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Oligodendrocyte precursor cells (OPCs) are the major source of myelinating oligodendrocytes during development. These progenitors
are highly abundant at birth and persist in the adult where they are distributed throughout the brain. The large abundance of OPCs after
completion of myelination challenges their unique role as progenitors in the healthy adult brain. Here we show that adult OPCs of the
barrel cortex sense fine extracellular K � increases generated by neuronal activity, a property commonly assigned to differentiated
astrocytes rather than to progenitors. Biophysical, pharmacological, and single-cell RT-PCR analyses demonstrate that this ability of
OPCs establishes itself progressively through the postnatal upregulation of Kir4.1 K � channels. In animals with advanced cortical
myelination, extracellular stimulation of layer V axons induces slow K � currents in OPCs, which amplitude correlates with presynaptic
action potential rate. Moreover, using paired recordings, we demonstrate that the discharge of a single neuron can be detected by nearby
adult OPCs, indicating that these cells are strategically located to detect local changes in extracellular K � concentration during physio-
logical neuronal activity. These results identify a novel unitary neuron–OPC connection, which transmission does not rely on neurotrans-
mitter release and appears late in development. Beyond their abundance in the mature brain, the postnatal emergence of a physiological
response of OPCs to neuronal network activity supports the view that in the adult these cells are not progenitors only.

Introduction
Oligodendrocyte precursor cells (OPCs) are a class of progenitors
that generate myelinating oligodendrocytes in the CNS during
development and after demyelinating injury through a myelin
repair process (Richardson et al., 2011). Recent Cre-Lox fate-
mapping studies have also suggested that the fate of OPCs is
relatively flexible, producing astrocytes and neurons in specific
brain regions, although the multipotent capacity of OPCs is still a
matter of intense debate (Richardson et al., 2011). In any case,
OPCs have always been regarded as progenitors, even in the
healthy adult brain where they constitute 2–3% of total cells in
gray matter and 5– 8% in white matter (Dawson et al., 2003).
Nevertheless, their large abundance and widespread distribution
have suggested that, in addition to their role as progenitors, OPCs

reside in the mature brain to play other functions. In support of
this view, a few scattered reports have shown that OPCs undergo
important physiological modifications during postnatal develop-
ment. In the hippocampus, the biophysical phenotype of OPCs,
characterized by an outward rectifying I–V relationship during
the two first postnatal weeks, progressively changes toward a lin-
ear shape (Kressin et al., 1995; Zhou et al., 2006). Developmental
alterations in membrane receptor expression also occur in these
cells. This is the case for the subunit composition of AMPA re-
ceptors (Ziskin et al., 2007; Mangin et al., 2008; Maldonado et al.,
2011) and for the postnatal downregulation of nicotinic receptors
(Vélez-Fort et al., 2009). Finally, complex changes have been re-
ported concerning the mechanisms governing neuron-to-OPC
communication in the brain. Glutamatergic synaptic responses
of OPCs (Bergles et al., 2000; Karadottir et al., 2005; Kukley et al.,
2007; Ziskin et al., 2007) increase in amplitude during the first
three postnatal weeks, probably indicating a maturation process
of these synapses (Ziskin et al., 2007; Mangin et al., 2008; De Biase
et al., 2010). In contrast, direct GABAergic synaptic inputs of
OPCs in the barrel cortex are lost early in postnatal development
and replaced in the adult by an extrasynaptic mode of transmis-
sion, mediated solely by GABA spillover (Vélez-Fort et al., 2010).

Despite all these recent indications of divergent properties
between young and adult OPCs, more efforts are needed to deci-
pher developmental physiological changes that govern so far un-
recognized functions of these cells in the brain. In particular, little
information exists on neuron-to-OPC signaling in mature gray
matter. In this report, we investigated the properties of neuron-
to-OPC communication when myelination is advanced in the
barrel cortex. We found that, beyond neurotransmitter transmis-
sion, adult OPCs are able to efficiently detect local [K�]o in-
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creases generated by action potential discharges of individual
cortical neurons. We also show that this process is mediated by
the progressive upregulation of Kir4.1 channels in OPCs during
postnatal development. The emergence of Kir4.1 channels in
adult OPCs makes these cells accurate sensors of K� efflux during
neuronal physiological activity.

Materials and Methods
Slice preparation and electrophysiology. All experiments followed Euro-
pean Union and institutional guidelines for the care and use of laboratory
animals. Acute parasagittal slices (300 �m) of the barrel cortex were
mainly performed at the 2 postnatal (PN) week and 4 –5 PN weeks as
previously described (Vélez-Fort et al., 2010). OPCs were identified in
NG2-DsRed BAC transgenic mice (560 nm excitation and 620 nm emis-
sion wavelengths; Green OptoLed, Cairn Research). Patch-clamp re-
cordings were performed at 33°C using an extracellular solution
containing the following (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 20 glucose, 5 pyruvate, 2 CaCl2, and 1 MgCl2 (95% O2, 5%
CO2). The intracellular solution was either a CsCl-based intracellular
solution containing the following (in mM): 130 CsCl, 10 4AP, 5 TEA-Cl,
5 EGTA, 0.5 CaCl2, 2 MgCl2, 10 HEPES, 2 Na2ATP, 0.2 Na-GTP, 10
Na2-phosphocreatine, or a KCl-based intracellular solution containing
the following (in mM): 130 KCl, 5 EGTA, 0.5 CaCl2, 2 MgCl2, 10 HEPES,
2 Na2ATP, 0.2 Na-GTP, 10 Na2-phosphocreatine (pH � 7.3, 296
mOsm). When isoflurane was used in the perfusion, it was dissolved in
the extracellular solution immediately before its bath application at room
temperature and maintained in a sealed bottle in which bubbling was
stopped, as previously described (Taverna et al., 2005). Changes in [K �]o

from 2.5 to 10 mM were obtained by isotonic replacement of Na �.
Extracellular stimulations were obtained using a monopolar electrode

(glass pipette) placed in layer V of the barrel cortex (100 �s stimulations;
Iso-Stim 01D, npi electronic). Paired-pulse and trains of stimulation of
neurons were performed at 40 V, unless otherwise indicated. Neurons
were recorded in voltage-clamp and current-clamp modes with an intra-
cellular solution containing the following (in mM): 130 K-gluconate, 5
EGTA, 0.5 CaCl2, 2 MgCl2, 10 HEPES, 2 Na2ATP, 0.2 Na-GTP, and 10
Na2-phosphocreatine. They were held at �70 or �90 mV after correc-
tion for a liquid junction potential (10 mV). In simultaneous recordings
between a neuron and an OPC, depolarizing current pulses of 200 or 400
pA were applied during 400 ms to the neuron, each 3–5 s to elicit action
potential discharges. In simultaneous neuron-neuron recordings, the
duration of this pulse was also increased to 800 ms, and the postsynaptic
neuron was held to �90 mV as OPCs. Recordings were made without
series resistance (Rs) compensation; Rs was monitored during record-
ings, and cells showing a change of �30% in Rs were discarded. Whole-
cell recordings were obtained using Multiclamp 700B, filtered at 2– 4
kHz, and digitized at 20 kHz. Digitized data were analyzed off-line using
pClamp 10.1 (Molecular Devices) and Igor Pro 6.0.

Because the decay of inward K � currents evoked by neuronal stimu-
lation was not well described by a single exponential function, we esti-
mated the time required to decay by measuring the half-decay time of the
current evoked by paired-pulse stimulation. The paired-pulse ratio of
these currents was obtained by dividing the current amplitude of the
second pulse by that of the first pulse. In simultaneous patch-clamp
recordings, currents evoked in OPCs by single neuron firing were con-
sidered as a response only if they were on average larger than 2 times the
SD of noise and if their amplitude distribution was significantly different
from that of the noise.

Steady-state I–V curves were obtained by applying voltage steps of 400
ms from �40 mV to �140 mV and by measuring current amplitudes at
390 ms from the beginning of the steps. It is noteworthy that we already
showed that neither the capacitance nor the morphology of OPCs of the
barrel cortex changes during development (Vélez-Fort et al., 2010). I–V
curves of currents sensitive to different agents were obtained by subtract-
ing currents in the presence of a drug from their controls and normaliz-
ing with respect to the current elicited at �40 mV in control. To
determine the percentage of OPCs having a young phenotype in 4 –5PN
weeks, we plotted the distribution of current amplitudes elicited at a

voltage step of �40 mV in all recorded cells of the 2PN week. In the
distribution graph, 90% of OPCs had a current amplitude inferior to 420
pA, which corresponds to the mean current amplitude plus the SD
(mean � SD: 220 � 198; n � 26). We thus considered as a young phe-
notype all cells having a current �420 pA and as an adult phenotype
those having currents �420 pA at a voltage step of �40 mV. Only cells
recorded in the CsCl-based intracellular solution with an adult pheno-
type were considered for analysis (70% of OPCs in 4 –5PN weeks).

Immunohistochemistry. For MBP and vGluT2 immunostainings, mice
were perfused intracardially with PBS alone followed by 0.15 M phos-
phate buffer, pH 7.4 (PB) containing 4% paraformaldehyde at PN7,
PN13–14, and PN27–31 (n � 3 animals for each developmental stage).
Brains were removed and placed in a 4% paraformaldehyde solution
overnight. Then, brain slices (50 �m) were prepared in PBS ice-cold
solution (4°C), permeabilized with 1% Triton X-100 and 2% BSA for 1 h,
and incubated two nights with antibodies diluted in a 0.2% Triton X-100
solution. Double immunostainings were performed by combining
guinea pig polyclonal vGluT2 (1:1000; Millipore) with mouse monoclo-
nal anti-MBP (1:100; Millipore). Primary antibodies were washed three
times in PBS and incubated in secondary antibodies coupled to Alexa
Fluor 488 or Alexa Fluor 633 (1:500; Invitrogen) for 2 h at room temper-
ature.

For simultaneous recordings between neurons and OPCs, recorded
cells were injected with 5.4 mM biocytin (Sigma-Aldrich). The slices con-
taining the injected cells were then fixed overnight in 4% paraformalde-
hyde at 4°C, rinsed three times in PBS for 10 min, and incubated with 1%
Triton X-100 and 2% BSA during 1 h. The slices were incubated over-
night with rabbit polyclonal anti-NG2 antibody (1:400; Millipore) di-
luted in a 0.2% Triton X-100 solution. Then, they were washed three
times in PBS and incubated in the secondary antibody coupled to Alexa
Fluor 633 and streptavidin–Alexa Fluor 488 (Invitrogen) for 2 h.

Immunofluorescence was visualized with a confocal microscope (LSM
510, Carl Zeiss). Optical sections of confocal images were sequentially
acquired using a 10� or 63� oil objectives (NA � 0.3 and 1.4, respec-
tively) with the LSM-510 software. Images were processed and analyzed
using ImageJ 1.44c (Wayne Rasband, National Institutes of Health). Be-
cause cortical layer I were poorly myelinated, we eliminated the back-
ground noise of MBP immunostainings by subtracting the fluorescence
intensity of this layer to the whole image.

Single-cell RT-PCR and genotyping of NG2-DsRed::TWIK1 �/� trans-
genic mice. The analysis of single-cell transcripts for Kir4.1 channels was
performed as previously described with modifications (Angulo et al.,
1997; Seifert et al., 2009). Briefly, we harvested the cytoplasm of recorded
cells with a patch pipette filled with 6 �l of an autoclaved DEPC-treated
internal solution containing the following (in mM): 130 CsCl, 5 4-AP, 10
TEA-Cl, 2 MgCl2, 0.2 EGTA, and 10 HEPES, pH 7.4, 290 mOsm. The
content of the pipette was expelled into a test tube, and the reverse tran-
scription (RT) was performed for 2 h at 50°C in a 10 �l reaction volume
by adding the following components at final concentrations as indicated:
10 ng/�l hexamer random primers, 0.5 mM each dNTP, 5 mM DTT, 20 U
of RNaseOut (Invitrogen), 100 U of Superscript III Reverse Transcriptase
(Invitrogen), and 1� buffer supplied with the enzyme. After incubation,
the tubes were kept at �20°C. The RT products were then amplified with
primers for a two-round nested PCR (Seifert et al., 2009). The first PCR
was done for 35 cycles (94°C, 30 s; 54°C, 30 s; 72°C, 45 s) after adding Taq
polymerase (2.5 U; QIAGEN), 1� buffer supplied by the manufacturer,
100 �M dNTP, and the following primers (0.3 �M each): 5	 TATCAGAG-
CAGCCACTTCACCTTC 3	 and 5	 GGATCGTCTCGGCCCTCTTCT-
TAG 3	 (final volume, 100 �l). An aliquot of 1.5 �l of the PCR product
was then used as a template for the second PCR (35 cycles; 94°C, 30 s;
58°C, 30 s; 72°C, 30 s) performed with the following nested primers: 5	
TTCACCTTCGAGCCAAGATGACG 3	 and 5	 AGGCGTGTGGTTG-
GCAGGAG 3	 (final volume, 25 �l). The positive control consisted of
running in parallel RT-PCR for single cells and for total RNA (50 pg)
from mouse hippocampus. Two negative controls were obtained by run-
ning RT-PCR either after omitting RT or for harvested cortical layer I-III
neurons.

NG2-DsRed::TWIK1 �/� animals were generated by crossing
heterozygous NG2-DsRed mice with homozygous TWIK1 knock-out
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mice. Heterozygous double-transgenic mice
were then crossed with TWIK1 �/� mice to ob-
tain TWIK1 �/� mice expressing DsRed in lit-
termates. This last generation was genotyped
by PCR with primers designed to amplify a 434
bp and a 600 bp fragment for wild-type and
knock-out sequences, respectively. PCR was
done for 40 cycles (94°C, 30 s; 55.4°C, 30 s;
72°C, 1 min 30 s) with the following primers: 5	
TCCTTCCTACCGACAGCGAGAGA 3	 and
5	 GGGATGCCGATGACAGAGTAGAT 3	
for wild-type; 5	 TGCCTTTACGGTGTCTGT
TC 3	 and 5	 GAGAAGGCAGAAATGGAAAC
TG 3	 for knock-out. After patch-clamp
experiments, we confirmed that killed animals
were TWIK1 �/� by PCR.

Statistics. Data are expressed as mean � SEM
The nonparametric Mann–Whitney U test
for independent samples was used to deter-
mine statistical differences between data
obtained in different cells. Comparisons
within single cells were performed with the
Wilcoxon signed-rank test for related sam-
ples when n � 6; otherwise, we used a paired
t test (GraphPad InStat software, Version
3.06). Amplitude distributions of induced
currents in simultaneous recordings were
compared using the Kolmogorov–Smirnov
test (http://www.physics.csbsju.edu/stats).

Results
OPCs acquire a linear phenotype
during postnatal development of the
barrel cortex
The properties of OPCs of the barrel cor-
tex during postnatal development were
examined in layer V DsRed� cells re-
corded during 2PN and 4 –5PN weeks in
NG2-DsRed transgenic mice (Ziskin et
al., 2007). These developmental stages
were chosen to cover the critical period of

Figure 1. Cortical OPCs acquire a linear electrophysiological phenotype during postnatal myelination of the barrel cortex. A, B,
Confocal images of a double immunostaining against the vesicular transporter for glutamate vGluT2 and the MBP at PN7, PN13–
14, and PN27–31 (objective 10�; 1 optical section of 12.5 �m). vGluT2 immunoreactivity is enriched in barrel structures of layer
IV (A). Note that cortical myelination starts in the 2PN week and is already advanced at 4 –5PN weeks (B). Scale bar, 200 �m. C–H,
Currents induced in two OPCs held at �90 mV at PN7 (C–E) and PN25 (F–H ) by voltage steps from �40 mV to �140 mV, using
a KCl-based intracellular solution, in control conditions (C, F ), after adding in the bath 10 mM TEA and 4 mM 4AP (D, G), and 10 mM

4

TEA, 4 mM 4AP, and 100 �M Ba 2� (E, H). Hyphenated gray
lines correspond to zero current for all cases. Insets show sub-
tracted currents with respect to controls. Calibration: 1 nA, 50
ms. I, Comparison of steady-state I–V curves in control condi-
tions between the 2PN and 4 –5PN weeks (n � 16 and n �
42, respectively). Note that the outward rectification in the
2PN week changes to a linear shape in 4 –5PN weeks. *p �
0.05. **p � 0.01. J, K, Comparison of steady-state I–V curves
of currents sensitive to the large-spectrum K � channel block-
ers TEA, 4AP, and Ba 2� in the 2PN (J) and 4 –5PN (K) weeks.
Note that, in the 2PN week (J), a large outward TEA, 4AP-
sensitive component (F, n � 7, p � 0.05 from �20 to �40
mV) does not significantly change after adding Ba 2� in the
bath (E, n � 7, p � 0.05 for all potentials), and is larger than
that obtained when Ba 2� is applied alone (gray circles, n � 6,
p�0.05 from 0 to�40 mV). In contrast, in 4 –5PN weeks (K),
a smaller TEA, 4AP-sensitive component exists (F, n � 10,
p � 0.05 only for �40 mV), compared with a large Ba 2�-
sensitive component present after adding Ba 2� in the bath
(E, n � 12; p � 0.001 for all potentials except for �90 mV
and �100 mV) or when Ba 2� is applied alone (gray circles,
n � 6; p � 0.05 for all potentials except for �90 mV). Note
that the Ba 2�-sensitive component is characterized by a
weak inward rectification.
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myelination of deep layers of the barrel
cortex (Fig. 1A,B). Indeed, cortical myeli-
nation starts in the 2PN week and is al-
ready advanced at PN30 (Fig. 1B), when
the conduction velocity of action poten-
tials of the thalamocortical pathway
reaches a plateau (Salami et al., 2003) and
intracortical circuits are relatively mature
(Angulo et al., 1999; Morales et al., 2002).

OPCs were first recorded with a KCl-
based intracellular solution and held at
�90 mV. Application of voltage pulses
from �40 mV to �140 mV revealed a dra-
matic developmental change in the I–V
relationship. Comparison of steady-state
I–V curves showed that the outward rec-
tification observed in the 2PN week
changes to a linear shape in 4 –5PN weeks
(Fig. 1C,F, I). This modification of the ion
current profile was observed at least until
PN54 (n � 4) and was accompanied by a
more hyperpolarized resting membrane
potential (�77.9 � 2.7 mV in the 2 PN
week vs �88.1 � 2.5 mV in 4 –5PN weeks,
respectively; p � 0.01) and a decreased in-
put resistance (281.8 � 59.7 M
 in the
2PN week against 70.9 � 6.5 M
 in the
4 –5PN weeks, respectively; p � 0.001).

The sensitivity of currents evoked by
voltage steps to the large-spectrum K�

channel blockers TEA and 4AP was also
different between both developmental
stages. These antagonists blocked a large
proportion of outward currents in the
2PN week (Fig. 1D, J) but affected to a
smaller extent those in the 4 –5PN weeks
(Fig. 1G,K). In contrast, a subsequent
application of Ba 2� inhibited modestly
additional currents in young mice (Fig.
1E, J) but suppressed substantial currents
in older mice (Fig. 1H,K). This is consistent
with the effect of Ba2� applied alone. Small
Ba2�-sensitive currents were revealed in the
2PN week (Fig. 1J), whereas large currents
had similar amplitudes than those recorded
in the presence of TEA, 4AP, and Ba2� in
4–5PN weeks (Fig. 1K).

These results indicate that a Ba2�-
sensitive, TEA-insensitive, and 4AP-

Figure 2. TWIK1 and TREK1 two-pore domain K � channels are not major conductances in adult OPCs. A, Currents induced in
OPCs held at �90 mV at PN9 and PN26 by voltage steps from �40 mV to �140 mV, using a CsCl-based intracellular solution
containing TEA and 4AP. The same holding potential, voltage steps, and intracellular solution were used for the experiments
below; hyphenated gray lines indicate zero current for all cases. B, Steady-state mean I–V curves of OPCs between the 2PN (n �
26) and 4 –5PN weeks (n � 35). Note the large component present only in OPCs of 4 –5PN weeks. **p � 0.01. ***p � 0.001. It
is noteworthy that Na � currents were always observed in OPCs of 2PN week, but they are not visible with the time scale of 400 ms
(see also Maldonado et al., 2011). C, Currents induced in an OPC before (left) and after (right) bath application of 100 �M Ba 2�. D,
Mean steady-state I–V curves of currents sensitive to 100 �M Ba 2� (n � 6). *p � 0.05. E, Currents induced in an OPC before and
after bath application of 10 mM isoflurane, a volatile anesthetic enhancing the opening of TREK1 channels (Patel et al., 1999). F,
Mean I–V curve of currents sensitive to 10 mM isoflurane. Note the lack of effect of this agent (n � 8). p � 0.05. It is also
noteworthy that the acidification of intracellular medium known to increase TREK1-mediated currents (Lotshaw, 2007) instead
reduced K � currents of OPCs (Fig. 3B,D). G, Currents of OPCs in a double-transgenic NG2-DsRed::TWIK1 �/� mice. Because no

4

specific pharmacological tools allowing for the unambiguous
discrimination of TWIK1-mediated currents exist, these
double-transgenic mice were generated to identify DsRed �

OPCs in a context in which TWIK1 was inactivated (Materials and
Methods). H, Mean I–V curves of OPCs in control and
NG2-DsRed::TWIK1 �/� mice. OPCs of NG2-DsRed::
TWIK1 �/� mice had the same current amplitudes as those
recorded in controls performed during the same period (n �
10 and n � 13, respectively). p � 0.05, for all potentials. I,
Mean I–V curves of OPCs in control and after bath application
of 1 mM Cs �. Note that extracellular Cs � abolishes most in-
ward than outward currents (n � 6). *p � 0.05.
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insensitive conductance, the identity of which is unknown, is
upregulated in OPCs during postnatal development of the barrel
cortex. The weakly inward rectification of this conductance
counteracts the outward rectification observed in the 2PN week,
conferring a linear phenotype on OPCs in the adult (Fig. 1 I,K).

Identification of Kir4.1 channels as a major postnatal
upregulated conductance in OPCs
The emergence of a linear I–V curve has been previously de-
scribed in hippocampal OPCs (Kressin et al., 1995; Zhou et al.,
2006), but the conductance conferring a linear phenotype in the
adult has not been identified yet. To isolate the Ba 2�-sensitive
current upregulated in OPCs, we tested a CsCl-based intracellu-
lar solution containing TEA and 4AP, known to suppress from
the inside most currents mediated by voltage-gated K� channels.
This solution almost completely abolished intrinsic currents in
young mice, whereas significant currents still remained in 70% of
OPCs of 4 –5PN weeks (considered as OPCs with an adult phe-
notype; see Materials and Methods; Fig. 2A,B). Furthermore,
bath application of 100 �M Ba 2� almost completely blocked cur-
rents of intrinsic I–V curves in adult OPCs (Fig. 2C,D), indicating
that this intracellular solution is convenient to block voltage-
gated K� channels and isolate the currents of our interest.

To identify the K� conductance postnatally upregulated in
OPCs, we examined the effect of different blockers for K� chan-
nels insensitive to TEA and 4AP and sensitive to Ba 2� (i.e., small-
conductance Ca 2�-activated potassium [SK] channels) (Sah and
Faber, 2002), the two-pore domain K� channels TREK1 and
TWIK1 (Lesage et al., 1996; Lotshaw, 2007), and inwardly recti-
fying (Kir) channels (Hibino et al., 2010). First, we excluded the
contribution of SK channels in OPCs of 4 –5PN weeks by apply-
ing their selective antagonist apamin and detecting no effects on
the recorded currents (200 nM; p � 0.05; n � 5) (Sah and Faber,
2002). Then, we examined whether TWIK1 and TREK1 were
functionally expressed. According to a transcriptome database,
the mRNAs of the two-pore domain K� channels TWIK1 and
TREK1 are preferentially enriched in acutely isolated purified
OPCs (Cahoy et al., 2008). However, the lack of effect of isoflu-
rane in these currents, an anesthetic activating TREK1 (Fig.
2E,F), and the unchanged electrophysiological phenotype of
OPCs in a transgenic mouse expressing inactivated TWIK1 (Fig.
2G,H) (Nie et al., 2005) show that, contrary to astrocytes (Seifert
et al., 2009; Zhou et al., 2009), two-pore domain K� channels are
poorly expressed in adult OPCs.

It is well known that Cs� blocks Kir channels from the outside in
a voltage-dependent manner (Hibino et al., 2010; Tang et al., 2010).
In a CsCl-based intracellular solution, bath applications of 1 mM

Cs� blocked currents of the I–V curve from the outside as expected
for Kir channels (i.e., abolishing most inward currents and only
weakly outward currents; Fig. 2I) (Hibino et al., 2010; Tang et al.,
2010). Although the effect of intracellular Cs� is poorly character-
ized for Kir channels, some effect was evident because currents, par-
ticularly inward currents, appeared reduced compared with those
recorded in KCl-based intracellular solution (Fig. 2B for CsCl vs Fig.
1I for KCl) and Erev was shifted from �88.14 � 2.46 mV to
�59.30 � 1.30 mV (p � 0.001). These data strongly suggest a major
expression of a Kir conductance in adult OPCs. In support of this
and as mentioned above, 100 �M Ba2�, a well-known Kir blocker at
this concentration (Hibino et al., 2010), abolished currents of intrin-
sic I–V curves in adult OPCs (Fig. 2C,D).

Among Kir channels, Kir4.1 channels are found almost exclu-
sively in glial cells (Poopalasundaram et al., 2000; Higashi et al.,
2001; Seifert et al., 2009; Tang et al., 2009). Because the deletion of

Kir4.1 channels in transgenic mice is lethal around the end of the
third PN week (Kofuji et al., 2000; Djukic et al., 2007), we used
pharmacological tools to examine its functional expression in
OPCs of the 4 –5PN weeks. First, we assessed the effect of the
tricyclic antidepressant desipramine, an inhibitor of Kir4.1 cur-
rents that affects only slightly other Kir currents in heterologous
expression systems (Su et al., 2007). In adult OPCs recorded in
CsCl-based intracellular solution, this agent almost completely
abolished K� currents (Fig. 3A,C). Previous works also demon-
strated a partial sensitivity of Kir4.1 channels to an intracellular
pH of 6.5 (Tucker et al., 2000; Pessia et al., 2001). To test for the
effect of acidic pH, we performed two consecutive whole-cell
patch-clamp recordings on the same cell with intracellular solu-
tions at pH of 7.4 and 6.3, respectively (Fig. 3B,D). We observed
a decrease of current amplitudes to voltage steps during the sec-
ond whole-cell recording, an effect compatible to the acidic pH
sensitivity reported for homomeric Kir4.1 channels (reduction of
51.0 � 5.9% at �40 mV; Fig. 3D) (Tucker et al., 2000; Pessia et al.,
2001). To verify that this effect was not caused by degradation of
the cell by removing the first patch pipette, we performed the
same experiments without changing the pH during the second
whole-cell recording. In that case, no changes on the I–V rela-
tionship were observed, confirming the effect of acidic pH (Fig.
3D, black circles). Finally, we performed single-cell nested RT-
PCR experiments to detect transcripts for Kir4.1 channels in
OPCs of the barrel cortex (Fig. 3E; see Materials and Methods).
Kir4.1 transcripts were found in 7 of 9 recorded adult OPCs
(78%), whereas they were amplified in only 1 of 10 cortical neu-
rons (10%). Biophysical, pharmacological, and molecular analy-
ses indicate that Kir4.1 channels are by far the major K�

conductance developmentally upregulated in OPCs of the ma-
ture barrel cortex and that this conductance contribute to the
linear phenotype of I–V relationships in the adult.

Adult OPCs detect local K � increases through upregulated
Kir4.1 channels
Astrocytes are accurate detectors of neuronal activity through a
Kir4.1 conductance (De Saint Jan and Westbrook, 2005; Djukic et
al., 2007). Because Kir4.1 channels are postnatally upregulated in
OPCs, we tested whether, similarly to astrocytes, these cells are
able to sense extracellular [K�]o increases through these channels
in the mature neuronal network. For this, an extracellular elec-
trode placed in layer V was used to stimulate neuronal fibers
while NG2�/DsRed� OPCs were recorded at �70 mV with the
CsCl-based intracellular solution to accurately isolate Kir4.1-
mediated currents (Fig. 4A,B). Experiments in older mice were
performed in OPCs having an adult phenotype. Paired-pulse
stimulation easily elicited currents in OPCs of the 2PN and
4 –5PN weeks (mean amplitude of first pulse: �136.8 � 41.5 pA
and �159.5 � 45.0 pA; n � 8 and n � 13, respectively; Fig. 4C,D,
gray traces) (Vélez-Fort et al., 2010). However, whereas the iono-
tropic glutamatergic and GABAergic receptor antagonists in
young mice abolished these currents, a persistent current re-
mained in older mice (1.7 � 0.6% and 17.7 � 4.4% in 2PN and
4 –5PN weeks, respectively; p � 0.001; Fig. 4C,D, black traces).
This persistent current in older mice was characterized by long-
lasting kinetics with a half-decay time of 0.45 � 0.03 s and a much
weaker paired-pulse depression compared with control condi-
tions (paired-pulse ratio of 0.93 � 0.03 in antagonists against
0.22 � 0.03 in controls, n � 13; p � 0.001; see Materials and
Methods). Moreover, its amplitude increased an average when
the stimulation intensity varied from 20 to 40 V (increment of
70.1%; n � 13 and n � 23, respectively; p � 0.01) or when trains
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of stimuli were applied (50 Hz; peak amplitude: �207.61 � 59.7
pA; n � 5; Fig. 4F). In contrast, even at high rates of stimulation,
the persistent current was negligible in OPCs of the 2PN week (50
Hz; peak amplitude: �10.1 � 4.5 pA; n � 8; Fig. 4E). In older
animals, the supplement in the antagonist solution of metabo-
tropic glutamatergic and GABAergic receptor blockers LY341495
(50 �M) and CPG55845 (5 �M) and of the purinergic receptor
blocker PPADS (30 �M) were without effect, indicating that the
persistent current in 4 –5PN weeks is not mediated by common
ionotropic and metabotropic receptors (n � 4; p � 0.05, Fig. 4G).
Yet, it was completely abolished by the Na� channel blocker
TTX, showing that it is induced by neuronal activity (88.6 �
11.7% of block; n � 4; Fig. 4H). Because this current is not
mediated by common neurotransmitter receptors, it probably
reflects a K� efflux from neurons during action potential dis-
charges as it has been described previously for astrocytes (De
Saint Jan and Westbrook, 2005). Because the amplitude and ki-
netics of persistent currents in OPCs vary with the intensity and
frequency of neuronal stimulation, the response of OPCs is able
to follow different regimens of neuronal activity.

The emergence of a resistant current during development was
concomitant with the upregulation of Kir4.1 channels. To ana-
lyze whether Kir4.1 channels mediated this current, we used the
same pharmacological tools as described previously (Fig. 3).
First, neuronal-evoked inward currents were reduced by the Kir
channel blocker Ba 2� (71.0 � 8.2% reduction; n � 6; p � 0.05;
Fig. 5A). A similar effect of Ba 2� was seen when recording OPCs
with a KCl-based intracellular solution, confirming that these
Ba 2�-sensitive currents are evoked in physiological K� concen-
trations (91.0 � 7.0% reduction; n � 6; p � 0.05; Fig. 5B). Be-
cause desipramine reduced the amplitude of synaptic currents in

postsynaptic recorded neurons (reduction of 51.4 � 14.1%; n �
9; p � 0.05), we could not use this drug. Instead, we attempted to
decrease the inward K� current evoked by neuronal stimulation
from the inside with the acidic intracellular solution. As expected
for Kir4.1 channels and in agreement with our results on intrinsic
I–V curves (Fig. 3), we obtained that the persistent inward cur-
rent was significantly reduced in adult OPCs recorded at a pH of
6.3 compared with controls performed at a physiological pH, in
the same slices and with the same stimulation electrodes (reduc-
tion of 50.5%, n � 13 and n � 11, respectively; p � 0.01; Fig. 5C).

If persistent inward currents reflect a transient [K�]o rise
caused by action potential discharges, their I–V curve should
be shifted toward more positive potentials. To assess the I–V
curve of neuronal-evoked inward currents resistant to antago-
nists, we performed 100 ms ramps from �40 mV to �140 mV
before the stimulation and at the peak of the second response
(Fig. 6A). As expected for a K� conductance, Erev shifted to a
more depolarized potential in all tested cells during stimulation
(shift of 4.3 � 1.2 mV; n � 5; p � 0.05; Fig. 6B), a value below that
obtained in intrinsic I–V curves when [K�]o was artificially
raised to 10 mM (shift of 8.7 � 2.3 mV; n � 6; p � 0.05; Fig.
6C,D). Therefore, neuronal stimulation induces a K� current in
OPCs that reflects a K� efflux from neurons comprised between 2.5
and 10 mM as expected for physiological rates of action potential
discharges (Heinemann and Lux, 1977; Kofuji and Newman, 2004).

Our data reveal that, in addition to respond to neurotransmit-
ter release, OPCs acquire the ability during postnatal develop-
ment to detect transient [K�]o increases caused by neuronal
activity via the postnatal upregulation of Kir4.1 channels. These
results add a further complexity to the mechanisms governing
neuron–OPC communication in the mature brain.

Figure 3. Kir4.1 channels are upregulated in OPCs of the mature barrel cortex. A, C, Effect of 100 �M desipramine on currents induced in an OPC using a CsCl-based intracellular solution containing
TEA and 4AP and held at �90 mV by voltage steps from �40 mV to �140 mV in 4 –5PN weeks. The mean steady-state I–V curve shows currents sensitive to desipramine (C) (n � 6). *p � 0.05.
The same holding potential and voltage steps were used for the experiments below; and hyphenated gray lines indicate zero current for all cases. B, D, Effect of intracellular acidification on currents
induced in OPCs in 4 –5PN weeks. As shown in the diagram (top), two consecutive patches were performed in the same cell with CsCl-based intracellular solutions at a pH of 7.4 and of 6.3. Mean
steady-state I–V curves were obtained by subtracting current traces of the second patch from those of the first patch (D) (E; n � 7). *p � 0.05. As a control, the same experiment was performed
without changing the pH during the second whole-cell recording (D) (F; n � 4). p � 0.05 for all potentials. E, Currents induced in OPCs at PN23 (left) and analyzed by single-cell RT-PCR (right).
After recording, the cytoplasm was harvested and nested RT-PCR for the Kir4.1 channel was performed. Kir4.1 was expressed in this OPC as shown in the agarose gel (338 bp; right). Note that the
control of total RNA (RNA; 50 pg) was positive, whereas either a neuron or the negative control without RT (�RT) was not.
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OPCs are accurate sensors of K �

increases generated by single
nearby neurons
To test whether adult OPCs are able to
sense fine [K�]o increases of single nearby
neurons when they discharge action po-
tentials, we performed simultaneous
patch-clamp recordings between a neu-
ron and an OPC, which somata were sep-
arated by �18 �m (range, 0 –18 �m).
Figure 7A illustrates a labeled neuron and
NG2�/DsRed� OPCs recorded with in-
tracellular solutions containing biocytin.
Depolarizing current pulses of 400 ms
were elicited in the recorded neuron to
induce action potential firing while re-
cording the nearby OPC with a KCl-based
intracellular solution (in physiological
K� concentrations) (Fig. 7A, right, and
7B). For 21 of 26 simultaneous record-
ings, a train of action potentials in the
neuron elicited a current in the OPC that
had a mean peak amplitude of �3.1 � 0.5
pA and showed always an amplitude dis-
tribution significantly different to that of
the noise (Fig. 7B,E). Neurons eliciting a
response in OPCs showed variable dis-
charge frequencies ranging from 27.5 to
121.8 Hz, which includes pyramidal cells
and interneurons, indicating that the
OPC current is not induced by a specific
neuronal cell type (mean frequency,
70.3 � 15.9 Hz). It is noteworthy that nei-
ther the frequency nor the distance be-
tween cell somata where correlated to
the amplitude of the current ( p � 0.05).
In addition, despite the presence of a
large repertoire of K � channels in neu-
rons, such current was never observed
in simultaneous recordings between
two neurons which somata were sepa-
rated by �13 �m (range, 1–13 �m),
even when the depolarizing pulse dura-
tion was increased to 800 ms (mean am-
plitude: �0.35 � 0.35 pA; n � 7;
Fig. 7G).

It is known that OPCs detect neuronal
activity through synaptic and extrasynap-
tic signaling mechanisms dependent on
neurotransmitter release (Maldonado et
al., 2011). However, the current elicited in
OPCs by single neuron stimulation was
insensitive to metabotropic and iono-
tropic glutamate, GABA, and purinergic
receptor antagonists; thus, it did not result
from either classical synaptic transmis-
sion or spillover of neurotransmitters
(�3.2 � 1.0 pA and �3.4 � 1.0 pA in
control and all antagonists, respectively; p � 0.05; n � 5; Fig.
7C,F). This current developed progressively during neuronal fir-
ing without evidence of postsynaptic events, suggesting a non-
synaptic nature of the response (Fig. 7B,C). Nevertheless,
considering that OPCs have a relatively low input resistance in

KCl-based intracellular solution (�70 M
), we cannot com-
pletely exclude that the current recorded in the OPC results from
an artifactual detection through the patch pipette of the depolar-
izing current injected to the neuron. To discard this possibility,
we hyperpolarized the neuron to prevent action potential dis-

Figure 4. OPCs sense local increases of [K �]o during neuronal activity in the mature barrel cortex. A, Schematic representation of
extracellular stimulation of layer V neuronal fibers during patch-clamp recordings of OPCs of the barrel cortex. B, Confocal image of an
NG2 �/DsRed � OPC recorded with an intracellular solution containing biocytin at PN24 (objective 63�; stack of 18 z section, each 1�m,
see Materials and Methods). Scale bar, 15�m. C, D, Paired-pulse stimulation of neuronal fibers elicited inward currents in two OPCs held at
�70 mV at PN9 (C) and PN24 (D) (gray traces; pulses separated by 50 ms; 100 �s, 40 V). Although the evoked current was completely
abolished by 10 �M NBQX, 50 �M D-AP5, and 5 �M SR95531 in C, a persistent current remained in D (black traces). Stimulus artifacts were
blanked for visibility; the time of stimulation is indicated with a vertical line. E, F, Inward currents elicited by � frequency train stimulation
(50 Hz) of neuronal fibers in two OPCs held at �70 mV at PN8 (E) and PN27 (F), in the presence of antagonists. Stimulus artifacts were
truncatedforvisibility.G, InwardcurrentevokedinanOPCbyneuronalstimulation,resistanttoamixtureofantagonistsconsistingof10�M

NBQX, 50 �M D-AP5, 5 �M SR95531, 50 �M LY341495, 5 �M CPG55845, and 30 �M PPADS (all antagonists). H, Effect of 0.5 �M TTX on
currents induced by paired-pulse stimulation of neuronal fibers in an OPC held at�70 mV and recorded in the presence of 10�M NBQX, 50
�M D-AP5, and 5 �M SR95531. Note the block of the current by TTX.
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charges while applying the same depolar-
izing current pulse (Fig. 7H, I). In four
simultaneous recordings, the evoked cur-
rent observed in the OPCs during action
potential discharges was completely abol-
ished when the neuron did not fire during
current injection, confirming that neuro-
nal action potentials are necessary to elicit
a response in the OPC (�2.3 � 1.1 pA vs
0.1 � 0.1 pA). In addition, this current
was inhibited by 100 �M Ba 2�, indicating
that stimulation of a single neuron in-
duces K� currents in OPCs through
Kir4.1 channels that reflects neuronal K�

efflux during action potential discharges
(86.3 � 8.4% of block, n � 6; p � 0.05;
Fig. 7D,F). It is noteworthy that the fre-
quency of discharge of recorded neurons
remained unchanged in the presence of
100 �M Ba 2� (28.1 � 6.4 Hz and 30.0 �
6.9 Hz in control and Ba 2�, respectively;
p � 0.05; n � 6; Fig. 7B,D, upper traces).

Altogether, our results show a novel
form of unitary neuron–OPC connec-
tions that allows adult OPCs to sense
finely and reliably [K �]o increases
through Kir4.1 channels during physio-
logical activity of a single nearby neuron.

Discussion
In this report, we demonstrated that
Kir4.1 channels are upregulated in corti-
cal OPCs after the 2PN week (i.e., during
their massive differentiation into oligo-
dendrocytes) (Baracskay et al., 2002). The
emergence of this conductance allows the
majority of OPCs to sense local K� in-
creases induced by neuronal activity, con-
ferring to these cells a new functional
property in the mature neuronal network.
This novel neuron-to-OPC signaling
mechanism does not rely on neurotrans-
mitter release and is robust at a single-cell
level as demonstrated by unitary neuron–
OPC connections mediated by Kir4.1
channels. Astrocytes are also known to
detect neuronal-induced K � increases
through Kir4.1 channels (De Saint Jan
and Westbrook, 2005; Djukic et al., 2007),
but it is unknown whether they detect
[K�]o changes as locally as OPCs (i.e.,
upon a single neuron stimulation).

Kir channels are known to be upregu-
lated in OPCs during postnatal develop-
ment, but their expression is thought to
remain low and reach high levels only in dif-
ferentiated oligodendrocytes (Sontheimer
et al., 1989; Berger et al., 1991; Neusch et
al., 2001). However, most functional work
on Kir channels of OPCs has been done
either in culture or in acute slices of ani-
mals younger than four postnatal weeks
(i.e., in conditions where these channels

Figure 6. I–V curve of the persistent K � current evoked by neuronal stimulation. A, Inward currents induced in an OPC
by 100 ms ramps from �40 mV to �140 mV before the extracellular stimulation (gray trace) and at the peak of the second
evoked response in the presence of 10 �M NBQX, 50 �M D-AP5, and 5 �M SR95531 (black trace; pulses separated by 50 ms;
100 �s, 40 V). The inset illustrates the persistent current evoked by paired-pulse stimulation at the first pulse. Calibration:
25 ms; 25 pA. Stimulus artifacts were blanked for visibility. A vertical line indicates the time of stimulation; a hyphenated
gray line indicates zero current. B, Mean I–V curves obtained with ramps before the stimulation (gray trace) and at the peak
of the second evoked response (black trace; n � 5). C, Effect of bath application of an increase in [K �]o from 2.5 to 10 mM

on an adult OPC held at �90 mV and recorded with the CsCl-based intracellular solution. D, Comparison of mean steady-
state I–V curves in control and after application of high [K �]o shows an increase of induced currents and a shift in Erev of
�8.7 � 2.3 mV ( p � 0.05; n � 6). *p � 0.05.

Figure 5. K � currents induced by neuronal activity in OPCs of 4 –5PN weeks are mediated by Kir4.1 channels. A, B, Effect of 100
�M Ba 2� on inward currents resistant to antagonists and evoked by paired-pulse stimulation of neuronal fibers in OPCs held at
�70 mV and recorded in CsCl-based intracellular solution (A) and KCl-based intracellular solution (B). Stimulus artifacts were
blanked for visibility. A vertical line indicates the time of stimulation. Pulses were separated by 50 ms in all cases (100 �s, 40 V). C,
Inward currents evoked in two OPCs recorded with an intracellular solution at a pH of 7.4 (left) and of 6.3 (right) in the same slice
and with the same stimulation electrode as shown in the diagram (left).
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probably do not attain their maximal ex-
pression). Although Kir4.1 channels have
already been demonstrated in OPCs, only
a weak expression was reported in these
cells (Schroder et al., 2002; Tang et al.,
2009). We showed here that expression
levels of Kir4.1 channels progressively in-
crease in most OPCs during postnatal de-
velopment of the barrel cortex, conferring
a linear I–V relationship on adult cells
(Fig. 1F, I). This linear phenotype results
from the weak rectification displayed by
native Kir4.1 channels in physiological
K� concentrations (Kucheryavykh et al.,
2007; Seifert et al., 2009; Hibino et al.,
2010). Interestingly, most of the linear
I–V curve of astrocytes also depends on
the expression of Kir4.1 channels (Djukic
et al., 2007; Seifert et al., 2009). However,
OPCs and astrocytes differ in that the later
express functional two-pore domain K�

channels TREK1 and probably TWIK1
(Seifert et al., 2009; Zhou et al., 2009).

Whereas voltage-gated K� channels
expressed by OPCs play a key role during
cell proliferation (Sontheimer et al., 1989;
Gallo et al., 1996; Chittajallu et al., 2002),
the function of Kir channels in these cells
has not been well defined. Recent studies
on knock-out Kir4.1 channels demon-
strated that the deletion of these channels
in glial cells was associated to an early le-
thality caused by a severe hypomyelinat-
ing phenotype (Neusch et al., 2001;
Djukic et al., 2007). This has suggested
that Kir4.1 channels play a role in OPC
differentiation. However, the percentage
of complex glia (presumably OPCs) de-
creases 11-fold in PN5–10 knock-out
mice (Djukic et al., 2007) when functional
Kir channels are poorly expressed in these
cells (Fig. 1C) (Kressin et al., 1995). Con-

Figure 7. Single neuron stimulation induces Kir4.1-mediated K � currents in individual OPCs. A, Confocal image of a neuron
(green) and an NG2 � OPC (yellow) simultaneously recorded in whole-cell configuration with intracellular solutions containing
biocytin (left; stack of 17 z sections, each 1 �m; see Materials and Methods). The amplitude of the current elicited in this OPC by
single neuron stimulation was �2.93 pA. Scale bar, 20 �m. A schematic representation of simultaneous neuron–OPC recordings
is also shown (right). B–D, Simultaneous recording of a neuron held at �70 mV in current clamp and an OPC held at �90 mV in
voltage clamp in control (B), in the presence of a mixture of ionotropic and metabotropic receptor antagonists (C), and after bath
application of 100 �M Ba 2� (D). The mixture of antagonists consists of 10 �M NBQX, 50 �M D-AP5, 5 �M SR95531, 50 �M

LY341495, 5 �M CPG55845, and 30 �M PPADS. Note the lack of effect of the antagonists and the complete block of the induced

4

current by Ba 2�. The train of action potentials in the recorded
neuron was obtained by applying a 400 ms pulse of 400 pA,
each 3 s. Only a single representative train of discharge is illus-
trated in each condition. Current traces of OPCs are averages of
122, 117, and 68 responses. E, Amplitude distributions of the
noise of the trace (black) and of the K � current (gray) of the
recorded OPC in control conditions ( p�0.001). F, Time course
of the experiment of the same neuron–OPC simultaneous re-
cording. G, Simultaneous recording of a neuron held at �70
mV in current clamp and another neuron held at �90 mV in
voltage clamp. The train of action potentials in the neuron
(top) is obtained by applying 800 ms pulse of 200 pA. Note the
lack of induced current in the other neuron (bottom). The cur-
rent trace is an average of 37 sweeps. H, I, Simultaneous re-
cording of a neuron held at �65 mV (H) and �90 mV (I) in
current clamp and an OPC held at �90 mV in voltage clamp.
Note that the hyperpolarization of the neuron abolishes both
action potential discharges upon the same current injection
and the evoked current in the OPC. The current traces are an
average 51 (H) and 49 (I) sweeps.
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sequently, the precocious loss of progenitors probably results
from an indirect effect of Kir4.1 channel deletion in other cell
types, such as astrocytes, rather than from a direct effect on OPC
maturation. A reduced pool of OPCs in early development is
probably a major cause of hypomyelination in Kir4.1 channel
knock-out mice, although a default in linear progression from
preoligodendrocytes to myelinating oligodendrocytes in a suc-
cessive postnatal stage may also play a role.

Interestingly, Kir4.1 channels are found almost exclusively in
glial cells (Poopalasundaram et al., 2000; Higashi et al., 2001;
Tang et al., 2009). The two predominant functions of these chan-
nels described so far are as follows: (1) to set the resting mem-
brane potential and (2) to regulate [K�]o during neuronal
activity (Kofuji et al., 2000; Higashi et al., 2001; Neusch et al.,
2006). Kir4.1 channels contribute to set the resting membrane
potential of adult OPCs because we observed that their expres-
sion is accompanied by a more hyperpolarized resting membrane
potential, and its block by different agents depolarizes the cells.
Our observations showing that Kir4.1-mediated K� currents in
adult OPCs occur upon the stimulation of neuronal fibers also
suggests that neuronal activity control transient changes in the
membrane potential of OPCs. Indeed, we found that � frequency
train stimulations, in the presence of AMPA, NMDA, and GABA
receptor antagonists, evoked a Kir4.1-mediated current of 208 pA
in adult OPCs (Fig. 4F). Considering that these cells have an
input resistance of 70 M
, the current evoked by � frequency
neuronal activity should lead to a depolarization of 15 mV. It is
known that whisker activation in rodents elicits the synchroniza-
tion of neural ensembles at the � frequency in the barrel cortex
(Ahissar and Vaadia, 1990; Jones and Barth, 1997). Our results
raises the possibility that [K�]o increases, resulting from neuro-
nal network oscillations, depolarize adult OPCs in the barrel cor-
tex. The depolarizing effect of K� probably accumulates with
that induced by activation of ligand-gated receptors during neu-
rotransmitter release.

As a weakly inwardly rectifying conductance allowing the flow
of inward and outward currents, Kir4.1 channels are suited to
regulate local [K�]o increases resulting from neuronal activity.
Indeed, these channels can mediate both K� entry at sites of
maximal accumulation and K� exit at sites of lower concentra-
tion. This mechanism of K� removal requires that cells in charge
of K� redistribution have a high permeability for this ion and a
resting membrane potential close to Erev for K�. Astrocytes are
considered major players of K� buffering because K� can enter
the astrocytic syncytium formed by gap junctions in a region of
high neuronal activity and leave it in a remote region, the so-
called spatial K� buffering (Orkand et al., 1966). However, this
form of K� buffering is not sufficient to maintain [K�]o at low
levels, and it works most probably in concert with other auxiliary
mechanisms (Newman et al., 1984; Ballanyi et al., 1987; Kofuji
and Newman, 2004; Wallraff et al., 2006). This is particularly true
for adult animals where volumes of extracellular space decrease
with age in correlation with the myelination process and generate
more considerable changes in [K�]o (Chvatal et al., 1997). The
presence of Kir4.1 channels in adult OPCs raises the possibility
that these cells contribute to take up the K� released by nearby
active neurons at sites that are not reached by astrocytic pro-
cesses. Consistent with this, OPCs sense [K�]o rises generated by
a single neuronal firing, suggesting that astrocytes do not inter-
vene between the neuron and the OPC to absorb K�. Indeed, it is
known that OPCs in the mature brain are closely associated with
neurons by forming intimate contacts with neuronal somata,
dendritic trees, and nodes of Ranvier (Butt et al., 2005). They are

thus ideally located to sense K� increases and possibly remove
the excess of K� caused by neuronal K� efflux at specific sites
devoid of astrocytes. Because cortical OPCs are not connected by
gap junctions (Vélez-Fort et al., 2010), one possibility is that this
ion is temporarily sequestered at specific sites and then released
back either to another site of the extracellular space reached by
the cell or to blood vessels. Indeed, single OPCs project their
processes to distinct cell layers and to blood vessels (Butt et al.,
2005). This role could not be accomplished by young OPCs be-
cause they do not respond to neuronal activity through Kir4.1
channels.

In conclusion, our data reconcile a developmental upregula-
tion of a K� channel with the capacity of adult OPCs to sense fine
changes of local [K�]o increases induced by physiological neuro-
nal activity. They thus add a further complexity, previously un-
suspected, to the mechanisms used by OPCs to detect neuronal
activity in mature gray matter. This new functional property of
adult OPCs in the neuronal network suggests that these cells
might play a role in K� uptake in the mature healthy brain and,
beyond their large abundance, the postnatal gain of physiological
properties in neuronal networks support the view that these cells
are not progenitors only.
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