mice. The GluN1 

intron is present in optic nerve and cortex, but the Thy1 intron is only present in cortex.   
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Next we examined the developing optic nerve at the age of postnatal 25-27 (P25-

P27). According to the reports of Gyllensten and her colleagues, at this age, the mouse 

optic nerves have passed the rapid myelination stage (P15~P20) and reached a relative 

steady state (Gyllensten and Malmfors, 1963; Gyllensten et al., 1966). Ultrathin section 

electron micrographs of the optic nerve were prepared from GluN2C-/- and GluN2C+/+ 

littermate mice. The images that we collected revealed unmyelinated axons, partially 

myelinated axons and axons with multiple layers of compacted myelin (Figure 12A). 

Further quantification showed that for the P25~P27 group mice, the density of 

myelinated axons in the optic nerve of GluN2C-KO mice was reduced to 0.42±0.018 

compared to the WT mice (0.50±0.015) at the same age (P =0.0020, Figure 12B), 

whereas the total number of axons was not significantly changed (P =0.53, Figure 12C). 

Myelin thickness can be accessed by measuring the g-ratio (diameter of axon/diameter of 

myelinated axon). In the optic nerve of the P25~P27 group mice, the absence of GluN2C 

did not alter the average g-ratio of myelin (P =0.72, Figure 12E). Myelin thickness also 

corresponds closely to the diameter of the axon, which means that larger axons contain 

thicker myelin sheaths and smaller axons contain thinner myelin sheaths. The relationship 

can be shown in plots of g-ratio versus axon diameter. The characteristics of these 

myelinated axons can be evaluated by examining the slope and variability (R2) of linear 

fits to data. There were no significant differences in slope between GluN2C-/- and 

GluN2C+/+ mice as well as the R2 (data not shown), indicating that compact myelin was 
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formed in GluN2C-/- mice. Therefore, these results suggest that the GluN2C-containing 

NMDA receptor plays an important role in regulating the myelinated axon numbers, but 

not the integrity of myelin. 

We then performed Western blotting to evaluate the expression of MBP and PLP, 

markers of mature oligodendrocytes and myelin, in the optic nerve. Consistent with the 

electron micrograph studies, the MBP expression in all experiments was reduced in the 

optic nerves of the GluN2C KO mice compared to WT mice (Figure 13A). Meanwhile, 

the PLP protein expression level in optic nerve varied at P25~P27 compared to WT 

littermates (Figure 13B). This reduction of MBP expression was further confirmed by 

performing immunohistological staining in the optic nerve samples from P25~P27 mice 

and measuring the MBP fluorescence intensity in optic nerve samples from P25~P27 

mice (Figure 14A). Compared with WT optic nerves, the MBP fluorescence intensity of 

GluN2C-KO optic nerve was significantly decreased (0.80±0.89, P =0.013; Figure 14B). 

Taken together, these data indicate that MBP expression was decreased in the optic nerve 

of GluN2C-KO mice, suggesting that there was a myelination deficit at P25~P27.  

To determine whether there was an impairment in the oligodendrocyte 

differentiation in the optic nerve of P25~P27 GluN2C-KO mice, we examined the 

percentage of mature oligodendrocytes in oligodendrocyte lineage cells in optic nerves 

from WT and GluN2C-KO littermates at P25~P27 (Figure 14C). Anti-CC1 antibody was 

used to mark the mature oligodendrocytes and anti-olig2 antibody was used for 
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oligodendrocyte lineage cells. At P25~P27, there were less mature oligodendrocytes 

(CC1+) in the oligodendrocyte lineage cells (Olig2+) in GluN2C-KO mice compared to 

WT mice (0.93±0.019, P =0.0012; Figure 14D). Together, these results indicate that the 

differentiation of oligodendrocytes was impaired in the optic nerve from P25~P27 

GluN2C-KO mice. 

6. The P60~P62 GluN2C-KO mice exhibit normal oligodendrocyte 

differentiation and myelination. 

Phenotypically, GluN2C-KO mice were long-lived with functional eye vision 

(based on mouse management). This suggests that GluN2C-containing NMDA receptors 

are not essential for myelination, which is consistent with previous reports (De Biase et 

al., 2011; Guo et al., 2012). It also raises doubts about whether the myelination of adult 

GluN2C-KO mice eventually recovers after the deficit that we detected at P25~P27. To 

solve this doubt, we examined oligodendrocyte differentiation and myelination in 

P60~P63 WT and GluN2C-KO optic nerves (Figure 15A). With electron microscopy, we 

found that the myelinated axon density in GluN2C-KO littermates was similar with that 

in WT mice, as well as the axon density and the average g-ratio (Figure 15B, 15C, 15D). 

However, in all Western blot experiments, the MBP expression level in GluN2C-KO 

littermate consistently tend to increase (Figure 16A), while the PLP protein level between 

the two groups varies (Figure 16B). At the same time, the MBP intensity measurement 
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shows a similar trend but no significant difference between P60~P62 WT and GluN2C-

KO  
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Figure 12: The density of myelinated axons is decreased in the optic nerve of P25~P27 

GluN2C-KO mice. (A) Representative electron micrographs of the optic nerve from WT 

and GluN2C-KO littermates at the age of P25~P27. Scale bar, 500 nm. (B) Quantification 

of myelinated axon numbers normalized by the area size. Axons were counted in at least 

25 randomly selected, non-overlapping fields from each experiment. Data shown was 

normalized against WT group.  (C) Quantification of total axon numbers normalized by 

the area size. (D) Plot of g-ratio (diameter of axon/diameter of axon + myelin) versus 

axon diameter for P25~P27 WT and GluN2C-KO littermates. A linear fit to pooled data 

was shown from all mice for each genotype. (E) Quantification of the average g-ratio of 

P25~P27 WT and GluN2C-KO littermates. (For all quantifications, mean ± SEM; n = 3; 

* P < 0.05; Mann-Whitney test). 
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Figure 13: MBP expression but not PLP expression is consistently decreased in all 

Western blot analyses of the optic nerve of P25~P27 GluN2C-KO mice. (A) Western blot 

analysis detection of MBP and quantification of the MBP from each experiment in the 
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optic nerve of P25~P27 WT and GluN2C-KO mice. (B) Western blot analysis detection 

of PLP and quantification of the PLP from each experiment in the optic nerve of 

P25~P27 WT and GluN2C-KO mice. (Data shown was normalized against WT group 

respectively. Data represent means ± SEM, each Western blot panel is one independent 

experiment.)  
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Figure 14: Oligodendrocyte differentiation is impaired in the optic nerve of P25~P27 

GluN2C-KO mice. (A) Representative images of MBP (red) staining of optic nerve from 

WT and GluN2C-KO mice. (B) Quantification of MBP intensity as shown in panel A. (C) 

Representative images showing staining of mature oligodendrocytes (CC1; green), 

oligodendrocyte lineage cells (olig2; green) in the optic nerve of P25~P27 WT and 

GluN2C-KO mice. (D) Quantification of the percentage of mature oligodendrocytes 

(CC1+) in oligodendrocyte lineage cells (olig2+) in the optic nerve of P25~P27 WT and 

GluN2C-KO mice. In the left graph, the ratio of CC1+/Olig2+ of GluN2C is normalized 

against WT mean.  In the right graph, original data points are shown. (Scale bar, 100µm, 
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for quantification in panel B, data shown as mean ± SEM was normalized against WT 

group mean.; P25~P27 mice MBP intensity: n = 4, Optic nerve samples from 4 

independent mice, 3 slices were stained from each mouse. 6 random non-overlapping 

regions were imaged and analyzed for each slice. CC1+/Olig2+: n = 3, Optic nerve 

samples from 3 independent mice, 3 slices were stained and counted for each mouse. * P 

< 0.05, Mann-Whitney test. )  
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optic nerve (P =0.44; Figure 17B). The percentage of mature oligodendrocytes (CC1+) in 

oligodendrocyte lineage cells (olig2+) was also comparable (P =0.70; Figure 17D). Thus, 

we failed to detect any deficit in oligodendrocyte differentiation and myelination in 

P60~P62 GluN2C-KO mice.  

7. Cuprizone treatment failed to induce demyelination in optic nerve in a 

preliminary experiment 

Cuprizone has long been applied to mice as a toxin-induced experimental model 

to study demyelination in the CNS (Carlton, 1967; Koutsoudaki et al., 2009). 

Administration of cuprizone can induce oligodendrocyte apoptosis and subsequent 

primary demyelination, providing a highly reproducible model to study demyelination 

and its following remyelination process. Since disruption of NMDA receptors in 

oligodendroglial lineage cells did not alter their susceptibility to the EAE model (Guo et 

al., 2012), and NMDA receptors were involved in the remyelination of corpus callosum 

in the cuprizone-induced model (Li et al., 2013), we chose the cuprizone-induced 

experimental demyelination model to investigate whether the absence of GluN2C affects 

the vulnerability of oligodendrocytes. We induced demyelination in WT and GluN2C-

KO littermates. Consistent with a previous report that oligodendrocytes of the optic tract 

remained unaffected after 5 weeks of cuprizone treatment (Acs and Komoly, 2012), the 

MBP fluorescence intensity of optic nerve from both WT and GluN2C-KO groups 

remained unaffected or even increased after 6 weeks of cuprizone treatment in our 
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preliminary data (Figure 18B), indicating cuprizone failed to induce demyelination in 

both WT and GluN2C-KO optic nerves.  
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Figure 15: The density of myelinated axons is normal in the optic nerve of P60~P63 

GluN2C-null mice. (A) Representative electron micrographs of the optic nerve from WT 

and GluN2C-KO littermate mice at the age of P60~P63 days. Scale bar, 500 nm. (B) 

Quantification of myelinated axon numbers normalized by area size. Axons were counted 

in 30 randomly selected, non-overlapping fields from each experiment. (C) 

Quantification of total axon numbers normalized by the area size. (D) Plot of g-ratio 

(diameter of axon/diameter of axon + myelin) versus axon diameter for P60~P63 WT and 

GluN2C-KO littermates. A linear fit to pooled data was shown from all mice for each 

genotype. (E) Quantification of the average g-ratio of P60~P63 WT and GluN2C-KO 

littermates. (For all quantifications, data shown as mean ± SEM. n = 3; Mann-Whitney 

test was used to determine the statistical significance.)  
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Figure 16: MBP expression but not PLP expression is consistently increased in all 

Western blot analyses of the optic nerve of P60~P63 GluN2C-KO mice. (A) Western blot 

analysis detection of MBP in the optic nerve of P60~P63 WT and GluN2C-KO mice and 

the quantification for each experiment. (B) Western blot analysis detection of PLP in the 
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optic nerve of P60~P63 WT and GluN2C-KO mice and the quantification for each 

experiment.  (For all quantifications, data shown as mean ± SEM was normalized against 

WT group respectively.)   
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Figure 17: Oligodendrocyte differentiation is normal in the optic nerve of P60~P63 

GluN2C-KO mice. (A) Representative images of MBP (red) staining of optic nerve from 

P60 WT and GluN2C-KO mice. (B) Quantification of MBP intensity as shown in panel 

A. (C) Representative images showing staining of mature oligodendrocytes (CC1; green), 

oligodendrocyte lineage cells (olig2; green) in the optic nerve of P60 WT and GluN2C-

KO mice. (D) Quantification of the percentage of mature oligodendrocytes (CC1+) in 

oligodendrocyte lineage cells (olig2+) in the optic nerve of P60~P63 WT and GluN2C-
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KO mice. (Scale bar, 100µm; For all quantifications, data shown as mean ± SEM; 

P60~P63 mice MBP intensity, n = 3, CC1+/Olig2+: n = 3; Optic nerve samples from 3 

independent mice, 3 slices were stained and counted for each mouse. Mann-Whitney test 

is used for significance.) 
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Figure 18: Cuprizone treatment failed to induce demyelination in both WT and GluN2C-

KO optic nerve. (A) Representative images for MBP (red) staining of optic nerve from 

control and cuprizone-treated mice. (B) Quantification of MBP intensity as shown in 

panel A. (For all quantification, data shown as mean from 3 images was normalized 

against WT ctrl group; Scale bar, 100µm; MBP intensity: n = 1)  
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8. Tac-GluN2C has  robust surface expression in HeLa cells 

Tac has been used as a plasma membrane reporter in research identifying 

trafficking and sorting motifs encoded in numbers of proteins (Roche et al., 2001; 

Hawkins et al., 2004; Lavezzari et al., 2004). To investigate the GluN2C-containing 

NMDA receptor internalization, we made a chimera of the distal C-terminus of GluN2C 

(amino acids 1076-1250) and the surface integral membrane protein Tac (Tac-GluN2C, 

Figure 19A). Together with the Tac-GluN2B (amino acids 1315-1482), we could 

compare the endocytic properties between different subunits by linking their C-terminus 

to Tac, which is normally stable on the cell membrane. A high-affinity monoclonal 

antibody to the extracellular domain of Tac can help to eliminate the variability created 

by different primary antibodies targeted on GluN2B and GluN2C. In addition, the Tac 

chimeras provide a good tool to investigate the endocytic signals only in the C-terminus 

of GluN2C without the interference of GluN1 and to avoid the cytotoxic issues raised by 

overexpression of functional NMDA receptors. These constructs (Tac, Tac-GluN2B, Tac-

GluN2C) were transfected into HeLa cells and all of them had robust surface expression 

(Figure 19B), with a unique dot-pattern for Tac-GluN2C. These data confirm the surface 

expression of the Tac-GluN2B chimera and illustrate a specific surface expression pattern 

for Tac-GluN2C.  
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9. Tac-GluN2C is relatively stable on the cell membrane. 

To determine the optimum time for quantifying the endocytosis of Tac-GluN2C, 

we compared the internalization of both Tac-GluN2B and Tac-GluN2C at different time 

points.  Tac-GluN2B and Tac-GluN2C were expressed in HeLa cells and labeled with 

Tac antibodies on ice. HeLa cells were then returned to conditioned media at 37°C for 

specified times (15min, 30min, 45min, 60min) to allow internalization. Consistent with a 

previous report that incubation in 37°C for 15min was sufficient for Tac-GluN2B to 

induce internalization (Figure 20), Tac-GluN2B carried out internalization from 15min to 

60min, as seen by a considerable punctate signal pattern. However, Tac-GluN2C began 

internalization at 30min, which increased at 45min but showed a weaker signal at 60min. 

This slower and weaker internalization detected by Tac-GluN2C indicates that Tac-

GluN2C is more stable on the surface than GluN2B. 

10. Tac-GluN2C preferentially traffics to late endosomes following 

endocytosis. 

To examine the postendocytic fate of Tac-GluN2C, we expressed the GFP-Rab 

family proteins and Tac chimeras together in HeLa cells. We first compared the 

postendocytic fate between Tac-GluN2B and Tac-GluN2C. Quantification of the overlap 

coefficient of the late endosomal marker GFP-Rab9 with Tac-GluN2B or Tac-GluN2C 

showed a significant increase (Tac-GluN2B: 0.57 ± 0.018;Tac-GluN2C: 0.63 ± 0.0076; P 

= 0.015), whereas the overlap coefficient of the recycling endosomal marker GFP-Rab11 
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with Tac-GluN2C is much lower than that of GFP-Rab11 with Tac-GluN2B (Tac-

GluN2B: 0.66 ± 0.014; GluN2C: 0.49 ± 0.0087, P=0.0022), indicating that after 

endocytosis, Tac-GluN2B more likely traffics to the recycling endosomes compared with 

GluN2C, which is more likely to traffic to the late endosomes (Figure 20B). In another 

comparison, Tac-GluN2C was extensively colocalized with GFP-Rab9 rather than GFP-

Rab11 after 30 min of endocytosis (Figure 20A), whereas Tac-GluN2B was highly 

colocalized with GFP-Rab11 and not GFP-Rab9 (Figure 21A). This is the first evidence 

suggesting that Tac-GluN2C preferentially traffics to late endosomes.  Our  Tac-GluN2B 

result is consistent with previous studies showing that GluN2B-containing NMDA 

receptors preferentially recycle (Lavezzari et al., 2004; Tang et al., 2010).  

11. Use of MHC II 𝛂- and 𝛃- chains as reporter molecules to study 

GluN2C dimerization and trafficking 

MHC II has been previously used as a reporter molecule to study GluN2A and 

GluN2B dimerization and trafficking. It consists of α- and β - chains that must 

oligomerize to express on the cell membrane. Antibodies are available that specifically 

recognize the extracellular epitope on the fully assembled α β  –heterodimer. We 

generated 2 new chimeras of the distal C-terminus of GluN2C (amino acids 1076-1250) 

with truncated, cytoplasmic, tailless, MHC II α- and β- chains (Figure 22A). Using the 

original MHC II α- and β- chains as controls, we confirmed that when MHC II α- or β- 

chains were expressed alone, the L243 antibody,  which only recognizes the fully 
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assembled αβ  –heterodimer, cannot detect any signal on the surface of the plasma 

membrane (Figure 22B).  Coexpression of MHC II α- and β- chains with or without the 

GluN2C C-terminus shows a strong surface expression of αβ-complexes (Figure 22B). 

The signal of surface expression of MHC II α- and β- chains with the GluN2C C-

terminus is much weaker and presents a punctate pattern, which is similar to the pattern 

of Tac-GluN2C staining. 
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Figure 19. Tac-GluN2C surface expression in HeLa cells. (A) Schematic diagrams of the 

Tac–NMDA receptor chimeras. The distal C terminus of GluN2B (amino acids 1315–

1482) or GluN2A (amino acids 1076-1250) was appended to the plasma membrane 

reporter molecule Tac. (B) The surface expression pattern of Tac-NMDA receptor 

chimeras. Tac-GluN2C show a dot pattern. HeLa cells were transiently transfected with 

Tac, Tac-GluN2B, or Tac-GluN2C. Cells were incubated with Tac monoclonal antibody 

on ice for 1 hr. The cells were fixed and the immunoreactivity was visualized using Alexa 

568-conjugated (red) anti-rabbit secondary antibodies. Maximum projections are shown. 

Scale bar:10um. 
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Figure 20. Time course of the endocytosis of Tac-GluN2C. The GluN2B and GluN2C C-

termini are both sufficient to induce internalization of the surface protein Tac into 

endosomal structures. Tac-GluN2C internalized much more slowly than Tac-GluN2B. 

HeLa cells were transiently transfected with Tac, Tac-GluN2B, or Tac-GluN2C. Cells 

were incubated with Tac monoclonal antibody on ice for 1 hour and then returned to 

conditioned media and incubated at 37°C for specifieds time (15min, 30 min, 45 min and 

60 min). The cells were fixed and the surface Tac was saturated by conjugated anti-rabbit 

IgG. After permeabilization, the Alexa 568-conjugated (red) anti-rabbit secondary 

antibodies were used to label the endocytic Tac. Only the maximum projections of 

endocytic signals are shown. Scale bar: 20um.  
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Figure 21. Colocalization of Tac endosomes with Rab family endosome markers. (A) 

Colocalization pattern of Tac-GluN2B or Tac-GluN2C endosomes with Rab9-GFP or 

Rab11-GFP. (B) Quantification of overlap coefficient of Tac-GluN2B or Tac-GluN2C 
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endosomes with Rab9-GFP or Rab11-GFP. (n = 3 independent experiments; for all 

quantifications, data shown as mean ± SEM. *, P <0.05; Mann-Whitney test.) 

  



 

 

104 

 

 

Figure 22. The L243 labeled signal on the cell surface is seen only with αβ-MHC. (A) 

Schematic diagrams of the MHC II αβ –NMDA receptor (GluN2 subunit) chimera are 

A 
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shown. (B) HeLa cells were transfected by constructs shown in panel A. Cells were 

incubated with L243 monoclonal antibody on ice for 1 hour. The cells were fixed and the 

immunoreactivity was visualized using Alexa 488-conjugated (green) anti-mouse 

secondary antibodies. Maximum projections are shown. Scale bar: 50um. 
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IV. DISCUSSION 

In this study, we have revealed that the GluN2C-containing NMDA receptor 

subunit is closely involved in oligodendrocyte differentiation and myelination. Firstly, we 

found that NMDA stimulation promoted oligodendrocyte differentiation, for which the 

GluN2C-containing NMDA receptor was required. Secondly, we showed that in a 

neuron-oligodendrocyte coculture system, the differentiation of OPCs from GluN2C-KO 

mice was impaired compared with WT OPCs. Finally, we also observed and 

characterized an early developmental delay and long-term recovery in the optic nerve for 

the GluN2C-KO mice. Thus, we demonstrated a subunit-specific role of GluN2C in 

regulating oligodendrocyte differentiation and myelination. 

Oligodendrocytes were thought to lack NMDA receptors (Berger et al., 1992; 

Patneau et al., 1994). In the past 10 years, functional NMDA receptors were shown in 

oligodendrocytes with an important role in controlling oligodendrocyte development and 

in mediating pathological injury (Karadottir et al., 2005; Salter and Fern, 2005; Micu et 

al., 2006). Evidence shows that NMDA receptors are of great importance for OPC 

migration, differentiation and myelination in vitro (Li et al., 2013; Lundgaard et al., 2013; 

Xiao et al., 2013). Blocking of NMDA receptor impaired the local synthesis of MBP 

(Wake et al., 2011b), which is consistent with our finding that stimulation of GluN2C-

containing NMDA receptor promotes MBP expression in oligodendrocytes. Inhibition of 

NMDA receptor also delayed the remyelination in corpus callosum in the cuprizone-
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induced demyelination model (Li et al., 2013). Our finding did not observe the 

demyelinating phenomena in both WT and GluN2C-KO optic nerve with cuprizone 

treatment, possibly because the optic nerve is not vulnerable to cuprizone-induced 

demyelination (Acs and Komoly, 2012). 

However, NMDA receptor signaling is reported to not be required for 

oligodendrogenesis and myelination. No major disruption of myelination in brain was 

detected in either PDGFR-CreER inducible or olig1-Cre constitutive oligodendrocyte-

specific GluN1 knockout mice (De Biase et al., 2011). The absence of NMDA receptors 

in Plp-CreER conditional GluN1 knockout mice does not alter the susceptibility of 

oligodendroglial lineage cells to experimental autoimmune encephalomyelitis or their 

normal development in the brain (Guo et al., 2012). These reports agreed on a 

nonessential role of NMDA receptor for oligodendrocyte development. In addition, it was 

suggested that AMPA receptors could replace the role of NMDA receptors in the 

myelination process (De Biase et al., 2011). Consistent with these findings, our results 

show a regulatory but not essential role of GluN2C-containing NMDA receptor in 

oligodendrocyte differentiation and myelination of mouse optic nerve. Nevertheless, our 

results showed an impairment in OPC differentiation and a delay in myelination in the 

absence of GluN2C-containing NMDA receptors. This is probably because our results 

differed from these data in the experimental tissues; these reports were based on the 

analysis of mice brains, mostly with corpus callosum (De Biase et al., 2011; Guo et al., 
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2012) and our in vivo findings focused on the mouse optic nerve. Although the optic 

nerve is usually considered as a part of the CNS and the myelination of the optic nerve is 

conducted by oligodendrocytes rather than Schwann cells, the mouse optic nerve is still 

one of the cranial nerves, which are components of the peripheral nervous system. As a 

result, there are several differences between the oligodendrocyte lineage cells in the optic 

nerve and in corpus callosum. First, according to a study with chicken optic nerve, OPCs 

in optic nerve originate in a focal region at the ventral midline of the third ventricle (Ono 

et al., 1997). However, subventricular zone type B cells were identified as progenitors of 

oligodendrocytes in corpus callosum (Menn et al., 2006). Second, the time course of 

oligodendrocyte development is distinct. The OPCs in optic nerve migrate from the 

chiasma to the eye bulb while myelination initiates at the retinal end at around P5 and 

finally distributes evenly. Especially during P15~P20, the myelination of optic nerve 

progresses rapidly and eventually reaches a peak around P30. In contrast, the myelination 

of corpus callosum initiates at P3~P4 and continues to reach a plateau at P40~P45 (Verity 

and Campagnoni, 1988; Baloch et al., 2009). The most rapid time for myelination is 

around P14 and P45 when 13.5% of axons are myelinated. Myelination then continues at 

a relatively low rate (Sturrock, 1980).  Third, at P240, 28% of axons are myelinated in 

corpus callosum (Sturrock, 1980). Compared with such a small proportion of myelinated 

axons in corpus callosum in adult mice, more than 99% of axons are myelinated in the 

adult mouse optic nerve (Honjin et al., 1977; Dangata et al., 1996). These distinct aspects 
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of oligodendrocyte lineage cells in the corpus callosum and optic nerve may lead to 

different phenotypes during development in the absence of NMDA receptor. Another 

explanation for the contradictory results regarding the role of NMDA receptor in 

oligodendrocyte development is that neuregulin or BDNF switch oligodendrocyte 

development between the NMDA receptor-dependent and NMDA receptor-independent 

pathways (Lundgaard et al., 2013). This proposed model raises the possibility  that 

different tissues may have distinct neuregulin or BDNF concentrations, which may affect 

the tissue-specific oligodendrocyte development in the absence of NMDA receptors. 

While the rate of mouse optic nerve myelination peaks around P10~P20, this 

process requires a large amount of energy and lipids, since 80% of the dry weight of 

myelin contains cholesterol, phospholipids, and glycolipids (Baumann and Pham-Dinh, 

2001). Glucose metabolism of oligodendrocytes can support the myelination by 

providing the energy and some precursors for lipid synthesis; oligodendrocytes need ATP 

to maintain cell function and use carbon skeletons to produce lipids for myelination. A 

delay in myelination can be caused by energy insufficiency, both in vitro (Yan and 

Rivkees, 2006) and in vivo (Koeda et al., 1990). This delay might be due to damage to the 

oligodendrocyte lineage cells, since they are very vulnerable to energy deprivation 

(Pantoni et al., 1996). Lack of substrates for the synthesis of the lipids in myelin may also 

be the reason for the myelination delay. In particular, low glucose concentration 

decreases the number of mature oligodendrocytes and myelination (Rinholm et al., 2011), 
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suggesting the metabolism of oligodendrocytes is very important for the rate of the 

myelination process. The glucose can be acquired by oligodendrocytes through Glucose 

transporter 1 (GLUT1), which is highly expressed in oligodendrocytes. Stimulation of 

NMDA receptors in oligodendrocytes was reported to promote glucose transporter 

GLUT1 surface expression and GluN1-null mice showed delayed myelination at P20 in 

optic nerve (Saab et al., 2016), which suggests an important role of NMDA receptor in 

oligodendrocyte glucose utilization and glycolysis while communicating with neuronal 

axons.  

Two possible mechanisms have been described for the regulation of the glucose 

transporter by GluN2C-containing NMDA receptor. For the first mechanism, stimulation 

of NMDA receptor induced calcium influx, which was required for the GLUT1 

trafficking (Saab et al., 2016). In this process, D-AP5 was shown to be able to block the 

effect that NMDA stimulates GLUT1 surface expression and glucose uptake in 

oligodendrocytes (Saab et al., 2016). Since GluN1, GluN2C and GluN3A are thought to 

be the predominant NMDA receptor subunits in oligodendrocytes and GluN3A is not 

sensitive to D-AP5, GluN2C is very likely to be the major NMDA receptor subunit that 

induces calcium influx and mediates the regulation of glucose transporter. This is also 

consistent with the fact that GluN3A is not permeable to calcium (Chatterton et al., 2002b; 

Pina-Crespo et al., 2010). The second possible mechanism is that GLUT3 trafficking is 

coupled to the NMDA receptor/Akt-dependent nNOS phosphorylation pathway (Ferreira 
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et al., 2011). Activation of GluN2C-containing NMDA receptors can trigger specific 

signaling pathways, including the protein kinase B/Akt pathway (Chen and Roche, 2009), 

suggesting a possible role of GluN2C-containing NMDA receptor in regulating the 

surface expression of glucose transporter via an Akt-dependent pathway. In summary, 

these published data imply that GluN2C-containing NMDA receptor regulates axonal 

myelination via glucose transport and energy metabolism. 

In addition to the myelin function in salutatory conduction, the myelin sheath also 

provides vital metabolic support to axons (Saab et al., 2016). Although the myelination of 

GluN2C-null mice recovers at 2 months, its functional integrity is still uncertain. 

Interestingly, GluN1 mutant mice, which show a similar myelination delay at P20 and 

recovery at P70, has shown signs of neurodegeneration at first in the medulla, then in 

spinal cord in the 10th month, and later in all CNS white matter tracts (Saab et al., 2016). 

Thus, further investigation was needed to answer the question whether myelin maintains 

its functional integrity in the absence of GluN2C subunits. 

Here, in P25~P27 mice, we detected a decrease in the MBP expression level. 

However, the PLP expression level has not been altered. This is consistent with a 

previous finding that NMDA receptor stimulation regulates MBP expression but not CNP 

expression (Li et al., 2013)， and the results are also consistent with the evidence that 

MBP and PLP expression levels are regulated by different pathways (Hamano et al., 1998; 

Bercury et al., 2014; Michel et al., 2015). In all Western blot assays, we detected a 
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consistent increase of MBP protein level in the optic nerve of P60~P63 GluN2C-KO 

mice, whereas from the immunofluorescence measurements, we saw only a trend of MBP 

increase without significance. There could be several possibilities for this. First, the 

number of experimental replicas for the MBP intensity measurement is only 3, which is 

too small to represent the whole sample size. Second, Western blot results are dependent 

on all the steps and reagents, such as the amount of total protein, transfer efficiency, the 

chemiluminescence and exposure time. All those variables make it a semi-quantitative 

assay for protein analysis. Even though the trend of MBP expression is the same for all 4 

independent experiments, it is hard to combine all of them to obtain  statistical 

significance. However, the signal of the immunohistochemistry assay can be quantitated. 

Thus, we cannot conclude that the MBP expression level increases in the optic nerve of 

P60~P63 GluN2C-KO mice, which is not contradictory with the results in the assay of 

MBP intensity. Third, the sensitivities of the Western blot and immunohistochemistry are 

different. One of the biggest arguments in favor of the Western blot is its sensitivity;  it 

can detect as little as 0.1 ng of protein. Generally, the Western blot is more sensitive than 

immunohistochemistry in detecting protein expression. This difference may contribute to 

the statistical analysis results. Fourth, although I used the same primary MBP antibody 

for both Western blot and immunohistochemistry, this antibody may perform differently 

in those assays, since the MBP is denatured by SDS and high temperature in Western blot, 

while the MBP from the immunohistochemistry assay is fixed by 4% formaldehyde 
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solution in PBS. Fifth, the time frame for these two assays is different. Using fresh 

samples, wa Western blot can be completed in two days, while the 

immunohistochemistry takes about a week. Protein degradation over this time frame may 

contribute to the different results obtained from these two assays.  

In this study, we detected a small but significant difference in oligodendrocyte 

differentiation in GluN2C-KO optic nerves compared with the WT samples (Figure 13D). 

However, the difference of the percentage of myelinated axons between WT and 

GluN2C-KO is relatively higher (Figure 11B). These data raise a question whether the 

small proportion of mature oligodendrocytes lost in the absence of GluN2C is so 

important that they contribute much more to the myelination. However, that explanation 

is not the only possible mechanism. Notably, in this explanation, the assumption is that 

the remaining mature oligodendrocytes in WT and GluN2C-KO optic nerves do not 

contribute to the difference between differentiation and myelination, so that all the 

differences detected in myelination are due to the loss of mature oligodendrocytes.  

However, that is not the case, since the remaining mature oligodendrocytes in GluN2C-

KO optic nerves still lack GluN2C. A single oligodendrocyte can wrap up to 50 axons 

(Baumann and Pham-Dinh, 2001). Even with the same number of mature 

oligodendrocytes in the optic nerve, an individual oligodendrocyte with or without 

GluN2C may have different abilities to form myelination along axons. For instance, the 

GluN2C-KO oligodendrocytes may extend fewer processes to axons, so that the number 
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of myelinated axons is decreased. In summary, the relatively higher difference in the 

percentage of myelinated axons is a defect that can be attributed to a mixed effect from 

the absence of the GluN2C subunit, not only the number of mature oligodendrocytes, 

which may need further investigation. 

Finally, in the last part of our study, we investigated the endocytosis of GluN2C 

subunits. NMDA receptor endocytosis is developmentally regulated and intensive studies 

were conducted with GluN2A and GluN2B subunits. Little is known about the endocytic 

properties of GluN2C. Our data demonstrate, for the first time, that GluN2C 

preferentially traffics through late endosomes after internalization. By comparison with 

GluN2B, we show that there is a significant difference between GluN2B and GluN2C in 

the postendocytic pathways. This difference may be due to some subunit-specific 

endocytic motifs in the C-termini of GluN2C, which we have not identified yet. Another 

question about which we are still curious is the trafficking properties of the tri-

heteromeric NMDA receptors. In this project, we have built the tools of various chimeras 

with the MHC ab-subunit with the C-terminus of GluN2A, GluN2B or GluN2C. For 

technical reasons, we still cannot obtain a robust endocytosis signal from the combination 

of MHC a- GluN2A and MHC b- GluN2C, which is a very possible composition in 

adult cerebellum (GluN1/GluN2C/GluN2A). However, based on our current data, 

GluN2C preferentially traffics through late endosomes after internalization, which is 

similar with GluN2A (Tang et al., 2010). Thus, we expect that the tri-heteromeric NMDA 
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receptors of GluN1/GluN2A/GluN2C would be similar to GluN2A and GluN2C, which 

would preferentially traffic through late endosomes. Although the tri-heteromeric NMDA 

receptors of GluN1/GluN2A/GluN2C may be similar, we did not know which subunit 

played a predominant role in dictating the postendocytic pathways, unlike the report that 

showed a dominant role for GluN2B in receptor recycling compared with GluN2A. At 

the same time, we are quite interested in the punctate surface expression pattern of 

GluN2C subunits, which is shown for the Tac-GluN2C and MHC-GluN2C. This punctate 

surface expression pattern is also shown in the overexpression of GluN1/GluN2C in 

HeLa cells (personal communication from other members in the laboratory ). We have a 

strong interest in determining the motifs contributing to this unique phenotype. 

In conclusion, our study demonstrates an important functional involvement of 

GluN2C-containing NMDA receptor in oligodendrocyte differentiation and myelination. 

Since the major cause of remyelination failure is considered to be oligodendrocyte 

differentiation impairment  (Chang et al., 2000; Nave, 2010), these findings could offer a 

novel therapeutic target for demyelinating diseases, especially the remyelination process, 

which is thought to be NMDA receptor-dependent (Li et al., 2013).  
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V. SUMMARY 

 

In this study, we firstly confirm a previous report that stimulation of NMDA 

receptor promotes rat oligodendrocyte differentiation in vitro. Using qPCR, we detected a 

significant increase in expression level of GluN2C subunit during the differentiation of 

rat oligodendrocytes, while the change in mRNA levels of GluN2A, GluN2B and 

GluN3A is less than 2-fold. Secondly, we found that NMDA treatment could also 

promote mouse oligodendrocyte differentiation, but differentiation failed with GluN2C-

null oligodendrocytes. Further investigation with neuron-oligodendrocyte coculture 

showed the impairment of oligodendrocyte differentiation in the absence of GluN2C in 

vitro.  Thirdly, by analyzing the images collected with transmission electron microscopy, 

we observed an early developmental myelination delay but long-term recovery in the 

optic nerve of GluN2C-KO mice in vivo, which was closely related to the impairment of 

oligodendrocyte differentiation. Overall, our findings indicate a subunit-specific 

functional involvement of GluN2C-containing NMDA receptors in oligodendrocyte 

differentiation and myelination.  
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