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The Fate of Synaptic Input to NG2 Glial Cells: Neurons
Specifically Downregulate Transmitter Release onto
Differentiating Oligodendroglial Cells
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NG2-expressing oligodendrocyte precursor cells (OPCs) are ubiquitous and generate oligodendrocytes throughout the young and adult
brain. Previous work has shown that virtually every NG2 cell receives synaptic input from many axons, but the meaning of this signaling
is not understood. In particular, it is unclear whether neurons specifically synapse onto OPCs or whether OPCs merely trace adjacent
neurotransmitter release sites and are not recognized by the presynaptic neuron. Here, we show with whole-cell recordings from distinct
developmental stages of oligodendroglial cells in brain slices that synaptic input essentially disappears as soon as OPCs differentiate into
premyelinating oligodendrocytes (NG2 �, DM20/PLP �, O1 �). Uncaging experiments and tracer loading revealed that premyelinating
oligodendrocytes still express a substantial number of AMPA/kainate receptors and many processes, but spontaneous and stimulated
synaptic currents are mostly absent. Nevertheless, in a minority of premyelinating cells, electrical stimulation evoked small synaptic
currents with an unusual behavior: their amplitude compared well with the quantal amplitude in OPCs but they occurred asynchronously
and with the remarkable latency of 40 –100 ms, indicating that the presynaptic release machinery has become ineffective. Mature
myelinating oligodendrocytes completely lack AMPA/kainate receptors and respond to uncaging and synaptic stimulation with gluta-
mate transporter currents. Our data show that neurons selectively synapse onto only one of several coexisting developmental stages of
glial cells and thereby indicate that neurons indeed specifically signal to OPCs and are able to modulate transmitter output by regulating
the local release machinery in a manner specific to the developmental stage of the postsynaptic glial cell.

Introduction
Cells expressing the NG2 proteoglycan (NG2 cells) are immature
glial cells from which the vast majority of, if not all, oligodendro-
cytes are derived (Zhu et al., 2008a). It has now become clear that
there is a dedicated signaling between neurons and NG2 cells.
Although most types of glial cells respond in some way to extra-
cellular neurotransmitter molecules, only NG2 cells receive clas-
sical synaptic input from neurons (Gallo et al., 2008). Neurons
build up and maintain a fully competent release machinery at
contact sites with NG2 cells and rapidly empty transmitter-filled
vesicles in an action potential- and calcium-dependent manner.
Released neurotransmitter, in turn, causes quantal synaptic cur-
rents in NG2 cells by the activation of neurotransmitter receptors
(Bergles et al., 2000; Kukley et al., 2007).

Synaptic signaling to NG2 cells occurs as early as these cells are
generated, and this signaling is maintained while these precursor
cells are proliferating and relocating in the brain (Kukley et al.,
2008; Ge et al., 2009). This suggests that synaptic input may play
a role in the early development of NG2 cells, and indeed there is
evidence that the rate of division and the speed of migration can
be modulated by the activation of neurotransmitter receptors on
NG2 cells (Yuan et al., 1998; Tong et al., 2009).

It is tempting to speculate that other processes that occur in
the later development of oligodendroglial cells could effectively
be modulated by synaptic signaling as well. For example, because
of its high temporal and spatial resolution, synaptic signaling
from axons to NG2 cells would be ideally suited to instruct a
differentiating oligodendroglial cell that myelination is required
for a given individual axon in an activity-dependent manner
(Gallo et al., 2008). However, for this scenario, synaptic input
must either persist in later oligodendroglial developmental stages
or have a significant long-term impact on NG2-positive precur-
sor cells. Therefore, to elucidate possible roles and the involved
mechanisms of the dedicated synaptic signaling from neurons to
oligodendroglial cells, it is fundamental to precisely identify
which developmental stage actually receives synaptic input from
neurons.

During the period of myelination, the different stages of im-
mature and mature oligodendroglial cells transiently coexist in
the same area (Trapp et al., 1997). Furthermore, previous work
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has shown that synapses on NG2 glial cells are formed by axon
collaterals such that the glial cells are coactivated with the
postsynaptic neuron (Bergles et al., 2000; Mangin et al., 2008;
Müller et al., 2009). Therefore, certain neurons may have to sig-
nal in parallel to early and/or more mature oligodendroglial cells
as well as to postsynaptically connected neurons. Clearly, the
action potential will invade all axonal branches regardless of
whether they synapse onto developing glial cells or onto neurons.
It is therefore essential to know whether neurons are capable of
orchestrating their synaptic output by differentially regulating
the release machinery in a target-specific manner.

In this study, we recorded from different identified develop-
mental stages of oligodendroglial cells in brain slices from trans-
genic mice and demonstrate that neurons indeed recognize the
developmental stages of synaptically connected glial cells and
modify their release machinery accordingly.

Materials and Methods
Electrophysiology
Hippocampal slices (300 �m thick) were prepared from 8- to 150-d-old
transgenic mice expressing green fluorescent protein (GFP) under con-
trol of the proteolipid protein (PLP) promoter (PLP-GFP mice) (Fuss et
al., 2000) or 8- to 16-d-old C57 black mice (Charles River). The brain was
dissected in a solution of the following composition (in mM): 87 NaCl,
2.5 KCl, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2, 25 NaHCO3, 25 glucose, 75
sucrose; osmolality, 300 mOsm/kg, pH 7.4, gassed with a 95% O2 and 5%
CO2 mixture. Horizontal hippocampal slices were cut with a vibrating
blade microtome (Leica Microsystems), and slices were quickly trans-
ferred to an interface incubation chamber and allowed to recover at 34°C
for 30 min in the same solution as used for the dissection. Slices were then
stored in the interface chamber at room temperature in artificial CSF
(ACSF) containing the following (in mM): 124 NaCl, 3 KCl, 1.25
NaH2PO4, 2 MgCl2, 2 CaCl2, 26 NaHCO3, 10 glucose; osmolality, 300
mOsm/kg, pH 7.4, gassed with a 95% O2 and 5% CO2 mixture. After a
minimum of 1 h after preparation, individual slices were transferred to a
submerged recording chamber mounted on the stage of an upright Ni-
kon microscope (Nikon E600FN) and superfused continuously (�2 ml/
min) with gassed ACSF. Drugs were added to this superfusion solution.

Whole-cell voltage-clamp experiments were performed using patch
pipettes pulled from borosilicate glass on a vertical puller (model PP-830;
Narishige). Electrodes had a resistance of 4 –5 M� when filled with in-
ternal solution containing the following (in mM): 125 potassium glu-
conate, 10 HEPES, 0.5 EGTA, 2 MgCl2, 2 Na2-ATP, 20 KCl, 3 NaCl; pH
adjusted to 7.3 with KOH, osmolality adjusted to 280 –290 mOsm/kg. In
some experiments (see below) measuring electrically stimulated synaptic
currents, we used the following cesium-based internal solution (in mM):
150 Cs-gluconate, 2 MgCl2, 2 Na2-ATP, 0.5 EGTA, 10 HEPES; pH 7.3,
osmolality adjusted to 280 –290 mOsm/kg. Cesium was chosen to allow
for better voltage control by blocking potassium currents when testing
the reversal potential of asynchronous synaptic currents (see Fig. 4 D). In
total, 10 of the 15 experiments testing synaptic innervation of premyeli-
nating oligodendrocytes with electrical stimulation were performed with
the cesium-based solution. The remaining five experiments were per-
formed with the potassium-based solution. Of six premyelinating oligo-
dendrocytes with responses (including the transitional cell), four were
recorded with cesium and two with potassium. Of the nine premyelinat-
ing oligodendrocytes that did not show synaptic responses, six were re-
corded with cesium and three with potassium. Cells recorded with the
cesium-containing internal solution were not used for analyzing electri-
cal properties or for measuring the resting membrane potential (data
shown in Fig. 6).

The fluorescent tracer Lucifer yellow (0.1%) was included in the pi-
pette solution for most of the experiments. Voltages were corrected for
the liquid junction potential by offsetting the amplifier to �10 mV im-
mediately before seal formation. Cells were voltage clamped at �80 mV
with an EPC 7 amplifier (HEKA). The access resistance was regularly
checked during the course of the recording and determined from the

current response to a �5 mV hyperpolarizing voltage command and
typically ranged between 10 and 25 M�. A low-resistance glass pipette
(�1 M�) was used for monopolar extracellular stimulation of hip-
pocampal axons nearby the recorded cell (pulses width of 0.1 ms applied
once every 15 s).

All recorded currents were low-pass filtered at 3 kHz (except for min-
iature synaptic currents, which were filtered at 1 kHz), digitized with a
sampling frequency of 10 –20 kHz (ITC-16; InstruTECH), and acquired
using custom-written routines in Igor Pro (Wavemetrics).

Cell selection and identification
Oligodendrocyte precursor cells (OPCs) were located visually in the CA1
stratum radiatum of the hippocampus using infrared– differential inter-
ference contrast videomicroscopy as described previously (Kukley et al.,
2007, 2008). To verify the identity of the selected cells and to establish a
reliable and simple electrophysiological criterion to distinguish different
types of glial cells in the postnatal hippocampus, we performed an addi-
tional and extensive series of postrecording immunohistochemical stain-
ings for different glial and neuronal markers. These data are presented in
the supplemental material (supplemental Figures 3–7, available at www.
jneurosci.org). In addition, the routine inclusion of the tracer Lucifer
yellow into the pipette solution allowed the morphological assessment of
cell identity. Of the 21 OPCs presented in the main part of this manu-
script (i.e., excluding the cells from the supplemental material, available
at www.jneurosci.org), 9 were recorded in PLP-GFP transgenic mice and
12 were recorded in wild-type mice. When recording OPCs in transgenic
mice, we avoided selecting fluorescent cells as they represent more ma-
ture oligodendroglial cells (for more details, see Results). We did not note
any differences between OPCs recorded in wild-type mice and those
recorded in PLP-GFP transgenic mice. The age of the mice in which we
recorded OPCs ranged between postnatal day 9 (P9) and P14.

Premyelinating oligodendrocytes were identified with the help of PLP-
GFP mice (Fuss et al., 2000) at the age of P9 –P15. In this mouse line,
mature oligodendrocytes appear as brightly fluorescent cells as described
previously. In addition, we discovered a population of weakly fluorescent
cells in live brain slices, the majority of which we identified as premyeli-
nating oligodendrocytes (the remaining cells were young oligodendro-
cytes displaying a small number of sheaths) (for details, see Results).
Using Lucifer yellow filling of the cells during patch-clamp recordings,
we confirmed the absence of myelin sheaths and the typical cellular mor-
phology for each cell included in the study as premyelinating oligoden-
drocyte (cf. Trapp et al., 1997). We further verified that NG2 cells did not
express GFP in these mice (see supplemental Fig. 8, available at www.
jneurosci.org as supplemental material). Premyelinating oligodendro-
cytes occurred much less frequently than OPCs and also less frequently
than myelinating oligodendrocytes. Beyond that, premyelinating oligo-
dendrocytes were most rarely encountered in those areas of the hip-
pocampus that are least myelinated (see Fig. 1 A). For this reason, some of
the cells were collected in other hippocampal areas. In detail, of 38 pre-
myelinating oligodendrocytes, 27 were recorded in CA1 stratum radia-
tum, 3 in CA1 stratum lacunosum moleculare, 4 in CA2/CA3 stratum
radiatum, and 4 in subiculum. The cells were pooled as we could not
detect any differences between them.

Myelinating oligodendrocytes were easily identified by selecting
brightly fluorescent cells in the PLP-GFP transgenic mice. Tracer loading
revealed the presence of myelin sheaths in these cells. Myelinating oligo-
dendrocytes were recorded in mice of two age groups: the first group
comprised oligodendrocytes recorded in mice aged between postnatal
day 35 and 50, and the second group consisted of those recorded in 3- to
5-month-old animals. Of 39 oligodendrocytes, 31 were recorded in CA1
stratum radiatum, 1 in CA1 stratum lacunosum moleculare, 6 in CA2/
CA3 stratum radiatum/lacunosum, and 1 in subiculum. Because we did
not find differences in the physiology or the morphology between both
groups of oligodendrocytes, the data were pooled.

Flash photolysis
We used an electrically triggered xenon flash lamp (Rapp OptoElec-
tronic) to deliver a brief (� � 0.6 ms) pulse of UV light (300 –390 nm;
filter UV-2) to the slice tissue. The light of the lamp was fed into a light
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guide (400 �m diameter) whose other end was positioned directly above
the brain slice. The tip of the light guide was positioned �0.5 mm above
the slice surface and positioned such that the recorded cell was in the
center of the UV spot. The spot was visualized on the slice surface by an
alternate coupling of a deep red laser into the light guide and was esti-
mated to cover an area of �600 � 900 �m. Throughout this study, we
used only one of the three built-in capacitors (1000 �F) charged to 250 V
to generate the light arc. According to the calibration of the manufac-
turer, these settings generate �2 mJ per flash at the light guide terminal.
In each cell, we verified that a flash of UV light alone, in the absence of
caged neurotransmitter, does not produce any current changes or any
photodamage. For bath application of caged glutamate, N-(�-carboxy-
2-nitrobenzyl) ester, trifluoroacetic acid salt caged glutamate (Invitro-
gen), we stopped the perfusion and added 50 �l of a caged glutamate
stock solution to the fluid volume in the chamber to yield a final concen-
tration of 250 �M. After adding the caged glutamate, we waited 8 min
before the experiment was started to allow for diffusional equilibration of
the drug within the chamber. In each cell, only one flash response was
registered to avoid confounding the results by varying depletion of caged
glutamate by preceding flashes. For antagonist experiments, cells were
equilibrated with the blocker before the first flash.

Analysis
Spontaneous miniature synaptic currents were analyzed by the sliding
template algorithm provided by NeuroMatic (V1.71) for Igor Pro (V5)
with a threshold of 3. The template chosen closely matched quantal syn-
aptic currents and displayed a rise time and a decay time of 1 and 2 ms,
respectively. All detected events were visually inspected and discarded in
case of doubt. In each cell, an average was calculated across all events, and
kinetic parameters as well as the amplitude were determined from this
mean current. We analyzed a recording period of 9 � 1 min (n � 13) for
the occurrence of synaptic currents in each cell. To account for the fact
that random noise occasionally can create spurious synaptic events,
we used the following rule to define a “responder”: we define our
error threshold at four events per 5 min (i.e., a cell showing four or
fewer events per minute we classified as “nonresponder”). This was
the case for one premyelinating oligodendrocyte (four events in 12
min) and for two oligodendrocytes (two events in 5 min and four
events in 12 min). For comparison, in OPCs, we recorded between
120 and 360 events per 5 min.

Calculation of passive-cell properties. Series resistance, RS, was estimated
from transient currents in response to a small voltage step (�V � �10 mV).
Membrane resistance, Rm, was calculated as difference between the total
resistance, obtained from the steady-state current in response to a small
voltage step, and the series resistance, RS. Cell capacitance, Cm, was derived
from the charge transferred into cell capacitance (�Q) by the following
procedure. Let �Itotal(t) denote the measured, time-dependent change in
current during application of �V. The capacitive current IC(t) was then
calculated as the difference between total and resistive current (onset of
voltage step at t � 0) as follows:

IC	t
 � �Itotal	t
 �
�V � �Itotal	t
 * RS

Rm
.

The area under IC(t) approximates �Q and was transformed into cell
capacitance, Cm, according to the following:

Cm �
�Q * 	Rm � RS


Rm * �V
,

resting membrane potential � zero current potential.
Voltage-activated currents. Peak amplitudes of sodium currents, tran-

sient and sustained potassium currents were quantified from current
responses to voltage steps from holding potential (Vh � �80 mV) to �10
mV. All values were determined from leak-subtracted current traces.

Immunohistochemistry
Immunohistochemistry. Slices after an electrophysiological experiment or
tissue blocks freshly prepared as described above were fixed overnight in
8% paraformaldehyde (in PBS) and then resectioned at 40 –50 �m using

a vibratome. Electrophysiologically investigated slices were embedded in
agar to facilitate resectioning. Immunohistochemical stainings were then
performed according to one of the following four protocols: (1) primary
antibodies (ab) overnight in TBS plus 0.2% Triton X-100, secondary ab
and detection, each applied for 4 h in TBS plus 0.2% Triton X-100; (2)
primary ab 3 d in TBS, secondary ab and detection, each applied over-
night; (3) 5 min microwave pretreatment in citrate buffer, primary ab
overnight in TBS plus 0.2% Triton X-100, secondary ab and detection,
each applied for 4 h in TBS plus 0.2% Triton X-100; (4) 5 min microwave
pretreatment in citrate buffer, primary ab overnight in TBS, secondary ab
and detection, each applied overnight. Secondary detection was usually
performed by biotinylated secondary antibodies (1:200 –1:50), followed
by incubation with streptavidin-Cy5 or -Cy3 (1:200; Jackson Immu-
noResearch). In some cases dye-conjugated secondary antibodies were
used (e.g., anti-rabbit-RRX). For counterstaining of nuclei, we used dyes
of the fluorescent Nissl stain series (1:100; Neurotrace; Invitrogen) in
either Cy2, Cy3, or Cy5 emission range. The supplemental Materials and
Methods (available at www.jneurosci.org as supplemental material) gives
details on which primary antibodies were used.

Image acquisition and analysis. Sections were analyzed with a confocal
laser-scanning microscope (Leica TCS NT, equipped with an argon–
krypton laser), and images with different dyes (e.g., Lucifer yellow, Cy3
and Cy5) were acquired sequentially. For LY/equivalents, the following
filters and laser lines were used: excitation, 488 nm; dichroic, 510 nm;
emission bandpass, 530/30 nm. For Cy3/equivalents, we used the follow-
ing: excitation, 568 nm; DD488/568; pass-through dichroic, 580 nm;
emission bandpass, 600/30 nm. For Cy5/equivalents, we used the follow-
ing: excitation, 647 nm; dichroic, 660 nm; emission long pass, 665 nm.
The majority of scans were acquired with a 63� objective [oil, numerical
aperture (NA) 1.4, or water with correction collar, NA 1.2], and the
pinhole was set to 1 Airy unit. Laser power, detector gain, and offset were
adjusted such that, in the final scan (4 –10 averages), only a few pixels had
zero or maximal (255) digital units. Typically, detector gain and offset
were set to �70% and �6 digital units, respectively. To preserve visibility
of details in small-sized images, figure postprocessing was necessary
(Photoshop): maximum brightness was rescaled to 80 –100%, and a
gamma correction factor of �1–1.3 was introduced.

Results
For this study, we have chosen the CA1 area of the hippocampus
as a partially myelinated (Fig. 1A) and synapse-rich model sys-
tem. It is known that all NG2 cells in the postnatal CA1 region are
contacted by synapses from surrounding axons (Bergles et al.,
2000; Kukley et al., 2008). Therefore, this region enables us to
investigate the developmental fate of synaptic connections to
NG2 cells when they differentiate into oligodendrocytes while at
the same time synaptic connections to neighboring neurons are
maintained. As can be seen in Figure 1A, despite the fact that the
hippocampus is a gray matter structure, there is a significant
amount of myelin in certain dendritic subfields in the adult
mouse, which requires the generation of oligodendrocytes.

To verify in our system that these oligodendrocytes are gener-
ated from NG2 cells and to define the transitional stages during
the process of differentiation, we used a transgenic approach de-
scribed previously (Zhu et al., 2008a). We crossed mice express-
ing Cre recombinase in NG2 cells (NG2Cre mice) with Z/EG Cre
reporter mice (Novak et al., 2000) to be able to identify the prog-
eny of NG2 cells based on cellular expression of GFP. This
NG2cre:Z/EG double-transgenic mouse line has previously been
used to study the fate of NG2 cells in other brain regions (Zhu et
al., 2008a,b). With the help of these mice, we identified three
different main stages of oligodendroglial cells in the CA1 region
(Fig. 1B–O). Until around P8, all GFP-positive cells were also
positive for NG2, identifying them as OPCs. These cells consti-
tute the class of OPCs characterized by a small polygonal soma
and a multipolar tree of delicate processes (Fig. 1B,C).
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Thereafter, a second class of GFP-
positive cells occurred, which were signif-
icantly larger and showed a more complex
tree of heavily branching processes (Fig.
1D,G,J). The processes were longer when
compared with NG2 cells and spanned an
approximately circular area. Typically,
some bulky processes emanated from the
soma, which branch most heavily in distal
areas. These cells are distinct from OPCs
as they are labeled by antibodies specific
for PLP and its DM20 splice variant and as
they typically do not show immunoreac-
tivity to NG2 antibodies anymore (supple-
mental Fig. 1, available at www.jneurosci.
org as supplemental material) (Trapp et
al., 1997; Mallon et al., 2002; Nishiyama et
al., 2009). Importantly, these cells did not
show any myelin sheaths and their entire
surface was labeled with PLP/DM20 anti-
bodies (Fig. 1G). Together, the appearance
of these cells was typical of premyelinat-
ing oligodendrocytes that have been de-
scribed in gray and white matter regions
throughout the CNS during the period
of myelination (Trapp et al., 1997; Mallon et
al., 2002).

Starting at P13, the earliest members of
the third class, the myelinating oligoden-
drocyte, were observed. These GFP-positive
cells are very similar to the just-described
premyelinating oligodendrocytes but now
show one to two myelin sheaths that were
heavily labeled by the PLP/DM20 antibod-
ies (Fig. 1E,H,K).

Figure 1. Hippocampal NG2 cells generate myelinating oligodendrocytes. A, Single plane of a dual-channel confocal scan of the
hippocampal CA1 region of a 3-month-old mouse showing the myelin distribution. Myelin is stained with antibodies against
DM20/PLP (green), and nuclei are in red. Note that some fiber tracts such as the slm are heavily myelinated despite the fact that the
hippocampus represents a gray matter structure. Scale bar, 50 �m. so, Stratum oriens; sp, stratum pyramidale; sr, stratum
radiatum; slm, stratum lacunosum moleculare; hf, hippocampal fissure. B, Double labeling for NG2 and GFP in a NG2cre:Z/EG
double-transgenic mouse at P6. An NG2- and GFP-positive cell in the stratum radiatum of the CA1 region is shown. The arrows point
to NG2-positive processes that also contain GFP immunoreaction product. Scale bar, 10 �m. This image and all images displayed
in C–O represent a maximum projection along �5 �m of the z-axis of a stack of confocal scans centered at the soma. C, GFP
channel of the image shown in B. D, GFP-positive premyelinating oligodendrocyte in the stratum radiatum of a NG2cre:Z/EG mouse
(P10) identified by its typical morphology. Notice the DM20/PLP staining all over the surface of the cell and the absence of any
myelin sheaths. Also note that the immunostaining of premyelinating oligodendrocytes by antibodies against DM20/PLP is much
weaker than the staining of myelin sheaths such as shown in A. This difference can best be appreciated in images that display both
a premyelinating oligodendrocyte and myelin. Because the gain of the scan system has to be increased to adequately sample the
premyelinating oligodendrocyte myelin structures appear strongly saturated (E, H) [Kukley et al. (2007), their Fig. 6 F]. The

4

white arrows point to processes and the soma of the GFP-
positive premyelinating oligodendrocyte. The blue arrow-
heads point to a GFP-positive cell that did not label with
DM20/PLP antibodies and that presumably represents an OPC.
Scale bar, 10 �m. E, GFP-positive young oligodendrocyte in
the stratum radiatum of a NG2cre:Z/EG mouse (P10). This cell
looks very similar to the one shown in C, but it additionally
shows at least one myelin sheath (as indicated by the asterisk).
The white arrows denote the GFP-positive soma and processes
of this cell. Scale bar, 10 �m. F, Mature myelinating oligoden-
drocyte in the stratum radiatum of a NG2cre:Z/EG mouse
(P18). At this developmental stage, the soma (blue arrow) and
the thin processes (blue arrowhead) connecting the cell body
to myelin sheaths (white arrows) are only weakly labeled by
DM20/PLP antibodies. Note the random orientation of the my-
elin sheaths, which reflects the orientation of axons in stratum
radiatum. Scale bar, 10 �m. G–L, Single-channel scans corre-
sponding to D–F. Labels are placed at exactly the same posi-
tion for comparison. M, Mature oligodendrocyte in the same
animal as shown in E but located in stratum lacunosum mo-
leculare. Note the parallel course of the myelin sheaths in this
layer, which more closely resemble the appearance of white
matter oligodendrocytes. The symbols are as in E. To the left of
the cell body of this oligodendrocyte, there is a small DM20/
PLP-negative cell that presumably represents an OPC (white
arrowhead). Scale bar, 10 �m. N, O, Single-channel scans cor-
responding to I.
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Finally, at around P18, the first GFP-
positive cells representing fully mature
myelinating oligodendrocytes were found
in the CA1 region. Note, that whereas the
sheaths were very strongly labeled by the
PLP/DM20 antibodies, the surface of
the soma and of the processes connecting
the soma to the sheaths was hardly visible
in these mature cells (Fig. 1F, I,L,M–O).
In fact, the labeling of processes and the
soma was much weaker than that of premy-
elinating oligodendrocytes (Fig. 1M–O).

To test for the presence of functional
synaptic connections to these different
developmental stages of oligodendroglial
cells, we obtained whole-cell patch-clamp
recordings in acute brain slices prepared
from wild-type and transgenic mice. Dur-
ing the recording, we filled cells with the
tracer Lucifer yellow, which allows the
identification of the recorded cells by
characterizing their antigen profile through
postrecording immunohistochemistry and
by confirming their detailed cellular mor-
phology (Fig. 2). We used dye-filled OPCs
and premyelinating oligodendrocytes (n �
4 for each type) for a detailed morpho-
metric analysis (supplemental Fig. 2,
available at www.jneurosci.org as supple-
mental material). As expected from the
GFP expression pattern shown in Figure
1, premyelinating oligodendrocytes dis-
play a significantly larger total process
length (2891 � 177 vs 1198 � 190 �m),
area covered by the processes (6169 � 235
vs 3328 � 215 �m 2), and diameter of the
soma (9.7 � 0.9 vs 6.5 � 0.7 �m) when
compared with OPCs.

First, we aimed at quantifying gluta-
matergic synaptic input to NG2 cells in
hippocampal slices prepared from mice at
P9 –P14. In our previous work, we identi-
fied NG2 cells based on their small size
and their characteristic current pattern
dominated by voltage-gated outward cur-
rents (Kukley et al., 2008).

Recently, it was reported that NG2
cells in cerebellar white matter are hetero-
geneous with respect to the expression of
voltage-gated sodium channels (Káradóttir
et al., 2008) (but see Gallo et al., 2008).
Because we have not seen this heterogene-
ity in our previous work (Kukley et al.,
2007, 2008), we wondered whether our
criteria may somehow only select a subpopulation of NG2 cells.
To verify that our selection criterion is specific for OPCs and
includes the vast majority of the population of NG2 cells, we
correlated the current pattern of many glial cells (n � 108, total
number of cells analyzed by postrecording immunohistochemis-
try). The full results are shown in supplemental Figures 3–7
(available at www.jneurosci.org as supplemental material) and
clearly suggest in the region and age analyzed that (1) our selec-
tion criteria specifically identify NG2 cells, and selected cells well

represent the entire population of NG2 cells; (2) all NG2 cells
show fast sodium currents; (3) NG2 cells do not express markers
of more mature oligodendroglial cells like DM20/PLP, O1, or
CD9; and (4) different types of glial cells can safely be distin-
guished based on their current pattern.

To test for synaptic input to these NG2 cells, we blocked
GABAA receptors (10 �M bicuculline) and action potentials (1
�M TTX) and provoked vesicular release by bath-applying 100
�M ruthenium red. Before application of this drug, the frequency

Figure 2. Synaptic input is rapidly lost on differentiation. A, Left and middle, Single- and dual-channel confocal scan of a
NG2-positive cell in CA1 stratum radiatum that was filled with Lucifer yellow during the whole-cell recording. The electrophysiol-
ogy of this cell is shown on the right. Scale bar, 10 �m. Right, Continuous whole-cell voltage-clamp recording of ruthenium
red-evoked miniature EPSCs obtained in the NG2-positive OPC shown on the left. Calibration: 0.2 s, 2 pA. Inset, Part of the top trace
is shown at an expanded timescale to illustrate the fast kinetics of the spontaneously occurring inward currents. The asterisks
denote corresponding events in both traces. Calibration: 20 ms, 5 pA. B, Left and middle, Single- and dual-channel confocal scan of
a DM20/PLP-positive cell in CA1 stratum radiatum filled with Lucifer yellow during the whole-cell recording. The electrophysiology
of this cell is shown on the right. Scale bar, 10 �m. Right, Continuous voltage-clamp recording of premyelinating oligodendrocyte
shown on the left. Note the lack of spontaneous inward currents despite the presence of the secretagogue ruthenium red. Calibra-
tion: 0.2 s, 2 pA. Inset (gray), Very rarely, we observed spontaneous currents closely resembling synaptic currents frequently
occurring in OPCs. See text for details. Calibration: 20 ms, 5 pA. C, Left and middle, Single- and dual-channel confocal scan of a
mature myelinating oligodendrocyte in CA1 stratum radiatum filled with Lucifer yellow and displaying numerous PLP-positive
myelin sheaths. Scale bar, 10 �m. Right, Continuous whole-cell recordings of the oligodendrocyte shown on the left. We never
encountered synaptic currents in this type of cell. Calibration: 0.2 s, 2 pA. D, Left, Summary bar graph depicting the mean
frequencies of miniature synaptic currents in the three developmental stages of oligodendroglial cells investigated. OPCs, 46 � 9
per minute (n �4); premyelinating oligodendrocytes, 2.2�1.2 per minute (n �5); mature oligodendrocytes, 0 per minute (n �
4). Right, Summary of the mean amplitudes of miniature synaptic currents. Only cells in which synaptic events were detected are
included in these numbers. OPCs, 6 � 0.9 pA (n � 4); premyelinating oligodendrocytes, 4 � 0.7 pA (n � 4); no events were
detected in mature myelinating oligodendrocytes. Note that the estimates of the amplitude of miniature currents in the group of
premyelinating oligodendrocytes is not very robust as only few events were detected (in total, 82 events in 4 cells) and probably
reflects a lower limit because we tended to count even very small deflections in order not to falsely miss any small remaining
synaptic input. Error bars indicate SEM.
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of spontaneous synaptic currents was very low and amounted to
3.8 � 1.5 events per minute (data not shown) (n � 4). As re-
ported previously (Lin and Bergles, 2004; Kukley et al., 2007,
2008; Kukley and Dietrich, 2009), application of ruthenium red
consistently induced small, spontaneous, and frequent inward
currents in every OPC tested (frequency, 46 � 9 events per
minute; n � 4) (Fig. 2A). These currents showed the character-
istic fast kinetics typical of AMPA/kainate-mediated miniature
synaptic currents in OPCs (amplitude, 6.1 � 0.97 pA; rise time,
0.4 � 0.02 ms; decay time constant, 1.9 � 0.2 ms) (Bergles et al.,
2000; Kukley et al., 2007, 2008; Ziskin et al., 2007).

We next asked whether spontaneous synaptic currents can
still be detected in cells that have evolved into premyelinating
oligodendrocytes. Because premyelinating oligodendrocytes are
a transient developmental stage that exists only for �2–3 d
(Trapp et al., 1997), their occurrence is rare compared with OPCs
especially in weakly myelinated areas. To facilitate the identifica-
tion of those cells, we used a transgenic mouse line that expresses
GFP under the PLP promoter (Fuss et al., 2000). In this mouse
line, expression of GFP is restricted to more mature, NG2-
negative cells of the oligodendroglial lineage (supplemental Fig.
8, available at www.jneurosci.org as supplemental material),
whereas in the above-mentioned NG2cre:Z/EG mice all stages of
oligodendroglial cells express GFP. To select premyelinating ver-
sus mature oligodendrocytes, we chose cells for patch-clamp re-
cordings displaying a very weak GFP fluorescence. Additionally,
we verified that the recorded and dye-filled cell did not display
any sheaths. Cells selected in this manner were stained by the
PLP/DM20 antibodies (n � 6) (Fig. 2B) and by O1 antibodies
(n � 4) (data not shown) in all tested cases and showed the typical
labeling of the entire surface confirming their identity as premy-
elinating oligodendrocytes (Sommer and Schachner, 1981; Trapp et
al., 1997).

We provoked vesicular release from nerve terminals in exactly
the same way as used for NG2-positive OPCs (100 �M ruthenium
red; before application we did not detect any spontaneous synap-
tic currents; n � 5). However, in striking contrast to the high
frequency of spontaneous synaptic currents in OPCs, spontane-
ous synaptic currents were rarely observed in premyelinating oli-
godendrocytes (Fig. 2B). In one of five cells, no synaptic currents
could be detected, and in the remaining four cells the frequency
of occurrence dropped �20-fold when compared with OPCs
(frequency, 2.2 � 1.2 per minute; n � 5; p � 0.0201) (Fig. 2B,D).
The amplitude and the kinetics of the few spontaneous currents
registered in premyelinating oligodendrocytes were comparable
with the currents recorded in OPCs (Fig. 2B, inset; D) (ampli-
tude, 4.0 � 0.74 pA; rise time, 0.5 � 0.07 ms; decay time constant,
2.4 � 0.19 ms; n � 4; not significantly different from the values of
OPCs).

To test for synaptic input to myelinating oligodendrocytes, we
selected brightly fluorescent cells in the PLP-GFP transgenic
mouse line. These cells clearly displayed myelin sheaths, varying
between only a few up to many (Fig. 2). In all of the myelinating
oligodendrocytes, no spontaneous synaptic currents could be de-
tected (Fig. 2C,D) (n � 4). Together, the data so far show that the
occurrence of spontaneous synaptic currents is highly restricted
to the oligodendroglial cells in the stage of NG2-expressing
OPCs.

We next asked whether the lack of synaptic responses in pre-
myelinating and myelinating oligodendrocytes is attributable to a
reduced responsiveness to glutamate caused by a developmental
downregulation of functional glutamate receptors. To address
this question directly, we exposed the entire surface of the cells to

fast photolytic release of glutamate (uncaging). We patch
clamped OPCs, premyelinating and myelinating oligodendro-
cytes and bath applied 250 �M caged glutamate (biologically
inactive) in the presence of NMDA and GABAA receptor antag-
onists (50 �M APV; 10 �M bicuculline) and TTX (0.5 �M). We
then uncaged glutamate by a brief flash of UV light (�1 ms) while
the cell was held in voltage-clamp mode at �80 mV.

As expected, uncaging glutamate onto OPCs produced a pro-
nounced fast rising inward current of 204 � 36 pA (n � 4), which
was prevented by the AMPA/kainate receptor antagonist CNQX
(11 � 2.9 pA; n � 2; 30 �M) (Fig. 3A,D).

Similarly, in premyelinating oligodendrocytes, we also consis-
tently observed a clear inward current on uncaging glutamate
(80 � 40 pA; n � 5) (Fig. 3B,D), which corresponds to approx-
imately one-half of the current observed in OPCs. This current
showed comparable kinetics and was also prevented by CNQX
(7.3 � 0.8 pA; n � 4; 30 �M) (Fig. 3B). Therefore, despite the
dramatic reduction of their synaptic input, premyelinating oligo-

Figure 3. Glutamate responsiveness is maintained in premyelinating and mature oligoden-
drocytes. A, Whole-cell current responses (�80 mV, holding potential) of OPCs to photolytic
release of glutamate in the absence (left) and presence (right) of the AMPA/kainate receptor
antagonist CNQX. The prominent fast inward current observed under control conditions is pre-
vented by preapplication of CNQX. Calibration is as in B. B, Premyelinating oligodendrocytes
also show a CNQX-sensitive response to photolytic release of glutamate (�80 mV). Calibration:
20 ms, 30 pA. C, The response to glutamate by mature oligodendrocytes is resistant to CNQX but
was blocked by the glutamate transporter antagonist TBOA (�80 mV). Calibration is as in B.
D, Summary bar graphs of the current amplitudes recorded on glutamate uncaging in the three
developmental stages measured in the absence and presence of blockers as shown in A–C. The bar
graphs represent absolute current amplitudes as given in the main text. The current densities (in
picoamperes per picofarad) are as follows (from left to right): 7.6�1.1, 0.3�0.06, 1�0.5, 0.1�
0.02, 1.8 � 1.3, 0.5 � 0.1, and 0.04 � 0.01. Error bars indicate SEM.

Kukley et al. • Differentiation May Induce Presynaptic Disassembly J. Neurosci., June 16, 2010 • 30(24):8320 – 8331 • 8325



dendrocytes are still responsive to gluta-
mate and express a substantial number
of AMPA/kainate type of glutamate
receptors.

Surprisingly, even mature oligoden-
drocytes responded with prominent and
rapid inward currents to the UV flash
(131 � 60 pA; n � 5) (Fig. 3C,D). How-
ever, in clear contrast to less mature cells,
these uncaging currents in mature oligo-
dendrocytes were insensitive to 30 �M

CNQX (122 � 35 pA; n � 5) but were
entirely inhibited by the broad-spectrum
glutamate transporter antagonist DL-threo-
�-benzyloxyaspartic acid (TBOA) (3.5 �
0.4 pA; n � 3; 100 �M) (Fig. 3C,D). Hence,
during differentiation of oligodendroglial
cells, there is a downregulation of AMPA/
kainate receptors and an upregulation of
glutamate transporters.

Although many AMPA/kainate-type
receptors are still present in premyelinat-
ing oligodendrocytes, the twofold reduc-
tion in receptor number when compared
with OPCs may render miniature synaptic
currents undetectable in premyelinating
oligodendrocytes especially because these
miniature currents are already small in
OPCs (Fig. 2).

To rule out this possibility, we used ex-
tracellular stimulation to synchronously
activate a large number of nearby axons.
Under these conditions, a robust com-
pound response to the release of hundreds
of synaptic vesicles can be recorded in a
single OPC (Kukley et al., 2007). How-
ever, in contrast to the case for OPCs (Fig.
4B), we could not elicit any synchronous
synaptic responses in 9 of 15 premyelinat-
ing oligodendrocytes. Interestingly, in 5 of
15 cells, we detected small synaptic cur-
rents, very closely resembling the quantal
currents provoked by ruthenium red (Fig.
2), but the time course of their occurrence
was very unusual when compared with
synaptic responses in OPCs or in neurons
(Fig. 4A,B). These responses occurred
asynchronously and typically started to
appear only 20 ms after the stimulation
and continued to occur for an additional
hundred milliseconds (Fig. 4A). The his-
togram in Figure 4A, bottom (n � 5), il-
lustrates the broad distribution of the
latencies which peaks at �40 –50 ms after
the presynaptic action potential. The am-
plitude and the kinetics of these individual
responses were not different from the
above-mentioned amplitude of miniature
synaptic currents in premyelinating oligo-
dendrocytes, indicating that asynchronous responses are of
quantal nature (amplitude, 6.2 � 0.4 pA; rise time, 0.5 � 0.03 ms;
decay time constant, 2.1 � 0.34 ms; n � 5) (Fig. 4E). Further-
more, these values are also not different from the amplitudes

and kinetics of miniature synaptic currents in OPCs (see
above) (Fig. 4 E).

As expected for AMPA/kainate receptor-mediated synaptic
currents, these asynchronous synaptic currents were blocked by

Figure 4. Transmitter release on premyelinating oligodendrocytes becomes ineffective. A, Top, Extracellular electrical stimu-
lation was used to activate axons in the neighborhood of a premyelinating oligodendrocyte (�80 mV; time point of stimulation
indicated by an asterisk). The panel displays seven successive sweeps recorded in the presence of 25 �M APV and 10 �M bicuculline.
We only rarely observed responses immediately after the stimulation (�5 ms; except in the bottom trace). However, asynchro-
nous quantal responses clearly occurred with a latency of �40 ms and continued to occur for at least a hundred milliseconds.
Calibration: 10 ms, 10 pA. Stimulus artifacts have been truncated for clarity. Bottom, The histogram summarizes the latency of
asynchronous synaptic currents recorded in five premyelinating oligodendrocytes (358 events). To facilitate the comparison to
OPCs (in which large synchronous responses are the rule), we calculated the cumulative peak amplitude for each latency, by
summing current amplitudes of all events falling into the same latency bin (bin width, 3.75 ms). B, Top and bottom panels are as
in A, but shown for an OPC. Note that, as previously demonstrated, synaptic responses are only seen during the first few millisec-
onds after the stimulation (n � 3). Calibration: 10 ms, 10 pA. C, Asynchronous synaptic currents in premyelinating oligodendro-
cytes are blocked by TTX. Ensemble averages of the responses recorded in the cell shown in A. Calibration is as in D. The asterisk
indicates the time point of stimulation. The stimulus artifact has been blanked for clarity. D, Asynchronous currents in premyeli-
nating oligodendrocytes reverse around 0 mV. Ensemble averages obtained in the cell shown in A. Calibration: 20 ms, 5 pA.
Stimulus artifact (denoted by asterisk) has been blanked. E, Asynchronous currents and miniature currents display the same
kinetics and amplitudes. Left, Average of 31 individual asynchronous synaptic currents recorded in the cell shown in A. Middle,
Average of 9 miniature EPSCs recorded in a premyelinating oligodendrocyte. Right, Average of 400 miniature EPSCs recorded in an
OPC. Calibration applies to all three traces.
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TTX, reversed at �0 mV (Fig. 4C,D shows the corresponding
ensemble averages), and were blocked by the AMPA receptor
antagonist CNQX (data not shown). For comparison, Figure 4B
depicts the high synchrony of transmitter release onto OPCs, in
which typically a single compound synaptic currents is recorded
with a brief latency (�5 ms) after the stimulation (Kukley et al.,
2007). In 1 of 15 premyelinating oligodendrocytes, we recorded
both a prominent synchronous synaptic current immediately af-
ter the stimulation and the delayed occurring asynchronous syn-
aptic events with a time course as shown in Figure 4A. We
consider this cell as a transitional case between the groups of
OPCs and premyelinating oligodendrocytes (data not shown).

Together, the data show that the decreased number of func-
tional glutamate receptors alone (to �40%) cannot account for
the loss of synaptic input to premyelinating oligodendrocytes. In
fact, it appears likely that changes in transmitter release prop-
erties of the presynaptic neurons are primarily responsible for
this loss, whereas premyelinating oligodendrocytes are still suffi-
ciently responsive to glutamate (for details, see Discussion).

As described above, we did not detect glutamate receptors in
myelinating oligodendrocytes. Nevertheless, on uncaging of glu-
tamate, we found pronounced currents mediated by electrogenic
glutamate uptake. This opens the question of whether mature
oligodendrocytes may be able to sense synaptically released glu-
tamate by glutamate transporters. To address this question, we
used the same extracellular stimulation approach used for inves-
tigating stimulated synaptic currents in premyelinating oligoden-
drocytes and in OPCs. To rule out unwanted side effects, we
isolated neurotransmitter transporters pharmacologically by
adding 10 �M CNQX, 10 �M bicuculline, and 25 �M APV to the
bath solution. After only a brief delay after the extracellular stimula-
tion (�2 ms), we recorded fast rising and slow decaying inward
current that had a mean peak amplitude of 16 � 4 pA (n � 6) (Fig.
5). Although these currents are of similar small size as the quantal

currents recorded in OPCs and some premyelinating oligoden-
drocytes, their amplitudes lack the trial-to-trial fluctuation
known to be associated with the statistical variability of the re-
lease of single vesicles. These currents were sensitive to the appli-
cation of the glutamate transporter inhibitor TBOA (reduced to
57 � 1%; n � 6; 100 �M) (Fig. 5A). Interestingly, the combined
application of TBOA (100 �M) with the GABA transporter
inhibitor N-(4,4-diphenyl-3-butenyl)-3-piperidine carboxylic
acid [SKF 89976A (SKF)] (25 �M) (Fig. 5B) led to a greater inhi-
bition of the stimulated currents (reduced to 30 � 3%; n � 6),
indicating that oligodendrocytes also expressed functional GABA
transporters. Application of the transporter antagonists strongly
slowed down the decay of the stimulated transporter currents
(Fig. 5A,B, top), which is consistent with the pharmacologically
reduced transmitter removal rate. Collectively, the data suggest
that oligodendrocytes participate in glial uptake of neurotrans-
mitter that has accumulated in the extracellular space after the
release from many synapses.

In neurons, voltage-gated ion channels are responsible for
electrical integration of synaptic input. It is known that also OPCs
in brain slices express prominent amounts of voltage-gated so-
dium and potassium channels (Berger et al., 1991, 1992; Chvátal
et al., 1995; Ge et al., 2006) (Fig. 6; supplemental Figs. 3–7, avail-
able at www.jneurosci.org as supplemental material). We there-
fore asked whether the above-described dramatic changes in
synaptic input to oligodendroglial cells and the altered expression
pattern of neurotransmitter receptors and transporters may go
along with developmental alterations in the expression of
voltage-gated ion channels.

Typical current patterns of the three developmental stages of
oligodendroglial cells in response to a family of step depolariza-
tions from a holding potential of �80 mV are displayed in Figure
6A. At first glance, it is evident that, during maturation, voltage-
activated currents are strongly downregulated, whereas an un-
gated background conductance is strongly upregulated.

The individual subtypes of voltage-gated currents in OPCs have
been identified previously, and it was shown that they express TTX-
sensitive sodium currents, transient and 4-AP-sensitive potassium
currents, and sustained TEA (tetraethylammonium)-sensitive po-
tassium currents (for review, see Lin and Bergles, 2002). We esti-
mated these three current components from the above-mentioned
voltage-clamp protocol using a standard leak subtraction procedure
(see Materials and Methods). In OPCs, leak subtraction regularly
identified a fast rising and rapidly inactivating inward current that
appeared immediately at the beginning of voltage step (Fig. 6A, in-
set). This current was TTX sensitive (data not shown) (n � 3) and
amounted to 213 � 43 pA (n � 9) (Fig. 6A,B). In some cases, this
sodium current produced a net inward current, whereas in the ma-
jority of OPCs the sodium current is masked by the capacitive cur-
rent after the onset of the voltage step (Fig. 6A) and revealed only
after leak subtraction. The transient and the sustained potassium
currents in OPCs amounted to 1270 � 140 and 490 � 49 pA, respec-
tively (n � 10) (Fig. 6A,B).

The current pattern of premyelinating oligodendrocytes is
also dominated by outward currents of similar magnitude and
apparently closely resembles that of OPCs (Fig. 6A,B). However,
in premyelinating oligodendrocytes, the leak subtraction proce-
dure failed to reveal any voltage-activated sodium channels (Fig.
6A, inset, on the top right). Only two of nine cells showed a small
residual inward current such that the average sodium current in
premyelinating oligodendrocytes was reduced by a factor of 10
when compared with OPCs (26 � 20 pA; n � 9) (Fig. 6B).

Figure 5. Myelinating oligodendrocytes clear synaptic neurotransmitter spillover. A, Top,
Extracellular stimulation evokes fast rising and slowly decaying inward currents in oligodendro-
cytes (�80 mV, holding potential). These currents are reduced by the glutamate transporter
antagonist TBOA. Calibration: 10 ms, 5 pA. Bottom, Time course of the peak current amplitude
of the experiment shown in the top. Note that there is only very little trial-to-trial fluctuation,
indicating that the current responses are not attributable to the release of individual or a small
number of vesicles. B, Top, As in A, but coapplication of TBOA and SKF (GABA transporter
antagonist). This combined application reduces the current response to a much greater extent,
indicating that oligodendrocytes take up glutamate as well as GABA. Calibration: 5 ms, 1 pA.
Bottom, Time course of the peak amplitude corresponding to the experiment above.
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To better illustrate the gradual change of ion channel expres-
sion and membrane properties over development, we divided the
group of myelinating oligodendrocytes in young and mature my-
elinating oligodendrocytes for the purpose of this figure. The
group of young oligodendrocytes comprised cells that showed
one to six myelin sheaths (compare for Fig. 1D), whereas mature
oligodendrocytes were defined as cells displaying more than six
myelin sheaths. Young oligodendrocytes (Fig. 6A) still show sim-
ilar levels of outward currents, but sodium currents are further
reduced compared with OPCs (in only 1 of 10 cells fast inward
currents were detected) (Fig. 6B).

In agreement with previous reports, the most substantial
changes in current pattern were observed in mature oligodendro-
cytes (Fig. 6), which did not express any detectable levels of
voltage-gated ion channels but instead expressed a profound un-
gated background conductance as also reported in astrocytes
(Chvátal et al., 1995).

During development, the passive electrical properties of oli-
godendroglial are strongly modified. The membrane capacitance
(Cm), which is a measure of the cell surface area, continuously
increases from a value of �30 pF in OPCs to �230 pF in mature
oligodendrocytes (Fig. 6C). This is expected for the morpholog-
ical transformation of OPCs into oligodendrocytes because the
complexity of the tree of processes steadily increases. Because the
major morphological difference between young and mature my-
elinating oligodendrocytes is the number of myelin sheaths, it is
likely that these additional sheaths are responsible for the ob-
served increase in membrane.

The relatively high input resistance of OPCs (Rm, 436 � 100
M�; n � 10) strongly increases further to a value of 2230 � 350
M� (n � 9) when the cells differentiate into premyelinating
oligodendrocytes, and then declines on additional differentia-
tion. Eventually, Rm drops in mature oligodendrocytes and
reaches very low values, which are only known from astrocytes
(23 � 6 M�; n � 13) (Fig. 6C). The developmental changes in Rm

are mirrored by concomitant changes in the resting membrane
potential (Vrest), suggesting that the changes in Rm are attribut-
able to upregulation and downregulation of ungated potassium
channels (Fig. 6C).

Discussion
Synaptic input to OPCs has been described in various regions of
the CNS, but the fate of these synapses when OPCs differentiate
was unknown. The main findings of the present study are that syn-
aptic input is restricted to OPCs and is lost on their additional dif-
ferentiation into immature oligodendrocytes. Our data suggest that
the loss of synaptic currents in premyelinating oligodendrocytes is
attributable to the disassembly of the release machinery in the pre-
synaptic axon. This indicates that neurons are able to discern differ-
ent developmental stages of postsynaptic oligodendroglial cells and
to differentially regulate transmitter release onto different subtypes
of glial cells and onto other neurons (Fig. 7). Furthermore, the loss
of synaptic input is accompanied by a dramatic developmental
downregulation of voltage-gated sodium channels in oligoden-
droglial cells hinting at their role in electrical integration of
synaptic input. Finally, we show that mature oligodendrocytes
participate in homeostatic functions such as uptake of
neurotransmitter.

Loss of synaptic input to premyelinating oligodendrocytes is
initiated presynaptically
Uncaging glutamate showed that premyelinating oligodendro-
cytes express only one-half the number of functional AMPA/

Figure 6. Loss of synaptic input is accompanied by a specific loss of voltage-gated sodium
currents. A, Whole-cell current pattern of four different developmental stages of oligodendro-
glial cells with potassium as the main internal cation. From a holding potential of �80 mV, cells
were depolarized in steps of 10 mV up to �20 mV. The calibration is the same for the four
current families and is given in the right bottom corner. Only in OPCs did we detect a transient
fast inward current soon after the beginning of the voltage step, which closely resembled
voltage-activated sodium currents. The time point of this current is indicated by the asterisk in
the top left. Note that, in many cases, the sodium current is masked by the transient capacitive
currents such that the sodium current is revealed only after leak subtraction. The insets in the
top row show leak subtracted current traces at an expanded time calibration for the voltage
steps from the holding potential of �80 mV to 0, �10, and �20 mV (the arrows indicate the
beginning of voltage step). The right inset displays that, even after leak subtraction, no inward
current is apparent in premyelinating oligodendrocytes. The horizontal arrow placed next to the
current families of a young oligodendrocyte indicates the peak of the voltage-activated potas-
sium currents, which partially superimposes with the capacitive current because of the increase
in cell capacitance at this developmental stage. Mature oligodendrocytes show a pure ohmic
current response. The capacitive current transients have been truncated for clarity throughout
this figure. B, Summary bar graphs of the peak amplitudes of the three current components
analyzed at each of the four developmental stages. Voltage-activated sodium currents are
lost as soon as OPCs differentiate, whereas voltage-activated potassium currents remain
present in young oligodendrocytes and are only lost once a cell has fully matured and built
up many myelin sheaths. C, Summary of the passive membrane properties quantified in each of the
four developmental stages. Note the significant increase in input resistance in premyelinating oligo-
dendrocytes and the dramatic drop of input resistance on the transition to mature oligodendrocytes.
Error bars indicate SEM.
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kainate receptors as compared to OPCs. However, the reduced
number of glutamate receptors cannot explain the almost com-
plete lack of synchronous synaptic currents in response to elec-
trical stimulation: on stimulation, many hundreds of axons are
activated and typically produce pronounced synaptic currents
(hundreds of picoamperes), which would still by far exceed the
detection threshold in our recordings (�3–5 pA) even when re-
duced by one-half. In fact, the quantal current amplitude in the
very few premyelinating oligodendrocytes that show synaptic re-
sponses was quite comparable with that in NG2 cells (compare
Figs. 2, 4), suggesting that glutamate receptors remain clustered
beneath residual functional release sites (Fig. 7) and that the dis-
appearance of synaptic currents is rather attributable to presyn-
aptic changes. This view is further supported by our observation
that the action potential-triggered presynaptic release rate, in the
few premyelinating oligodendrocytes with synaptic input, showed
extremely slow kinetics (Fig. 4) such that most of the released vesicles
did not coincide and appear asynchronously.

The comparable quantal amplitude in OPCs and premyelinat-
ing cells can be viewed as evidence for comparable synaptic glu-
tamate concentrations, for comparable glutamate affinity and
comparable conductance of synaptic receptors. If we assume that
ruthenium red is equally effective in both types of cells, then the
20-fold decrease in the frequency of miniature synaptic currents
recorded in premyelinating oligodendrocytes is opposed to a
2-fold reduction in the total number of glutamate receptors, as
assessed by uncaging experiments. This means that, in the small
proportion of premyelinating oligodendrocytes that display a re-
sidual synaptic input, the percentage of receptors being activated
by synaptic glutamate is 10-fold smaller when compared to
OPCs. Our interpretation of this situation is that neurons first
stop releasing transmitter onto differentiating oligodendroglial
cells, whereas the removal of unused/extrasynaptic receptors
from the cell surface follows at a slower rate (Fig. 7).

It may be argued that the increased complexity of the tree of
processes of premyelinating oligodendrocytes may render synap-
tic currents undetectable by electrotonic filtering. However, a
strong electrotonic filtering is not compatible with our experi-
mental observations: in case of strong filtering, the above-
mentioned electrical stimulation of hundreds of axons should
have produced a large and slow compound synaptic current, but
we observed individual small and fast asynchronous synaptic cur-
rents (Fig. 4). Furthermore, these asynchronous synaptic cur-
rents were also not different in amplitude, rise time, or decay time
constant from quantal currents recorded in OPCs. The absence of
obvious electrotonic filtering is most likely be explained by the
fact that the increased complexity of processes in premyelinating
cells is mostly attributable to more processes (rather than to
longer processes) and that processes in premyelinating cells dis-
play a greater diameter (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).

Disassembly of release apparatus may underlie loss of
synaptic input
We propose that the asynchronous synaptic currents encoun-
tered in a minority of premyelinating oligodendrocytes represent
the residual and transient function of release machinery that is in
the process of being altered and hint at the mechanism by which
neuron– glia synapses may be disassembled. Previously, we
showed that, in neuron–OPC synapses, as it is known from neu-
ron–neuronal synapses, the rate of release sharply increases very
soon after the presynaptic action potential (�1 ms), peaks shortly
thereafter, and declines back to baseline levels within 3–5 ms

Figure 7. Diagram and synopsis illustrating how synaptic connectivity and function of oligoden-
droglial cells changes over development. A, In this example, created to illustrate our interpretation of
the experimental results, the neural network consists of four presynaptic neurons on the left that
project onto four neurons on the right. The black and gray lines indicate axons and axonal collaterals.
In the middle of the figure, three developmental stages of oligodendroglial cells are depicted (OPC;
premyelinating oligodendrocyte, Pre-my; mature oligodendrocyte, Oligo). OPCs receive synapses
from neighboring neurons that release transmitter onto clustered glutamate receptors. Once an OPC
has differentiated into a premyelinating oligodendrocyte, it transmits a retrograde signal (red dashed
arrows) to the presynaptic neurons, which triggers the disassembly of the presynaptic terminal.
a represents a synaptic terminal that is still fully functional, whereas b indicates a terminal that has
partially been disassembled and that ineffectively releases vesicles in an asynchronous fashion. Note
that glutamate receptors (in this context: AMPA/kainate receptors) remain clustered at this stage
(asynchronous events show the same quantal amplitude as miniature EPSCs in OPCs). In c and d, the
process of disassembly has proceeded such that no transmitter can be released from these terminals.
At this stage, glutamate receptors are removed from the surface (overall receptor number is halved in
premyelinating oligodendrocytes compared with OPCs). On additional maturation, myelinating oli-
godendrocytes almost entirely downregulate glutamate receptors and started to express glutamate
transporters. Glutamate transporters are activated by neurotransmitter that has been released at the
neighboring synapses. Note that an individual axonal branch contacts neurons and different stages of
oligodendroglial cells, which illustrates the necessity for a local regulation of the transmitter release
machinery and of the presynaptic terminals. B, Properties that are downregulated during develop-
ment. The first changes on differentiation of OPCs are the loss of synaptic input and the downregula-
tion of sodium channels. Note that the downregulation of voltage-activated potassium currents lags
significantly behind the downregulation of voltage-gated sodium currents. The gray area indicates
thetransientperiodduringwhichasynchronoustransmitterreleasecanbeobservedinasmallfraction
of premyelinating oligodendrocytes. C, Top, Properties that are upregulated during development. It is
probably cell growth and the acquisition of sheaths during development that cause Cm to increase and
Rin to decrease (Rin�1/Gm). Bottom, The bars indicate the time points during which the correspond-
ing markers are expressed.
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(Kukley et al., 2007). Such a highly synchronized transmitter re-
lease rate requires the full complement of presynaptic fusion pro-
teins and a short-lived calcium signal at the release sensor during
an action potential (Schneggenburger and Neher, 2000; Sun et al.,
2007). Interestingly, transmitter release at neuronal synapses can
be desynchronized if these conditions are not met: experimen-
tally slowing and reducing the calcium signal seen by the sensor
or removing important components of the presynaptic release
machinery leads to the appearance of asynchronous synaptic cur-
rents and dramatically reduces synchronous transmitter release
(Schneggenburger and Neher, 2000; Xu-Friedman and Regehr,
2000; Sun et al., 2007). Therefore, one mechanism of the desyn-
chronization of transmitter release might be that the calcium
microdomain signaling between channels and the release sensor
is disrupted by removing the channels from the immediate vicin-
ity of the release machinery. Transmitter release rate may then
follow the slow and weak calcium signals originating from remote
calcium channels only. A second mechanism may be that the
disassembly of synapses contacting a premyelinating oligoden-
drocyte starts with the removal of a calcium sensor protein that is
essential for synchronous transmitter release, in analogy to the
findings in synaptotagmin-2 knock-out mice (Sun et al., 2007).
However, although we view these two mechanisms as possible
first steps in the process of a complete synapse disassembly, it
should be noted that it is compatible with our experimental re-
sults that calcium channels or presynaptic proteins are just rear-
ranged without major changes in the structure of the synapses
(i.e., without a complete disassembly of the synapse).

An alternate explanation of the occurrence of asynchronous
synaptic currents may be that they are attributable to network
activity (i.e., attributable to asynchronously firing neurons in the
hippocampal network). Although this is principally possible, we
believe it is quite unlikely because (1) a single extracellular stim-
ulation of Schaffer collaterals does not induce network activity,
especially when NMDA receptors are blocked (APV was present);
(2) such asynchronous synaptic currents were never observed in
OPCs, although they are coexisting in the same subfields and are
more tightly integrated in the hippocampal synaptic circuitry;
and (3) the absence of an early, synchronous synaptic current
immediately after the stimulation in premyelinating oligoden-
drocytes is difficult to reconcile with a strong activation of the
surrounding neuronal network.

Regulation of synapses depends on the developmental state of
the postsynaptic glial cell
We and others did not observe asynchronous transmitter release
onto OPCs (Bergles et al., 2000; Kukley et al., 2007; Ziskin et al.,
2007). This implies that neurons recognize the developmental
stage of the postsynaptic glial cell and are able to selectively dis-
assemble the release machinery at contact sites to differentiating
oligodendroglial cells (Fig. 7). Furthermore, it appears likely that
the process of synaptogenesis is specific with respect to the devel-
opmental stage of the glial cells: On the one hand, neurons in the
postnatal brain continuously establish new synapses with new-
born OPCs (Kukley et al., 2008; Ge et al., 2009), whereas, on the
other hand, neurons do not establish new synapses onto coexist-
ing premyelinating oligodendrocytes, although the latter are
probably sufficiently responsive to synaptically released gluta-
mate. Therefore, the present study supports the view that synap-
tic contacts on OPCs represent a specific cell– cell interaction
rather than promiscuous synaptogenesis onto glutamate receptor-
containing membranes in a synapse-permissive environment such
as the hippocampus.

Does cessation of transmitter release trigger the
differentiation of OPCs?
The finding that oligodendroglial cells lose synaptic input as soon
as they differentiate raises the question of whether the removal of
synaptic input may act to trigger their differentiation. It is rea-
sonable to assume that the transformation of an OPC into a
premyelinating oligodendrocyte takes at least 1 d because there
are substantial morphological differences. For this reason, a given
cell would be expected to keep the identity of an OPC for at least
1 d after the process of differentiation has been triggered by the
removal of synaptic input. This implies that we should have ob-
served a fraction of OPCs that lacks synaptic input and possibly
another fraction that receives asynchronous synaptic input. Fur-
thermore, synaptic currents should then be entirely absent in
premyelinating oligodendrocytes. On the contrary, all OPCs dis-
play synchronous synaptic currents (Bergles et al., 2000; Lin and
Bergles, 2004; Kukley et al., 2007, 2008; Ziskin et al., 2007) and
there is a fraction of premyelinating oligodendrocytes exhib-
iting asynchronous synaptic currents. Therefore, our data do
not suggest that dismantling the release machinery triggers the
differentiation of OPCs but rather indicate that premyelinat-
ing oligodendrocytes may use a retrograde signal to disclose
their new developmental stage to the presynaptic neuron.

Although, as outlined above, the removal of synaptic input
itself is unlikely to modulate the time point of differentiation, it is
important to note that it is still possible that a certain pattern of
synaptic transmitter release onto OPCs does play a part in trig-
gering differentiation. Furthermore, it is also conceivable that
synaptic input to an OPC triggers long-term changes that come
into action only once the cell has proceeded to later developmen-
tal stages.

How do mature oligodendrocytes in vivo respond
to glutamate?
Numerous reports have shown that cultured oligodendrocytes
express AMPA/kainate receptors (for review, see Kettenmann
and Steinhaeuser, 2005). This is in striking contrast to the present
study in which we were not able to detect AMPA/kainate recep-
tors in oligodendrocytes in native tissue. Instead of receptor cur-
rents, our uncaging experiments revealed a substantial glutamate
transporter current in mature oligodendrocytes (Fig. 3). This is in
good agreement with a previous study using a similar photolytic
technique on oligodendrocytes (Regan et al., 2007) and with pre-
vious reports investigating the expression of glutamate trans-
porter proteins and glutamate uptake rates in oligodendrocytes
(Arranz et al., 2008; DeSilva et al., 2009). Interestingly, our exper-
iments with synaptic stimulation (Fig. 5) also showed that these
oligodendroglial glutamate transporters contribute to the re-
moval of synaptically released transmitter and that they do so not
only for glutamate but also for GABA. However, it is important to
point out that, although oligodendrocytes sense neurotransmit-
ter release via electrogenic transporter currents, they are not able
to discriminate release events from single synapses (i.e., the re-
lease of individual vesicles). First, under conditions that pro-
voked spontaneous release of individual vesicles (Fig. 2), we
never registered any spontaneous currents in mature oligoden-
drocytes. Second, stimulated transporter currents lacked failures
and the trial-to-trial fluctuation typically associated with the
probabilistic nature of the release of individual vesicles. There-
fore, the fundamental difference between neuron-to-OPC and
neuron-to-oligodendrocyte signaling is that oligodendrocytes
only detect transmitter that pools in the extracellular space, pre-
sumably released from many hundreds of synapses.
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