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Abstract: 

Myelin is essential for the mammalian brain to function efficiently. Whilst many factors have 

been associated with regulating the differentiation of oligodendroglia and myelination, 

glutamate signalling might be particularly important for learning-dependent myelination. The 

majority of myelinated projection neurons are glutamatergic. Oligodendrocyte precursor cells 

receive glutamatergic synaptic inputs from unmyelinated axons and oligodendrocyte lineage 

cells express glutamate receptors which enable them to monitor and respond to changes in 

neuronal activity. Yet, what role glutamate plays for oligodendroglia is not fully understood. 

Here, we review glutamate signalling and its effects on  oligodendrocyte lineage cells,and 

myelination  in health and disease. Furthermore, we discuss whether glutamate signalling 

between neurons and oligodendroglia might lay the foundation to activity-dependent white 

matter plasticity.  
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Introduction  

Myelin, produced by oligodendrocytes in the central nervous system (CNS), is essential for rapid 

information transmission and synchronisation of inputs between billions of neurons. Myelin plasticity, 

which has been largely neglected, is now increasingly invoked as a fundamental mechanism for 

learning (see Purger et al., 2016 and Tomlinson et al, 2016 in this issue). Myelination has been shown 

to be orchestrated by a plethora of cellular and molecular signals, including axonal diameter, growth 

factors, extracellular signalling factors, secreted molecules and adhesion proteins, neurotransmitter 

signalling and neuronal activity (reviewed by Emery, 2010). The latter two might be of particular 

importance for myelin plasticity, especially glutamate signalling as 90% of projection neurons, and 

thus the majority of myelinated axons in the CNS, are glutamatergic (Schmidt and Pierce, 2010) and 

oligodendrocyte lineage cells, at all stages, express glutamate receptors, enabling them to sense and 

respond to neuronal activity.  

 

Here we will review how glutamate, a universal signalling molecule, can mediate seemingly unrelated 

processes such as migration, proliferation, differentiation and myelination, as well as cellular death, 

and regeneration.  

 

Synaptic and non-synaptic glutamate signalling  

Glutamate is the most common excitatory neurotransmitter in the CNS (see Box 1). This non-essential 

amino acid has a myriad of functions across species, both in and outside the CNS (see Box 2). In the 

CNS, glutamate signalling is commonly associated with synaptic transmission. The synapse, defined 

by a presynaptic and a postsynaptic site separated by the synaptic cleft (Palay, 1958), is the primary 

neuronal information hub. At glutamatergic synapses, the presynaptic machinery (which includes the 

canonical SNARE complex) releases glutamate through calcium- and activity-dependent vesicular 

release. The majority (90%) of synaptic transmission occurs in this fashion (Kaeser and Regehr, 

2014), and thus can be named canonical glutamate release to distinguish it from other forms of 

vesicular release that also occur at the presynaptic terminal, such as spontaneous and asynchronous 

synaptic transmission (Kavalali, 2015; Kaeser and Regehr, 2014; see Figure 1), which can occur in 

activity-, calcium- and canonical SNARE independent manner.  

 

Although widespread, glutamate release is not confined to the synapse. It can also occur outside the 

synapse by non-vesicular release of glutamate (occurring either in an activity-dependent or 

-independent manner) as well as by vesicular release (occurring either in an activity-dependent or 

-independent manner; Ziv and Garner, 2004; see Figure 1). The regulation and role of the varied 

forms of non-synaptic glutamate release are less known. Nonetheless, non-synaptic release of 
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neurotransmitter seems to play an important role early in development, particularly as the expression 

of functional glutamatergic (and GABAergic) receptors precedes synaptogenesis (Andreae and 

Burrone, 2015; Ziv and Garner, 2004; Demarque et al., 2002; Furuta et al., 1997). Possible sources of 

non-synaptic glutamate release are from the reversal of glutamate transporters (Káradóttir and 

Attwell, 2007) and the release from neuronal growth cones (Soeda et al., 1997), astrocytes (reviewed 

by Malarkey et al., 2008), microglia (Barger et al., 2007), or from damaged or dying cells (see Figure 

1). Whether this non-synaptic form of communication serves a different purpose than synaptic 

transmission, remains to be investigated. However, as non-synaptic glutamate signalling is used by 

cells in many different tissues and throughout life, it might serve an equally important but lesser 

known function (see Box 2).  

 

Throughout this review we use the term 'synaptic release' to refer to activity- and canonical SNARE-

dependent vesicular release of glutamate, and 'non-synaptic release' for glutamate release that occurs 

outside the synapse (not differentiating between vesicular and non-vesicular non-synaptic release). 

We have omitted postulating the function of spontaneous, activity- and canonical SNARE-

independent vesicular release at the axon-OPC synapse due to lack of information in the literature, 

although spontaneous TTX insensitive miniature events have been detected in OPCs (Káradóttir et al., 

2005; 2008; Bergles et al., 2000; Ziskin et al, 2007; Kukley et al. 2007).  

 

Oligodendroglia receive glutamatergic input 

The presence of glutamate receptors in the oligodendroglial cell membrane throughout the lineage 

suggests that glutamate signalling is important for these cells both during their progenitor and their 

mature stage. Oligodendrocyte precursor cells (OPCs) in particular are well equipped to sense 

neuronal activity. They express the highest density of glutamate receptors compared to later lineage 

stages (De Biase et al., 2010) and receive synaptic input from neurons in both grey (Bergles et al., 

2000; Jabs et al., 2005; Lin and Bergles, 2004) and white matter (Káradóttir et al., 2005, 2008; Kukley 

et al., 2007; Ziskin et al., 2007). These synaptic contacts seem to occur predominantly on entirely 

unmyelinated axons or unmyelinated segments of the axon (Kukley et al., 2007; Tomassy et al., 2014; 

Ziskin et al., 2007), which raises the question of whether synaptic input is involved in prompting OPC 

differentiation and myelination.  

 

It is generally assumed that synaptic input is restricted to the progenitor state of oligodendroglia and 

disappears once differentiation begins (De Biase et al., 2010; Kukley et al., 2007), although 

oligodendrocytes express glutamate receptors throughout all lineage stages (Butt, 2006; Káradóttir et 

al., 2005; Lundgaard et al., 2013; Micu et al., 2006; Salter and Fern, 2005; but see Kukley et al., 2010; 
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see Table 1). Perhaps non-synaptic glutamate signalling becomes more important for differentiated 

oligodendrocytes (see Figure 1).  

 

Myelinating oligodendrocytes respond to neuronal activity (Fröhlich et al., 2014; Yamazaki et al., 

2010), likely via an NMDA receptor-mediated calcium rise in the myelin sheath (Micu et al., 2016). 

Thus, glutamate signalling might in fact be ongoing between axons and oligodendrocytes throughout 

life. Micu and colleagues coined the concept of axo-myelinic synapses to describe activity-dependent 

vesicular release of glutamate from the axon to the oligodendrocyte (Micu et al., 2016).  

Whether myelinating oligodendrocytes do receive synaptic input is still uncertain. It is possible that 

they have gone unnoticed due to the large membrane capacitance of mature oligodendrocytes (that 

could mask the detection of synaptic input during electrophysiological recordings). 

 

Currently neither the role of synaptic input to OPCs nor the role of glutamate signalling to mature 

oligodendrocytes is fully understood. Below, we will review what is currently known about the effects 

of glutamate on oligodendroglial cells.  

 

Glutamate and OPC migration  

Before differentiating, OPCs form a dense network that spans the entire brain. Characteristically, 

OPCs are motile cells which can migrate long distances and continuously survey their environment 

via extended filopodia (Hughes et al., 2013). The activation of both AMPA/kainate and NMDA 

receptors in OPCs has been shown to increase motility through the modulation of the adhesion 

molecule PSA-NCAM (Wang et al., 1996) or the modification of Tiam1 signalling, which induces 

lamellipodium growth of leading OPC processes (Xiao et al., 2013). AMPA/kainate receptor 

activation also leads to the composition of an Dv-integrin and proteolipid protein (PLP) complex 

which associates with the AMPA receptor subunit GluA2 – a subunit which makes AMPA receptors 

impermeable to calcium (Gudz et al., 2006; see Figure 2). This leads to a reduction of GluA2 levels on 

the membrane, allowing for increased calcium conductance via AMPA receptors. This weakens OPC 

binding to the extracellular matrix and augments their migration rate (Gudz et al., 2006; Harlow et al., 

2015). However, blocking axonal activity-dependent vesicular release in vivo has no effect on OPC 

migration (Hines et al., 2015; Mensch et al., 2015). These conflicting results might reflect differences 

between neonatal (OPCs in vitro) and postnatal OPCs (OPCs in vivo). Synaptic inputs could only be 

detected in OPCs after postnatal day 5 (P5) (Ziskin et al., 2007), although OPCs express glutamate 

receptors from birth (Káradóttir and Attwell, 2007). Hence, it is possible that neonatal OPC migration 

is guided by non-synaptic glutamate signalling, which might serve as a long-range cue to guide OPC 

migration towards an axonal target. Non-synaptic glutamate signalling is known to act as a long-range 

signal for other cell types. It leads migratory hippocampal pyramidal neurons and interneurons 
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towards their target location during early development (Manent et al., 2005, 2006) and helps shaping 

the dendritic arbor guiding post-synaptic terminals toward the presynapse (Andreae and Burrone, 

2015; see also Box 2). Once an OPC associates with a target axon, synapses are presumably formed, 

which might function to fine-tune OPC localisation, adjust their surveying behaviour and guide their 

choice as to which axon to myelinate.  

 

The source of the non-synaptic glutamate can currently only be speculated upon. In neurons, 

glutamate can be released non-synaptically through the reversal of glutamate transporters (Káradóttir 

and Attwell, 2007). The axons of retinal ganglion cells, for example, release glutamate in this way 

during early development - a mechanism that is lost once myelination is underway (Kriegler and 

Chiu, 1993). Glutamate can also be released from axons prior to synaptogenesis either by activity-

dependent vesicular release or by spontaneous vesicular fusion, which is independent of neuronal 

activity and becomes almost undetectable once synapses are formed (Andreae and Burrone, 2015; see 

Figure 1).  

 

Glutamate and OPC proliferation  

Proliferation is an important feature of OPCs, which ensures the preservation of the progenitor pool 

and makes sure that demands can be met when cells differentiate in order to myelinate. The majority 

of studies using OPCs in vitro (Gallo et al., 1996) or cultured brain slices (Fannon et al., 2015; Yuan 

et al., 1998) have shown that activation of AMPA/kainate receptors inhibits OPC proliferation. 

However, glutamate enhances proliferation of OPCs derived from neuronal progenitors of the striatum 

or the SVZ (Brazel et al., 2005; Redondo et al., 2007), perhaps indicating that the effect of glutamate 

may be dependent on the developmental origins of the OPCs. Nevertheless, experiments using 

primary cortical OPC cultures demonstrate that sodium influx, through activated AMPA/kainate 

receptors, blocks delayed outward-rectifying potassium channels (Borges et al., 1994). Expression of 

these potassium channels is enhanced by the mitogen platelet-derived growth factor (PDGF)-Rα 

signalling and are exclusively expressed during the progenitor stage of oligodendrocyte lineage cells 

(Borges et al., 1994; Chittajallu et al., 2005; Hossain et al., 2014; Larson et al., 2015). Thus, glutamate 

can reversibly reduce the proliferative effects of PDGF by blocking outward potassium conductance 

(Borges et al., 1994; Chittajallu et al., 2005). It can therefore be hypothesised that glutamate may act 

as a stop-signal to pause proliferation as soon as OPCs reach their target neuron, where the axon-OPC 

synapse will be formed (see Figure 3A).  

 

In vivo, the role that glutamate, or neuronal activity, plays in OPC proliferation is somewhat more 

obscure. When whiskers are removed in mice, presumably leading to a loss of sensory input to the 

barrel cortex and consequently to the loss of synaptic input to OPCs, OPC proliferation increases 
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(Mangin et al., 2012). On the other hand, increasing neuronal activity in the adult mouse brain, either 

through optogenetic stimulation of cortical neurons (Gibson et al., 2014) or through the acquisition of 

new motor skills (McKenzie et al., 2014), which arguably increases neuronal glutamate release, OPC 

proliferation is enhanced, not decreased. Matters are further complicated by studies which fail to see 

any correlation between glutamatergic input and OPC proliferation. Reducing either neuronal activity, 

or specifically neuronal activity- and canonical SNARE-dependent vesicular release of glutamate 

seems to have no effect on OPC proliferation (Hines et al., 2015; Mensch et al., 2015). A possible 

explanation may be that increased neuronal activity increases differentiation of OPCs (see below), and 

the increased proliferation seen in vivo reflects a secondary effect in which enhanced OPC 

proliferation is the result of more cells differentiating. Hughes et al (2013) elegantly demonstrated that 

within the OPC network, neighbouring OPCs are quick to proliferate and replace differentiating OPCs 

in order to maintain the network. It is difficult to determine whether glutamate per se increases OPC 

proliferation in vivo or whether this increase in proliferation is only a secondary effect of increased 

differentiation. Direct activation of AMPA/kainate receptors may decrease the response of OPCs to 

mitogens such as PDGF-α (Borges et al., 1994; Chittajallu et al., 2005; Gallo et al., 1996), thereby 

modulating proliferation and keeping the OPC population alert to alterations in activity that might 

initiate their differentiation. Another explanation could be that the inhibiting effects glutamate was 

shown to have in vitro on OPC proliferation reflect behaviours of prenatal and early postnatal OPCs 

in vivo since synaptic input is only detected from P5 in OPCs (Ziskin et al, 2007, see above). Perhaps, 

very localised glutamate release confined to the axon-OPC synapse has different effects on OPC 

proliferation than non-synaptic release of glutamate.  

 

Glutamate and OPC differentiation  

The role neuronal activity may play in OPC differentiation, myelination and myelin plasticity in 

adulthood is one of the most exciting and rapidly developing research areas of myelin biology. 

Glutamate might be an important mediator of neuronal activity, but its effects on oligodendrocyte 

differentiation and myelination are poorly understood. Before glutamate was known to be the major 

neurotransmitter in the CNS (see Box 1), ultrastructural studies showed that myelin thickness 

correlates with the axonal calibre (Duncan, 1934). Axonal diameter exceeding a certain threshold 

seems to be sufficient to induce myelination, which can occur independently of axonal activity and 

glutamate signalling, as both nanofibres and fixed axons, when co-cultured with OPCs, become 

myelinated (Bechler et al., 2015; Lee et al., 2012a; Li et al., 2014). However, an increasing body of 

evidence shows that neuronal activity, presumably mediated by glutamate, can regulate the 

differentiation of oligodendroglia. These seemingly contradictory observations may not be 

incompatible, but merely reflect that myelination can be accomplished in two complementary ways: 

dependent and independent of axonal activity (Lundgaard et al., 2013). One of the key factors for 
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activity-dependent myelination, it seems, is glutamate. However, the role of glutamate receptors is 

complex and it is possible that metabotropic glutamate receptors (mGluRs), AMPA/kainate and 

NMDA receptors serve different functions in regulating differentiation and myelination (as well as in 

the homeostasis of oligodendrocytes in general).  

 

Activating OPC mGluRs prompts differentiation (Spampinato et al., 2014; Wake et al., 2011) and 

regulates AMPA receptor expression (Zonouzi et al., 2011) and calcium influx, mediated by 

ionotropic glutamate receptors (iGluRs). Calcium influx via iGluRs up-regulates the expression of 

immediate early genes (Gallo et al., 1996; Lundgaard et al., 2013; Pende et al., 1994), which are 

associated with the regulation of cell growth and differentiation (Herschman, 1991; McMahon and 

Monroe, 1992). Yet, glutamate, predominantly via AMPA/kainate receptors, inhibits OPC 

differentiation in vitro (Gallo et al., 1996) and similarly, in cerebellar slices, AMPA/kainate agonists 

reduce the number of mature oligodendrocytes in a concentration dependent manner (Yuan et al., 

1998). Vice versa, blocking either AMPA/kainate receptors or neuronal activity increases the number 

of CC1+ immature oligodendrocytes (Fannon et al., 2015), suggesting that glutamate, acting via 

AMPA/kainate receptors, curbs differentiation. Despite the increase of CC1+ cells, these cells failed to 

fully differentiate into myelin basic protein (MBP)-expressing mature oligodendrocytes (Fannon et 

al., 2015). Perhaps, AMPA/kainate receptor activation is needed to guide OPCs to their target axons, 

and prime them for ‘the differentiation signal’ thus, blocking AMPA/kainate receptors releases them 

to differentiate unspecifically as it does not seem to be sufficient to initiate myelination (see Figure 

3B). 

 

The final differentiation step of oligodendrocytes has been linked to NMDA receptors, acting through 

the Akt/mTOR pathway (Li et al., 2013; Lundgaard et al., 2013). 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). In neurons, NMDA receptors serve as coincidence 

detectors which, due to their voltage-sensitive magnesium block, detect separate glutamatergic inputs 

converging on the cell. Once activated, NMDA receptors are far more sensitive to glutamate and more 

permeable to calcium than AMPA/kainate receptors (see Figure 2C). In a similar manner, NMDA 

receptors might be important activity-detectors in OPCs. In myelinating co-cultures, the growth 

factors neuregulin (NRG) and brain-derived neurotrophic factor (BDNF) have been shown to switch 

myelination to become regulated by neuronal activity. In this mode, differentiation and myelination 

depend on OPC NMDA receptor activation (Lundgaard et al., 2013; see Figure 3C). Inhibiting either 

neuronal activity or NMDA receptors leads to a significant reduction of myelination (Li et al., 2013; 

Lundgaard et al., 2013). Activating NMDA receptors, on the other hand, promotes myelination and 

the local production of both MBP and myelin oligodendrocyte glycoprotein (MOG) in vitro 

(Cavaliere et al., 2012; Li et al., 2013; Lundgaard et al., 2013; Wake et al., 2011). In stem cells 
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derived from the subventricular zone (SVZ), NMDA receptor activation leads to commitment to the 

oligodendrocyte lineage. As their differentiation progressed, NMDA subunits GluN1 and GluN2A 

increased while GluN2B and GluN3 decreased suggesting that maturation is matched by a differential 

expression profile of NMDA receptor composition (Cavaliere et al., 2012; see Figure 2C and Table 

1).  

 

In vivo, the role of NMDA receptors in the context of myelination is less clear. Concomitantly 

deleting the NMDA receptor subunits GluN2D and GluN3A in mice resulted in subtle myelin defects 

in myelin ultra-structure (periodicity), whereas independent deletion showed no phenotype (Micu et 

al., 2016). While this seemingly supports the hypothesis that NMDA receptors are involved in the 

terminal oligodendroglial differentiation steps, it has to be noted that in this study the knockout of the 

NMDA receptor subunits was global, thus affecting multiple cell types. On the other hand, deleting 

the compulsory subunit GluN1 exclusively in oligodendroglia (driven by PDGF-R-α, Olig2 or PLP 

promoters) had no obvious effect on myelination (De Biase et al., 2011; Guo et al., 2012), as detected 

by g-ratio (De Biase et al., 2011) and immunohistochemistry analysis (De Biase et al., 2011; Guo et 

al., 2012), albeit myelin ultrastructure was not analysed. However, in these mice an upregulation of 

calcium-permeable AMPA receptors was detected in OPCs (De Biase et al., 2011), possibly to 

compensate for the lack of NMDA receptors. Whether the mode of myelination independent of 

neuronal activity, which does not depend on NMDA receptor activation (Lundgaard et al., 2013), is 

sufficient to myelinate axons in development, or whether calcium-permeable AMPA receptors can 

compensate for the lack of NMDA receptors, is still unclear. Additionally, NMDA receptor activation 

might also be important for regulating myelin architecture or fine tuning myelin structure. 

 

Myelin and glutamate signalling  

AMPA/kainate and NMDA receptors might regulate different steps in the differentiation phase, but 

once myelination is achieved, it seems their orchestrated efforts are needed. Mature oligodendrocytes 

respond to neuronal stimulation by a calcium rise in myelin only when both AMPA and NMDA 

receptors work in concert (Micu et al., 2016). Moreover, NMDA receptor activation regulates 

mitochondria movement within the myelin sheath (Rinholm et al., 2016), presumably to provide 

energy to myelin sheaths wrapped around the most active axons and to coordinate myelin synthesis 

(Rinholm et al., 2011). This suggests that glutamate signalling may not only be important for the 

initiation and completion of differentiation, but also for myelin maintenance and plasticity. This is in 

line with studies showing that OPCs preferentially myelinate active, vesicle-releasing neurons in vitro 

(Wake et al., 2015) and in vivo (Hines et al., 2015) and that myelin sheaths wrapped around active 

neurons are more likely to be preserved (Hines et al., 2015). Myelin, therefore, may be involved in 

activity-dependent plasticity of the neuronal circuit. Myelination patterns vary significantly between 
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axons (Tomassy et al., 2014), which might reflect a myelinic way of synchronising electrical signals. 

Even small changes in myelin thickness, internodal spacing or the length of the nodes of Ranvier or 

the axonal hillock (determined by the placement of the first myelin segment) will affect the 

propagation speed of electrical signals (Pajevic et al., 2014; Ford et al., 2015). 

 

Taken together, these studies show that, depending on the microenvironment, glutamate could be one 

of the key factors regulating differentiation and myelination of oligodendroglia and might be involved 

in circuit plasticity by inducing myelin adjustments. However, the effects of glutamate are complex 

and further experiments are needed to elucidate its role in differentiation and myelination.  

 

The destructive and instructive roles of glutamate in white matter disease 

Glutamate as a regulator of myelination might not only be important for development and white 

matter plasticity, but also in the context of myelin regeneration in disease. Both beneficial and 

harmful effects of glutamate in white matter have been reported, suggesting a dual role for glutamate 

in white matter disorders. There is a variety of diseases affecting the white matter, ranging from 

genetic leukodystrophies, multiple sclerosis (MS), periventricular leukomalacia (PVL), stroke and 

traumatic injuries (reviewed by Almad et al., 2011; Goldberg and Ransom, 2003; Baltan, 2015 in this 

issue) to psychiatric disorders like schizophrenia (Flynn et al., 2003) and substance abuse (reviewed 

by Feng, 2008). Emerging hypotheses also implicate early white matter changes as a contributing 

component in neurodegenerative diseases such as dementia (including Alzheimer’s disease; Prins et 

al., 2015; O’Dwyer et al., 2011a, 2011b; Van Rooden et al., 2014; reviewed by Brickman et al., 2015) 

and associate oligodendrocyte degeneration with amyotrophic lateral sclerosis (Kang et al., 2013). 

Therefore, a better understanding of the role of glutamate in myelin disorders could have wide 

implications. 

 

Examples of the harmful side of glutamate can be seen in ischemia and inflammation in which the 

extracellular glutamate concentration can rise to excitotoxic levels (reviewed by Choi, 1994; 

Káradóttir and Attwell, 2007). As the white matter is located at the distal end of the brain vasculature 

(Duvernoy et al., 1981) it is very susceptible to changes in blood flow and oligodendrocytes 

themselves are very sensitive to oxygen and glucose deprivation, the hallmarks of stroke, hypoxia or 

vascular dementia. There are many possible sources of the excess glutamate under such conditions. 

Activated microglia can release glutamate during inflammation (Barger et al., 2007; Noda et al., 1999; 

Piani et al., 1991; Takaki et al., 2012), whilst injured neurons can release abnormal levels of 

glutamate (Mark et al., 2001) due to their high intracellular glutamate concentrations (Danbolt, 2001). 

Furthermore, astrocytes, oligodendrocytes and neurons all express glutamate transporters (Domercq et 

al., 1999; Kanai and Hediger, 1992; Kugler and Schmitt, 1999; Pitt et al., 2003; Danbolt et al., 1992; 
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reviewed by Allen et al., 2004), which can be down-regulated and therefore fail to clear extracellular 

glutamate. Glutamate transporters can also reverse, for example due to a deterioration of ionic 

gradients, often caused by a lack of energy supply, as occurs in ischemia. This leads to glutamate 

being released instead of cleared by the transporters (Kriegler and Chiu, 1993; Rossi et al., 2000; 

reviewed by Danbolt, 2001; Káradóttir and Attwell, 2007). The down-regulation of these transporters 

was observed in MS lesions concomitantly with high concentrations of extracellular glutamate 

(Lehmann et al., 2009; Pitt et al., 2003). Another source of glutamate could be the blood, especially in 

MS and other diseases where the blood-brain barrier is compromised (Minagar and Alexander, 2003), 

as the glutamate concentration in plasma is much higher than in the extracellular space of the CNS. 

Depending on the location and method used for measuring glutamate levels, the reported values vary 

considerably, ranging from 0.02 µM to 20 µM for the extracellular concentration, and from 30 µM to 

100 µM in the plasma (Hawkins, 2009; Moussawi et al., 2011; Smith, 2000).  

 

The increase in extracellular glutamate levels due to non-synaptic release from the sources described 

above can then induce cytokine production and activate immune cells promoting inflammation (see 

also Box 2). In addition, glutamate can cause excitotoxic cell death mediated by an ‘overactivation’ of 

glutamate receptors. Such an ‘overactivation’ leads to extensive calcium influx toxic to the cells and 

to sodium influx resulting in swelling and lysis of cells, which can in turn release even more 

glutamate (Choi, 1987; Káradóttir and Attwell, 2007; Trump and Berezesky, 1995). This escalating 

cycle of glutamate excitotoxicity can be blocked by using glutamate receptor antagonists, which have 

been shown to prevent ischemia-induced cell death in vivo (Mattson, 2003; Mark et al., 2001). 

 

In contrast to neurons lost due to ischemia or glutamate excitotoxicity, myelin can be regenerated. We 

have recently demonstrated that remyelination, like myelination, is regulated by neuronal activity and 

depends on glutamate release from the demyelinated axon (Gautier et al., 2015; Lundgaard et al., 

2013). This demonstrates that despite being toxic at high concentrations, glutamate also has an 

instructive role in regeneration. Remyelination is carried out by OPCs that migrate to the site of 

damage, proliferate, differentiate and wrap their processes around the demyelinated axons to form a 

new myelin sheath (see reviews in this issue by Chamberlain et al., 2016; Tognatta & Miller 2016). It 

has been shown recently that demyelinated axons upregulate presynaptic proteins in the ethidium 

bromide lesion model in rats (Gautier et al., 2015), in lysolecithin lesions in mice (Etxeberria et al., 

2010; Sahel et al., 2015) and in MS patients, and are able to form synapses with recruited OPCs 

(Gautier et al., 2015; Sahel et al., 2015). These OPCs express AMPA/kainate receptors and, at later 

stages, also NMDA receptors (Gautier et al., 2015). Blocking either neuronal activity, vesicular 

release of glutamate, AMPA/kainate or NMDA receptors in the lesion inhibits remyelination (Gautier 

et al., 2015; Li et al., 2013; Lundgaard et al., 2013). The time course of glutamate receptor expression 

in OPCs in demyelinated lesions is in line with the described roles of AMPA and NMDA receptors 
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during myelination: AMPA receptors are important in the early phase of OPC proliferation and initial 

differentiation, whereas NMDA receptors are expressed at later time points and are needed for myelin 

sheath formation (Gautier et al., 2015; Li et al., 2013; Lundgaard et al., 2013). Similar to myelination, 

the effects of NMDA receptor activation on remyelination seem to be mediated via the Akt/mTOR 

pathway (Li et al., 2013; Lundgaard et al., 2013) and as in development (Mensch et al., 2015) it is 

predominantly the (re)myelination of small diameter axons that depends on neuronal activity and 

glutamate. Larger calibre axons still become myelinated when vesicular release of neurotransmitters is 

blocked (Mensch et al., 2015) and are also remyelinated even when activity or synaptic signalling are 

inhibited (Gautier et al., 2015).  

 

The contradictory effects of glutamate in white matter disease, with excitotoxicity on the one hand 

and the promotion of remyelination on the other, become apparent in MS. In this autoimmune disease 

spontaneous remyelination can occur in patients. However, with ageing and after cycles of 

demyelination and remyelination, symptomatically mirrored by phases of relapse and remission, 

remyelination will ultimately decline resulting in chronically demyelinated axons (Franklin, 2002). 

The failure of remyelination is a major contributing factor to the accumulation of neuronal loss and 

disability (reviewed by Bjartmar et al., 2003). Therefore, as glutamate signalling regulates 

remyelination, enhancing this communication might be a promising therapeutic approach in these 

cases.  

 

However, the pathogenesis of MS is complex and influenced by many factors (see reviews in this 

issue Chamberlain et al., 2016; Sedel et al., 2016; Tognatta and Miller, 2016). Inflammation, for 

example, has been linked to the initial attack on the myelin sheath and to neurodegeneration seen in 

MS patients. Inflammation is high in the initial phase of MS and since cell death occurs 

predominantly in highly inflamed areas, it has been suggested that excess inflammation causes 

neuronal loss (Trapp et al., 1998). Inflammation might be the primary cause of neurodegeneration 

occurring independent of oligodendrocyte damage, as neuronal loss can be observed in normal-

appearing white matter in MS patients (Evangelou et al., 2000). This inflammation-induced 

neurodegeneration might be due to disruptions of glutamate release and clearance that are documented 

in MS tissue (reviewed by Frigo et al., 2012; Tilleux and Hermans, 2007). Glutamate concentrations 

are significantly increased in the cerebrospinal fluid, in acute brain lesions and in normal appearing 

white matter of MS patients (Srinivasan et al., 2005; Stover et al., 1997). In addition to neuronal 

degeneration due to pathological increases in glutamate, there might also be direct detrimental effects 

on oligodendrocytes, as perfusion of kainate into the optic nerve was shown to generate MS like 

demyelinated lesions (Matute et al., 1997). 
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Based on these observations, reducing glutamate levels seems a sensible therapeutic strategy. Indeed, 

the FDA-approved antibiotic ceftriaxone increased the expression of the glutamate transporter GLT-1 

(EAAT2) in vitro, provided neuroprotection in vivo in disease models encompassing excessive 

glutamate levels (Rothstein et al., 2005; but see Melzer et al., 2008) and alleviated clinical symptoms 

in experimental autoimmune encephalomyelitis (EAE) (Melzer et al., 2008; Ramos et al., 2010). 

Similarly, blocking AMPA signalling with NBQX reduced disease severity in EAE (Ohgoh et al., 

2002; Pitt et al., 2000; reviewed by Smith, 2000). Remarkably, NBQX administration prevented EAE-

related changes in glutamate transporter expression, indicating that AMPA receptor activation 

regulates transporter expression. It is not clear, however, if the observed beneficial effects are due to a 

protection of oligodendrocytes or neurons, or both. The primary neuronal loss in EAE might be too 

rapid and substantial to reveal any secondary neurodegeneration that would occur in MS due to 

impaired oligodendrocyte survival. In addition to AMPA receptor inhibitors, also NMDA receptor 

antagonists have been tested in EAE and MS patients: Memantine and amantadine improved 

neurological symptoms in EAE and memantine and MK801 mediated neuroprotection in experimental 

autoimmune optic neuritis (Sühs et al., 2014; Sulkowski et al., 2013; Wallström et al., 1996). 

Amantadine is prescribed against fatigue, a clinical hallmark of MS, but whether its effect is mediated 

via NMDA receptor inhibition is unclear as the drug can affect numerous other pathways, such as 

dopamine signalling (Scatton et al., 1970). Memantine trials for MS were terminated because of 

reversible neurological side effects (https://clinicaltrials.gov/ct2/show/NCT00638833), but it is 

approved for Alzheimer’s disease where it is thought to protect neurons by preventing glutamate 

excitotoxicity (Lipton, 2006).  

 

The seemingly contradicting findings on glutamate being potentially toxic, but also essential for 

instructing myelin regeneration, could be explained by the need for a localised and timed 

communication between axons and OPCs, rather than a general sustained glutamate release that 

increases the extracellular glutamate concentration to toxic levels. Such a pathological increase in 

overall glutamate levels might disturb the synaptic signalling required for myelin regeneration and 

instead stimulate non-synaptic glutamate signalling pathways, thus promoting, for example, the 

activation of immune cells and inflammation – which could exacerbate the damage.  

 

Conclusions  

It is becoming evident that the source of glutamate or the mechanism of its release, whether it is 

activity-dependent vesicular release (i.e. fast), or non-vesicular release (i.e. slow) may convey 

different regulatory functions for oligodendrocyte proliferation, differentiation and myelination, both 

during development and in disease. This combined with the fact that oligodendrocytes express 

different glutamate receptor types and subunits at different stages during development (Table 1), 
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suggests that glutamate might have different effects depending on the signalling mechanisms at 

different timepoints. Thus, the seemingly conflicting roles that have been identified may reflect 

different mechanisms of ‘release’ (or administration of glutamate in in vitro studies) as well as 

differential timepoints of oligodendrocyte lineage cell development or the age of the animal in use. 

Hence, to fully understand the role of glutamate in oligodendrocyte biology, it needs to be studied in 

the context of release and the age and developmental stage of the oligodendrocyte lineage cell.  

 

Given the increasing body of evidence found for white matter plasticity and de novo myelination in 

adulthood, it is important to expand our knowledge of glutamate signalling in the context of 

myelination. This will also deepen our understanding of its role in disease and help to develop new 

therapies that prevent glutamate excitotoxicity, without curtailing the beneficial effects of glutamate 

signalling needed for myelin regeneration.  

 

  



 

 13 

References 

Alix, J.J., Fern, R. (2009). Glutamate receptor-mediated ischemic injury of premyelinated 
central axons. Ann. Neurol. 66, 682-693. 

Allen, N.J., Káradóttir, R., and Attwell, D. (2004). Reversal or reduction of glutamate and 
GABA transport in CNS pathology and therapy. Pflugers Arch. 449, 132–142. 

Almad, A., Sahinkaya, F.R., and McTigue, D.M. (2011). Oligodendrocyte fate after spinal 
cord injury. Neurotherapeutics 8, 262–273. 

Andreae, L.C., and Burrone, J. (2015). Spontaneous Neurotransmitter Release Shapes 
Dendritic Arbors via Long-Range Activation of NMDA Receptors. Cell Rep. 

Bakiri, Y., Hamilton, N.B., Káradóttir, R., Attwell, D. (2008). Testing NMDA receptor block 
as a therapeutic strategy for reducing ischaemic damage to CNS white matter. Glia 56, 233-
240. 

Bakker, R.G., Li, C., Miller, M.R., Cunningham, C., and Charon, N.W. (2007). Identification 
of specific chemoattractants and genetic complementation of a Borrelia burgdorferi 
chemotaxis mutant: flow cytometry-based capillary tube chemotaxis assay. Appl. Environ. 
Microbiol. 73, 1180–1188. 

Baltan, S. (2015). Age-specific localization of NMDA receptors on oligodendrocytes dictates 
axon function recovery after ischemia. Neuropharmacology. 

Barger, S.W., Goodwin, M.E., Porter, M.M., and Beggs, M.L. (2007). Glutamate release 
from activated microglia requires the oxidative burst and lipid peroxidation. J. Neurochem. 
101, 1205–1213. 

Bechler, M.E., Byrne, L., and Ffrench-Constant, C. (2015). CNS Myelin Sheath Lengths Are 
an Intrinsic Property of Oligodendrocytes. Curr. Biol. 25, 2411–2416. 

Bellis, S.L., Grosvenor, W., Kass-Simon, G., and Rhoads, D.E. (1991). Chemoreception in 
Hydra vulgaris (attenuata): initial characterization of two distinct binding sites for L-glutamic 
acid. Biochim. Biophys. Acta 1061, 89–94. 

Bergles, D.E., Roberts, J.D., Somogyi, P., and Jahr, C.E. (2000). Glutamatergic synapses on 
oligodendrocyte precursor cells in the hippocampus. Nature 405, 187–191. 

Bjartmar, C., Wujek, J.R., and Trapp, B.D. (2003). Axonal loss in the pathology of MS: 
consequences for understanding the progressive phase of the disease. J. Neurol. Sci. 206, 
165–171. 

Boldyrev, A.A., Kazey, V.I., Leinsoo, T.A., Mashkina, A.P., Tyulina, O.V., Johnson, P., 
Tuneva, J.O., Chittur, S., and Carpenter, D.O. (2004). Rodent lymphocytes express 
functionally active glutamate receptors. Biochem. Biophys. Res. Commun. 324, 133–139. 

Borges, K., Ohlemeyer, C., Trotter, J., and Kettenmann, H. (1994). AMPA/kainate receptor 
activation in murine oligodendrocyte precursor cells leads to activation of a cation 
conductance, calcium influx and blockade of delayed rectifying K+ channels. Neuroscience 
63, 135–149. 



 

 14 

Brand-Schieber, E., Werner, P. (2003). (+/-)-Alpha-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid and kainate receptor subunit expression in mouse versus rat spinal cord white 
matter: similarities in astrocytes but differences in oligodendrocytes. Neurosci. Lett. 345, 
126-130. 

Brazel, C.Y., Nuñez, J.L., Yang, Z., and Levison, S.W. (2005). Glutamate enhances survival 
and proliferation of neural progenitors derived from the subventricular zone. Neuroscience 
131, 55–65. 

Burzomato, V., Frugier, G., Pérez-Otaño, I., Kittler, J.T., Attwell, D. (2010). The receptor 
subunits generating NMDA receptor mediated currents in oligodendrocytes. J. Physiol. 588, 
3403-3414. 

Butt, A.M. (2006). Neurotransmitter-mediated calcium signalling in oligodendrocyte 
physiology and pathology. Glia 54, 666–675. 

Cahoy, J.D., Emery, B., Kaushal, A., Foo, L.C., Zamanian, J.L., Christopherson, K.S., Xing, 
Y., Lubischer, J.L., Krieg, P.A., Krupenko, S.A., Thompson, W.J., Barres, B.A. (2008). A 
transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for 
understanding brain development and function. J. Neurosci. 28, 264-278. 

Cavaliere, F., Urra, O., Alberdi, E., and Matute, C. (2012). Oligodendrocyte differentiation 
from adult multipotent stem cells is modulated by glutamate. Cell Death Dis 3, e268. 

Chamberlain, K.A., Nanescu, S.E., Psachoulia, K., and Huang, J.K. (2016). Oligodendrocyte 
regeneration: Its significance in myelin replacement and neuroprotection in multiple 
sclerosis. Neuropharmacology. 

Chew, L.J., Fleck, M.W., Wright, P., Scherer, S.E., Mayer, M.L., Gallo, V. (1997). Growth 
factor-induced transcription of GluR1 increases functional AMPA receptor density in glial 
progenitor cells. J. Neurosci. 17, 227-240. 

Chiocchetti, A., Miglio, G., Mesturini, R., Varsaldi, F., Mocellin, M., Orilieri, E., Dianzani, 
C., Fantozzi, R., Dianzani, U., and Lombardi, G. (2006). Group I mGlu receptor stimulation 
inhibits activation-induced cell death of human T lymphocytes. Br. J. Pharmacol. 148, 760–
768. 

Chittajallu, R., Aguirre, A.A., and Gallo, V. (2005). Downregulation of platelet-derived 
growth factor-alpha receptor-mediated tyrosine kinase activity as a cellular mechanism for 
K+-channel regulation during oligodendrocyte development in situ. J. Neurosci. 25, 8601–
8610. 

Chiu, J.C., Brenner, E.D., DeSalle, R., Nitabach, M.N., Holmes, T.C., and Coruzzi, G.M. 
(2002). Phylogenetic and Expression Analysis of the Glutamate-Receptor–Like Gene Family 
in Arabidopsis thaliana. Mol Biol Evol 19, 1066–1082. 

Choi, D.W. (1987). Ionic dependence of glutamate neurotoxicity. J. Neurosci. 7, 369–379. 

Choi, D.W. (1994). Calcium and excitotoxic neuronal injury. Ann. N. Y. Acad. Sci. 747, 
162–171. 

Danbolt, N.C. (2001). Glutamate uptake. Prog. Neurobiol. 65, 1–105. 



 

 15 

Danbolt, N.C., Storm-Mathisen, J., and Kanner, B.I. (1992). An [Na+ + K+]coupled L-
glutamate transporter purified from rat brain is located in glial cell processes. Neuroscience 
51, 295–310. 

De Biase, L.M., Nishiyama, A., and Bergles, D.E. (2010). Excitability and synaptic 
communication within the oligodendrocyte lineage. J. Neurosci. 30, 3600–3611. 

De Biase, L.M., Kang, S.H., Baxi, E.G., Fukaya, M., Pucak, M.L., Mishina, M., Calabresi, 
P.A., and Bergles, D.E. (2011). NMDA receptor signaling in oligodendrocyte progenitors is 
not required for oligodendrogenesis and myelination. J. Neurosci. 31, 12650–12662. 

Demarque, M., Represa, A., Becq, H., Khalilov, I., Ben-Ari, Y., and Aniksztejn, L. (2002). 
Paracrine intercellular communication by a Ca2+- and SNARE-independent release of 
GABA and glutamate prior to synapse formation. Neuron 36, 1051–1061. 

Deng, W., Neve, R.L., Rosenberg, P.A., Volpe, J.J., Jensen, F.E. (2006). Alpha-amino-3-
hydroxy-5-methyl-4-isoxazole propionate receptor subunit composition and cAMP-response 
element-binding protein regulate oligodendrocyte excitotoxicity. J. Biol. Chem. 281, 36004-
36011. 

Dennison, K.L., and Spalding, E.P. (2000). Glutamate-Gated Calcium Fluxes in Arabidopsis. 
Plant Physiol. 124, 1511–1514. 

Di Giorgi-Gerevini, V., Melchiorri, D., Battaglia, G., Ricci-Vitiani, L., Ciceroni, C., Busceti, 
C.L., Biagioni, F., Iacovelli, L., Canudas, A.M., Parati, E., et al. (2005). Endogenous 
activation of metabotropic glutamate receptors supports the proliferation and survival of 
neural progenitor cells. Cell Death Differ. 12, 1124–1133. 

Domercq, M., Sánchez-Gómez, M.V., Areso, P., and Matute, C. (1999). Expression of 
glutamate transporters in rat optic nerve oligodendrocytes. Eur. J. Neurosci. 11, 2226–2236. 

Duncan, D. (1934). A relation between axone diameter and myelination determined by 
measurement of myelinated spinal root fibers. J. Comp. Neurol. 60, 437–471. 

Duvernoy, H.M., Delon, S., Vannson, J.L. (1981). Cortical blood vessels of the human brain. 
Brain Res. Bull. 7, 519-579. 

Emery, B. (2010). Regulation of oligodendrocyte differentiation and myelination. Science 
330, 779–782. 

Etxeberria, A., Mangin, J.-M., Aguirre, A., and Gallo, V. (2010). Adult-born SVZ 
progenitors receive transient synapses during remyelination in corpus callosum. Nat. 
Neurosci. 13, 287–289. 

Evangelou, N., Esiri, M.M., Smith, S., Palace, J., and Matthews, P.M. (2000). Quantitative 
pathological evidence for axonal loss in normal appearing white matter in multiple sclerosis. 
Ann. Neurol. 47, 391–395. 

Fannon, J., Tarmier, W., and Fulton, D. (2015). Neuronal activity and AMPA-type glutamate 
receptor activation regulates the morphological development of oligodendrocyte precursor 
cells. Glia 63, 1021–1035. 

Feng, Y. (2008). Convergence and divergence in the etiology of myelin impairment in 
psychiatric disorders and drug addiction. Neurochem. Res. 33, 1940–1949. 



 

 16 

Flynn, S.W., Lang, D.J., Mackay, A.L., Goghari, V., Vavasour, I.M., Whittall, K.P., Smith, 
G.N., Arango, V., Mann, J.J., Dwork, A.J., et al. (2003). Abnormalities of myelination in 
schizophrenia detected in vivo with MRI, and post-mortem with analysis of oligodendrocyte 
proteins. Mol. Psychiatry 8, 811–820. 

Fogarty, D.J., Pérez-Cerdá, F., Matute, C. (2000). KA1-like kainate receptor subunit 
immunoreactivity in neurons and glia using a novel anti-peptide antibody. Mol. Brain Res. 
81, 164-176. 

Ford, M.C., Alexandrova, O., Cossell, L., Stange-Marten, A., Sinclair, J., Kopp-Scheinpflug, 
C., Pecka, M., Attwell, D., Grothe, B. (2015). Tuning of Ranvier node and internode 
properties in myelinated axons to adjust action potential timing. Nat. Commun. 25, 8073. 

Forde, B.G., and Lea, P.J. (2007). Glutamate in plants: metabolism, regulation, and 
signalling. J. Exp. Bot. 58, 2339–2358. 

Franklin, R.J. (2002). Why does remyelination fail in multiple sclerosis? Nat. Rev. Neurosci. 
3, 705-714. 

Frigo, M., Cogo, M.G., Fusco, M.L., Gardinetti, M., and Frigeni, B. (2012). Glutamate and 
multiple sclerosis. Curr. Med. Chem. 19, 1295–1299. 

Fröhlich, D., Kuo, W.P., Frühbeis, C., Sun, J.-J., Zehendner, C.M., Luhmann, H.J., Pinto, S., 
Toedling, J., Trotter, J., and Krämer-Albers, E.-M. (2014). Multifaceted effects of 
oligodendroglial exosomes on neurons: impact on neuronal firing rate, signal transduction 
and gene regulation. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 369. 

Furuta, A., Rothstein, J.D., and Martin, L.J. (1997). Glutamate transporter protein subtypes 
are expressed differentially during rat CNS development. J. Neurosci. 17, 8363–8375. 

Gallo, V., Wright, P., McKinnon, R.D. (1994). Expression and regulation of a glutamate 
receptor subunit by bFGF in oligodendrocyte progenitors. Glia 10, 149-153. 

Gallo, V., Zhou, J.M., McBain, C.J., Wright, P., Knutson, P.L., Armstrong, R.C. (1996). 
Oligodendrocyte progenitor cell proliferation and lineage progression are regulated by 
glutamate receptor-mediated K+ channel block. J. Neurosci. 16, 2659-2670. 

García-Barcina, J.M., Matute, C. (1996). Expression of kainate-selective glutamate receptor 
subunits in glial cells of the adult bovine white matter. Eur. J. Neurosci. 8, 2379-2387. 

Gautier, H.O.B., Evans, K.A., Volbracht, K., James, R., Sitnikov, S., Lundgaard, I., James, 
F., Lao-Peregrin, C., Reynolds, R., Franklin, R.J.M., et al. (2015). Neuronal activity regulates 
remyelination via glutamate signalling to oligodendrocyte progenitors. Nat. Commun. 6, 
8518. 

Genever, P.G., and Skerry, T.M. (2001). Regulation of spontaneous glutamate release activity 
in osteoblastic cells and its role in differentiation and survival: evidence for intrinsic 
glutamatergic signaling in bone. FASEB J. 15, 1586–1588. 

Genever, P.G., Wilkinson, D.J., Patton, A.J., Peet, N.M., Hong, Y., Mathur, A., Erusalimsky, 
J.D., and Skerry, T.M. (1999). Expression of a functional N-methyl-D-aspartate-type 
glutamate receptor by bone marrow megakaryocytes. Blood 93, 2876–2883. 



 

 17 

Gibson, E.M., Purger, D., Mount, C.W., Goldstein, A.K., Lin, G.L., Wood, L.S., Inema, I., 
Miller, S.E., Bieri, G., Zuchero, J.B., et al. (2014). Neuronal activity promotes 
oligodendrogenesis and adaptive myelination in the mammalian brain. Science 344, 1252304. 

Gill, S.S., and Pulido, O.M. (2001). Glutamate receptors in peripheral tissues: current 
knowledge, future research, and implications for toxicology. Toxicol Pathol 29, 208–223. 

Goldberg, M.P., Ransom, B.R. (2003). New light on white matter. Stroke. 34, 330-332. 

Gudz, T.I., Komuro, H., and Macklin, W.B. (2006). Glutamate stimulates oligodendrocyte 
progenitor migration mediated via an alphav integrin/myelin proteolipid protein complex. J. 
Neurosci. 26, 2458–2466. 

Guo, F., Maeda, Y., Ko, E.M., Delgado, M., Horiuchi, M., Soulika, A., Miers, L., Burns, T., 
Itoh, T., Shen, H., et al. (2012). Disruption of NMDA receptors in oligodendroglial lineage 
cells does not alter their susceptibility to experimental autoimmune encephalomyelitis or their 
normal development. J. Neurosci. 32, 639–645. 

Hamilton, N., Vayro, S., Wigley, R., Butt, A.M. (2010). Axons and astrocytes release ATP 
and glutamate to evoke calcium signals in NG2-glia. Glia 58, 66-79. 

Harlow, D.E., Saul, K.E., Komuro, H., and Macklin, W.B. (2015). Myelin Proteolipid Protein 
Complexes with αv Integrin and AMPA Receptors In Vivo and Regulates AMPA-Dependent 
Oligodendrocyte Progenitor Cell Migration through the Modulation of Cell-Surface GluR2 
Expression. J. Neurosci. 35, 12018–12032. 

Hawkins, R.A. (2009). The blood-brain barrier and glutamate. Am. J. Clin. Nutr. 90, 867S – 
874S. 

Herschman, H.R. (1991). Primary response genes induced by growth factors and tumor 
promoters. Annu. Rev. Biochem. 60, 281–319. 

Hines, J.H., Ravanelli, A.M., Schwindt, R., Scott, E.K., and Appel, B. (2015). Neuronal 
activity biases axon selection for myelination in vivo. Nat. Neurosci. 18, 683–689. 

Hinoi, E., Takarada, T., Ueshima, T., Tsuchihashi, Y., and Yoneda, Y. (2004). Glutamate 
signaling in peripheral tissues. Eur. J. Biochem. 271, 1–13. 

Hossain, S., Liu, H.-N., Fragoso, G., and Almazan, G. (2014). Agonist-induced down-
regulation of AMPA receptors in oligodendrocyte progenitors. Neuropharmacology 79, 506–
514. 

Hughes, E.G., Kang, S.H., Fukaya, M., and Bergles, D.E. (2013). Oligodendrocyte 
progenitors balance growth with self-repulsion to achieve homeostasis in the adult brain. Nat. 
Neurosci. 16, 668–676. 

Itoh, T., Beesley, J., Itoh, A., Cohen, A.S., Kavanaugh, B., Coulter, D.A., Grinspan, J.B., 
Pleasure, D. (2002). AMPA glutamate receptor-mediated calcium signaling is transiently 
enhanced during development of oligodendrocytes. J. Neurochem. 81, 390-402. 

Jabs, R., Pivneva, T., Hüttmann, K., Wyczynski, A., Nolte, C., Kettenmann, H., and 
Steinhäuser, C. (2005). Synaptic transmission onto hippocampal glial cells with hGFAP 
promoter activity. J. Cell. Sci. 118, 3791–3803. 



 

 18 

Julio-Pieper, M., Flor, P.J., Dinan, T.G., and Cryan, J.F. (2011). Exciting times beyond the 
brain: metabotropic glutamate receptors in peripheral and non-neural tissues. Pharmacol. 
Rev. 63, 35–58. 

Kaeser, P.S., Regehr, W.G. (2014). Molecular mechanisms for synchronous, asynchronous, 
and spontaneous neurotransmitter release. Annu. Rev. Physiol. 76, 333-363. 

Kalariti, N., Pissimissis, N., and Koutsilieris, M. (2005). The glutamatergic system outside 
the CNS and in cancer biology. Expert Opin. Investig. Drugs 14, 1487–1496. 

Kanai, Y., and Hediger, M.A. (1992). Primary structure and functional characterization of a 
high-affinity glutamate transporter. Nature 360, 467–471. 

Kang, S.H., Li, Y., Fukaya, M., Lorenzini, I., Cleveland, D.W., Ostrow, L.W., Rothstein, 
J.D., and Bergles, D.E. (2013). Degeneration and impaired regeneration of gray matter 
oligodendrocytes in amyotrophic lateral sclerosis. Nat. Neurosci. 16, 571–579. 

Káradóttir, R., and Attwell, D. (2007). Neurotransmitter receptors in the life and death of 
oligodendrocytes. Neuroscience 145, 1426–1438. 

Káradóttir, R., Cavelier, P., Bergersen, L.H., and Attwell, D. (2005). NMDA receptors are 
expressed in oligodendrocytes and activated in ischaemia. Nature 438, 1162–1166. 

Káradóttir, R., Hamilton, N.B., Bakiri, Y., and Attwell, D. (2008). Spiking and nonspiking 
classes of oligodendrocyte precursor glia in CNS white matter. Nat. Neurosci. 11, 450–456. 

Kavalali, E.T. (2015). The mechanisms and functions of spontaneous neurotransmitter 
release. Nat. Rev. Neurosci. 16, 5-16. 

Kirchgessner, A.L. (2001). Glutamate in the enteric nervous system. Curr Opin Pharmacol 1, 
591–596. 

Kriegler, S., and Chiu, S.Y. (1993). Calcium signaling of glial cells along mammalian axons. 
J. Neurosci. 13, 4229–4245. 

Kugler, P., and Schmitt, A. (1999). Glutamate transporter EAAC1 is expressed in neurons 
and glial cells in the rat nervous system. Glia 27, 129–142. 

Kukley, M., Capetillo-Zarate, E., and Dietrich, D. (2007). Vesicular glutamate release from 
axons in white matter. Nat. Neurosci. 10, 311–320. 

Kukley, M., Dietrich, D. (2009). Kainate receptors and signal integration by NG2 glial cells. 
Neuron Glia Biol. 5, 13-20. 

Kukley, M., Nishiyama, A., and Dietrich, D. (2010). The fate of synaptic input to NG2 glial 
cells: neurons specifically downregulate transmitter release onto differentiating 
oligodendroglial cells. J. Neurosci. 30, 8320–8331. 

Larson, V.A., Zhang, Y., and Bergles, D.E. (2015). Electrophysiological properties of 
NG2(+) cells: Matching physiological studies with gene expression profiles. Brain Res. 

Lee, S., Leach, M.K., Redmond, S.A., Chong, S.Y.C., Mellon, S.H., Tuck, S.J., Feng, Z.-Q., 
Corey, J.M., and Chan, J.R. (2012a). A culture system to study oligodendrocyte myelination 
processes using engineered nanofibers. Nat. Methods 9, 917–922. 



 

 19 

Lee, Y., Morrison, B.M., Li, Y., Lengacher, S., Farah, M.H., Hoffman, P.N., Liu, Y., 
Tsingalia, A., Jin, L., Zhang, P.-W., et al. (2012b). Oligodendroglia metabolically support 
axons and contribute to neurodegeneration. Nature 487, 443–448. 

Lehmann, C., Bette, S., and Engele, J. (2009). High extracellular glutamate modulates 
expression of glutamate transporters and glutamine synthetase in cultured astrocytes. Brain 
Res. 1297, 1–8. 

Li, C., Xiao, L., Liu, X., Yang, W., Shen, W., Hu, C., Yang, G., and He, C. (2013). A 
functional role of NMDA receptor in regulating the differentiation of oligodendrocyte 
precursor cells and remyelination. Glia 61, 732–749. 

Li, L., Hanahan, D. (2013). Hijacking the neuronal NMDAR signaling circuit to promote 
tumor growth and invasion. Cell 153, 86-100.  

Li, S., Stys, P.K. (2000). Mechanisms of ionotropic glutamate receptor-mediated 
excitotoxicity in isolated spinal cord white matter.  

Li, Y., Ceylan, M., Shrestha, B., Wang, H., Lu, Q.R., Asmatulu, R., and Yao, L. (2014). 
Nanofibers support oligodendrocyte precursor cell growth and function as a neuron-free 
model for myelination study. Biomacromolecules 15, 319–326. 

Lin, S., and Bergles, D.E. (2004). Synaptic signaling between GABAergic interneurons and 
oligodendrocyte precursor cells in the hippocampus. Nat. Neurosci. 7, 24–32. 

Lin, T.-H., Yang, R.-S., Tang, C.-H., Wu, M.-Y., and Fu, W.-M. (2008). Regulation of the 
maturation of osteoblasts and osteoclastogenesis by glutamate. Eur. J. Pharmacol. 589, 37–
44. 

Lipton, S.A. (2006). Paradigm shift in neuroprotection by NMDA receptor blockade: 
memantine and beyond. Nat Rev Drug Discov 5, 160–170. 

Liu, H.N., Giasson, B.I., Mushynski, W.E., Almazan, G. (2002). AMPA receptor-mediated 
toxicity in oligodendrocyte progenitors involves free radical generation and activation of 
JNK, calpain and caspase 3. J. Neurochem. 82, 398-409. Liu, X., Wang, Q., Haydar, T.F., and 
Bordey, A. (2005). Nonsynaptic GABA signaling in postnatal subventricular zone controls 
proliferation of GFAP-expressing progenitors. Nat. Neurosci. 8, 1179–1187. 

Lundgaard, I., Luzhynskaya, A., Stockley, J.H., Wang, Z., Evans, K.A., Swire, M., 
Volbracht, K., Gautier, H.O.B., Franklin, R.J.M., Charles Ffrench-Constant, et al. (2013). 
Neuregulin and BDNF induce a switch to NMDA receptor-dependent myelination by 
oligodendrocytes. PLoS Biol. 11, e1001743. 

Malarkey, E.B., Ni, Y., and Parpura, V. (2008). Ca2+ entry through TRPC1 channels 
contributes to intracellular Ca2+ dynamics and consequent glutamate release from rat 
astrocytes. Glia 56, 821–835. 

Manent, J.-B., Demarque, M., Jorquera, I., Pellegrino, C., Ben-Ari, Y., Aniksztejn, L., and 
Represa, A. (2005). A noncanonical release of GABA and glutamate modulates neuronal 
migration. J. Neurosci. 25, 4755–4765. 

Manent, J.-B., Jorquera, I., Ben-Ari, Y., Aniksztejn, L., and Represa, A. (2006). Glutamate 
acting on AMPA but not NMDA receptors modulates the migration of hippocampal 
interneurons. J. Neurosci. 26, 5901–5909. 



 

 20 

Mangin, J.-M., Li, P., Scafidi, J., and Gallo, V. (2012). Experience-dependent regulation of 
NG2 progenitors in the developing barrel cortex. Nat. Neurosci. 15, 1192–1194. 

Mark, L.P., Prost, R.W., Ulmer, J.L., Smith, M.M., Daniels, D.L., Strottmann, J.M., Brown, 
W.D., and Hacein-Bey, L. (2001). Pictorial review of glutamate excitotoxicity: fundamental 
concepts for neuroimaging. AJNR Am J Neuroradiol 22, 1813–1824. 

Martins, R.A.P., Linden, R., and Dyer, M.A. (2006). Glutamate regulates retinal progenitors 
cells proliferation during development. Eur. J. Neurosci. 24, 969–980. 

Mattson, M.P. (2003). Excitotoxic and excitoprotective mechanisms: abundant targets for the 
prevention and treatment of neurodegenerative disorders. Neuromolecular Med. 3, 65–94. 

Matute, C., Sánchez-Gómez, M.V., Martínez-Millán, L., and Miledi, R. (1997). Glutamate 
receptor-mediated toxicity in optic nerve oligodendrocytes. Proc. Natl. Acad. Sci. U.S.A. 94, 
8830–8835. 

McKenzie, I.A., Ohayon, D., Li, H., de Faria, J.P., Emery, B., Tohyama, K., and Richardson, 
W.D. (2014). Motor skill learning requires active central myelination. Science 346, 318–322. 

McMahon, S.B., and Monroe, J.G. (1992). Role of primary response genes in generating 
cellular responses to growth factors. FASEB J. 6, 2707–2715. 

Melzer, N., Meuth, S.G., Torres-Salazar, D., Bittner, S., Zozulya, A.L., Weidenfeller, C., 
Kotsiari, A., Stangel, M., Fahlke, C., and Wiendl, H. (2008). A beta-lactam antibiotic 
dampens excitotoxic inflammatory CNS damage in a mouse model of multiple sclerosis. 
PLoS ONE 3, e3149. 

Mensch, S., Baraban, M., Almeida, R., Czopka, T., Ausborn, J., El Manira, A., and Lyons, 
D.A. (2015). Synaptic vesicle release regulates myelin sheath number of individual 
oligodendrocytes in vivo. Nat. Neurosci. 18, 628–630. 

Micu, I., Jiang, Q., Coderre, E., Ridsdale, A., Zhang, L., Woulfe, J., Yin, X., Trapp, B.D., 
McRory, J.E., Rehak, R., et al. (2006). NMDA receptors mediate calcium accumulation in 
myelin during chemical ischaemia. Nature 439, 988–992. 

Micu, I., Plemel, J.R., Lachance, C., Proft, J., Jansen, A.J., Cummins, K., van Minnen, J., and 
Stys, P.K. (2016). The molecular physiology of the axo-myelinic synapse. Exp. Neurol. 276, 
41–50. 

Minagar, A., and Alexander, J.S. (2003). Blood-brain barrier disruption in multiple sclerosis. 
Mult. Scler. 9, 540–549. 

Moussawi, K., Riegel, A., Nair, S., and Kalivas, P.W. (2011). Extracellular glutamate: 
functional compartments operate in different concentration ranges. Front Syst Neurosci 5, 94. 

Newcombe, J., Uddin, A., Dove, R., Patel, B., Turski, L., Nishizawa, Y., Smith, T. (2008). 
Glutamate receptor expression in multiple sclerosis lesions. Brain Pathol. 18, 52-61. 

Newpher, T.M., and Ehlers, M.D. (2008). Glutamate receptor dynamics in dendritic 
microdomains. Neuron 58, 472–497. 

Noda, M., Nakanishi, H., and Akaike, N. (1999). Glutamate release from microglia via 
glutamate transporter is enhanced by amyloid-beta peptide. Neuroscience 92, 1465–1474. 



 

 21 

O'Dwyer, L., Lamberton, F., Bokde, A.L., Ewers, M., Faluyi, Y.O., Tanner, C., Mazoyer, B., 
O'Neill, D., Bartley, M., Collins, D.R., Coughlan, T., Prvulovic, D., Hampel, H. (2011a). 
Using diffusion tensor imaging and mixed-effects models to investigate primary and 
secondary white matter degeneration in Alzheimer's disease and mild cognitive impairment. 
J. Alzheimers Dis. 26, 667-682. 

O'Dwyer, L., Lamberton, F., Bokde, A.L., Ewers, M., Faluyi, Y.O., Tanner, C., Mazoyer, B., 
O'Neill, D., Bartley, M., Collins, D.R., Coughlan, T., Prvulovic, D., Hampel, H. (2011b). 
Multiple indices of diffusion identifies white matter damage in mild cognitive impairment 
and Alzheimer's disease. PLoS One 6, e21745. 

Ohgoh, M., Hanada, T., Smith, T., Hashimoto, T., Ueno, M., Yamanishi, Y., Watanabe, M., 
and Nishizawa, Y. (2002). Altered expression of glutamate transporters in experimental 
autoimmune encephalomyelitis. J. Neuroimmunol. 125, 170–178. 

Ong, W.Y., Leong, S.K., Garey, L.J., Reynolds, R. (1996). A light- and electron-microscopic 
study of GluR4-positive cells in cerebral cortex, subcortical white matter and corpus 
callosum of neonatal, immature and adult rats. Exp. Brain Res. 110, 367-378. 

Pacheco, R., Ciruela, F., Casadó, V., Mallol, J., Gallart, T., Lluis, C., and Franco, R. (2004). 
Group I metabotropic glutamate receptors mediate a dual role of glutamate in T cell 
activation. J. Biol. Chem. 279, 33352–33358. 

Pajevic, S., Basser, P.J., and Fields, R.D. (2014). Role of myelin plasticity in oscillations and 
synchrony of neuronal activity. Neuroscience 276, 135–147. 

Palay, S.L. (1958). The morphology of synapses in the central nervous system. Exp. Cell. 
Res. 14, 275-293. 

Patneau, D.K., Wright, P.W., Winters, C., Mayer, M.L., Gallo, V. (1994). Glial cells of the 
oligodendrocyte lineage express both kainate- and AMPA-preferring subtypes of glutamate 
receptor. Neuron 12, 357-71. 

Pende, M., Holtzclaw, L.A., Curtis, J.L., Russell, J.T., and Gallo, V. (1994). Glutamate 
regulates intracellular calcium and gene expression in oligodendrocyte progenitors through 
the activation of DL-alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors. 
Proc. Natl. Acad. Sci. U.S.A. 91, 3215–3219. 

Piani, D., Frei, K., Do, K.Q., Cuénod, M., Fontana, A. (1991). Murine brain macrophages 
induced NMDA receptor mediated neurotoxicity in vitro by secreting glutamate. Neurosci. 
Lett. 133, 159-162. 

Piña-Crespo, J.C., Talantova, M., Micu, I., States, B., Chen, H.S., Tu, S., Nakanishi, N., 
Tong, G., Zhang, D., Heinemann, S.F., Zamponi, G.W., Stys, P.K., Lipton, S.A. (2010). 
Excitatory glycine responses of CNS myelin mediated by NR1/NR3 "NMDA" receptor 
subunits. J. Neurosci. 30, 11501-11505. 

Pitt, D., Nagelmeier, I.E., Wilson, H.C., and Raine, C.S. (2003). Glutamate uptake by 
oligodendrocytes: Implications for excitotoxicity in multiple sclerosis. Neurology 61, 1113–
1120. 

Pitt, D., Werner, P., Raine, C.S. (2000). Glutamate excitotoxicity in a model of multiple 
sclerosis. Nat. Med. 6, 67-70. 



 

 22 

Prins, N.D., Scheltens, P. (2015). White matter hyperintensities, cognitive impairment and 
dementia: an update. Nat. Rev. Neurol. 11, 157-165. 

Purger, D., Gibson, E.M., and Monje, M. (2016). Myelin plasticity in the central nervous 
system. Neuropharmacology. 

Ramos, K.M., Lewis, M.T., Morgan, K.N., Crysdale, N.Y., Kroll, J.L., Taylor, F.R., 
Harrison, J.A., Sloane, E.M., Maier, S.F., and Watkins, L.R. (2010). Spinal upregulation of 
glutamate transporter GLT-1 by ceftriaxone: therapeutic efficacy in a range of experimental 
nervous system disorders. Neuroscience 169, 1888–1900. 

Redondo, C., López-Toledano, M.A., Lobo, M.V.T., Gonzalo-Gobernado, R., Reimers, D., 
Herranz, A.S., Paíno, C.L., and Bazán, E. (2007). Kainic acid triggers oligodendrocyte 
precursor cell proliferation and neuronal differentiation from striatal neural stem cells. J. 
Neurosci. Res. 85, 1170–1182. 

Rinholm, J.E., Hamilton, N.B., Kessaris, N., Richardson, W.D., Bergersen, L.H., Attwell, D. 
(2011). Regulation of oligodendrocyte development and myelination by glucose and lactate. 
J. Neurosci. 31, 538-548. 

Rinholm, J.E., Vervaeke, K., Tadross, M.R., Tkachuk, A.N., Kopek, B.G., Brown, T.A., 
Bergersen, L.H., and Clayton, D.A. (2016). Movement and structure of mitochondria in 
oligodendrocytes and their myelin sheaths. Glia. 

Rosenberg, P.A., Dai, W., Gan, X.D., Ali, S., Fu, J., Back, S.A., Sanchez, R.M., Segal, M.M., 
Follett, P.L., Jensen, F.E., Volpe, J.J. (2003). Mature myelin basic protein-expressing 
oligodendrocytes are insensitive to kainate toxicity. J. Neurosci. Res. 71, 237-245. 

Rossi, D.J., Oshima, T., and Attwell, D. (2000). Glutamate release in severe brain ischaemia 
is mainly by reversed uptake. Nature 403, 316–321. 

Rothstein, J.D., Patel, S., Regan, M.R., Haenggeli, C., Huang, Y.H., Bergles, D.E., Jin, L., 
Dykes Hoberg, M., Vidensky, S., Chung, D.S., et al. (2005). Beta-lactam antibiotics offer 
neuroprotection by increasing glutamate transporter expression. Nature 433, 73–77. 

Rzeski, W., Turski, L., and Ikonomidou, C. (2001). Glutamate antagonists limit tumor 
growth. Proc. Natl. Acad. Sci. U.S.A. 98, 6372–6377. 

Sahel, A., Ortiz, F.C., Kerninon, C., Maldonado, P.P., Angulo, M.C., and Nait-Oumesmar, B. 
(2015). Alteration of synaptic connectivity of oligodendrocyte precursor cells following 
demyelination. Front Cell Neurosci 9, 77. 

Salter, M.G., and Fern, R. (2005). NMDA receptors are expressed in developing 
oligodendrocyte processes and mediate injury. Nature 438, 1167–1171. 

Sarichelou, I., Cappuccio, I., Ferranti, F., Mosillo, P., Ciceroni, C., Sale, P., Stocchi, F., 
Battaglia, G., Nicoletti, F., and Melchiorri, D. (2008). Metabotropic glutamate receptors 
regulate differentiation of embryonic stem cells into GABAergic neurons. Cell Death Differ. 
15, 700–707. 

Scatton, B., Cheramy, A., Besson, M.J., and Glowinski, J. (1970). Increased synthesis and 
release of dopamine in the striatum of the rat after amantadine treatment. Eur. J. Pharmacol. 
13, 131–133. 



 

 23 

Schmidt, H.D., and Pierce, R.C. (2010). Cocaine-induced neuroadaptations in glutamate 
transmission: potential therapeutic targets for craving and addiction. Ann. N. Y. Acad. Sci. 
1187, 35–75. 

Sedel, F., Bernard, D., Mock, D.M., and Tourbah, A. (2016). Targeting demyelination and 
virtual hypoxia with high-dose biotin as a treatment for progressive multiple sclerosis. 
Neuropharmacology. 

Sivaguru, M., Pike, S., Gassmann, W., and Baskin, T.I. (2003). Aluminum Rapidly 
Depolymerizes Cortical Microtubules and Depolarizes the Plasma Membrane: Evidence that 
these Responses are Mediated by a Glutamate Receptor. Plant Cell Physiol 44, 667–675. 

Smith, Q.R. (2000). Transport of glutamate and other amino acids at the blood-brain barrier. 
J. Nutr. 130, 1016S – 22S. 

Soeda, H., Tatsumi, H., and Katayama, Y. (1997). Neurotransmitter release from growth 
cones of rat dorsal root ganglion neurons in culture. Neuroscience 77, 1187–1199. 

Spampinato, S.F., Merlo, S., Chisari, M., Nicoletti, F., and Sortino, M.A. (2014). Glial 
metabotropic glutamate receptor-4 increases maturation and survival of oligodendrocytes. 
Front Cell Neurosci 8, 462. 

Srinivasan, R., Sailasuta, N., Hurd, R., Nelson, S., and Pelletier, D. (2005). Evidence of 
elevated glutamate in multiple sclerosis using magnetic resonance spectroscopy at 3 T. Brain 
128, 1016–1025. 

Storto, M., Capobianco, L., Battaglia, G., Molinaro, G., Gradini, R., Riozzi, B., Di Mambro, 
A., Mitchell, K.J., Bruno, V., Vairetti, M.P., et al. (2006). Insulin secretion is controlled by 
mGlu5 metabotropic glutamate receptors. Mol. Pharmacol. 69, 1234–1241. 

Stover, J.F., Lowitzsch, K., and Kempski, O.S. (1997). Cerebrospinal fluid hypoxanthine, 
xanthine and uric acid levels may reflect glutamate-mediated excitotoxicity in different 
neurological diseases. Neurosci. Lett. 238, 25–28. 

Sühs, K.-W., Fairless, R., Williams, S.K., Heine, K., Cavalié, A., and Diem, R. (2014). N-
methyl-D-aspartate receptor blockade is neuroprotective in experimental autoimmune optic 
neuritis. J. Neuropathol. Exp. Neurol. 73, 507–518. 

Sulkowski, G., Dąbrowska-Bouta, B., Chalimoniuk, M., and Strużyńska, L. (2013). Effects of 
antagonists of glutamate receptors on pro-inflammatory cytokines in the brain cortex of rats 
subjected to experimental autoimmune encephalomyelitis. J. Neuroimmunol. 261, 67–76. 

Takaki, J., Fujimori, K., Miura, M., Suzuki, T., Sekino, Y., and Sato, K. (2012). L-glutamate 
released from activated microglia downregulates astrocytic L-glutamate transporter 
expression in neuroinflammation: the “collusion” hypothesis for increased extracellular L-
glutamate concentration in neuroinflammation. J Neuroinflammation 9, 275. 

Tilleux, S., and Hermans, E. (2007). Neuroinflammation and regulation of glial glutamate 
uptake in neurological disorders. J. Neurosci. Res. 85, 2059–2070. 

Tognatta, R., and Miller, R.H. (2016). Contribution of the oligodendrocyte lineage to CNS 
repair and neurodegenerative pathologies. Neuropharmacology. 



 

 24 

Tomassy, G.S., Berger, D.R., Chen, H.-H., Kasthuri, N., Hayworth, K.J., Vercelli, A., Seung, 
H.S., Lichtman, J.W., and Arlotta, P. (2014). Distinct profiles of myelin distribution along 
single axons of pyramidal neurons in the neocortex. Science 344, 319–324. 

Tomlinson, L., Leiton, C.V., and Colognato, H. (2016). Behavioral experiences as drivers of 
oligodendrocyte lineage dynamics and myelin plasticity. Neuropharmacology. 

Trapp, B.D., Peterson, J., Ransohoff, R.M., Rudick, R., Mörk, S., and Bö, L. (1998). Axonal 
transection in the lesions of multiple sclerosis. N. Engl. J. Med. 338, 278–285. 

Trump, B.F., and Berezesky, I.K. (1995). Calcium-mediated cell injury and cell death. 
FASEB J. 9, 219–228. 

Van Rooden, S., Goos, J.D., van Opstal, A.M., Versluis, M.J., Webb, A.G., Blauw, G.J., van 
der Flier, W.M., Scheltens, P., Barkhof, F., van Buchem, M.A., van der Grond, J. (2014). 
Wake, H., Lee, P.R., and Fields, R.D. (2011). Control of local protein synthesis and initial 
events in myelination by action potentials. Science 333, 1647–1651. 

Wake, H., Ortiz, F.C., Woo, D.H., Lee, P.R., Angulo, M.C., and Fields, R.D. (2015). 
Nonsynaptic junctions on myelinating glia promote preferential myelination of electrically 
active axons. Nat. Commun. 6, 7844. 

Walch-Liu, P., Liu, L.-H., Remans, T., Tester, M., and Forde, B.G. (2006). Evidence that l-
Glutamate Can Act as an Exogenous Signal to Modulate Root Growth and Branching in 
Arabidopsis thaliana. Plant Cell Physiol 47, 1045–1057. 

Wallström, E., Diener, P., Ljungdahl, A., Khademi, M., Nilsson, C.G., and Olsson, T. (1996). 
Memantine abrogates neurological deficits, but not CNS inflammation, in Lewis rat 
experimental autoimmune encephalomyelitis. J. Neurol. Sci. 137, 89–96. 

Wang, C., Pralong, W.F., Schulz, M.F., Rougon, G., Aubry, J.M., Pagliusi, S., Robert, A., 
and Kiss, J.Z. (1996). Functional N-methyl-D-aspartate receptors in O-2A glial precursor 
cells: a critical role in regulating polysialic acid-neural cell adhesion molecule expression and 
cell migration. J. Cell Biol. 135, 1565–1581. 

Watkins, J.C. (1972). Metabolic regulation in the release and action of excitatory and 
inhibitory amino acids in the central nervous system. Biochem. Soc. Symp. 33–47. 

Watkins, J.C., and Jane, D.E. (2006). The glutamate story. Br. J. Pharmacol. 147 Suppl 1, 
S100–S108. 

Xiao, L., Hu, C., Yang, W., Guo, D., Li, C., Shen, W., Liu, X., Aijun, H., Dan, W., and He, 
C. (2013). NMDA receptor couples Rac1-GEF Tiam1 to direct oligodendrocyte precursor 
cell migration. Glia 61, 2078–2099. 

Yamazaki, Y., Hozumi, Y., Kaneko, K., Fujii, S., Goto, K., and Kato, H. (2010). 
Oligodendrocytes: facilitating axonal conduction by more than myelination. Neuroscientist 
16, 11–18. 

Yoshioka, A., Hardy, M., Younkin, D.P., Grinspan, J.B., Stern, J.L., Pleasure, D. (1995). 
Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors mediate 
excitotoxicity in the oligodendroglial lineage. J. Neurochem. 64, 2442-2448. 



 

 25 

Yuan, X., Eisen, A.M., McBain, C.J., and Gallo, V. (1998). A role for glutamate and its 
receptors in the regulation of oligodendrocyte development in cerebellar tissue slices. 
Development 125, 2901–2914. 

Zhang, Y., Chen, K., Sloan, S.A., Bennett, M.L., Scholze, A.R., O'Keeffe, S., Phatnani, H.P., 
Guarnieri, P., Caneda, C., Ruderisch, N., Deng, S., Liddelow, S.A., Zhang, C., Daneman, R., 
Maniatis, T., Barres, B.A., Wu, J.Q. (2014). An RNA-sequencing transcriptome and splicing 
database of glia, neurons, and vascular cells of the cerebral cortex. J. Neurosci. 34, 11929-
11947. 

Ziskin, J.L., Nishiyama, A., Rubio, M., Fukaya, M., and Bergles, D.E. (2007). Vesicular 
release of glutamate from unmyelinated axons in white matter. Nat. Neurosci. 10, 321–330. 

Ziv, N.E., Garner, C.C. (2004). Cellular and molecular mechanisms of presynaptic assembly. 
Nat. Rev. Neurosci. 5, 385-399. 

Zonouzi, M., Renzi, M., Farrant, M., and Cull-Candy, S.G. (2011). Bidirectional plasticity of 
calcium-permeable AMPA receptors in oligodendrocyte lineage cells. Nat. Neurosci. 14, 
1430–1438. 
 

 

 

Acknowledgement 

We would like to thank our funders: Lister Institute of Preventive Medicine: Ragnhildur Thóra 

Káradóttir and Sonia Spitzer; Wellcome Trust (http://www.wellcome.ac.uk/): Ragnhildur Thóra 

Káradóttir 091543/Z/10/Z; MRC (http://www.mrc.ac.uk/index.htm): Katrin Volbracht: DTG 

RG64862; Sonia Spitzer: 1004208.  The funders had no role in decision to publish, or preparation of 

the manuscript.  

  

http://www.mrc.ac.uk/index.htm


 

 26 

 

 

Figure legends: 

 
Figure 1: Multiple ways of glutamate release 

(A-D) Vesicular glutamate can be released in an activity- and canonical SNARE-dependent (A, B; 

canonical) or -independent way (C, D; non-canonical). Both types of vesicular release can occur at 

synapses in the mature CNS. However, they can also be observed in absence of a postsynaptic density 

for example prior to synapse formation in development when growing axons release 

neurotransmitters. This vesicular release is thought to guide the postsynaptic dendrite to form the final 

synaptic contact, a mechanism possibly copied by OPCs to form the axon-OPC synapse. Although 

depicted here as axonal release, vesicular release of glutamate can also be observed in non-neuronal 

cells, such as astrocytes. Furthermore, there is non-vesicular release of glutamate (E) from various 

sources e.g. microglia, astrocytes or injured cells, from the blood stream or from reversal of glutamate 

transporters for example in cells that suffer from energy shortage in ischemia. 

The mode of glutamate release might differentially affect the downstream signalling in 

oligodendroglia as the glutamate concentration and the location and timing of glutamate receptor 

activation differ. To what extent these different modes of glutamate release play a role for OPC 

migration, proliferation, differentiation and myelination in vivo is not yet fully understood. 

 

 

 

Figure 3: Effects of glutamate on OPC proliferation, differentiation and myelination 

Generally, glutamate seems to inhibit proliferation in OPCs (see text for exceptions) (A). mGluR 

activation promotes cell maturation and differentiation, whilst activation of AMPA/kainate receptors 

inhibits differentiation (B). When myelination is carried out in the activity-dependent mode, 

glutamate was shown to promote the expression of myelin proteins and myelination through NMDA 

receptors (C).  

 

 

Table legend: 

 
Tab. 1: Ionotropic glutamate receptor expression in oligodendrocytes and OPCs 

Overview of RNA and protein expression of the different ionotropic glutamate receptor subunits in 

oligodendrocytes and OPCs. Data obtained from cell lines were not included in the table. References 

and the species from which the data were obtained are listed below.  
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[1] Patneau et al., 1994 (rat); [2] Li and Stys, 2000 (rat); [3] Matute et al., 1997 (rat); [4] Itoh et al., 
2002 (rat); [5] Cahoy et al., 2008 (mouse); [6] Zhang et al., 2014 (mouse); [7] Salter and Fern, 2005 
(mouse); [8] Garcia-Barcina and Matute, 1996 (bovine); [9] Micu et al., 2006 (rat); [10] Káradóttir et 
al., 2005 (rat); [11] Burzomato et al., 2010 (rat); [12] Lundgaard et al., 2013 (rat); [13] Piña-Crespo et 
al., 2010 (rat); [14] Kukley and Dietrich, 2009 (mouse); [15] Alix and Fern, 2009 (rat); [16] Wang et 
al., 1996 (rat); [17] Hamilton et al., 2010 (mouse); [18] Liu et al., 2002 (rat); [19] Guo et al., 2012 
(mouse); [20] Hossain et al., 2014 (rat); [21] Bakiri et al., 2008 (rat); [22] Newcombe et al., 2008 
(human); [23] Rosenberg et al., 2003 (rat); [24] Harlow et al., 2015 (mouse); [25] Yoshioka et al., 
1995 (rat); [26] Brand-Schieber and Werner, Neurosci Lett, 2003 (GluK5 in mouse, not in rat; GluA4 
in rat, not in mouse); [27] Fogarty et al., 2000 (rat); [28] Chew et al., 1997 (rat, GluA1 and GluK3 in 
presence of bFGF/PDGF); [29] Gallo et al, 1994 (rat); [30] Deng et al., 2006 (rat); [31] Ong et al., 
1996 (rat); [32] Li et al., 2013 (rat); [33] Gudz et al., 2006 (rat); [34] Xiao et al., 2013 (rat) 

 



Tab. 1: Ionotropic glutamate receptor expression in oligodendrocytes and OPCs 
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Glutamate - too common to be exciting!

Early in the 20th century, it was found that glutamate (also known as L-glutamate or 
glutamic acid) occurred in high concentrations in the brain. At the time, outside its role 
as a building block for proteins, glutamate was thought to be predominantly involved in 
energy metabolism – it is a metabolic intermediate of the citric acid cycle and involved 
in diverse metabolic processes such as protein synthesis, glycolysis and 
gluconeogenesis and forms part of the nitrogen-urea cycle. It is enriched in protein 
containing food, but can also be synthesised in the body. 

In the 1950s, a series of findings argued that glutamate was a neurotransmitter in the 
CNS, but this concept was faced with great scepticism. As glutamate is such an 
abundant amino acid it did not fit the description of a neurotransmitter at the time. It was 
not until several decades later that the role of glutamate for synaptic transmission was 
established (Watkins, 1972; Watkins and Jane, 2006). Today, glutamate is known to be 
the major excitatory neurotransmitter in the central and enteric nervous system of  
mammals (Kirchgessner, 2001).
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Box 2

Canonical and non-canonical glutamate signalling

Glutamate signalling in the CNS is generally thought to be mediated by activity- and canonical 
SNARE-dependent vesicular release at the pre-synapse (i.e canonical glutamate signalling). 
However, glutamate as a signalling molecule and the expression of glutamate receptors are neither 
limited to the nervous system nor to organisms which have a nervous system. Non-canonical 
glutamate signalling is characterised by activity- and canonical SNARE-independent release of 
glutamate and can occur both at the synapse as well as outside synapses (Manent et al., 2005). 

Non-canonical glutamate signalling in the CNS regulates:  

•    Migration patterns of immature hippocampal pyramidal neurons (Manent et al., 2005) 

•    Proliferation of stem cells of the SVZ via metabotropic glutamate receptor (mGluR5) signalling 

     (mGluR5 expression precedes synaptogenesis) (Di Giorgi-Gerevini et al., 2005) 

•    Retinal progenitor cell proliferation during a time in development when synapses have not 

     yet formed (Martins et al., 2006) 

•    Motility (Rzeski et al., 2001) and proliferation (Kalariti et al., 2005) of tumour cells 

•    Dendritic arbour formation and directs dendrites to presynaptic terminals prior to synapse 

     formation (Andreae and Burrone, 2015) 

•    Commitment to the neuronal fate and increases the differentiation rate into GABAergic 

     neurons through mGluR activation in embryonic stem cells (Sarichelou et al., 2008) 

•    Synapse stabilisation (Kaeser and Regehr, 2014 )

Non-canonical neurotransmitter signalling in non-neuronal tissue 

(see also reviews by Gill and Pulido, 2001; Hinoi et al., 2004; Julio-Pieper et al., 2011)

•    Bone: Non-synaptic glutamate signalling promotes differentiation of osteoblast precursors into 

     osteoblasts, boosts osteoblast survival and leads to cell maturation (Genever and Skerry, 

     2001; Lin et al., 2008)

•    Blood: Differentiation of megakaryocytes is regulated by non-synaptic activation of NMDA 

     receptors expressed by megakaryocytes (Genever et al., 1999)

•    Hormonal release: Non-canonical glutamate signalling regulates hormonal release in the 

     pineal gland and the pancreas (Storto et al., 2006)

•    Immune system: Glutamate signalling activates T-cells as well as lymphocyte cytokine 

     production and survival in the mammalian immune response (Boldyrev et al., 2004; 

     Chiocchetti et al., 2006; Pacheco et al., 2004)

•    Cancer: Glutamate signalling, via NMDA receptors, promotes tumour growth and invasion (Li 

     and Hanahan, 2013)

Non mammalian non-canonical glutamate signalling

Glutamate signalling and glutamate receptor expression can be found in all living organisms, 
even in primitive ones lacking a nervous system and in earliest marine metazoans (Forde and 
Lea, 2007). In prokaryotes and eukaryotes, glutamate can serve as a chemotactic signal and 
trigger feeding-related locomotion (Bakker et al., 2007; Bellis et al., 1991; see review by Forde 
and Lea, 2007). In Arabidopsis plants, glutamate receptors are expressed in a higher density in 
the roots (Chiu et al., 2002) which respond to glutamate with rapid membrane depolarisation 
(Dennison and Spalding, 2000), leading to root growth, altered root tip morphology and branching 
(similar perhaps to axonal growth cone and dendritic spine growth) (Sivaguru et al., 2003; 
Walch-Liu et al., 2006). Glutamate may also be involved in the defence response as it regulates 
the expression of defence genes in plants (see review by Forde and Lea, 2007).
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