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Activation of Sodium-Dependent Glutamate
Transporters Regulates the Morphological
Aspects of Oligodendrocyte Maturation

via Signaling through Calcium/
Calmodulin-Dependent Kinase IIb’s
Actin-Binding/-Stabilizing Domain

Zila Martinez-Lozada,1,2 Christopher T. Waggener,1 Karam Kim,3 Shiping Zou,1

Pamela E. Knapp,1 Yasunori Hayashi,3,4 Arturo Ortega,2 and Babette Fuss1

Signaling via the major excitatory amino acid glutamate has been implicated in the regulation of various aspects of the biol-
ogy of oligodendrocytes, the myelinating cells of the central nervous system (CNS). In this respect, cells of the oligodendro-
cyte lineage have been described to express a variety of glutamate-responsive transmembrane proteins including sodium-
dependent glutamate transporters. The latter have been well characterized to mediate glutamate clearance from the extracel-
lular space. However, there is increasing evidence that they also mediate glutamate-induced intracellular signaling events.
Our data presented here show that the activation of oligodendrocyte expressed sodium-dependent glutamate transporters,
in particular GLT-1 and GLAST, promotes the morphological aspects of oligodendrocyte maturation. This effect was found to
be associated with a transient increase in intracellular calcium levels and a transient phosphorylation event at the serine (S)371

site of the calcium sensor calcium/calmodulin-dependent kinase type IIb (CaMKIIb). The potential regulatory S371 site is
located within CaMKIIb’s previously defined actin-binding/-stabilizing domain, and phosphorylation events within this domain
were identified in our studies as a requirement for sodium-dependent glutamate transporter-mediated promotion of oligo-
dendrocyte maturation. Furthermore, our data provide good evidence for a role of these phosphorylation events in mediating
detachment of CaMKIIb from filamentous (F)-actin, and hence allowing a remodeling of the oligodendrocyte’s actin cytoskele-
ton. Taken together with our recent findings, which demonstrated a crucial role of CaMKIIb in regulating CNS myelination in
vivo, our data strongly suggest that a sodium-dependent glutamate transporter–CaMKIIb–actin cytoskeleton axis plays an
important role in the regulation of oligodendrocyte maturation and CNS myelination.
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Introduction

Glutamate (Glu), the major excitatory amino acid, medi-

ates a wide variety of cellular responses in the develop-

ing and adult central nervous system (CNS) not only by

affecting signal transduction in neurons but also by regulating

glia cells, including the myelinating cells of the CNS, oligo-

dendrocytes (Kolodziejczyk et al., 2010). Interestingly, the

primary mode of Glu release affecting differentiating cells of
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the oligodendrocyte lineage during development and under

physiological conditions appears to be vesicle exocytosis along

unmyelinated axons (Kukley et al., 2007; Ziskin et al., 2007)

although release from electrically active axons by reversal of

Glu uptake has also been proposed (Kriegler and Chiu,

1993). The prominent release of Glu from unmyelinated

axons raises the possibility that Glu, in addition to mediating

signaling events at synaptic junctions between axons and

NG2-positive progenitor cells (De Biase et al., 2011; Etxeber-

ria et al., 2010; Kukley et al., 2010), may be able to trigger

cellular responses in differentiating oligodendrocytes that are

involved in the regulation of oligodendrocyte maturation and

CNS myelination.

Cells of the oligodendrocyte lineage have been described

to express the members of all of the three major Glu-

responsive transmembrane protein families (Kolodziejczyk

et al., 2010; Matute, 2011). Out of these, metabotropic Glu

receptors have been found downregulated as oligodendrocytes

differentiate (Deng et al., 2004; Luyt et al., 2006). Ionotropic

Glu receptors have primarily been associated with excitotoxic-

ity (Matute, 2011) but they have also been implicated in the

regulation of myelination (Lundgaard et al., 2013) and the

preservation of neuronal integrity (Fruhbeis et al., 2013).

Nevertheless, conditional deletion of the key receptor subunit

of the NMDA subtype of iontropic Glu receptors in cells of

the oligodendrocyte lineage was not found to lead to an appa-

rent phenotype (De Biase et al., 2011; Guo et al., 2012).

Thus, sodium-dependent Glu transporters emerge as good

candidates for mediating Glu-evoked responses related to the

maturation of differentiating oligodendrocytes. Of the known

five mammalian sodium-dependent Glu transporters, also

known as excitatory amino acid transporters (EAAT) or mem-

bers of the solute carrier family 1 (SLC1), three have been

found expressed by cells of the oligodendrocyte lineage,

namely GLAST (EAAT1, SLC1A3), GLT-1 (EAAT2,

SLC1A2), and EAAC1 (EAAT3, SLC1A1) (Arranz et al.,

2008; DeSilva et al., 2009; Domercq and Matute, 1999;

Kukley et al., 2010; Regan et al., 2007). Although these

transporters have been well characterized to remove Glu from

the extracellular environment (Beart and O’Shea, 2007; Dan-

bolt, 2001), increasing evidence suggests that they play func-

tional roles beyond extracellular Glu clearance (Flores-

Mendez et al., 2013; Lopez-Colome et al., 2012; Martinez-

Lozada et al., 2011).

Interestingly, signaling initiated by the activation of

sodium-dependent Glu transporters has been proposed to

activate calcium/calmodulin-dependent kinase type II (CaM-

KII) (Flores-Mendez et al., 2013; Martinez-Lozada et al.,

2011), and one of the four CaMKII genes, namely

CaMKIIb, has recently been implicated in the regulation of

oligodendrocyte maturation and CNS myelination (Waggener

et al., 2013). More specifically, CaMKIIb was implicated in

promoting the morphological aspects of oligodendrocyte mat-

uration, which are, to a large extent, regulated by the changes

in the cellular cytoskeleton (Bauer et al., 2009), primarily via

its actin-binding/-stabilizing domain rather than its well-

known kinase catalytic domain. Thus, and based on the above

observations, we investigated here a possible role of a sodium-

dependent Glu transporter–CaMKIIb–actin cytoskeleton axis

in the regulation of the morphological aspects of oligodendro-

cyte maturation.

Materials and Methods

Animals
Sprague–Dawley female rats with early postnatal litters were

obtained from Harlan Laboratories (Indianapolis, IN). All animal

studies were approved by the Institutional Animal Care and Use

Committee at Virginia Commonwealth University.

Antibodies
Supernatants from cultured hybridoma cells (clone A2B5; ATCC,

Manassas, VA) were used for immunopanning. Anti-GLAST, anti-

GLT-1, and anti-EAAC1 (Abcam, Cambridge, MA) antibodies were

used for Western blot analysis as well as immunocytochemistry.

Anti-CaMKII, anti-pCaMKII T286/7 (Cell Signaling Technology,

Danvers, MA), anti-pCaMKIIb S371 (generated and characterized by

us; Kim et al., in preparation), anti-GAPDH (EMD Millipore, Bill-

erica, MA), and horseradish peroxidase (HRP)-labeled secondary

antibodies (Vector Laboratories, Burlingame, CA) were used for

Western blot analysis. Supernatants from cultured hybridoma cells

(clone O4; gift from S.E. Pfeiffer), anti-myelin basic protein (MBP)

antibodies (EMD Millipore, Billerica, MA), and Alexa 488- or Alexa

564-conjugated secondary antibodies (Life Technologies, Grand

Island, NY) were used for immunocytochemistry.

Cell Culture
Primary rat oligodendrocyte progenitors were isolated from postnatal

day 3 (P3) rat brains by A2B5 immunopanning (Barres et al., 1992;

Lafrenaye and Fuss, 2011). Oligodendrocyte progenitors were either

used directly in plasmid nucleofection experiments or plated onto

fibronectin (10 mg/mL)-coated tissue culture dishes or glass cover-

slips. Plated oligodendrocyte progenitors were cultured in serum-free

differentiation medium (Dulbecco’s modified Eagle’s medium

[DMEM] containing 40 ng/mL tri-iodo-thyronine [T3; Sigma, St

Louis, MO] and 13 N2 supplement [Life Technologies, Grand

Island, NY]; DMEM/T3/N2). In siRNA-mediated gene silencing

experiments, differentiating oligodendrocytes were transfected with

siRNAs 24 h after plating. Otherwise, plated oligodendrocyte pro-

genitors were allowed to differentiate for 48 h. Under these condi-

tions, the majority of cells represented postmigratory, premyelinating

oligodendrocytes as they expressed the O4 antigen (Sommer and

Schachner, 1982; Warrington et al., 1993; data not shown). Such

populations of differentiating oligodendrocytes were either directly

analyzed or treated as indicated with the following compounds: L-

Glu, D-aspartate (Asp), the competitive, nontransportable inhibitor
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of sodium-dependent Glu transport DL-threo-b-benzyloxyaspartic

acid (TBOA), the GLT-1-selective nontransportable inhibitor of

Glu/Asp uptake dihydrokainic acid (DHK) (all from R&D Systems,

Minneapolis, MN), the selective GLAST inhibitor UCPH-101

(Abcam, Cambridge, MA), the membrane permeable pharmacologi-

cal inhibitor of CaMKII activity KN-93, or its inactive derivative

KN-92 (EMD Millipore, Billerica, MA). In the case of dual treat-

ments, inhibitors were added 30 min prior to the application of L-

Glu or D-Asp. Cells were analyzed 6 h after the addition of L-Glu or

D-Asp unless stated otherwise. Typically, at least three independent

experiments were performed, whereby an independent experiment

refers to an experiment in which cells were isolated from a separate

P3 rat litter at an independent time point (day) and treated sepa-

rately from all other independent experiments. In each experiment,

triplicate coverslips (cultures) were prepared for all conditions/

treatments.

Cells of the immortalized mouse oligodendroglial cell line

CIMO were cultured in DMEM/5% fetal calf serum (FCS)/1 mg/

mL interferon-g (EMD Millipore, Billerica, MA) at 33�C (Bronstein

et al., 1998) and then used in plasmid nucleofection experiments.

Quantitative (q)RT-PCR Analysis
For the determination of relative mRNA expression levels, qRT-PCR

was performed on a CFX96 Real-Time PCR Detection System (Bio-

Rad, Hercules, CA) using the iQ SYBR Green Supermix (Bio-Rad,

Hercules, CA) and the following gene-specific primer pairs:

Glast: forward (50-AGCCTGGGGTGTCTTCCACCA-30),

reverse (50-ACCACAGCCTTGCACTTCAGTGTCT-30);

Glt-1: forward (50-TGGCGGCTCCCATCCACCCT-30),

reverse (50-GGCGGCCGCTGGCTTTAGCA-30);

Eaac1: forward (50-GCCCACGAGCTCGGGATGCG-30),

reverse (50-CACGATGCCCAGTACCACGGC-30).

Ppia (reference gene): forward: (50-GGAGACGAACCTGTAG-

GACG-30) and reverse: (50-GATGCTCTTTCCTCCTGTGC-30)

Pgk1 (reference gene): forward: (50-ATGCAAAGACTGGCCAA

GCTAC-30) and reverse: (50-AGCCACAGCCTCAGCATATTTC-30).

PCR conditions were as follows: 95�C for 3 min followed by

40 cycles of 95�C for 15 s, 58�C for 30 s, and 95�C for 10 s. For

comparing the expression levels of the different genes, R0 values

were determined as described by Peirson et al. (2003). To determine

the relative expression levels, the DDCT method was used (Livak and

Schmittgen, 2001).

Western Blot Analysis
Cells were homogenized in lysis buffer (150 mM NaCl, 10 mM

KCl, 20 mM HEPES [pH 7.0], 1 mM MgCl2, 20% glycerol, and

1% Triton X-100) including the complete protease and phosphatase

inhibitor cocktail (Thermo Scientific, Rockford, IL), and 12 mg (30

mg when using anti-GLAST antibodies) were used for Western blot

analysis. Bound antibodies were detected using HRP-conjugated sec-

ondary antibodies in combination with the ECL Prime Western

blotting detection reagent (GE Healthcare Life Sciences, Piscataway,

NJ). Chemiluminescent signals were detected by the exposure of

photographic film (Kodak BioMax MR, Eastman Kodak, Rochester,

NY) and quantified by densitometry using the ImageJ software pack-

age (Abramoff et al., 2004).

Immunocytochemistry
For immunocytochemistry using O4 hybridoma supernatants, cells

were fixed in 4% of paraformaldehyde/phosphate-buffered saline

(PBS), nonspecific binding sites were blocked in 10% FCS/DMEM,

and cells were incubated with the supernatant (1:1 diluted in 10%

FCS/DMEM) overnight. For immunocytochemical detection of

GLAST, GLT-1, EAAC1, or MBP, cells were fixed in 4% of parafor-

maldehyde/PBS and then permeabilized using 0.5% Triton X-100/

0.4 M sucrose/PBS. Subsequently, cells were incubated for 30 min

in 10% FCS/DMEM and then overnight with anti-GLAST, anti-

GLT-1, anti-EAAC1 (Abcam, Cambridge, MA), or anti-MBP

(SMI99; Covance, Princeton, NJ) antibodies. Primary antibodies

were detected using Alexa 488- or Alexa 564-conjugated secondary

antibodies (Life Technologies, Grand Island, NY) and nuclei were

counterstained using Hoechst 33342 (EMD Millipore, Billerica,

MA).

siRNA-Mediated Gene Silencing
Differentiating oligodendrocytes were transfected with ON-TAR-

GETplus siRNA SMARTpools directed against rat Glast, Glt-1, or

Eaac1 (Thermo Fisher Scientific, Pittsburg, PA) using Lipofectamine

2000 (Life Technologies, Grand Island, NY). As control, an ON-

TARGETplus nontargeting siRNA pool (Thermo Fisher Scientific,

Pittsburg, PA) was used. Transfection medium containing siRNA–

lipofectamine complexes was replaced with serum-free differentiation

medium (DMEM/T3/N2) after 3 h and cells were cultured for an

additional 72 h. Knockdown of gene expression was assessed by

qRT-PCR and Western blot analysis.

Process Morphology Analysis
Oligodendrocyte morphology was analyzed and quantified as

described previously in detail (Dennis et al., 2008). Briefly, oligoden-

drocytes were immunostained using O4 hybridoma cell supernatants

and the images of approximately 30 cells were taken for each treat-

ment group in each experiment (n� 3; i.e. at least 90 cells per con-

dition) using an Olympus BX51 inverted fluorescent microscope

(Olympus America, Center Valley, PA). Cells were chosen over the

entire field of the coverslip by scanning from the upper left to the

lower right. Only cells that displayed the features of a healthy cell

(based on the nuclear stain and membrane appearance) and were

without overlap with any neighboring cell were selected for analysis.

IP Lab imaging software (BD Biosciences Bioimaging, Rockville,

MD) was used to determine the network area (total area within the

radius of the O4 immunopositive process network minus the cell

body). For the bar graphs representing network area, the mean value

for cells cultured under control conditions was calculated and set to

100%. Adjusted, that is normalized, values for all cells were then

averaged for each experimental condition. For the generation of rep-

resentative images, confocal laser scanning microscopy was used

(Zeiss LSM 510 META NLO; Carl Zeiss Microscopy, LLC, Thorn-

wood, NY). Images represent 2D maximum projections of stacks of

0.5 mm optical sections.
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Cell Count Analysis
To determine the number of MBP immunopositive cells, images of

four fields per coverslip were taken with a 203 objective using an

Olympus BX51 fluorescence microscope equipped with an Olympus

DP72 CCD camera (Olympus America, Center Valley, PA). Three

coverslips per condition for each of three independent experiments

were analyzed, and Hoechst 33342-positive nuclei as well as MBP

immunopositive oligodendrocytes were counted using the Cell Coun-

ter plugin to the ImageJ software package (Abramoff et al., 2004).

Intracellular Calcium Measurement
The concentrations of intracellular calcium were determined in prin-

cipal as described previously (Grynkiewicz et al., 1985). Briefly, dif-

ferentiating oligodendrocytes were loaded with the calcium indicator

fura-2 AM ester (2.5 mM) and pluronic F-127 (0.01%) (Life Tech-

nologies, Grand Island, NY) in differentiation medium for 30 min

at 37�C. Cells were washed and incubated in differentiation medium

for an additional 30 min at 37�C. Ratiometric calcium measure-

ments were made at 340 and 380 nm of excitation and 510–

520 nm of emission wavelengths with cells cultured in differentiation

medium (unless mentioned otherwise) using a Zeiss Observer.Z1

microscope in combination with the Axio VisionRel 4.8 software

package (Carl Zeiss Microscopy, LLC, Thornwood, NY). Measure-

ments were taken from at least nine cells per treatment group and

experiment and from three independent experiments (i.e., a total of

27 cells per treatment group) before and after the application of the

indicated compounds. To calculate intracellular free calcium concen-

trations (in nM), a calibration curve (Calcium Calibration Buffer

Kit, Life Technologies, Grand Island, NY) was used.

Plasmid Nucleofection
A2B5 immunopanned oligodendrocyte progenitors or CIMO cells

were nucleofected (Lonza Cologne GmbH, Cologne, Germany) with

the following constructs: a plasmid encoding eGFP–CaMKIIb (Oka-

moto et al., 2004), a control plasmid encoding eGFP alone, and

plasmids encoding eGFP–CaMKIIballA or eGFP–CaMKIIballD in

which alanine or aspartic acid residues replace all serine/threonine

residues located within the variable domain (amino acid, 317–396)

(Kim et al., in preparation). All the above plasmids have the same

plasmid backbone derived from the eukaryotic expression vector

pEGFP-C1 (Clontech Laboratories, Mountain View, CA). It is also

worth noting that the eGFP tag has been shown not to interfere

with CaMKIIb function (Okamoto et al., 2004, 2007).

To visualize F-actin in CIMO cells, cells were fixed in 4%

paraformaldehyde/0.5% glutaraldehyde/0.4 M sucrose/PBS and then

incubated with Acti-stain 555 phalloidin (Cytoskeleton, Denver,

CO). Colocalization was quantified by determining weighted coloc-

alization coefficients (Manders et al., 1993) using the ZEN software

package (Carl Zeiss MicroImaging, LLC, Thornwood, NY) and

dual-color confocal images of cellular protrusion that were imaged

using a 633 objective and 23 digital zoom. At least 20 cells per

condition and experiment were analyzed in three independent

experiments (i.e., a total of at least 60 cells per condition).

To visualize F-actin in differentiating oligodendrocytes, a

plasmid (pCAGGS backbone; Niwa et al., 1991) encoding Lifeact

(Riedl et al., 2008) fused to mRuby (Kredel et al., 2009) was used.

For the generation of representative images, confocal laser scanning

microscopy was used (Zeiss LSM 510 META NLO; Carl Zeiss

Microscopy, LLC, Thornwood, NY). Images represent 2D maximum

projections of stacks of 0.5 mm optical sections.

Statistical Analysis
For statistical analysis, the GraphPad Prism software (GraphPad Soft-

ware, La Jolla, CA) was used. In the case of two or more groups of

data composed of variable values, two-tailed Student’s t-tests or

Kruskal–Wallis one-way analyses of variance (ANOVA) combined

with Dunn’s post hoc or Student–Newman–Keuls tests were per-

formed. When comparing a single control group with experimental

groups of data, ANOVA with Dunnett’s post hoc tests was used. In

the case data were compared with a set control value (1 or 100%)

lacking variability, one-sample t-tests were used (Dalgaard, 2008;

Skokal and Rohlf, 1995).

Results

Sodium-Dependent Glu Transport, Mediated
Primarily by GLAST and GLT-1, Promotes the
Morphological Maturation of Differentiating
Oligodendrocytes
As introduced above, the sodium-dependent Glu transporter

genes Glast, Glt-1, and Eaac1 have been found to be

expressed by cells of the oligodendrocyte lineage. To confirm

such expression in differentiating oligodendrocytes in our cul-

ture system, qRT-PCR analysis was performed and revealed

relative mRNA expression levels of Glast>Glt-1>Eaac1
(Fig. 1A). Further validation was obtained through Western

blot analysis and immunocytochemistry (Fig. 1B,C). Notably,

in particular GLAST and GLT-1 were readily detectable not

only in the cell body but also in the cellular processes.

To assess a potential role of sodium-dependent Glu

transporters beyond extracellular Glu clearance, differentiating

oligodendrocytes were treated with 100 mM of L-Glu and

morphological aspects of oligodendrocyte maturation were

assessed via a quantification of the network area as described

previously in detail (Dennis et al., 2008). As shown in Fig.

2A–C, L-Glu treatment had a maturation-promoting effect

that was seen as early as 2 h and up to 6 h. Importantly, this

effect could be blocked by pretreatment with TBOA (Fig.

2A,B), a competitive and nontransportable inhibitor of

sodium-dependent Glu transport (Shigeri et al., 2001; Shima-

moto et al., 1998). In agreement with previous studies, no

obvious effects on cell survival were noted in the presence of

the L-Glu and TBOA concentrations used here and within

the time frames analyzed (Deng et al., 2006 and data not

shown).

To further substantiate that sodium-dependent Glu

transporters play a predominant role in the observed

maturation-promoting effect exerted by L-Glu, the naturally
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occurring amino acid D-Asp was used as a Glu-equivalent

agonist. Similar to L-Glu, D-Asp is efficiently taken up

through the sodium-dependent Glu transporter system (Dan-

bolt and Storm-Mathisen, 1986; Davies and Johnston, 1976;

Kanai and Hediger, 1992; Palacin et al., 1998; Pines et al.,

1992). In contrast to L-Glu, however, D-Asp does not activate

non-NMDA receptor ionotropic and metabotropic Glu recep-

tors (Domercq et al., 2005; Errico et al., 2008; Sugiyama

et al., 1989), and it is not metabolized by glutamine synthe-

tase (Bender et al., 1997). Thus, the use of D-Asp eliminates

potential confounding effects that may be owing to an activa-

tion of AMPA/kainate and/or metabotropic Glu receptors

and/or the release of glutamine via the sodium-dependent

neutral amino acid transporter system. As shown in Fig. 2D,

D-Asp elicited an effect on the oligodendrocyte process net-

work that was comparable to the one seen upon treatment

with L-Glu (compare Fig. 2B with 2D).

It has been well demonstrated that morphological matu-

ration of oligodendrocytes occurs during development concur-

rently with changes in gene expression (Baumann and Pham-

Dinh, 2001; Emery, 2010; Pfeiffer et al., 1993). Under exper-

imental conditions, however, molecular mechanisms regulat-

ing cellular morphology may be uncoupled from those that

regulate gene expression (Buttery and ffrench-Constant, 1999;

Kim et al., 2006; Lafrenaye and Fuss, 2011; Osterhout et al.,

1999; Waggener et al., 2013). Thus, and to assess a potential

role of L-Glu and the activity of sodium-dependent Glu trans-

porters on myelin gene expression, potential changes in Mbp

expression were assayed using immunocytochemistry. In these

experiments, no significant differences in the number of

MBP-positive cells were noted (Fig. 2E,F), thus suggesting

that the sodium-dependent Glu transporter-mediated effect

on oligodendrocyte maturation is primarily associated with

the morphological aspects of this process.

As shown in Fig. 1, differentiating oligodendrocytes

express more than one of the known sodium-dependent Glu

transporter genes. To evaluate the role of individual trans-

porter genes, differentiating oligodendrocytes were transfected

with siRNA pools specifically silencing Glast, Glt-1, or Eaac1
expression. Knockdown of gene expression was confirmed by

Western blot analysis, which revealed a specific reduction in

transporter protein levels of at least 70% (Supp. Info. Fig.

S1). Importantly, downregulation of a particular transporter

gene was not associated with compensatory upregulation of

any other transporter gene (Supp. Info. Fig. S1). In addition,

no effect on the oligodendrocyte network area was noted

upon knockdown of sodium-dependent Glu transporter

expression alone (data not shown). However, knockdown of

either Glast or Glt-1 expression was found to eliminate the

effect of L-Glu on the oligodendrocyte network area (Fig.

2G). For Eaac1, the sodium-dependent Glu transporter with

much lower mRNA expression levels when compared with

Glast or Glt-1, knockdown of gene expression was seen to

only partially attenuate the effect of L-Glu on the oligoden-

drocyte network area (siCtrl1Glu: 157 6 7%, siEaac1 1 Glu:

136 6 6%, P 5 0.007, ANOVA).

Taken together, the abovementioned data demonstrate

that L-Glu can promote the morphological aspects of oligo-

dendrocyte maturation via a sodium-dependent L-Glu

transporter-mediated mechanism. In addition, they suggest

that even a slight decline in the oligodendrocyte-derived

expression of sodium-dependent L-Glu transporters can

reduce the effect of L-Glu on the maturation of differentiating

oligodendrocytes.

Activation of Sodium-Dependent Glu Transporters
in Differentiating Oligodendrocytes Leads to a
Transient Increase in Intracellular Calcium Levels
Having established that the activation of sodium-dependent

Glu transporters promotes the morphological maturation of

differentiating oligodendrocytes, we next wished to explore

potential downstream signaling events involved in this pro-

cess. These signaling-related studies were focused on calcium-

mediated events as it had been previously demonstrated

that Glu transport can activate the reverse mode of the

FIGURE 1: Sodium-dependent Glu transporters are expressed in
differentiating oligodendrocytes. A: Bar graph representing
sodium-dependent Glu transporter mRNA levels as determined by
qRT-PCR analysis. Total Glu transporter mRNA levels (Glast1Glt-
11Eaac1) were set to 100% and the values for the individual
gene-specific mRNA levels were adjusted accordingly. Data repre-
sent means 6 SEM (n 5 3 independent experiments, ***P�0.001,
ANOVA). B: Representative Western blots showing sodium-
dependent Glu transporter protein expression. Numbers to the
left indicate molecular weights in kDa. C: Representative images
of differentiating oligodendrocytes double-immunostained using
anti-GLAST, -GLT-1, or -EAAC1 antibodies in combination with O4
hybridoma supernatants. Scale bars: 20 lm.
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FIGURE 2: Activation of sodium-dependent Glu transporters promotes the morphological aspects of oligodendrocyte differentiation. A–
F: Differentiating oligodendrocytes were treated for 6 h (unless noted otherwise) as indicated: control (Ctrl), L-Glu (100 lM), a nontrans-
portable inhibitor of sodium-dependent Glu transport (TBOA, 100 lM), and D-Asp (100 lM). A: Representative images of differentiating
oligodendrocytes immunostained using O4 hybridoma supernatants. Scale bars: 20 lm. B–D: Bar graphs representing quantitative analy-
ses of oligodendrocyte network areas (Dennis et al., 2008). Data represent means 6 SEM (***P�0.001 compared with control, ANOVA).
E: Representative images of differentiating oligodendrocytes stained with an antibody specific for MBP as well as with Hoechst 33342
(Hoechst) to visualize nuclei. Scale bars: 100 lm. F: Bar graph showing the number of MBP immunopositive cells normalized to the num-
ber of Hoechst-positive nuclei. Data represent means 6 SEM. ANOVA revealed no statistically significant difference (P�0.05). G: Bar
graph showing oligodendrocyte network areas upon siRNA-mediated knockdown of individual sodium-dependent Glu transporters (as
indicated) and subsequent treatment with L-Glu (100 lM). Data represent means 6 SEM (***P�0.001 compared with siCtrl nontreated,
ANOVA).
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sodium/calcium exchanger and hence lead to a transient

increase in intracellular calcium levels (Lopez-Colome et al.,

2012; Martinez-Lozada et al., 2011; Rojas et al., 2007). To

assess the effect of an activation of sodium-dependent Glu

transporters on intracellular calcium levels, D-Asp was used as

a Glu-equivalent agonist, and the measurements of calcium

were taken within the first minutes of the experiment, that is

at an early stage of oligodendrocyte maturation. It is worth

noting that the cells shown in Fig. 2A were imaged 6 h after

Glu application, that is subsequent to a period of significant

process outgrowth. As shown in Fig. 3, D-Asp treatment eli-

cited a transient increase in intracellular calcium levels that

appeared to occur first within cellular processes (Fig. 3A).

This D-Asp-induced transient increase in free intracellular cal-

cium levels was found to be dose dependent (Fig. 3B) and

absent in the presence of TBOA (Fig. 3C). In addition, no

such increase was observed in the absence of extracellular cal-

cium (Fig. 3B).

To assess the functional contributions of each of the

two main sodium-dependent Glu transporters expressed by

differentiating oligodendrocytes, namely GLAST and GLT-1,

DHK, a nontransportable inhibitor of L-Glu uptake selective

for GLT-1 (Arriza et al., 1994), and UCPH-101, a nonsub-

strate inhibitor selective for GLAST (Abrahamsen et al.,

2013; Erichsen et al., 2010), were used. As shown in Fig.

3D, the D-Asp-mediated transient increase in intracellular cal-

cium levels was completely abolished in the presence of DHK

but only partially blocked in the presence of UCPH-101.

Such a more prominent functional role of GLT-1 compared

with GLAST in differentiating oligodendrocytes could be fur-

ther validated by performing Glu uptake assays (data not

shown).

Taken together, the abovementioned data support the

idea that in differentiating oligodendrocytes L-Glu/D-Asp acti-

vates sodium-dependent Glu transporters and in particular

GLT-1, which in turn mediates a transient increase in intra-

cellular calcium levels via entry from the extracellular

environment.

The Maturation-Promoting Effect of Sodium-
Dependent Glu Transporters in Differentiating
Oligodendrocytes is Mediated by a Transient
Phosphorylation Event Within CaMKIIb’s
Actin-Binding/-Stabilizing Domain
Our recent data provided good evidence for a critical role of

the calcium sensor CaMKIIb and in particular its actin-

binding/-stabilizing domain in regulating oligodendrocyte

maturation and CNS myelination (Waggener et al., 2013).

Thus, CaMKIIb and its actin-binding/-stabilizing domain

may be directly involved in the sodium-dependent Glu

transporter-mediated effect described here. Indeed, pretreat-

ment of differentiating oligodendrocytes with KN-93, a

membrane-permeable pharmacological inhibitor of

CaMKIIb’s kinase catalytic as well as actin-binding/-stabiliz-

ing activity (Lin and Redmond, 2008; Sumi et al., 1991),

was found to block the maturation-promoting effect of L-

Glu on the oligodendrocyte process network (Fig. 4A). It is

worth noting that KN-93 treatment alone and thus a contin-

uous inhibition of CaMKII activity attenuated the morpho-

logical maturation of differentiating oligodendrocytes (Fig.

4A). This effect has been previously described and was

found not to be associated with a change in cellular viability

(Waggener et al., 2013).

To further assess the effect of L-Glu on CaMKII and in

particular CaMKIIb’s actin-binding/-stabilizing domain in

differentiating oligodendrocytes, phosphorylation events at

CaMKII’s T286/7 and CaMKIIb’s S371 site were analyzed.

CaMKII’s T286/7 site represents CaMKII’s autophosphoryla-

tion site, which regulates autonomous CaMKII kinase cata-

lytic activity and calcium-/calmodulin-binding affinity

(Coultrap and Bayer, 2012). Owing to sequence conservation,

phosphorylation events at this site could be detected only by

pan pCaMKII T286/7 antibodies. CaMKIIb’s S371 phospho-

rylation site is located within CaMKIIb’s unique actin-bind-

ing/-stabilizing domain (Kim et al., 2011; Lin and Redmond,

2009; Okamoto et al., 2007; O’Leary et al., 2006; Sanabria

et al., 2009), and antibodies specifically recognizing this site

have been generated by us. These antibodies were found not

to recognize CaMKIIb S371A, a mutant form of CaMKIIb

that cannot be phosphorylated at its S371 site (data not

shown). As shown in Fig. 4B,C, treatment of differentiating

oligodendrocytes with L-Glu led to a significant increase in

phosphorylation at CaMKIIb’s S371 site. This effect was time

dependent and transient as an increase in phosphorylation

was not seen prior to 30 min of treatment and beyond 4 h

(Fig. 4C,F). No such increase in phosphorylation was

observed at CaMKII’s autophosphorylation (T286/7) site

within 15–60 min of L-Glu treatment (Fig. 4E), nor was a

change in total protein levels of CaMKIIb noted (Fig. 4D).

Importantly, the effect of L-Glu on the phosphorylation at

CaMKIIb’s S371 site could be blocked by pretreatment with

TBOA (Fig. 4G).

To further assess the contribution of individual sodium-

dependent Glu transporter genes in this L-Glu-mediated

increase in pCaMKIIb S371 levels, differentiating oligoden-

drocytes were transfected with siRNA pools specifically target-

ing Glast, Glt-1, or Eaac1 expression. Similar to those

observed for the effect of gene-specific knockdown of

sodium-dependent Glu transporter expression on the oligo-

dendrocyte network area (Fig. 2F), knockdown of Glast or

Glt-1 expression eliminated the effect of L-Glu on the phos-

phorylation of CaMKIIb’s S371 site, whereas the effect of a
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FIGURE 3: The activation of sodium-dependent Glu transporters increases intracellular calcium levels in the processes of early-stage dif-
ferentiating oligodendrocytes. A: Representative pseudo-colored images of fura-2 AM fluorescence ratio measurements upon treatment
with D-Asp. The bar to the left represents a relative color scale indicating low (L) and high (H) calcium levels. B,C: Time course of changes
in free intracellular calcium concentrations [Ca21] upon different treatments as indicated in the inset shown in the upper right. Start of
treatment is indicated by the arrow. The graphs represent means 6 SEM. D: Bar graph showing a quantitative analysis of free intracellu-
lar calcium concentrations [Ca21] at the time point of highest response to D-Asp. The mean value for D-Asp-treated cells (1Asp) was set
to 100% and the remaining values were calculated accordingly. Treatments are indicated along the x-axis. Data represent means 6 SEM
(***P�0.001 compared with control [untreated], ###P�0.001 and ##P�0.01 compared with “1Asp,” ANOVA).



FIGURE 4: Activation of sodium-dependent Glu transporters leads to a transient phosphorylation event at CaMKIIb’s S371 site. A: Bar
graph showing a quantitative analysis of the oligodendrocyte network area (Dennis et al., 2008). Cells were pretreated with the pharma-
cological CaMKII inhibitor KN-93 or its inactive derivative KN-92 and then incubated in the absence or presence (1Glu) of 100 lM of L-
Glu. The mean values for control cells (pretreated with KN-92 and incubated in the absence of L-Glu) were set to 100% and the experi-
mental values were calculated accordingly. Data represent means 6 SEM (***P�0.001 compared with control, ANOVA). The inset (upper
right) shows representative images of differentiating oligodendrocytes treated with KN-92 plus L-Glu (left) or KN-93 plus L-Glu (right),
and immunostained using O4 hybridoma supernatants. Scale bars: 5 lm. B, inset in H: Representative Western blots showing CaMKII
phosphorylation (pCaMKIIb S371, pCaMKII T286/7) or total CaMKIIb protein levels. GAPDH protein levels are shown representatively for
the Western blot for which anti-pCaMKII T286/7 (B) or anti-pCaMKIIb S371 (inset in H) antibodies were used. C–H: Bar graphs showing the
levels of pCaMKIIb S371 (C,F–H), total CaMKIIb (D), or pCaMKII T286/7 (E) at different time points after the addition of L-Glu (C–F), at the
time point of 60 min after the addition of L-Glu and prior pretreatment with or without TBOA (G) or after transfection with siRNA pools
as indicated and L-Glu treatment for 60 min (H). All CaMKII protein levels were normalized to GAPDH protein levels. The mean-
normalized values for control (nontreated) cells were set to 100% (horizontal line) and the experimental values were calculated accord-
ingly. Data represent means 6 SEM of three independent experiments (***P�0.001, *P�0.05 compared with control, ANOVA).



knockdown of Eaac1 expression appeared less pronounced

(Fig. 4H).

Our data described so far demonstrate that in differenti-

ating oligodendrocytes, L-Glu can activate sodium-dependent

Glu transporters, which in turn can mediate a transient

increase in intracellular calcium levels, a transient phosphoryl-

ation event within CaMKIIb’s actin-binding/-stabilizing

domain (S371 site) and a promotion of the morphological

aspects of oligodendrocyte maturation.

Phosphorylation Events Within CaMKIIb’s Actin-
Binding/-Stabilizing Domain Regulate the
Association of CaMKIIb with F-Actin and the Effect
of L-Glu on the Oligodendrocyte Process Network
Our recent data, investigating the role of CaMKIIb in the

structural plasticity of dendritic spines, demonstrated that

upon increases in intracellular calcium levels and serine

(including S371)/threonine phosphorylation events within

CaMKIIb’s actin-binding/-stabilizing domain CaMKIIb

detaches from F-actin (Kim et al., 2011). These data raised

the possibility that sodium-dependent Glu transporter-

mediated phosphorylation events within CaMKIIb’s actin-

binding/-stabilizing domain may affect the oligodendrocyte

process network via a change in CaMKIIb’s association with

F-actin. To assess this idea, eGFP fusion proteins of

CaMKIIb mutant forms were generated in which the serine/

threonine residues within the actin-binding/-stabilizing domain

are either nonphosphorylatable (eGFP–CaMKIIballA) or their

phosphorylated state is mimicked (eGFP–CaMKIIballD). In

addition, eGFP–CaMKIIbWT and eGFP–CaMKIIbK43R, a

mutant that is impaired in ATP binding and thus inactive

with regard to its kinase catalytic but not actin-binding activ-

ity (Okamoto et al., 2007), were used. To validate the pro-

posed involvement of phosphorylation events within

CaMKIIb’s actin-binding/-stabilizing domain on CaMKIIb’s

association with F-actin, nucelofection studies were performed

in cells of the oligodendroglial cell line CIMO. As shown in

Fig. 5, nonphosphorylatable eGFP–CaMKIIballA as well as

eGFP–CaMKIIbWT largely colocalized with F-actin. In con-

trast, the phospho-mimetic eGFP–CaMKIIballD showed little

colocalization with F-actin and appeared similar to eGFP dis-

tributed diffusely and throughout the cytoplasm.

Having established the F-actin-binding characteristics of

the different forms of CaMKIIb, we performed conucleofec-

tion experiments using a plasmid encoding Lifeact fused to

mRuby in differentiating oligodendrocytes. Lifeact is a 17-

amino-acid peptide, which binds to F-actin without interfer-

ing with actin organization and dynamics (Riedl et al., 2008)

and thus allows reliable visualization of F-actin-rich struc-

tures. Using this approach, CaMKIIballA and eGFP–CaM-

KIIbWT were readily detectable within F-actin-enriched

regions located within cellular processes of differentiating oli-

godendrocytes (Fig. 6A, arrows). In contrast, eGFP–CaMKII-
allD was similar to eGFP found predominantly localized to

the cell body (Fig. 6A).

To further assess the role of the phosphorylation state of

CaMKIIb’s actin-binding/-stabilizing domain and thus its

level of association with F-actin in the L-Glu-mediated pro-

motion of the morphological aspects of oligodendrocytes mat-

uration, the effect of the expression of the different eGFP–

CaMKIIb forms on the oligodendrocyte network area was

evaluated. As shown in Fig. 6B, the expression of nonphos-

phorylatable eGFP–CaMKIIballA blocked the maturation-

promoting effect of L-Glu treatment. No such effect was

observed when eGFP–CaMKIIbWT or eGFP–CaMKIIbK43R

were expressed, suggesting that the L-Glu-mediated

maturation-promoting effect may not require CaMKIIb’s

kinase catalytic activity. Importantly and consistent with our

previous findings (Waggener et al., 2013; Fig. 4A), constitu-

tive expression of the phospho-mimetic eGFP–CaMKIIballD

attenuated the morphological maturation of differentiating

oligodendrocytes, likely owing to a dominant-negative effect

with regard to F-actin binding. In addition, it eliminated the

effect of L-Glu treatment on the oligodendrocyte process

network.

Taken together, the abovementioned data support the

idea that transient phosphorylation within CaMKIIb’s actin-

binding/-stabilizing domain leading to transient detachment

of CaMKIIb from F-actin is a required step in the molecular

mechanism that promotes the morphological aspects of

FIGURE 5: Phosphorylation events within CaMKIIb’s actin-bind-
ing/-stabilizing domain regulate the association of CaMKIIb with
F-actin. A: Representative images of CIMO cells nucleofected
with plasmids encoding eGFP fusion proteins of CaMKIIb (WT or
mutant form as indicated) and stained for F-actin (phalloidin).
Scale bars: 5 lm. B: Bar graph showing the weighted colocaliza-
tion coefficients for eGFP fusion proteins and phalloidin. Data
represent means 6 SEM (***P�0.001 compared with eGFP,
ANOVA).
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oligodendrocyte maturation via an activation of sodium-

dependent Glu transporters. Notably, constitutive (vs. tran-

sient) phosphorylation within CaMKIIb’s actin-binding/-sta-

bilizing domain appears to have an opposing effect, that is to

attenuate oligodendrocyte maturation.

Discussion

The studies described here investigated the role of sodium-

dependent Glu transporters in the regulation of oligodendro-

cyte maturation. Based on the data presented and in combi-

nation with the ascribed function of CaMKIIb’s actin-

binding/-stabilizing domain in the regulation of dendritic

spine morphology (Okamoto et al., 2009), we propose the

following model for the role of sodium-dependent Glu trans-

porters in the regulation of oligodendrocyte maturation

(Fig. 7). Under basal conditions, CaMKIIb is, in differentiat-

ing oligodendrocytes, to a large extent, associated with the

actin cytoskeleton. Glu release from, for example, unmyeli-

nated axonal segments activates oligodendroglial sodium-

dependent Glu transporters, which in turn activates the

reverse mode of oligodendroglial sodium/calcium exchangers,

resulting in a transient increase in intracellular calcium levels

(Fig. 7A). This increase in intracellular calcium levels leads to

phosphorylation events within CaMKIIb’s actin-binding/-sta-

bilizing domain (including CaMKIIb’s S371 site), inactivation

of CaMKIIb’s actin-binding activity and detachment of

CaMKIIb from the actin cytoskeleton. Such transient inacti-

vation of CaMKIIb’s actin-binding activity opens a time win-

dow during which actin cytoskeleton remodeling events and

actin polymerization are favored (Hoffman et al., 2013;

FIGURE 6: Phosphorylation events within CaMKIIb’s actin-binding/-stabilizing domain regulate the Glu-mediated promotion of the mor-
phological aspects of oligodendrocyte maturation. A: Representative images of differentiating oligodendrocytes conucleofected with
plasmids encoding an eGFP fusion protein of CaMKIIb (WT or mutant form as indicated) and Lifeact–mRuby. Arrows point toward
F-actin-enriched regions along cellular processes as visualized via Lifeact–mRuby fluorescence. Scale bars: 20 lm. B: Bar graph showing a
quantitative analysis of the oligodendrocyte network area (Dennis et al., 2008). Cells were nucleofected as indicated and then incubated
in the absence or presence (Glu) of 100 lM of L-Glu. The mean values for control cells (nucleofected with an eGFP-encoding plasmid and
incubated in the absence of L-Glu) were set to 100% and the experimental values were calculated accordingly. Data represent
means 6 SEM (***P�0.001 compared with control, ANOVA).
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Okamoto et al., 2007; Sanabria et al., 2009) (Fig. 7B). This

dynamic phase is followed by a phase of actin cytoskeleton

stabilization via reactivation of CaMKIIb’s actin-binding

activity through dephosphorylation (Fig. 7C). It is worth not-

ing that the actin-binding activity of CaMKIIb appears to be

independent of its kinase catalytic activity, a concept that is

supported by recent in vitro and in vivo studies (Borgesius

et al., 2011; van Woerden et al., 2009). Interestingly, actin-

binding properties have also been described for other mem-

bers of the CaMKII gene family. These are, however, medi-

ated by a structure–function domain different from the one

identified in CaMKIIb and analyzed here (Caran et al.,

2001; Hoffman et al., 2013). Thus, further studies will be

necessary to evaluate a potential contribution of CaMKII iso-

zymes other than CaMKIIb in the molecular mechanism

described here. Importantly, and in contrast to its physiologi-

cal role as proposed above, inactivation of CaMKIIb’s actin-

binding properties in a constitutive (vs. transient) fashion

appears to attenuate the morphological maturation of differ-

entiating oligodendrocytes, an effect that is likely mediated by

destabilization of the actin cytoskeleton over an extended

period of time (Waggener et al., 2013). Thus, it is cycles of

activation and deactivation of CaMKIIb’s actin-binding activ-

ity that allow reorganization of the actin cytoskeleton and a

promotion of the morphological aspects of oligodendrocyte

maturation. This idea is further supported by recent findings,

demonstrating that balanced activation and deactivation of

the actin filament severing and depolymerizing factor cofilin

regulates the function of the myelinating cells of the periph-

eral nervous system, namely Schwann cells (Sparrow et al.,

2012).

In addition to the abovementioned data, functional sig-

nificance of oligodendroglial sodium-dependent Glu trans-

porters for Glu uptake has been well demonstrated (Arranz

et al., 2008; DeSilva et al., 2009; Domercq et al., 2005; Pitt

et al., 2003; Regan et al., 2007). Consistent with our observa-

tions made when assessing calcium levels in differentiating

oligodendrocytes upon treatment with D-Asp (Fig. 3), it has

been shown that, at least in isolated optic nerve preparations,

uptake of D-Asp occurs particularly within oligodendrocyte

processes. This observation led to the idea that Glu homeo-

stasis may be tightly regulated at the zones where axons and

oligodendrocyte processes meet and in a fashion that may be

analogous to what has been described for the tripartite syn-

apse (Arranz et al., 2008). At the tripartite synapse, a so-

called “Glu/glutamine shuttle” has been described (Martinez-

Lozada et al., 2013; Rodriguez and Ortega, 2012; Uwechue

et al., 2012) in which, upon its uptake, Glu is converted to

glutamine by the enzymatic activity of glutamine synthetase.

Glutamine is then released via sodium-dependent neutral

amino acid transporters to be retaken up by neurons and to

serve as a precursor for Glu synthesis. Glutamine synthetase is

well known to be expressed by cells of the oligodendrocyte

lineage (D’Amelio et al., 1990; Tansey et al., 1991; Warringa

et al., 1988), and microarray studies indicate the expression

of, in particular, the system N-amino acid transporter 2

(SNAT2 or SLC38A2) in differentiating oligodendrocytes

(Cahoy et al., 2008). Nevertheless, more detailed studies will

be necessary to clearly demonstrate that such a Glu/glutamine

shuttle exists at axon–oligodendrocyte process interaction

zones.

Our studies revealed a prominent expression of the

sodium-dependent Glu transporter gene Glast in differentiat-

ing oligodendrocytes. This finding is in agreement with the

previous observations made in tissue culture as well as in vivo
in both rodents and humans (DeSilva et al., 2009; Domercq

et al., 1999; Pitt et al., 2003; Regan et al., 2007; Vallejo-

Illarramendi et al., 2006). In addition, a low-level expression

of Eaac1 is consistent with the reported presence of few

Eaac1-positive cells in the developing optic nerve (Domercq

et al., 1999). In contrast, the expression of Glt-1 in cells of

the oligodendrocyte lineage appears more complicated as it

has in vivo and in rodents been described to be developmen-

tally regulated and to be predominant at stages at which oli-

godendrocytes are premyelinating (Desilva et al., 2007;

DeSilva et al., 2009; Domercq et al., 1999). However, in

human tissue the expression of Glt-1 has been reported to

FIGURE 7: Proposed model for the role of a sodium-dependent
Glu transporter-CaMKIIb-actin cytoskeleton axis in the regulation
of oligodendrocyte maturation. A: L-Glu stimulates sodium-
dependent Glu transporter activity, which in turn leads to an
increase in intracellular sodium (Na1) levels, activation of the
reverse mode of the sodium/calcium exchanger, and a transient
increase in intracellular calcium (Ca21) levels. B: The transient
increase in intracellular calcium levels leads to phosphorylation
events within CaMKIIb’s actin-binding/-stabilizing domain
(pCaMKIIbS371), detachment of CaMKIIb from F-actin, and the
opening of a time window during which cytoskeletal rearrange-
ments and morphological remodeling can occur. C: Upon deacti-
vation (dephosphorylation), CaMKIIb binds to F-actin and hence
stabilizes the newly arranged cytoskeleton. Such cycles of activa-
tion and deactivation of CaMKIIb’s actin-binding activity allow
reorganization of the actin cytoskeleton while at the same time
preventing its uncontrolled disintegration. Adapted from Oka-
moto et al., Physiology, 2009, 24, 357–366.
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occur in mature oligodendrocytes (Pitt et al., 2003; Werner

et al., 2001). More importantly, our data suggest that on a

functional level GLT-1 is the more prominent sodium-

dependent Glu transporter in differentiating oligodendrocytes

although GLAST also contributes to Glu-mediated uptake

and transient increases in intracellular calcium levels. Such a

predominant functional sodium-dependent Glu transporter

role of GLT-1 in cells of the oligodendrocyte lineage is in

agreement with previous findings made in rodents and

humans (Pitt et al., 2003; Regan et al., 2007). However, a

predominant role of EAAC1 in Glu uptake in maturing oli-

godendrocytes has also been described (DeSilva et al., 2009).

Thus, additional studies will be necessary to more precisely

define individual sodium-dependent Glu transporter contribu-

tions in cells of the oligodendrocyte lineage. Also, noteworthy

is the finding that development in mice with single knockouts

for Glast, Glt-1, or Eaac1 occurs without apparent CNS gross

phenotypes (Peghini et al., 1997; Tanaka et al., 1997; Watase

et al., 1998), whereas double Glast/Glt-1 knockout mice die

in utero and show multiple developmental brain defects (Mat-

sugami et al., 2006). These data indicate that during CNS

development the loss of one sodium-dependent Glu trans-

porter may be compensated for functionally by at least one of

the remaining transporters, that is by a mechanism that could

further complicate a delineation of individual roles for indi-

vidual sodium-dependent Glu transporters.

Our model shown in Fig. 7 is suggestive of pivotal roles

for oligodendroglial sodium/calcium exchangers and intracel-

lular calcium levels in the regulation of oligodendrocyte mat-

uration. This idea is supported by recent findings,

implicating the sodium/calcium exchanger NCX3 in the regu-

lation of oligodendrocyte differentiation (Boscia et al., 2012).

In addition, process outgrowth has been found to be regu-

lated by intracellular calcium levels in differentiating oligo-

dendrocytes (Yoo et al., 1999). Interestingly, in our studies

(Fig. 3), intracellular calcium levels remained slightly above

the control levels after the initial rise. Such a calcium

response is consistent with the previously described calcium

responses mediated by signaling through sodium-dependent

Glu transporters in astrocytes (Rojas et al., 2007). In the case

of astrocytes, the initial rise in intracellular calcium concentra-

tion was found to be amplified by calcium release from

ryanodine-sensitive calcium stores (Rojas et al., 2007), which

are also expressed by cells of oligodendrocyte lineage (Simp-

son et al., 1998).

In the major demyelinating disease in human, multiple

sclerosis (MS), a block in oligodendrocyte differentiation is

considered one of the main causes of inefficient remyelination

and repair (Chang et al., 2002; Fancy et al., 2010; Kremer

et al., 2011; Kuhlmann et al., 2008). Interestingly, changes in

sodium-dependent Glu transporter protein levels have been

reported for white-matter areas surrounding MS lesions (Pitt

et al., 2003; Vallejo-Illarramendi et al., 2006; Werner et al.,

2001) and Glu levels have been found elevated in MS brains

(Srinivasan et al., 2005; Trapp and Stys, 2009; Werner et al.,

2001). Such changes in Glu homeostasis have been implicated

in mediating excitotoxicity (Matute, 2011; Pitt et al., 2003).

However, it has also been suggested that mature rodent as

well as human oligodendrocytes are largely resistant to such

Glu-mediated injury (Kolodziejczyk et al., 2009; Rosenberg

et al., 2003; Wosik et al., 2004). Thus, and in light of our

findings, it is tempting to speculate that the changes in Glu

homeostasis and sodium-dependent Glu transporter signaling

may primarily contribute to the differentiation block seen in

MS rather than mediate oligodendrocyte cell death.
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