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a b s t r a c t
Myelination in the central nervous system depends on axon-oligodendrocyte precursor cell (OPC) interaction. We suggest that myelin synthesis may be inﬂuenced by [Na+ ]i and [Ca2+ ]i signaling in OPCs.
Experiments were performed in mouse cultured OPCs at day in vitro (DIV) 2–6 or acute slices of the corpus callosum at postnatal days (P) 10–30. Synthesis of Myelin Basic Protein (MBP), an “executive molecule
of myelin”, was used as readout of myelination. Immunohistological data revealed that MBP synthesis in
cultured OPCs starts around DIV4. Transient elevations of resting [Ca2+ ]i and [Na+ ]i levels were observed
in the same temporal window (DIV4-5). At DIV4, but not at DIV2, both extracellular [K+ ] ([K+ ]e) elevation
(+5 mM) and partial Na+ ,K+ -ATPase (NKA) inhibition elicited [Na+ ]i and [Ca2+ ]i transients. These responses
were blocked with KB-R7943 (1 M), a blocker of Na+ -Ca2+ exchanger (NCX), indicating an involvement
of NCX which operates in reverse mode. Treatment of OPCs with culture medium containing elevated [K+ ]
(+5 mM, 24 h) or ouabain (500 nM, 24 h) increased resting [Ca2+ ]i and facilitated MBP synthesis. Blockade
of NCX with KB-R7943 (1 M, 12 h) reduced resting [Ca2+ ]i and decreased MBP synthesis. Similar to the
results obtained in OPC cultures, OPCs in acute callosal slices demonstrated an increase in resting [Ca2+ ]i
and [Na+ ]i levels during development. NCX blockade induced [Ca2+ ]i and [Na+ ]i responses in OPCs at
P20-30 but not at P10. We conclude that local [Na+ ]i and/or membrane potential changes can modulate
Ca2+ inﬂux through NCX and in turn MBP synthesis. Thus neuronal activity-induced changes in [K+ ]e may
via NCX and NKA modulate myelination.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Central nervous system (CNS) myelination of neuronal axons by
oligodendrocytes is a complex multi-step procedure requiring the
synthesis of huge amounts of myelin lipids and proteins. Recent
studies suggest that neuronal activity is a starting point of myelination [1,2]. Axons have been shown to be capable of vesicular
glutamate release [3,4] and ATP release [5]. Oligodendrocyte precursor cells (OPCs) express several ionotropic and metabotropic
receptors, including NMDA [6], AMPA [3], metabotropic glutamate
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[7], P2X [8] and P2Y [9] receptors. However, both electrophysiological and electron-microscopy data show that neuronal ﬁbers
contain only a small number of vesicles, the axon-OPC cleft is relatively wide and axonal vesicles are found also in the absence of OPC
membrane, i.e. they are not always co-localized with OPC processes
[3,4].
In addition to neurotransmitter release, neuronal activity causes
changes in extracellular K+ concentration ([K+ ]e). The latter could
translate neuronal activity into intracellular ion signaling in OPCs.
Indeed, [K+ ]e elevation to 15 mM has been shown to reduce intracellular Na+ concentration ([Na+ ]i) in OPCs from 15 mM to 4.7 mM
[10]. In parallel with the [Na+ ]i changes, a [K+ ]e rise can induce
[Ca2+ ]i responses through an activation of voltage-gated Ca2+ channels [11,12] and/or reversal of Na+ -Ca2+ exchanger (NCX) [13,14].
The latter appears to be of crucial importance for myelination,
because genetic knock-out of NCX3 was reported to reduce MBP
synthesis in OPC cultures, and NCX3-knockout mice show marked
hypomyelination of spinal cord [15]. NCX exchanges three Na+ for
one Ca2+ ion, i.e. NCX is an electrogenic antiporter. Consequently,
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the direction of its operation depends on Ca2+ and Na+ transmembrane gradients and membrane potential.
Myelin Basic Protein (MBP) is the second most abundant myelin
protein and its absence in mutant Shiverer mice and Long—Evans
shaker rats results in a severe CNS hypomyelination [16,17]. As the
absence of other myelin proteins still allows the formation of compact myelin, MBP has been denoted as the ‘executive molecule
of myelin’ [18]. MBP mRNA is transported from the nucleus to
the plasma membrane in a translationally silenced state in large
ribonucleoprotein complexes termed RNA granules [19]. Axon-glial
signaling seems to trigger localized oligodendroglial MBP translation and myelination [20–23]. Decentralized MBP production
appears to be a useful and efﬁcient solution as oligodendrocytes
myelinate multiple axonal segments and must locally adjust the
myelin synthesis machinery to heterogeneous axonal properties
(such as varying diameter or activity). The physiological mechanisms controlling local synthesis of MBP however remain elusive.
Ca2+ signaling has been suggested to contribute to OPC maturation and myelination [24,25]. Over-expression of golli myelin basic
proteins induces slow Ca2+ oscillations in OPCs, stimulating in turn
OPC migration [11] but resulting in hypomyelination in vitro and
in vivo [26]. On the other hand, MBP has been reported to inhibit
depolarization-induced Ca2+ inﬂux in more mature oligodendrocytes [27]. Interestingly, intracellular monovalent ions, including
Na+ , as well as divalent cations, including Ca2+ , have been shown
to inﬂuence both MBP folding [28] and MBP-lipid interaction [29].
Therefore, it may be hypothesized that changes in local cation concentrations can at least modulate local MBP synthesis, while MBP
itself can serve as a negative feedback that ﬁxes ion concentrations
at required “mature” levels.
Temporal changes of ion levels in OPCs during development
and their impact on MBP synthesis are only poorly investigated.
We report that [Na+ ]i and [Ca2+ ]i in OPCs both in cultures and
in acute brain callosal slices demonstrate developmental changes.
As cultured OPCs are capable of synthesizing MBP in the absence
of neurons, we asked whether the time-course of MBP synthesis
in vitro can be inﬂuenced by treatments which alter [Na+ ]i and
[Ca2+ ]i. We show that MBP synthesis can be potentiated by elevations of [Na+ ]i and suppressed by [Na+ ]i reductions, and these
effects are predominantly mediated by NCX. Treatment of OPC cultures with elevated [K+ ]e stimulates MBP synthesis, indicating that
activity-dependent [K+ ]e changes can potentially modulate local
MBP synthesis in OPCs.
2. Materials and methods
All experiments were carried out according to the guidelines
for the care and use of laboratory animals of the University Medical Center Mainz and the European Communities Council Directive
86/609/EEC. The study was approved by the local ethical committee
(#23177-07/G10-1-010). Experiments were designed to minimize
the number of animals used.
2.1. Cell culture
Primary oligodendrocyte precursor cells (OPCs) were obtained
from C57BL/6N mice at postnatal day (P) 8–10 by magnetic cell sorting (MACS). Brieﬂy, whole brains were dissociated with the Neural
Tissue Dissociation Kit (Papain) in a gentle MACS-Dissociator (MiltenyiBiotec) according to the manufacturer’s protocol. Cells were
re-suspended in DMEM + 1% horse serum. OPCs were marked with
anti-AN2 MicroBeads. Cells were sorted on a magnetic MACS
Separator (MACS, MiltenyiBiotec) and washed with DMEM + 1%
horse serum. AN2-positive OPCs were removed from the LS
columns in culture medium (MACS Neuro Medium containing 2%
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(v/v) NeuroBrew-21, 100 U/ml Penicillin/Streptavidin and 2 mM lGlutamine) and plated on 0.1% poly-l-lysine coated culture dishes
or glass cover slips. Every second day half of the medium was
replaced with fresh MACS Neuro Medium.

2.2. Cell lysates
Cells were harvested by scraping them off the culture dish in cold
lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% (v/v) TritonX-100, containing protease and phosphatase inhibitor mixtures
(Roche)). Lysates were incubated on a rotating wheel for 45 min
at 4 ◦ C and cleared from nuclei and cellular debris by centrifugation for 5 min at 2000g and 4 ◦ C. The supernatants were transferred
to new reaction tubes.

2.3. SDS-PAGE & Western blotting
Samples were separated with 14% sodium dodecyl sulfate polyacrylamide gels using the Mini-PROTEAN Tetra cell system (Biorad)
at 175 V for 60 min. Proteins were transferred to polyvinylideneﬂuoride blotting membranes at 125 V for 90 min. Membranes
were blocked in Tris-buffered saline containing 0.01% Tween 20
and 4% milk powder for 30 min. Antibodies directed against MBP
(1:500, Serotec), CNP (1:500, Sigma-Aldrich), GAPDH (1:5000,
Bethyl) and Tubulin (1:5000, Sigma-Aldrich) were diluted in blocking buffer, incubated for 1 h at room temperature and detected
with horseradish peroxidase (HRP)-coupled secondary antibodies
(1:10000, Dianova) in an enhanced chemiluminescence reaction.
Images were acquired with a ChemiDocTM XRS+ System (Bio-Rad)
and band intensities were quantiﬁed using the Image lab software
(Bio-Rad).

2.4. Immunocytochemistry
Cells were ﬁxed with 4% paraformaldehyde for 15 min and permeabilized with 0.1% Triton-X-100 in PBS. DMEM + 10%HS was used
for 15 min of blocking and primary antibodies (rat␣MBP, Serotec,
1:50; mouse␣CNP, Sigma, 1:50) were diluted in blocking buffer
and incubated for 1 h. For detection, Cy2 and Cy3 coupled secondary antibodies (Dianova) were diluted in blocking medium and
incubated for 30 min at room temperature. Nuclei were stained
with DAPI (Sigma, 1:7500) and cells were mounted in Mowiol.
Images were acquired by using a 40x/0.75NA objective connected
to a monochrome ﬂuorescence CCD-camera (XM10, Olympus) and
using cell F software (Olympus). Images were adjusted with Adobe
Photoshop.

2.5. Brain slices preparation
All experiments were conducted with pigmented C57BL/6J mice
pups of P10-35. Animals were decapitated under deep isoﬂurane
anesthesia. The brain was removed quickly and transferred into
ice-cold saline that contained (in mM): 125 NaCl, 2.5 KCl, 10 glucose, 1.25 NaH2 PO4 , 25 NaHCO3 , 0.5 CaCl2 , and 2.5 MgCl2 constantly
bubbled with 5% CO2 /95% O2 mixture (pH = 7.3). Coronal slices
(300 M) were cut on a vibratome (Campden Instruments Ltd., UK).
After preparation, slices were stored for at least 30 min at room
temperature in artiﬁcial cerebrospinal ﬂuid (ACSF) that contained
(in mM): 125 NaCl, 2.5 KCl, 10 glucose, 1.25 NaH2 PO4 , 25 NaHCO3 ,
2.5 CaCl2 , and 1 MgCl2 . pH was buffered to 7.3 by continuous bubbling with 5% CO2 /95% O2 mixture. ACSF with elevated [K+ ] was
prepared by equimolar replacement of 5 mM NaCl with 5 mM KCl.
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Fig. 1. Time-course of MBP synthesis in cultured OPCs. (A) Representative MBP stainings performed at DIV2, DIV4 and DIV5. (B) Representative Western blots demonstrate
MBP levels in OPC cultures lysed at different DIVs. Detectable MBP synthesis commences between DIV4&5.

2.6. [Na+ ]i and [Ca+ ]i measurements
Sodium-binding benzofuran isophthalate (SBFI) was used to
measure [Na+ ]i changes. Fura-2 or Oregon Green BAPTA 1 (OGB1)
were used to measure [Ca2+ ]i changes. To load cells with a Na+
or Ca2+ probe, cultures/slices were incubated in ACSF supplemented with 0.02% Pluronic F-127 and 10 M cell-permeable form
of selected indicator (SBFI-AM, Fura-2-AM, or OGB1-AM) for 20 min
at 36 ◦ C. After loading, cells/slices were washed twice with ACSF
and transferred into recording chamber (∼0.4 ml volume) on the
microscope stage (Axioscope FS, Zeiss, Germany) equipped with
phase contrast optics. Measurements started after at least 15 min
storage in ACSF to ensure deesteriﬁcation of indicators. Cultures
were submerged with a constant ﬂow of oxygenated ACSF. Flow
rate was set to 2 ml/min. A 20× water immersion objective (Zeiss,
Germany) was used in all experiments. At the end of each experiment ATP (100 M) was applied to check cell viability [9]. Only
cells in which ATP-induced Ca2+ response was observed were used
for further analysis.
The excitation wavelength was controlled by a fast monochromator system, and a cooled CCD camera was used to record
ﬂuorescence signals (TILL Photonics, München, Germany). SBFI and
Fura-2 were alternatively excited at 360 and 390 nm. OGB1 was
excited at 490 nm. The excitation and emission light was separated
using a 510 nm dichroic mirror (Zeiss). Emitted light was ﬁltered
using a 530 nm long-pass ﬁlter (Zeiss). Images were acquired and
evaluated using Vision 4.0 software (TILL Photonics). All measurements were performed using 2 × 2 binning. Exposure time was
200–400 ms. Acquisition rate was one image per 1 s. The background ﬂuorescence was calculated from a region in the immediate
vicinity of the tested cell and subtracted. OGB1 ﬂuorescence signals were expressed as relative changes from pre-stimulus levels
(F/F0).
Fluorescence signals from ratiometric dyes (SBFI and Fura-2)
were expressed as a ratio (R = F360/F390). In case of SBFI to calculate [Na+ ]i levels in OPCs, we performed the following calibration
experiments [30]. Brieﬂy, after the resting ﬂuorescence had been
measured, the ACSF supplemented with 3 M gramicidin, 10 M
monensin and 1 mM ouabain was washed in to equilibrate extraand intracellular Na+ , K+ and pH. In the presence of the above
substances, cultures were perfused with calibration solutions containing different [Na+ ]. In line with [30,31], absolute [Na+ ]i showed
a linear dependence on F360/F390 ratio provided the former was
below 40 mM. Therefore, we used the mean F360/F390 ratio to
obtain the mean [Na+ ]i in OPCs.

In case of Fura-2 [Ca2+ ]i levels were calculated using the following equation:
[Ca2+ ]i = Kd × b × (R − R min )/(R max − R),
where R = measured F360/F390, Rmin – the minimal F360/F390
ratio obtained in the Ca2+ free solution, Rmax – the maximal
F360/F390 ratio obtained in the solution containing 1 mM [Ca2+ ],
b – Fmin/Fmax ratio at 390 nM excitation and Kd is the dissociation
constant of Fura-2 [32]. Calibration was performed in cell-free solutions containing 5 mM Fura-2 salt and Ca2+ -EGTA mixtures with
known [Ca2+ ] (Calcium calibration kit, Molecular Probes).
2.7. Solutions and chemicals
All imaging experiments were performed at room temperature (22–25 oC). KB-R7943 was obtained from Tocris (Bristol, UK).
SBFI-AM, OGB1-AM, Fura-2-AM and Pluronic F-127 were received
from Invitrogen (Darmstadt, Germany). ANG2 was obtained from
Mobitec GmbH (Göttingen, Germany). All other chemicals were
from Sigma-Aldrich (Munich, Germany).
2.8. Data evaluation and statistics
All results are presented as mean ± S.E.M. The error bars in
all ﬁgures indicate S.E.M. Differences between means were tested
for signiﬁcance using One-way ANOVA with Tukey post-hoc test,
unless otherwise stated. * symbolizes p < 0.05, ** p < 0.01, ***
p < 0.001, ns – not signiﬁcant.
3. Results
3.1. Time-course of MBP synthesis in OPCs
Cultured OPCs are capable of synthesizing MBP in the absence
of neurons [33]. Both MBP immunostaining (Fig. 1A) and Western
blots (Fig. 1B) performed at different DIVs demonstrated that MBP
synthesis starts at about DIV4, conﬁrming previously published
data [33].
3.2. Time-course of [Na+ ]i and [Ca2+ ]i in OPCs
Suggesting that [Ca2+ ]i changes are required for MBP synthesis,
we asked whether resting [Ca2+ ]i in OPCs varies during the ﬁrst
week in vitro. OPCs were loaded with Fura-2, a ratiometric Ca2+sensitive dye. Fig. 2A, B demonstrates that resting [Ca2+ ]i increases
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Fig. 2. [Na+ ]i and [Ca2+ ]i levels in OPCs during development. (A) Representative images of OPC cultures at DIV2 and DIV4 stained with the Ca2+ -sensitive probe Fura-2. (B)
[Ca2+ ]i in OPCs at different DIVs. Data obtained from three cultures at each DIV. (C) [Na+ ]i in cultured OPCs. Data obtained from three cultures at each DIV. (D) Acute slices of
the corpus callosum from P10 and P30 mice stained with Fura-2. (E) [Ca2+ ]i in OPCs at different postnatal days (P). Data obtained from three mice at each age. (F) [Na+ ]i in
OPCs at different postnatal days. Data obtained from three mice at each age.

in OPCs at DIV4 and DIV5. Corresponding values were 37 ± 3 nM
at DIV4 (n = 49, three cultures) and 66 ± 5 nM at DIV5 (n = 43, three
cultures, p < 0.001 as compared to DIV4, Fig. 2B). At DIV6 [Ca2+ ]i
decreased to 47 ± 5 nM (n = 31, three cultures, p < 0.05 as compared
to DIV5, Fig. 2B).
NCX was reported to be important for MBP synthesis [15]. As
the NCX operation mode depends both on [Ca2+ ]i and [Na+ ]i, we
asked whether [Na+ ]i in cultured OPCs changes during the ﬁrst
week in vitro. In this set of experiments OPCs were loaded with
SBFI, a ratiometric Na+ -sensitive probe. Fig. 2C shows that [Na+ ]i
in OPCs signiﬁcantly increased at DIV5. Corresponding values were
15 ± 1 mM (n = 57), 17 ± 1 mM (n = 64, p < 0.05 as compared to DIV4)

and 13 ± 1 mM (n = 36, p < 0.05 as compared to DIV5) at DIV4, DIV5
and DIV6, respectively.
Next we performed similar experiments in acute callosal slices,
to investigate whether changes of resting [Ca2+ ]i and [Na+ ]i levels occur in OPCs in situ. As in rodents myelination in the corpus
callosum starts at about P10-15 and lasts at least until P35 [34],
we performed experiments in 3 age groups, namely P10-15, P2025 and P30-35 (Fig. 2D). In brain slices resting [Ca2+ ]i in OPCs
showed a signiﬁcant increase at P30-35 (34 ± 3 nM, n = 66, three
mice) as compared with P20-25 (26 ± 2 nM, n = 97, three mice,
p < 0.05, Fig. 2E). Signiﬁcant [Na+ ]i elevation was observed already

Fig. 3. NCX in OPCs operates in reverse mode. (A) Representative traces demonstrate that partial NCX blockade with KB-R7943 (1 M) results in [Na+ ]i elevation in OPCs at
DIV4 but not at DIV2. (B) Statistical graph shows that KB-R7943 elicited larger [Na+ ]i responses at DIV4 as compared to DIV2 and DIV6. In brain slices the KB-R7943-induced
[Na+ ]i elevation was larger at P20 and P30 as compared to P10. Numbers represent the number of cells tested. (C) Incubation of DIV4 OPCs for 12 h with KB-R7349 (1 M)
resulted in [Na+ ]i increase and [Ca2+ ]i decrease at DIV5 (2 cultures). (D) A representative Western blot shows that incubation with KB-R7349 (1 M) suppressed MBP synthesis.
The same treatment performed at DIV2 failed to stimulate MBP synthesis. (E) Statistical graph illustrating suppression of MBP synthesis by KB-R7943 at DIV4 (5 cultures).
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at P20-25 (15 ± 1 mM, n = 92, three mice) as compared with P10-15
(9 ± 1 mM, n = 60, three mice, p < 0.001, Fig. 2F).
3.3. Can NCX inﬂuence MBP synthesis in vitro?
Figs. 1 and 2 show that [Na+ ]i/[Ca2+ ]i changes and the onset of
MBP synthesis in OPCs temporally coincide. Therefore we hypothesized that MBP synthesis and ion concentrations could be coupled.
NCX was reported to be involved in MBP synthesis [15]. As MBP
synthesis has been shown to depend on CaM-kinase [25], we ask
whether NCX transports Ca2+ ions into OPCs, i.e. operates in reverse
mode. To prove the direction of NCX function at DIV4, OPCs were
loaded with SBFI and KB-R7943, a blocker of reverse NCX mode, was
applied. Fig. 3A,B shows that KB-R7943 (1 M) induced [Na+ ]i rise
in DIV4 OPCs. The amplitude of KB-R7943-induced [Na+ ]i elevation
in OPC somata amounted to 1.1 ± 0.1 mM (18 OPCs, two cultures).
Interestingly, both at DIV2 and at DIV6 KB-R7943 elicited much
smaller responses and only in some OPCs. Thus NCX appears to
operate in reverse mode but only within a relatively short time
window (around DIV4). Similarly in brain slices KB-R7943 induced
a [Na+ ]i response only in some cells at P10-15, while at P20-25
and P28-35 almost all cells tested demonstrated [Na+ ]i elevations
(Fig. 3B).

Next we ask if a chronic NCX blockade would affect [Na+ ]i and
[Ca2+ ]i levels and MBP synthesis. DIV4 OPC cultures were treated
with KB-R7349 (1 M) for 12 h. Fig. 3C shows that partial blockade
of NCX resulted in a signiﬁcant increase in [Na+ ]i and decreased
[Ca2+ ]i levels in OPCs (two cultures, more than 17 OPCs per condition). Western blot analysis revealed that partial NCX blockade
signiﬁcantly reduced MBP synthesis at DIV5 (5 cultures, p < 0.05,
one population Studentı́s test, Fig. 3D, E). These results suggest
that NCX operates in reverse mode, providing Ca2+ ions which are
presumably required for MBP synthesis.
3.4. Does an elevation of [K+ ]e inﬂuence [Na+ ]i, [Ca2+ ]i and MBP
synthesis in vitro?
Neuronal activity can increase [K+ ]e. As NCX is an electrogenic
transporter, we asked whether small changes of [K+ ]e can inﬂuence
[Na+ ]i/[Ca2+ ]i signaling in OPCs. Firstly, we asked whether elevated
[K+ ]e affect [Ca2+ ]i at the single cell level. OPCs at DIV2, i.e. before
the observed changes in resting [Na+ ]i/[Ca2+ ]i levels take place,
and at DIV4 and at DIV6 were loaded with OGB1, a Ca2+ -sensitive
probe. [K+ ]e elevation (+5 mM, i.e. to 7.5 mM total) failed to induce
[Ca2+ ]i responses at DIV2, but at DIV4 elevated [K+ ]e reliably
induced [Ca2+ ]i transients. At DIV6 [K+ ]e-induced [Ca2 +]i tran-

Fig. 4. [Ca2+ ]i transients elicited by elevated [K+ ]e in cultured OPCs at different DIVs. (A) [Ca2+ ]i transients induced by elevated [K+ ]e (+5 mM) in the OPCs at different DIVs.
Bar above the traces depicts the application period. (B) Statistical graph shows that elevated [K+ ]e elicited larger [Ca2+ ]i responses at DIV4 as compared to DIV2 and DIV6 (3
cultures at each DIV). Numbers represent the number of cells tested. (C) Representative [Ca2+ ]i responses induced by elevated [K+ ]e in control and in the presence of either
Cd2+ (100 M) or KB-R7943 (1 M). (D) Statistical graph show that elevated [K+ ]e-induced [Ca2+ ]i were strongly suppressed by KB-R7943 but not Cd2+ . Numbers represent
the number of cells tested. (E) A representative [Na+ ]i transient induced by elevated [K+ ]e at DIV4.
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Fig. 5. Elevated [K+ ]e treatment shifts [Ca2+ ]i and [Na+ ]i levels and stimulates MBP synthesis in cultured OPCs at DIV5, but not at DIV3. (A) [Ca2+ ]i and [Na+ ]i levels observed in
control and cultures (DIV3 and DIV5) treated for 24 h with elevated [K+ ]e (+5 mM K+ ). (B) MBP immunostaining shows that elevated [K+ ]e stimulates myelin-containing sheet
formation (arrows) in DIV5 OPC cultures. (C) Western blots show that treatment with elevated [K+ ]e stimulates MBP synthesis. (D) Statistical graph illustrating potentiation
of MBP synthesis by elevated [K+ ]e (7 cultures).

sients were signiﬁcantly smaller as compared to DIV 4 (Fig. 4A,B).
[Ca2+ ]i transients induced by [K+ ]e elevation may be mediated
by voltage-gated Ca2+ channels. However, Cd2+ (100 M), a nonselective blocker of voltage-gated Ca2+ channels, failed to eliminate
[K+ ]e-induced [Ca2+ ]i transients (three cultures, Fig. 4C,D). In contrast to Cd2+ , KB-R7349 (1 M) strongly suppressed [K+ ]e-induced
[Ca2+ ]i responses (three cultures, Fig. 4C,D). In addition, elevation
of [K+ ]e to 7.5 mM (+5 mM) induced a reduction of [Na+ ]i in OPCs
(Fig. 4E). These results support the hypothesis that [K+ ]e elevation
elicits [Ca2+ ]i transients in OPCs via NCX.
We asked whether elevation of [K+ ]e can also potentiate MBP
synthesis. Cultured OPCs at DIV2 and DIV4 were treated for

24 h with culture medium containing elevated [K+ ] concentration
(+5 mM, i.e. 10.3 mM total, while the culture medium contained
5.3 mM K+ ). Using Fura-2 the [Ca2+ ]i was measured at DIV3 and
DIV5. In line with the data obtained at the single cell level, elevated
[K+ ]e signiﬁcantly increased [Ca2+ ]i at DIV5 (p < 0.05) but not at
DIV3. Similarly [Na+ ]i demonstrated a signiﬁcant decrease at DIV5
(p < 0.05) but not at DIV3 (Fig. 5A). Morphologically OPCs appeared
more mature if treated with the 10 mM K+ -containing medium
compared to control cells. Incubation of OPCs with elevated [K+ ]e
strongly induced the formation of large MBP-stained membrane
sheets in DIV5 OPCs (Fig. 5B). We also performed Western blots to
quantify the induction of MBP synthesis by densitometric analysis
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Fig. 6. Ouabain-induced [Na+ ]i and [Ca2+ ]i responses in OPCs. (A-B) Representative traces demonstrate ouabain (500 nM)-induced [Na+ ]i (A) and [Ca2+ ]i (B, measured with
OGB1) transients in OPCs at DIV4. (C) Incubation of DIV4 OPCs for 24 h with ouabain (500 nM) resulted in [Ca2+ ]i increase at DIV5. (D) Quantitative analyses of Western blot
shows that NKA blockade stimulates MBP synthesis (7 cultures). (E) Representative examples of OPC DIV5 cultures stained with MBP antibody. Before staining DIV4 OPC
cultures were incubated for 12 h with 500 nM ouabain. Note that ouabain stimulates myelin-containing sheets formation in OPCs.

and found that elevated [K+ ]e treatment results in an almost 5-fold
increase of MBP levels at DIV5 (Fig. 5C, D, 5 cultures, p < 0.05, one
population Student’s test). The above data show that elevation of
[K+ ]e can increase MBP levels in vitro at DIV4.
3.5. Is [Na+ ]i elevation sufﬁcient to stimulate MBP synthesis?
The [K+ ]e-induced OPC depolarization seems to be able to
potentiate NCX-mediated Ca2+ inﬂux, suggesting that the resting
membrane potential of OPCs is close to the NCX reversal potential.
Consequently, selective elevation of [Na+ ]i should be also capable
of reversing NCX via shifting the NCX reversal potential to a more
negative value. Na+ ,K+ -ATPase (NKA) is one of the main cellular regulators that sets [Na+ ]i levels in different cells [30,35]. As we wanted
to elevate [Na+ ]i with minimal change of membrane potential,
NKA activity was suppressed only partially using a low concentration of ouabain, an NKA blocker [36]. Ouabain (500 nM) induced
[Na+ ]i elevation in all OPCs tested at DIV4 (43 OPCs, two cultures,
Fig. 6A), Next, we asked whether NKA blockade can induce [Ca2 +]i
responses. Fig. 6B shows that indeed ouabain (500 nM) elicited
[Ca2+ ]i increase in OPC somata. Blockade of NCX with KB-R7349
(1 M) completely eliminated ouabain-induced [Ca2+ ]i transients
(n = 5, two cultures, data not shown). Thus both an elevation of
[K+ ]e as well as a partial NKA blockade elicited [Ca2+ ]i responses
in OPCs. Fig. 6C shows that long incubation of OPC cultures with
ouabain (500 nM, 24 h) failed to signiﬁcantly change [Na+ ]i levels in
OPCs (38 OPCs, three cultures), but ouabain treatment signiﬁcantly
increased [Ca2+ ]i in OPCs (44 OPCs, three cultures). As partial NKA
blockade increased steady-state [Ca2+ ]i levels and induced [Ca2+ ]i
transient responses, we asked whether NKA blockade will affect
MBP synthesis. Fig. 6D, E demonstrates that incubation of OPCs with
ouabain-containing media induced the formation of large MBPstained membrane sheets in DIV5 OPCs. Western blots showed
that treatment of OPC cultures with 500 nM ouabain increased MBP
levels to 370 ± 80% (p < 0.001, 7 cultures, one population Studentı́s
test), respectively. Thus, we conclude that local changes of [Na+ ]i
appear to be sufﬁcient to inﬂuence MBP synthesis via NCX.

losal slices are not stable during development, but rather reveal
signiﬁcant alterations around DIV4-5 in culture and P20-30 in brain
slices. Interestingly, DIV4-5 in OPC cultures is the time-point at
which MBP synthesis starts. The latter depends on the activity of
NCX which operates in reverse mode at this time point. At DIV4 elevated [K+ ]e induces an increase of [Ca2+ ]i levels and stimulates MBP
synthesis. A similar facilitation of MBP synthesis can be induced
by partial inhibition of NKA with ouabain. NCX blockade eliminates both [K+ ]e- and ouabain-induced capability of synthesizing
MBP, demonstrating that local [Na+ ]i and/or membrane potential
changes can induce NCX-mediated [Ca2+ ]i transients and in turn
affect MBP synthesis.
4.1. Developmental [Na+ ]i and [Ca2+ ]i dynamics in OPCs
[Ca2+ ]i transients play an important role in OPC migration,
differentiation and myelination. Various pathways can induce
[Ca2+ ]i responses in OPCs (for review [37]). These involve a number of neurotransmitter receptors, including AMPA [3], NMDA
[6] and metabotropic [7] glutamate receptors, ionotropic [8]
and metabotropic [9] purinoreceptors. In addition, OPCs express
voltage-gated Ca2+ channels [12,38] and all three isoforms of
NCX (NCX1, NCX2 and NCX3, [14,15,39]). NCX is an electrogenic
transporter and exchanges three Na+ ions for one Ca2+ ion. Consequently, in contrast to neurotransmitter receptors that require a
neurotransmitter to become activated, the NCX operation mode is
determined by the membrane potential and transmembrane Na+
and Ca2+ gradients. Unfortunately, only limited data are available
on absolute [Na+ ]i and [Ca2+ ]i levels in OPCs. At DIV1-3 intracellular [Ca2+ ]i and [Na+ ]i in cultured A2B5-positive cells were reported
to amount to about 40 nM [Ca2+ ]i and 18 mM [Na+ ]i [14]. Similar
[Ca2+ ]i levels (about 40 nM) were shown in the human oligodendroglial MO3.13 cell line [15]. Our data are in line with these results.
Moreover, we report that resting [Ca2+ ]i and [Na+ ]i demonstrate
developmental changes without any stimulation. A developmental
increase of [Ca2+ ]i and [Na+ ]i levels was observed also OPCs in brain
slices (Fig. 2). For instance, [Na+ ]i was about 8 mM at P10-15 and
increased to about 15 mM at P20-30 (Fig. 2).

4. Discussion
4.2. NCX contributes to intracellular signaling in OPCs
In this study we have investigated developmental changes of
[Na+ ]i and [Ca2+ ]i in OPCs in their relation to MBP synthesis. We
report that [Na+ ]i and [Ca2+ ]i in cultured OPCs and in OPCs in cal-

The observed developmental changes of [Ca2+ ]i and [Na+ ]i levels
may inﬂuence NCX functioning. A [Na+ ]i increase makes the NCX
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reversal potential more negative, thus favoring the reverse move of
NCX functioning. Indeed, KB-R7943, a speciﬁc NCX blocker, clearly
elicited [Na+ ]i rise in OPCs at DIV4 and P20, but not at DIV2 and
P10-15 (Fig. 3), indicating that NCX operates in reverse mode only
during a short developmental period. Partial blockade of NCX for
12 h with the NCX blocker KB-R7943 resulted in signiﬁcant increase
of [Na+ ]i and decrease of [Ca2+ ]i in OPCs, suppressing in parallel
MBP synthesis, conﬁrming the important role of NCX in myelination [15]. However, in this study we report that the NCX switch
into reverse mode happens in OPC cultures, i.e. without neurons, at
DIV4-5. Thus, the switch is presumably pre-programmed in OPCs
and occurs without an external stimulus. We suggest that neuronal
activity may spatio-temporally modulate NCX functioning and in
turn [Ca2+ ]i/[Na+ ]i levels in OPCs.

4.3. Developmental sensitivity of OPCs to [K+ ]e changes
The most direct consequence of neuronal activity is an elevation of [K+ ]e. OPCs appear to sense [K+ ]e changes independently
from neurotransmitter receptors. Both activation of voltage-gated
Ca2+ channels [11,12,40] and reversal of NCX [15,41] were suggested to mediate [K+ ]e-induced [Ca2+ ]i in OPCs. Our data show
that the efﬁcacy of [K+ ]e elevations to elicit [Ca2+ ]i responses in
OPCs is developmentally regulated and increases around DIV45 in cultures. Expression of different voltage-gated K+ channels
can be responsible for this. It has been shown that activation
of AMPA/kainate receptors prevents differentiation of oligodendrocyte progenitor (O-2A) −positive OPCs through blockade of
delayed rectiﬁer K+ channels [42]. Adult oligodendrocytes have
been reported to sense [K+ ]e changes and this process is mediated
by the upregulation of Kir4.1 channels in OPCs [43]. The Kir4.1 channels may play several roles. Firstly, they contribute to setting the
resting membrane potential, making it more hyperpolarized at rest.
Secondly, Kir4.1 channels allow better sensing of temporal [K+ ]e
changes. These two functions suggest that [K+ ]e dynamics may be
converted at the OPC plasma membrane into an intracellular signal
via a voltage-dependent mechanism.
On the other hand, a [K+ ]e elevation not only shifts the resting membrane potential, but it also stimulates NKA. Increased NKA
activity hyperpolarizes the membrane potential of OPCs, neutralizing the [K+ ]e-induced depolarization. On the other hand, NKA
decreases [Na+ ]i, thus depolarizing the reversal potential of NCX
and favoring the direct mode of NCX functioning. Co-localization
of NKA and NCX in a small OPC compartment, for example a distal
part of an OPC process, may not only covert a [K+ ]e elevation into
a [Ca2+ ]i transient but can lead to generation of complex spatiotemporal [Ca2+ ]i signals, depending on the spatio-temporal proﬁle
of neuronal activity.

4.4. Stimulation of MBP synthesis in OPCs by [K+ ]e elevation
Both elevated [K+ ]e and NKA blockade elicited transient [Ca2+ ]i
responses in OPCs. These [Ca2+ ]i changes are not mediated by
voltage-sensitive channels, because they were not blocked by Cd2+ .
The NCX blocker KB-R7943 however almost completely eliminated
[K+ ]e-induced [Ca2+ ]i transients. Interestingly, a partial blockade of
NKA, which is expected to elevate predominantly [Na+ ]i, elicited
[Ca2+ ]i transients in OPCs and stimulated MBP synthesis, i.e. produced similar effects as the [K+ ]e elevation. Therefore we suggest
that the membrane potential in OPCs, at least at DIV4 in cultures, is
close to the NCX reversal potential. A small depolarization, induced
for example by a physiological rise of [K+ ]e, and/or local [Na+ ]i transients can switch NCX into reverse mode, resulting in local [Ca2+ ]i
transients.
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4.5. May [Na+ ]i be considered as a second messenger?
[Na+ ]i levels appear to be important not only to determine
the transmembrane Na+ gradient, an important energy source for
many transmembrane transports, but also for intracellular signaling (for review see Refs. [44,45]). Elevation of [Na+ ]i in OPCs
produced by an activation of ionotropic glutamate receptors was
shown to suppress the expression of K+ channels and OPC proliferation [46]. These K+ channels change the membrane potential
and enable OPCs to sense [K+ ]e [43]. In addition, [Ca2+ ]i transients
elicited for instance by NMDA receptor activation [22] stimulate the expression of NCX, presumably the NCX3 form in OPCs
[15]. Interestingly, co-localization of either Na+ ,H+ exchanger or
Na+ ,HCO3 -co-transporter with carbonic anhydrase II result in spatially heterogeneous intracellular pH in OPCs [47]. It is tempting to
speculate that if the membrane potential in distal OPC processes is
close to the NCX reversal potential, co-localization of NKA and NCX,
as shown in astrocytic processes [48], can set the local sensitivity
of OPC processes to neuronal activity-induced [K+ ]e changes. Local
membrane potentials and/or local ion concentration changes can
determine a “readiness” of a single process to convert extracellular activity into intracellular signals. If an OPC process is sensitive
enough (“mature”), any change in [Na+ ]i, taking place for instance
via ionotropic receptors or NKA activity changes, or in membrane
potentials, occurring for example through an elevation of [K+ ]e,
can be converted by NCX into [Ca2+ ]i signals. The latter can initiate and/or modulate a local, one OPC process-restricted MBP
synthesis and myelination. However, one should keep in mind that
main experimental data of this study were obtained in cultures.
Deﬁnitely, further experiments performed in vivo are required to
examine the hypothesis.
4.6. Overall conclusions
The present study demonstrates that [Ca2+ ]i and [Na+ ]i in OPCs
vary during development. At some time-point, presumably shortly
before myelination starts, these changes set the reversal potential
of NCX close to the resting membrane potential. Extracellular K+
changes elicited by neuronal activity can be converted in [Ca2+ ]i
and [Na+ ]i transients in NCX and/or NKA dependent manner, modulating in turn myelination.
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