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Summary

The molecular layer of the cerebellar cortex is popu-
lated by glial progenitors that express ionotropic glu-
tamate receptors and extend numerous processes
among Purkinje cell dendrites. Here, we show that re-
lease of glutamate from climbing fiber (CF) axons pro-
duces AMPA receptor currents with rapid kinetics in
these NG2-immunoreactive glial cells (NG2+ cells) in
cerebellar slices. NG2+ cells may receive up to 70
discrete inputs from one CF and, unlike mature Pur-
kinje cells, are often innervated by multiple CFs.
Paired Purkinje cell-NG2+ cell recordings show that
one CF can innervate both cell types. CF boutons
make direct synaptic junctions with NG2+ cell pro-
cesses, indicating that this rapid neuron-glia signal-
ing occurs at discrete sites rather than through
ectopic release at CF-Purkinje cell synapses. This ro-
bust activation of Ca2+-permeable AMPA receptors in
NG2+ cells expands the influence of the olivocerebel-
lar projection to this abundant class of glial progen-
itors.

Introduction

Climbing fibers (CFs) from the inferior olive provide a
major glutamatergic projection to the cerebellum that
helps to maintain equilibrium, relay movement errors,
and enable plasticity in motor output (Ohyama et al.,
2003). The powerful excitation of Purkinje cells (PCs)
by these axons is central to their ability to exert control
over motor systems; it drives inhibition of output neu-
rons in the deep cerebellar nuclei and allows hetero-
synaptic modulation of other inputs to PCs, including
long-term depression of parallel fiber (PF)-PC synapses
(Ito and Kano, 1982) and changes in the strength of
inhibitory synapses (Kano et al., 1992). Whether all as-
pects of CF control can be attributed to the innervation
of PCs remains controversial. Physiological studies
suggest that some cerebellar interneurons may receive
*Correspondence: dbergles@jhmi.edu
weak monosynaptic input from CFs (Eccles et al., 1966;
Jorntell and Ekerot, 2003), although defined synaptic
junctions between CFs and interneuron dendrites have
not been observed (Hamori and Szentagothai, 1980;
Ichikawa et al., 2002; Sugihara et al., 1999). In contrast,
recent studies indicate that glial cells detect glutamate
that is released from CF terminals (Bergles et al., 1997;
Dzubay and Jahr, 1999; Matsui and Jahr, 2003), sug-
gesting that a major role of CFs is to influence glial cell
behavior in the cerebellar cortex. However, the extent
of these neuron-glia interactions and their roles in cere-
bellar function are poorly understood.

Two distinct types of glial cells are found in the mo-
lecular layer of the cerebellum, Bergmann glial cells
(BGs) and a group of glial progenitors termed oligoden-
drocyte precursor cells (OPCs or NG2+ cells) (Levine
and Card, 1987; Palay and Chan-Palay, 1974). Although
both types of glia express ionotropic glutamate recep-
tors, only CF signaling in BGs has been examined in
detail. BGs tightly ensheath excitatory synapses on
PCs (Palay and Chan-Palay, 1974; Spacek, 1985), an
association that helps to isolate synapses by placing
glutamate transporters near sites of release and by
increasing the distance for diffusion between adjacent
synapses (Barbour and Hausser, 1997; Huang and Ber-
gles, 2004). This tight ensheathment of PC synapses
appears to be maintained through the activation of
Ca2+-permeable AMPA receptors in BGs (Iino et al.,
2001). Recent studies indicate that AMPA receptors in
perisynaptic BG processes are activated through ec-
topic fusion of synaptic vesicles outside anatomically
defined active zones (Matsui and Jahr, 2003; Matsui
and Jahr, 2004), and by spill out of glutamate from the
synaptic cleft (Bergles et al., 1997; Dzubay and Jahr,
1999). These results indicate that BGs are not a direct
target of CF axons but rather are activated as a conse-
quence of their intimate association with CF-PC syn-
apses.

NG2+ progenitor cells are found throughout the de-
veloping and mature CNS and are responsible for gen-
erating oligodendrocytes and myelin throughout life
(Levison et al., 1999; Windrem et al., 2004). NG2+ cells
in the hippocampus express functional AMPA receptors
(Bergles et al., 2000; Lin and Bergles, 2002) that are
activated at defined neuron-glia synaptic junctions
(Bergles et al., 2000), in contrast to the mechanisms of
receptor activation in BGs. It is not yet known if this
direct form of neuron-glia signaling is ubiquitous
among the entire NG2+ cell population. NG2+ cells in
the molecular layer of the cerebellum extend numerous
processes among the dendrites of PCs (Levine and
Card, 1987; Palay and Chan-Palay, 1974), suggesting
that they may also respond to neuronal activity in this
region. However, the physiological properties of NG2+

cells in this region, and their interaction with the two
excitatory inputs to this region are not known.

Here, we describe a distinct CF signaling pathway in
the molecular layer of the cerebellum. We find that CF
stimulation induces AMPA receptor-mediated synaptic
currents in NG2+ glial cells located in this region, which
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exhibit a sharp threshold, all-or-none behavior, and c
apaired-pulse depression. An analysis of quantal content
sof CF responses suggests that a CF may form up to 70
tdiscrete junctions with one NG2+ cell and that each
gNG2+ cell can be innervated by more than one CF. We
cestimated that 80% of AMPA receptors activated at
rthese sites are Ca2+ permeable, based on the strong
tinward rectification of CF-NG2+ cell currents when
gpolyamines were present in the internal solution. CF-
rNG2+ cell responses were less sensitive to cannabinoid
cor N-type Ca2+ channel inhibition than CF-BG re-
(sponses and were remarkably stable with repeated
gstimulation, suggesting that they are produced through
dfusion at conventional release sites rather than by ec-
(topic release. Electron microscopic analysis of physio-
nlogically identified NG2+ cells revealed that anatomi-
mcally defined CFs formed direct synapses with the
aprocesses of NG2+ cells in the molecular layer. PF re-
asponses were also observed in NG2+ cells, but these
6inputs were much less robust. These results indicate
Nthat CF axons also influence the behavior of NG2+ cells
nin the cerebellum and that rapid synaptic signaling is a
tconserved property of this ubiquitous class of glia.

SResults
i
NNG2+ Cells in Cerebellum Exhibit Properties
pof Glial Progenitors
tTo visualize NG2+ cells in the cerebellum, we prepared
lparasagittal slices from transgenic mice that express
cenhanced green fluorescent protein (EGFP) under the
1control of the proteolipid protein (PLP) promoter, in
Cwhich oligodendrocyte lineage cells express EGFP
s(Mallon et al., 2002). In addition to intensely fluorescent
coligodendrocytes in the white matter, many small (soma
2diameter, 10–15 �m) weakly fluorescent cells were visi-
−ble in the molecular layer of the cerebellum in these
rPLP-EGFP mice. These weakly fluorescent EGFP+ cells
twere immunoreactive to antibodies against NG2 and
bthe α receptor for the platelet-derived growth factor
C

(PDGFαR) (Figures 1A–1F), markers of oligodendrocyte
(

precursors (Hall et al., 1996; Nishiyama et al., 1996; Ni-
m

shiyama et al., 2002). Notably, EGFP+ cells were immu- 1
nonegative for Pax-2, a transcription factor expressed s
by developing interneurons in the cerebellum (Maricich

�
and Herrup, 1999) (Figures 1G–1I), as well as parval- t
bumin and NeuN, markers for interneurons in this re- r
gion (Fortin et al., 1998; Weyer and Schilling, 2003) (see i
Figure S1 in the Supplemental Data available with this r
article online), indicating that NG2+ cells resident in the c
molecular layer of the cerebellum are not immature in- t
terneurons, as has been suggested for NG2+ cells in (
other brain regions (Aguirre and Gallo, 2004; Belachew r
et al., 2003). b

r
Cerebellar NG2+ Cells Are Physiologically Distinct e
from Neurons and Bergmann Glia k
To examine the physiological properties of NG2+ cells h
in the cerebellum, we made whole-cell recordings from a
EGFP+ cells that were visualized in the molecular layer b
using combined IR-DIC and fluorescence imaging. t
Subsequent histological analysis of cells loaded with s

Jbiocytin revealed that all EGFP+ cells selected for re-
ording were NG2+ (n = 15/15 cells) (Figures 1J and 1K)
nd PDGFαR+ (n = 5/5 cells) (data not shown). Only a
ingle cell became labeled with biocytin, indicating that
hese NG2+ cells were not extensively coupled through
ap junctions, unlike BG (Muller et al., 1996). In whole-
ell (n = 9) and perforated-patch (n = 5) current-clamp
ecordings, EGFP+ cells had a moderate input resis-
ance (120 ± 18 M�) about 4-fold higher than BG (Ber-
les et al., 1997), a capacitance of 23 ± 2 pF, and a
esting membrane potential of −102.3 ± 0.2 mV (n = 14),
lose to calculated equilibrium potential for potassium
EK = −102.5 mV). Although these cells express voltage-
ated Na+ and K+ channels, injection of positive current
id not induce action potentials or depolarizing spikes

n = 14/14 cells) (Figure 1L). In contrast, EGFP− inter-
eurons located in the molecular layer had resting
embrane potentials of −58.5 ± 0.9 mV (n = 6), fired

ction potentials at a high frequency when depolarized,
nd exhibited a morphology similar to stellate cells (n =
/6 cells) (data not shown). These results indicate that
G2+ cells in the molecular layer of the cerebellum are
onexcitable glial cells that exhibit membrane proper-
ies distinct from BG and surrounding interneurons.

ynaptic Activation of AMPA Receptors
n Cerebellar NG2+ Glia
G2+ cells in the molecular layer extended multiple thin
rocesses into the neuropil among PC dendrites. To de-
ermine whether these glial cells detect glutamate re-
eased from CFs, we recorded their response to electri-
al stimulation of CF axons. When stimuli (15–200 �A;
00 �s) were applied to the granule cell layer, which
Fs pass through before reaching PC dendrites, tran-
ient inward currents were observed in 86% of NG2+

ells (94/109 cells) voltage clamped at −80 mV (Figure
A). The average amplitude of these responses was
307 ± 55 pA (range, −56 pA to −905 pA; n = 36), in
ecordings that lasted for at least 5 min; the largest of
hese currents was capable of depolarizing NG2+ cells
y w26 mV (Figure 2A). The NG2+ cell responses to
F stimulation exhibited rapid rise and decay kinetics

20%–80% rise time, 406 ± 24 �s; tau decay, 1.8 ± 0.1
s; n = 10), similar to CF EPSCs in PCs (Llano et al.,

991). Indeed, NG2+ cell EPSCs were blocked by the
elective AMPA receptor antagonist GYKI 53655 (50
M; n = 5) (Figure 2B); EPSCs elicited at a holding po-

ential of 40 mV also were blocked by the AMPA/kainate
eceptor antagonist NBQX (n = 31) (Figure 2C), indicat-
ng that NMDA receptors did not contribute to these
esponses (Wyllie et al., 1991). Cyclothiazide (CTZ), a
ompound that blocks desensitization of AMPA recep-
ors and increases their apparent affinity for glutamate
Patneau et al., 1993), increased the amplitude of these
esponses by 99% ± 25% and slowed their decay times
y 191% ± 35% (decay tau; n = 10) (Figure 2B), compa-
able to effects observed on neuronal EPSCs (Rammes
t al., 1994; Xu-Friedman and Regehr, 2003). The rapid
inetics of NG2+ cell EPSCs and their moderate en-
ancement by CTZ suggests that their AMPA receptors
re exposed to a high concentration of glutamate for a
rief period of time, similar to the glutamate concentra-
ion transient experienced by neuronal receptors in the
ynaptic cleft (Clements et al., 1992; Diamond and
ahr, 1997).
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Figure 1. NG2+ Cells in the Cerebellum of
PLP-EGFP Mice Express EGFP

(A–C) EGFP expression in sagittal sections
of P25 cerebellum. Weakly EGFP+ cells were
present in the molecular layer. Note the
much brighter fluorescence from the pro-
cesses of white matter oligodendrocytes in
the granule cell layer, near the left border of
this panel. (B) NG2 immunoreactivity in the
same section as (A). (C) Overlay of (A) and
(B) showing that EGFP+ cells in the molecu-
lar layer were NG2+ (arrowheads). Open ar-
rows highlight capillaries that are also NG2+.
(D–F) EGFP expression and PDGFαR immu-
noreactivity in the molecular layer of the cer-
ebellum. Arrowheads in (F) indicate EGFP+/
PDGFαR+ cells. (G–I) EGFP expression and
Pax-2 immunoreactivity in cerebellum. EGFP+

cells did not colocalize with Pax-2. Open ar-
rows in (I) highlight Pax-2+ nuclei of interneu-
rons. (J) An EGFP+ NG2+ cell filled with bio-
cytin through the whole-cell electrode. (K)
NG2 immunoreactivity of region of the slice
shown in (J), showing that this cell was
NG2+. Scale bars for (A)–(K), 20 �m. (L) Mem-
brane potential changes induced by current
injection in a perforated-patch recording
from an EGFP+ cell in molecular layer of the
cerebellum. VM = −100 mV. Current steps:
−60, 60, 180, 300, and 800 pA. Scale bar, 10
mV, 50 ms. Note that this cell did not fire ac-
tion potentials with strong depolarization.
AMPA Receptor-Mediated Currents in NG2+ Glia
Are Mediated by CFs
CF terminals release glutamate with high probability
but require many seconds to recover after release has
occurred (Silver et al., 1998; Wadiche and Jahr, 2001).
As a result, CF-PC EPSCs exhibit a low paired-pulse
ratio (PPR) (w0.5) when two stimuli are applied within
50 ms (Hashimoto and Kano, 1998). Evoked EPSCs in
NG2+ cells exhibited a PPR of 0.32 ± 0.03 (n = 20) (Fig-
ure 2D), indicating that the terminals responsible for
glutamate release onto these glia also recover slowly
(Figure 2E). Multivesicular release at CF-PC synapses
causes saturation of AMPA receptors and leads to an
underestimation of the amount of glutamate released
during the first pulse of paired-pulse protocols (Wa-
diche and Jahr, 2001). Therefore, the smaller PPR of
NG2+ cell EPSCs may indicate that their AMPA recep-
tors are further from saturation than receptors at CF-
PC synapses. Notably, the PPR of NG2+ cell EPSCs
was similar to the PPR of kainate receptor currents re-
corded at CF-PC synapses (0.32 ± 0.02; n = 4; p = 0.45)
(Figure 2F), which experience lower occupancy than
AMPA receptors (Huang et al., 2004), and to CF-PC
EPSCs recorded in the presence of a low-affinity AMPA
receptor antagonist that prevents AMPA receptor satu-
ration (Wadiche and Jahr, 2001). Furthermore, both
NG2+ cell EPSCs and kainate receptor EPSCs at CF-PC
synapses recovered from depression slowly (Figures 2E
and 2F), requiring 3.2 s to reach 90% ± 3.0% (p = 0.43)
(NG2+ cell EPSC) and 91% ± 1.0% (CF-PC kainate
EPSC) of their initial amplitudes. These results suggest
that NG2+ cell AMPA receptor currents are produced by
the release of glutamate from CFs, but unlike AMPA
receptors at CF-PC synapses, AMPA receptors in NG2+

cells are not saturated following this release. CF inputs
with similar features were also detected in NG2+ cells
in cerebellar slices prepared from mature mice (>post-
natal day [P] 40) (n = 6/6 cells) (see Figure S2), indicat-
ing that this olivocerebellar synaptic input to glia ma-
tures in parallel with the CF innervation of PCs.

To address whether NG2+ cells and PCs share input
from the same CFs, we made simultaneous whole-cell
recordings from one PC and one NG2+ cell within single
folia and measured their responses to CF stimulation.
In 3/77 PC-NG2+ cell paired recordings, evoked AMPA
receptor currents in NG2+ cells exhibited exactly the
same threshold and all-or-none behavior as the CF
EPSC in a nearby PC (Figure 3A). The NG2+ cell re-
sponse was not an indirect result of PC activation, as
it was unaffected when the PC was depolarized to 10
mV to reverse the direction of current flow during the
CF EPSC (Figure 3B). These results indicate that NG2+

cell EPSCs occur as a direct result of glutamate release
from the CF. The low incidence of coinnervation of
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Figure 2. Evoked AMPA Receptor-Mediated
Currents Recorded from Cerebellar NG2+

Cells

(A) Electrical stimulation in the granule cell
layer elicited an inward current of −865 pA in
an NG2+ cell (lower trace). VM = −100 mV. In
current-clamp mode, stimulation of this in-
put depolarized the cell by 26 mV (from a
resting membrane potential of −100 mV) (up-
per trace). (B) Evoked responses recorded
from an NG2+ cell in control conditions, in
the presence of cyclothiazide (CTZ; 100 �M),
and in the presence of GYKI 53655 (100 �M).
VM = −80 mV. The sensitivity to both CTZ and
GYKI indicates that these responses are me-
diated by AMPA receptors. (C) Evoked re-
sponses recorded from an NG2+ cell at VM =
−80 mV and 40 mV in control conditions and
following the application of NBQX (5 �M). No
outward currents were detected in NBQX, in-
dicating that NMDA receptors did not con-
tribute to these currents. (D) Paired-pulse
depression (PPD) of evoked AMPA receptor
currents recorded from an NG2+ cell. The in-
terstimulus interval was 50 ms. VM = −80 mV.

(E) Responses of an NG2+ cell to paired stimuli applied with varying interstimulus intervals. Pairs of evoked currents with different intervals
were normalized to the amplitude of the first response. Intervals: 50, 100, 200, 400, 800, 1600, or 3200 ms. (F) Plot of paired-pulse ratio (PPR)
versus interstimulus interval for AMPA receptor currents recorded from NG2+ cells (filled circles) (n = 5) and CF kainate receptor EPSCs
recorded from PCs in the presence of the selective AMPA receptor antagonist GYKI 53655 (100 �M) (open circles) (n = 4). Error bars are
standard error of the mean. Arrowheads in (A)–(D) indicate when stimuli were applied.
neighboring NG2+ cells and PCs may indicate that most
inputs to NG2+ cells occur on their processes, which
extend up to 100 �m in both sagittal and transverse
planes (Levine and Card, 1987; Palay and Chan-Palay,
1974).

NG2+ Cells Receive Input from Multiple CFs
In the mature cerebellum, the majority of PCs receive
input from only one CF (Nishiyama and Linden, 2004;
Rossi et al., 1993), an extraordinary specificity that is
established over the first 2 weeks of life. The processes
of individual NG2+ cells often span the dendritic arbors
of four or more PCs (Figures 4A–4C), creating the op-
portunity for these cells to receive input from more than
one CF. Indeed, 14% of NG2+ cells had EPSCs that ex-
hibited two distinct stimulation thresholds, while 2% of
NG2+ cells exhibited EPSCs with three or more thresh-
olds (Figures 4D–4F). A greater proportion of NG2+ cells

Fmay receive multiple CF innervation in vivo, as it is diffi-
(cult to ensure that every input was stimulated in these
pexperiments, and some CF afferents may have been
r

lost during slice preparation. m
a
iQuantal Content of CF-NG2+ Cell EPSCs
tSpontaneous miniature EPSCs (mEPSCs) occurred at a
clow frequency (0.1–0.01 Hz) in NG2+ cells in the pres-
i

ence of tetrodotoxin (TTX; 1 �M) (Figure 5A). These l
mEPSCs had an average amplitude of −13.5 ± 4.8 pA S

Eand exhibited rapid kinetics, reaching a peak in 326 ±
t64 �s (20%–80% rise time) and decaying in 1.6 ± 0.2
tms (tau decay) (n = 5 cells) (Figures 5B and 5C). The
woccurrence of quantal events in NG2+ cells suggests
N

that release of a single glutamate-filled vesicle leads to t
rapid activation of AMPA receptors in the membranes c

wof these glial cells. Dividing the average NG2+ cell CF
igure 3. PCs and NG2+ Cells Receive Input from the Same CFs

A) (Lower panel) Plot of the amplitude of the first EPSC in a paired-
ulse protocol versus stimulation intensity during a simultaneous
ecording from one NG2+ cell (VM = −80 mV) and one PC (VM = −10
V). Closed symbols correspond to responses from the NG2+ cell,

nd open symbols correspond to responses from the PC. Asterisk
ndicates failures that occurred in both NG2+ cell and PC near
hreshold. (Upper panel) CF responses recorded from this pair of
ells at different stimulation intensities. The asterisk marks traces

n which the response was evoked only following the second stimu-
us, corresponding to the points marked by the asterisk in the plot.
cale bars, 10 ms/50 pA in NG2+ glia EPSCs, 10 ms/200 pA for PC
PSCs. Evoked responses in this cell exhibited exactly the same

hreshold and all-or-none behavior. (B) Responses recorded from
he PC (upper traces) and the NG2+ cell (lower traces) shown in (A)
hen the PC was held at VM = −10 mV and 10 mV. The VM of the
G2+ cell was held continuously at −80 mV. A change in the direc-

ion of current flow across the PC membrane did not alter the NG2+

ell response. Arrowheads in (A) and (B) indicate when the stimulus
as applied.
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Figure 4. CF AMPA Receptor Currents in NG2+ Cells Arise from One or More CFs

(A) An NG2+ cell labeled with anti-NG2 antibody in the molecular layer of the cerebellum that extended multiple processes in the sagittal
plane. (B) α-Calbindin immunoreactivity of the same region of the section shown in (A). (C) Overlay of (A) and (B) illustrating the extent of
overlap between NG2+ cell processes and the dendritic arbor of PCs. Scale bar for (A)–(C), 20 �m. (D–F) Plot of NG2+ cell CF response
amplitude versus stimulation intensity for three recordings (lower panels). Average responses at different stimulation intensities are shown
above each plot (upper panels). The cell in (D) exhibited one threshold, the cell in (E) exhibited two thresholds, and the cell in (F) exhibited
three distinct thresholds. The arrows in the lower panels of (E) and (F) indicate when the stimulation was near threshold for the next CF.
Arrowheads in upper panels of (D)–(F) indicate when the stimulus was applied. Scale bars in upper panels of (D)–(F), 2 ms/100 pA.
of evoked CF EPSCs were smaller, and quantal events PC EPSCs (see Figure 2D), the range of NG2 cell CF

Figure 5. Determining the Quantal Content of
CF-NG2+ Cell EPSCs

(A–C) mEPSCs recorded from an NG2+ cell
in the presence of TTX (1 �M). Asterisks de-
note mEPSCs shown on an expanded time-
scale in (B). (C) The average waveform of
mEPSCs recorded from this NG2+ cell
(average of 141 events). These events were
recorded in the presence of 100 �M ruthe-
nium red to increase the frequency of spon-
taneous vesicle release.
(D–F) CF response from an NG2+ cell re-
corded under control conditions. The av-
erage amplitude was −566 pA. (E) Five
evoked CF responses recorded when Ca2+

and Mg2+ in the ACSF were replaced with 5
mM Sr2+ (SrCl2). Currents resulting from syn-
chronous release were truncated for clarity.
The arrowhead indicates when the stimulus
was applied. The dark trace in (F) shows an
average of 21 quantal events recorded in this
cell in Sr2+ ACSF. The average mEPSC’s am-

plitude was −17.6 pA, indicating that this CF EPSC had a quantal content of 32. The light trace in (F) shows the control CF EPSC in (D) scaled
to the amplitude of the average mEPSC. The similar time course of these responses indicates that the 32 quanta were released synchronously.
EPSC amplitude by the average amplitude of the
mEPSC provides an estimate of the number of quanta
that contribute to each CF response. Because not all
mEPSCs may arise from CFs (see below; Figure S3), we
measured the size of individual quanta that contributed
to CF EPSCs by desynchronizing evoked responses
with extracellular Sr2+ (Oliet et al., 1996). In artificial ce-
rebrospinal fluid (ACSF) containing Sr2+, the amplitudes
occurred for w100 ms after stimulation (Figures 5D and
5E). These evoked CF mEPSCs had an average ampli-
tude of −11.3 ± 3.3 pA, a rise time of 345 ± 51 �s, and
a decay time of 1.6 ± 0.1 ms (tau decay; n = 6), similar
to the spontaneous mEPSCs (Figure 5F). If NG2+ cell
AMPA receptors are not saturated by the glutamate re-
leased by the CF, as suggested by the greater paired-
pulse depression of these EPSCs as compared to CF-

+
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EPSC amplitudes indicates that each NG2+ cell detects C
Cthe release of between 4 and 70 vesicles from one CF. A

comparison of mEPSC and the CF EPSC time courses i
Aindicates that these vesicles are released in a highly

synchronous manner when an action potential travels s
oalong the CF (Figure 5F). If these responses are gener-

ated at discrete CF-NG2+ cell synapses, and only one s
svesicle fuses per site, it suggests that a CF can form

as many as 70 functional synapses with one NG2+ cell. P
w
sCF-NG2+ Cell EPSCs Do Not Occur
sthrough Ectopic Release
mAt certain high-release probability synapses, vesicles
ccan fuse at ectopic sites outside the active zone (Mat-
rsui and Jahr, 2003; Zenisek et al., 2000). At CF-PC syn-

apses, ectopic release occurs directly opposite en-
Psheathing BG membranes, which promotes effective
Tactivation of low-affinity AMPA receptors located in
othese extrasynaptic membranes (Matsui and Jahr,
r2003; Matsui and Jahr, 2004). Although the sterical rela-
Ptionship of NG2+ cell processes in the cerebellum has
lnot been examined in detail, in the hippocampus the
Nprocesses of these cells were observed in direct mem-
cbrane apposition to neuronal synapses (Bergles et al.,
t2000; Ong and Levine, 1999), raising the possibility that
tCF-NG2+ cell responses also could arise from ectopic
Srelease of glutamate. Ectopic release from CF terminals
ais more sensitive to manipulations that lower Ca2+ influx
cand slow Ca2+ diffusion within the terminal (Matsui and
NJahr, 2003), consistent with a model in which ectopic
srelease occurs further from sites of Ca2+ influx. If NG2+

gcell CF responses occur through ectopic release, they
rshould exhibit a similar sensitivity to manipulations that
sreduce Ca2+ influx into CF terminals. To address this
wpossibility, we compared the inhibition of CF responses
cin BGs and NG2+ cells by the CB1 receptor agonist WIN
c55,212-2 (WIN), a compound that inhibits CF terminal
cCa2+ channels and decreases the amplitude of CF-PC
dEPSCs (Kreitzer and Regehr, 2001). At 1 �M, WIN inhib-
mited CF-NG2+ cell EPSCs by 49% ± 5% (n = 7) and
gincreased PPR from 0.29 ± 0.03 to 0.46 ± 0.04 (n = 7;
tp < 0.001), indicating that WIN reduced the probability
aof glutamate release onto NG2+ cells (Figures 6A–6C).
0This amount of WIN produced near maximal inhibition,

as raising the WIN concentration 5-fold (to 5 �M) in-
creased the inhibition of CF-NG2+ cell EPSCs to only C

C58% ± 6% (n = 7; p = 0.09) (Figure 6F), an effect compa-
rable to that observed at CF-PC synapses (Kreitzer and >

iRegehr, 2001). In contrast, 1 �M WIN inhibited CF-BG-
evoked responses by 95% ± 2% (n = 6) (Figures 6D– t

U6F), significantly greater than that observed for CF-
NG2+ cell EPSCs (p < 0.001 for both 1 �M and 5 �M b

bWIN) (Figure 6F). The glutamate transporter antagonist
TBOA (DL-threo-b-benzyloxyaspartic acid) was applied t

Aat the end of these experiments to show that the CF-
BG response remaining in NBQX was mediated by glu- t

stamate transporters (Bergles et al., 1997).
Recent studies by Matsui and Jahr (2004) indicate p

lthat ectopic release from CFs shows a greater depen-
dence on Ca2+ influx through N-type Ca2+ channels a

gthan conventional release at active zones. To provide
further evidence that CF-NG2+ cell signaling is distinct c

lfrom ectopic release, we measured the sensitivity of
F-NG2+ cell EPSCs to block by the selective N-type
a2+ channel antagonist ω-conotoxin GVIIA. As shown

n Figures 6G–6I, CF-NG2+ cell responses recorded in
CSF containing 2 mM Ca2+, conditions used in the
tudies of Matsui and Jahr (2004), were inhibited by
nly 36% ± 6% (n = 7) by 1 �M ω-conotoxin GVIIA,
ignificantly lower than that reported for CF-BG re-
ponses (w83%), but similar to that reported for CF-
C responses (w36%) when saturation was prevented
ith γ-DGG (Matsui and Jahr, 2004). The comparable
ensitivity of neuronal and NG2+ cell synaptic re-
ponses to N-type Ca2+ channel and cannabinoid-
ediated inhibition suggests that CF EPSCs in NG2+

ells occur as a result of vesicle fusion at conventional,
ather than ectopic release sites.

F Inputs to NG2+ Cells
he number of PF axons greatly exceeds the number
f CF axons in the molecular layer of the cerebellum,
aising the question of whether NG2+ cells also receive
F input. When stimuli were applied within the molecu-

ar layer, small inward currents were evoked in 15/15
G2+ cells. These responses exhibited paired-pulse fa-
ilitation (PPR: 2.07 ± 0.13; p < 0.001 when compared
o CF-NG2+ cell EPSCs) and graded increases in ampli-
ude with increasing stimulation intensity (see Figure
3A). These responses had a rise time of 453 ± 25 �s
nd a decay time of 1.86 ± 0.23 ms (tau decay; n = 15),
omparable to CF EPSCs, and were also blocked by
BQX (see Figure S3B). The graded nature of these re-
ponses and their facilitation with paired stimuli sug-
est that these responses were produced by glutamate
eleased from PF axons. However, it was difficult to
tudy these inputs in isolation, because the CF input
as typically recruited as the stimulation intensity in-
reased, obscuring the much smaller PF response. We
onclude from these data that, although NG2+ cells are
apable of receiving both CF and PF input, the CF input
ominates. It is unlikely that PFs contributed to the
ultiple CF responses seen following stimulation in the
ranule cell layer (illustrated in Figure 4), because
he PPR of dual CF responses was the same as those
rising from a single CF (PPR: single CF EPSC, 0.29 ±
.04; dual CF EPSCs, 0.28 ± 0.03; n = 9; p = 0.4).

Fs Form Synaptic Junctions with NG2+ Cells
F EPSCs could be reliably evoked in NG2+ cells for
30 min with repeated stimulation (at 0.67 Hz), suggest-

ng that these currents are generated at stable junc-
ions where vesicles can be released and recycled.
sing electron microscopy to examine the relationship
etween CF terminals and these glial cells, we followed
iocytin-labeled processes of physiologically charac-
erized NG2+ cells that responded to CF stimulation.
natomically defined synapses were observed along

he processes of four NG2+ cells examined in serial
ections. Synaptic junctions were identified by the rigid
arallel apposition of the membrane of the biocytin-

abeled process and the vesicle-containing bouton, the
ccumulation of synaptic vesicles at such sites to-
ether with presynaptic dense projections, and the ac-
umulation of electron opaque material in the extracel-

ular space (Figure 7). In all respects, such junctions
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Figure 6. CF Responses in NG2+ Cells and
BGs Exhibit Differential Sensitivity to Canna-
binoids and ω-Conotoxin GVIA

(A) Plot of the peak amplitude of CF-NG2+

cell EPSCs over time during one representa-
tive experiment. The bars above the plot in-
dicate the duration of drug application.
(B) Average traces of ten consecutive CF-
NG2+ cell EPSCs recorded during each con-
dition for the experiment shown in (A).
(C) Plot of the paired-pulse ratio (P2/P1; in-
terstimulus interval, 50 ms) under control
conditions and in the presence of 1 �M and
5 �M WIN (WIN 55-212,2) (n = 7). The in-
crease in PPR indicates that WIN decreased
release probability. Error bars are standard
error of the mean.
(D) Plot of the peak amplitude of CF-BG
EPSCs over time during one representative
experiment. The bars above the plot indicate
the duration of drug application. Note the
greater inhibition of these responses by 1
�M WIN. The glutamate transporter antago-
nist TBOA was applied at the end of the ex-
periment to show that the current remaining
in NBQX was mediated by glutamate trans-
porters.
(E) Average of ten consecutive CF-BG re-
sponses recorded during each condition for
the experiment shown in (D).
(F) Summary of the effects of WIN 55,212-2
on CF-BG (n = 9) and CF-NG2+ cell (n = 7)
responses. Arrowheads in (B) and (E) indi-
cate when the stimulus was applied. Error
bars are standard error of the mean.
(G) Plot of the peak amplitude of NG2+ cell
CF EPSCs during one experiment showing
the inhibition of the response by ω-conotoxin
GVIA (1 �M).

(H) Average of ten consecutive CF-NG2+ cell responses recorded during each condition for the experiment shown in (D).
(I) Plot of the average amplitudes of CF-NG2+ cell responses from seven experiments illustrating that ω-conotoxin GVIA reduced CF-NG2+

cell EPSCs to w64% of control. Error bars are standard error of the mean.
0.3–2 �m) and the length of the synaptic junctions (0.1–were observed (22 on cell 1, 6 on cell 2, 11 on cell 3,

Figure 7. Electron Microscopic Analysis of
Synaptic Junctions on NG2+ Cells

(A and B) Serial sections from a cerebellar
slice in which a single NG2+ cell in the mo-
lecular layer was filled through the whole cell
electrode with biocytin. Visible in these
micrographs are two large CF boutons, each
making synaptic junctions (arrows) with a
lightly biocytin-labeled (HRP reaction prod-
uct) process of an NG2+ cell that responded
to CF stimulation. The boutons contain a
high density of small clear vesicles and large
granulated vesicles (small arrows). (C and D)
Small boutons forming synaptic junctions
(arrows) with two different NG2+ cells. The
bouton in (C) contains few vesicles and in-
nervates the same cell as shown in (A) and
(B), whereas the one in (D) contains a high
density of vesicles like the large boutons in
(A) and (B). These inputs may correspond to
small CF boutons or PF boutons. Scale bars,
0.2 �m.
were similar to those established by CF and PF boutons
with PCs and interneurons. After sectioning about 5%–
20% of each of these four cells, a total of 44 synapses
and 5 on cell 4). No synapses were found on the cell
bodies of NG2+ cells, although they were not com-
pletely sectioned. The size of the boutons (long axis,
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0.6 �m) varied greatly from synapse to synapse and
from cell to cell. Two cells received only small synapses
within the area examined, while the other cells also re-
ceived synapses from large boutons containing densely
packed small clear synaptic vesicles, numerous large
granulated and coated vesicles, and prominent presyn-
aptic specializations, reminiscent of CF terminals on
PCs, (Hamori and Szentagothai, 1980; Palay and Chan-
Palay, 1974). The origin of the small boutons could not
be directly determined, but several were also densely
packed with vesicles (Figure 7D) like CF boutons; there-

Ffore, they may represent smaller CF terminals, PF ter-
aminals, or a mixture of both. Notably, synapses on NG2+

(cell processes were not wrapped by Bergmann glial la-
−mellae. Biocytin-labeled processes of NG2+ cells were
t

also in direct membrane apposition with boutons that w
made no synaptic junctions, as well as with PF axons, t

rBergmann glial processes, and interneuron dendrites.
�This diverse association with neuronal and nonneuronal
ielements may allow these glia to have a wide influence
(in this region.
C
(

CF Activation of Ca2+-Permeable AMPA i
aReceptors in NG2+ Cells

The largest CF EPSCs depolarized NG2+ cells to w−74
mV (see Figure 3A), well below activation range of even
low voltage-activated Ca2+ channels (Huguenard, 1996). C
To better understand the potential of CF inputs to mod- p
ulate the behavior of these glial cells, we examined b
whether NG2+ cell AMPA receptors were Ca2+ perme- d
able. AMPA receptors formed without edited GluRB d
(GluR2) subunits are permeable to Ca2+ and exhibit in- c
wardly rectifying current-voltage (I-V) relationships due a
to channel block by intracellular polyamines (Donevan q
and Rogawski, 1995). When spermine (100 �M) was in- a
cluded in the electrode solution, current flow through P
these AMPA receptors was greatly reduced at 40 mV (
when compared to −40 mV (n = 7), causing CF-NG2+ w
cell EPSCs to exhibit profound inward rectification (Fig- a
ures 8A and 8B). NG2+ cell EPSCs recorded without m
spermine in the electrode solution exhibited a linear r
I-V relationship (n = 4) (Figures 8A and 8B), indicating e
that this rectification was due to intracellular block by o
polyamines. The amplitude ratio of EPSCs at 40 mV r
(spermine/control) was 0.2, indicating that up to 80% j
of the NG2+ cell AMPA receptors activated by CFs are s
Ca2+ permeable. These results indicate that neurons in A
the inferior olive stimulate Ca2+ influx into cerebellar s
NG2+ cells by activating Ca2+-permeable AMPA recep- a
tors at direct CF-NG2+ cell synapses. a

s
mDiscussion
t
mCF axons provide one of the two major glutamatergic

afferents to the cerebellum and are essential for cere- t
tbellar plasticity. We find that the same CFs that inner-

vate PCs in the molecular layer of the cerebellum also o
cform extensive synaptic junctions with NG2+ cells, a

distinct class of nonexcitable glia. Release of glutamate r
lfrom CF terminals at these neuron-glia synapses oc-

curs with high probability and triggers rapid but mo- a
dmentary activation of AMPA receptors in NG2+ cell

membranes, similar to synaptic currents generated at s
igure 8. CF-NG2+ Cell EPSCs Are Mediated by Calcium-Perme-
ble AMPA Receptors

A) CF-NG2+ cell EPSCs recorded from an NG2+ cell at VM = −80,
40, 0, and 40 mV with an internal solution lacking spermine (left
races; control). CF NG2+ cell EPSCs recorded from a different cell
ith an internal solution that contained 100 �M spermine (right

races; spermine). Note that spermine reduced the amplitude of
esponses evoked at positive holding potentials. Cyclothiazide (100
M) was present in the ACSF for these experiments. Arrowheads

ndicate when the stimulus was applied.
B) Current-voltage (I-V) plots showing the average amplitudes of
F-NG2+ cell AMPA receptor currents recorded with spermine

filled circles; n = 7) and without spermine (open circles; n = 4) in the
ntracellular solution. Evoked responses were normalized to their
mplitude at VM = −80. Error bars are standard error of the mean.
F-PC synapses. This innervation of NG2+ cells ap-
ears to be both highly specific and robust. Although
asket and stellate interneurons are much more abun-
ant than NG2+ cells in this region and have extensive
endritic arbors, they receive little or no CF input (Des-
lin, 1976; Hamori and Szentagothai, 1980; Ichikawa et
l., 2002; Jorntell and Ekerot, 2003). Based on the
uantal content of CF responses, the density of CF syn-
pses on NG2+ cells is about half of that observed on
Cs, when the number of inputs is scaled to cell size

NG2+ cell: 25 synapses/23 pF = 1.1 synapses/pF; PC:
1,000 synapses/425 pF = 2.4 synapses/pF) (Otis et

l., 1997; Rossi et al., 1993; Silver et al., 1998). Further-
ore, this form of neuron-glial cell innervation was not

estricted to NG2+ cells located in particular folia or to
arly developmental times. Notably, PF input was also
bserved in these cells, although it appeared much less
obust than the CF input. If these neuron-glia synaptic
unctions are widespread, why have they not been ob-
erved in previous anatomical studies of this region?
lthough the somata of these glial cells have been de-
cribed in EM-level analyses of the cerebellum (Levine
nd Card, 1987; Palay and Chan-Palay, 1974; Peters et
l., 1991), CF inputs occurred primarily, if not exclu-
ively, on NG2+ cell processes, which are very thin and
ove in a tortuous path through the neuropil. In addi-

ion, these processes lack conspicuous GFAP fila-
ents, creating difficulties for unambiguous identifica-

ion. Notably, CF axons extend fine collaterals in the
ransverse plane that often enlarge to form varicosities
n small cells (Sugihara et al., 1999). Although these
ells were presumed to be interneurons, the present
esults suggest that some of these “terminal branch-
ets” may be the source of NG2+ cell innervation. It is
lso possible that innervation of NG2+ cells may be in-
uced or enhanced in vitro following preparation of tis-
ue slices. If so, these junctions must be formed rapidly
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and then stabilize, as the amplitudes of CF NG2+ cell
EPSCs were not larger in slices that had been main-
tained longer in vitro, and in several long-duration re-
cordings the amplitude of CF EPSCs remained stable
for more than 1 hr.

CFs Use Distinct Mechanisms to Communicate
with NG2+ Cells and Bergmann Glia
CFs also trigger the activation of AMPA receptors in
BGs (Bergles et al., 1997), astrocyte-like cells that en-
sheath PC synapses. These receptors are activated pri-
marily through release at ectopic sites in CF terminals
(Dzubay and Jahr, 1999; Matsui and Jahr, 2003; Matsui
and Jahr, 2004). In contrast, NG2+ cell processes do
not ensheath CF-PC synapses and are thus unlikely to
be activated by ectopic release. Consistent with this
observation, CF-NG2+ cell responses were enhanced
only w2-fold when the affinity of AMPA receptors was
enhanced by CTZ, while Bergmann glial responses are
enhanced more than 8-fold by CTZ (Dzubay and Jahr,
1999); when AMPA receptor affinity is enhanced by
CTZ, receptors in perisynaptic BG membranes respond
to both ectopic release and glutamate that spills out of
the CF-PC synaptic cleft, resulting in greater potentia-
tion. Ectopic release onto BGs is triggered primarily by
Ca2+ influx through N-type Ca2+ channels (Matsui and
Jahr, 2004) and is more sensitive to manipulations that
restrict diffusion of Ca2+ within the terminal (Matsui and
Jahr, 2003). Notably, CF AMPA receptor currents in
NG2+ cells were inhibited less than CF-BG responses
by CB1 cannabinoid receptor activation and by the
N-type Ca2+ channel antagonist ω-conotoxin GVIA.
These data are in accordance with prior studies show-
ing that CB1 receptors preferentially inhibit N-type Ca2+

channels (Brown et al., 2004), while release at CF-PC
synapses is mediated primarily by P/Q-type channels
(Regehr and Mintz, 1994). These results indicate that
CFs rely on distinct mechanisms to communicate with
these two different classes of glial cells: BGs are acti-
vated by ectopic release at CF-PC synapses, while
NG2+ cells are a direct synaptic target of CF axons.

The Identity and Fate of NG2+ Cells in the Adult CNS
The developing nervous system contains a large pop-
ulation of proliferating NG2+ and PDGFαR+ cells that
migrate from the subventricular zones (SVZ) to popu-
late both gray and white matter regions before maturing
into myelinating oligodendrocytes (LeVine and Gold-
man, 1988; Levison et al., 1993). Unlike most progeni-
tors, NG2+/PDGFαR+ cells are still observed in the adult
CNS, where they adopt a more complex morphology,
exhibit lower rates of proliferation, and have a reduced
ability to migrate (Levine et al., 2001). Lineage tracing
using low-titer retroviral infection of the early postnatal
SVZ revealed the appearance of some homogeneous
clusters of NG2+ cells in the adult brain, rather than
mixed clones of NG2+ cells and oligodendrocytes (Lev-
ison et al., 1999), suggesting that these cells may not
be irrevocably committed to an oligodendrocyte fate.
Consistent with these observations, NG2+ cells re-
moved from the postnatal gray and white matter can
develop into neurons in vitro (Belachew et al., 2003;
Kondo and Raff, 2000) and in vivo (Shihabuddin et al.,
2000) when exposed to serum or basic fibroblast
growth factor, suggesting that they retain a certain de-
velopmental plasticity.

Recent studies have suggested that some NG2+ cells
in both the developing SVZ and gray matter may serve
as progenitors for interneurons, based on the expres-
sion of EGFP by interneurons in CNPase-EGFP mice
(Belachew et al., 2003), TOAD-64 by NG2+ cells in the
dentate gyrus (Belachew et al., 2003), and the tran-
scription factor Er81 by NG2+ cells within the rostral
migratory stream (Aguirre and Gallo, 2004); some
NeuN+ proliferating cells in the adult cortex have also
been shown to exhibit and NG2 immunoreactivity
(Dayer et al., 2005). If NG2+ cells in the molecular layer
of the cerebellum are developing interneurons, these
CF inputs may provide a transient instructive role for
further differentiation. However, mixed interneuron/
NG2+ cell clones were not observed in retroviral tracing
studies (Levison et al., 1999; Zhang and Goldman,
1996), and analysis of mRNA expression by resident
NG2+ cells in gray matter indicates that they do not
express neurofilament mRNA (Ye et al., 2003). In accor-
dance with these latter observations, NG2+ cells in the
postnatal and adult cerebellar molecular layer do not
express Pax-2, a transcription factor expressed by all
interneuron progenitors in this region (Maricich and
Herrup, 1999), or BM88, a cell cycle regulator ex-
pressed by progenitors committed to become neurons
(Koutmani et al., 2004). Furthermore, cerebellar NG2+

cells exhibited a much more negative resting potential
than neurons or neuronal progenitors (Overstreet et al.,
2004; Wang et al., 2003), and they did not fire spikes in
response to depolarizing current injection. These re-
sults are consistent with the hypothesis that postmigra-
tory NG2+ cells in the gray matter are restricted to a
glial fate. Unlike astrocytes, NG2+ cells do not express
glutamate transporters, do not exhibit a high resting
conductance to K+, do not wrap around capillaries, do
not express GFAP, and are not extensively coupled by
gap junctions (Lin and Bergles, 2002; Wyllie et al.,
1991); these cells also do not express markers of ma-
ture oligodendrocytes or microglia (Nishiyama et al.,
1999). These observations suggest that the majority of
NG2+ cells resident in the mature CNS represent a class
of macroglia distinct from astrocytes and oligodendro-
cytes (Butt et al., 2002; Dawson et al., 2000; Nishiyama
et al., 1999; Peters, 2004).

Functions of CF-NG2+ Cell Signaling
CF responses were observed in >80% of NG2+ cells in
the molecular layer of the cerebellum, suggesting that
there is a concerted effort to influence the behavior of
these glia. Unitary CF responses depolarized NG2+

cells by up to 26 mV but failed to induce regenerative
activity such as Na+- or Ca2+-dependent spikes; due to
the high membrane potential (−100 mV) of NG2+ cells,
depolarizations of this magnitude were not sufficient to
induce substantial activation of voltage-gated chan-
nels. Although the voltage excursion in thin processes
may be greater, the AMPA receptors activated at CF-
NG2+ cell synapses exhibited pronounced inward recti-
fication characteristic of Ca2+-permeable receptors
(Donevan and Rogawski, 1995) when spermine was
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present in the pipette solution. AMPA receptors in these g
aglia may therefore serve as a direct route for Ca2+ influx

rather than a current source for depolarization, similar
Eto AMPA receptors in BGs (Iino et al., 2001). The high

rate of CF activity in vivo (Mariani and Changeux, 1981)
S

suggests that Ca2+ transients in NG2+ cell processes P
are likely to occur at a frequency greater than 1 Hz, P

oraising the possibility that these cells provide some on-
sgoing trophic support to CFs, or that the absence of CF
aactivity might induce changes in NG2+ cell behavior, as
U

has been suggested for CF regulation of PC output f
(Medina et al., 2002). Retrograde signaling at a subset i

sof synapses has been shown to influence synaptic effi-
vcacy at other synapses formed by the same axon (Ca-
Ssadio et al., 1999; Cash et al., 1996). If NG2+ cells re-
s

lease neuromodulators in response to a rise in cytosolic w
Ca2+ (Barres et al., 1990), they may influence CF excita- E
tion of PCs or help to maintain CF-PC synapses, as a

oNG2+ cells and PCs share input from the same CF.
7While most PCs in the mature cerebellum receive in-
Cput from only one CF (Nishiyama and Linden, 2004),
c

many NG2+ cells received input from multiple CFs, con- a
sistent with the orientation of their processes across

Edendritic fields of multiple PCs in both sagittal and
Wtransverse planes. This greater convergence of CF in-
tnervation may allow the relatively few NG2+ cells pre-
p

sent in the molecular layer to monitor CF activity m
throughout the cerebellar cortex. NG2+ cells in the hip- g

Cpocampus have been shown to form synapses with
iglutamatergic pyramidal neurons (Bergles et al., 2000),
Nsuggesting that rapid communication through direct
w

synapses is a common form of neuron-NG2+ cell signal- c
ing in the brain. t

NG2+ glia cultured from the developing CNS, termed w
uO-2A cells or OPCs, express both AMPA and kainate
dreceptors (Gallo et al., 1994; Patneau et al., 1994), and
gprolonged activation of these receptors in vitro induces
g

changes in gene expression (Knutson et al., 1997; e
Pende et al., 1994), decreases their proliferation, and �

iprevents these cells from maturing into oligodendro-
scytes (Gallo et al., 1996). Although it is likely that NG2+

ccells experience much more transient activity under
U

physiological conditions, these results raise the possi- G
bility that AMPA receptor signaling may influence the w

idevelopment and fate of these progenitors. Consistent
Cwith this hypothesis, NG2+ cells in cerebellar slices that
1were cultured in an AMPA/kainate receptor antagonist
(

exhibited greater numbers of NG2+ cells (Yuan et al., (
1998). Thus, CF innervation of NG2+ cells may provide E
an inhibitory signal to prevent their further differentia- c

mtion in this region of the cerebellar cortex that is devoid
rof myelin. In the white matter, NG2+ cells make contact
wwith nodes of Ranvier (Butt et al., 1999), raising the

possibility that these cells influence the formation or A
maintenance of the node, or that ion flux through NG2+

E
Ccell membranes alters axonal excitability (Wyllie et al.,
a1991). Although the molecular layer lacks similar nodal
sregions, this close association between NG2+ cells and
C

axons is maintained. The challenge for future studies o
will be to manipulate AMPA receptors selectively in N

GNG2+ cells to address the specific role of this neuron-
lial communication in regulation of their development
nd function in intact neural circuits.

xperimental Procedures

lice Preparation and Cell Identification
LP-EGFP mice were generated as reported (Mallon et al., 2002).
arasagittal slices (250 �m) from P16 to P25 PLP-EGFP mice were
btained from cerebellar vermis and maintained as previously de-
cribed (Lin and Bergles, 2004), in strict accordance with a protocol
pproved by the Animal Care and Use Committee at Johns Hopkins
niversity. Slices for experiments on Bergmann glia were obtained

rom younger mice (P8–P12), prior to the establishment of extens-
ve cell-cell coupling. For analysis of PF input to NG2+ cells, coronal
lices of cerebellum (250 �m) were made to provide better preser-
ation of PF axons and to isolate this input from the CF input.
lices were transferred to perspex chamber mounted on the fixed
tage of an upright microscope (Zeiss Axioskop FS2) equipped
ith both DIC optics and a filter set for fluorescence imaging of
GFP. Experiments were performed at 22°C–24°C. Cells were visu-
lized using 770 nm and 488 nm light, with a 40× water immersion
bjective (Zeiss Acroplan 40× IR) and two CCD cameras (Sony XC-
3 and XC-EI30). Two CCD camera controllers (Hamamatsu
-2400) were used to adjust image quality in IR-DIC and EGFP
hannels. An image combiner (MicroImage PIX/2) was used to visu-
lize and patch EGFP+ cells.

lectrophysiology
hole-cell recordings were made from NG2 glia using conventional

echniques, as described (Lin and Bergles, 2004), in ACSF com-
osed of the following: NaCl (119 mM), KCl (2.5 mM), CaCl2 (2.5
M), MgCl2 (1.3 mM), NaH2PO4 (1 mM), NaHCO3 (26.2 mM), and
lucose (11 mM). The electrode solution consisted of the following:
sCH3SO3H (CsMeS) (100 mM), tetraethylammonium (TEA) hydrox-

de (20 mM), HEPES (20 mM), EGTA (10 mM), Na-ATP (2 mM), and
a-GTP (0.2 mM) (pH 7.3). QX-314 chloride (1 mM; Alomone Labs)
as added to the electrode solution used on cerebellar PCs. For
urrent-clamp experiments, KCH3SO3H (KMeS) replaced CsMeS in
he electrode solution, and TEA was omitted. Evoked responses
ere elicited with a constant-current stimulator (Digitimer DS3)
sing a bipolar stainless steel electrode (Frederick Haer Co., Bow-
entown, Maine; tip separation, 150 �m) that was placed in the
ranule cell layer; CF inputs to BGs were evoked using a theta
lass capillary electrode (Bergles et al., 1997). The stimuli used to
licit evoked release varied between 15 and 200 �A and were 100
s in duration. Pipette resistances were 2.5–3.5 M�, and record-

ngs of evoked and spontaneous currents were made without
eries resistance compensation. Membrane potentials have been
orrected for the error resulting from the liquid junction potentials.
nless otherwise noted, the holding potential (VM) was −80 mV.
abazine (SR-95531; Tocris; 5 �M) and picrotoxin (Sigma; 100 �M)
ere always present in the bath during recordings, and the follow-

ng agents were added as indicated: TTX (Alomone Lab), 1 �M;
TZ (Tocris), 100 �M; GYKI 53655 or GYKI 52466 (both Sigma),
00 �M; 2,3-dihydroxy-6-nitro-7-sulphamoyl-benzo(F)quinoxaline

NBQX; Tocris), 5 �M; ruthenium red (Sigma), 100 �M. GYKI 53655
100 �M) was used to isolate kainate receptor-mediated CF-PC
PSCs (Huang et al., 2004). We performed perforated-patch re-
ordings using a KMeS-based internal solution containing 5 �g/
l gramicidin-A (Sigma) (Lin and Bergles, 2004). The membrane

esistance of NG2+ cells was >1 G� when recordings were made
ith the CsMeS-based solution.

nalysis
voked and spontaneous currents were recorded using a Multi-
lamp 700A amplifier (Axon Instruments, Union City, CA), filtered
t 2 kHz, digitized at 50 kHz, and recorded to disk using pClamp9
oftware (Axon Instruments) or stored continuously to tape (CDAT-4,
ygnus Technology, Delaware Water Gap, PA). Data were analyzed
ffline using Clampfit (Axon Instruments), Origin (OriginLab Corp.,
orthampton, MA), and Mini analysis (Synaptosoft Inc., Decatur,
A) software. Data are expressed as mean ± standard error of the



Climbing Fiber Innervation of NG2+ Glia
783
mean, and statistical significance was determined using the paired
or unpaired Student’s t test, as appropriate. The PPR was deter-
mined by dividing the average peak amplitude of the second re-
sponse (P2) by the peak amplitude of the first response (P1). The
decay time (tau) of events was measured by fitting the response
with a single exponential using the logistic equation. Stimulus arti-
facts have been truncated for clarity.

Histology
Biocytin (0.15% w/v; Molecular Probes) was included in the
electrode and allowed to diffuse into the cell for >5 min, the seal
was destroyed with large negative current pulses, and the
electrode was removed. For these labeling experiments, only one
cell was recorded in each slice. The slice was then sandwiched
between two filter discs and placed in ice-cold fixative solution
consisting of 4% paraformaldehyde in phosphate-buffered saline
(PBS) with 0.2% w/v picric acid. Slices were kept in this solution
overnight at 4°C, then washed in PBS, cryoprotected in sucrose,
and frozen with 2-methyl-butane in OCT compound (Electron Mi-
croscopy Sciences,). Slices were blocked and resectioned at 40
�m on a cryostat (Zeiss; 500OM), or at 50 �m on a vibratome fol-
lowing gelatin embedding. For labeling, slices were treated with
0.3% Triton X-100, and nonspecific antibody reaction was blocked
with 5% donkey serum. Biocytin was visualized with Cy3-conju-
gated (1:2000), Cy5-conjugated (1:500; Jackson ImmunoResearch),
or AMCA-conjugated streptavidin (1:1000; Vector Lab). The rabbit
anti-NG2 antibody (1:1500), guinea pig anti-NG2 antibody (1:1000),
and rabbit anti-PDGFαR antibody (1:1000) were generously pro-
vided by W.B. Stallcup (Tillet et al., 1997) and A. Nishiyama. The
anti-NG2 antibodies label both NG2 glia and some perivascular
cells surrounding capillaries. Chicken anti-GFP antibody (1:5000)
and mouse anti-NeuN antibody (1:500) (both from Chemicon),
mouse anti-parvalbumin antibody (clone PARV-19; 1:4000) and
mouse anti-calbindin antibody (1:3000) (both from Sigma), and rab-
bit anti-Pax-2 antibody (1:2000; Zymed) were used when appropri-
ate. Immunoreactivity to different antigens was detected with Alexa
(Molecular Probes)-, Cy3-, or Cy5-conjugated anti-rabbit, anti-
guinea pig, or anti-mouse IgG and Cy2-conjugated anti-chicken IgY
secondary antibodies (1:500; Jackson ImmunoResearch). Fluores-
cent images were collected with a Noran Oz confocal microscope
(Noran, Middleton, WI) attached to an upright microscope (Zeiss
Axioskop FS2) using a 40× water immersion objective, Kr-Ar (488
nm, 568 nm) and red HeNe (633 nm) lasers, and FITC (500–550 nm
band pass), Cy3 (590 nm band pass), and Cy5 (660 nm long pass)
filter sets. Control sections incubated with secondary antibody
alone did not result in labeling of cells.

Electron Microscopy
For electron microscopic analysis, slices were fixed in 4% para-
formaldehyde and 1.25%–2.25% glutaraldehyde in PBS with
w0.2% w/v picric acid, embedded in gelatin, resectioned at 50 �m
on a vibratome, and rinsed in 0.1 M PB. Biocytin was visualized by
avidin biotinylated horseradish peroxidase complex “elite” kit (1:50;
Vector Lab) at 4°C overnight. Peroxidase enzyme reaction was car-
ried out in a solution of 0.01% hydrogen peroxide and 0.05% 3#,3#-
diaminobenzidine tetrahydrochloride (Sigma). Sections from one
cell were freeze thawed following cryoprotection in sucrose before
visualizing biocytin. Following rinsing, the sections were postfixed
for 40 min in 1% OsO4 in 0.1 M PB, dehydrated, and embedded
in Durcupan ACM (Fluka) resin. To enhance contrast for electron
microscopy, the sections were stained with 1% uranyl acetate in
70% ethanol for 30 min. Serial sections were cut at w70 nm on an
ultramicrotome, mounted on pioloform-coated single-slot copper
grids, and contrasted with lead citrate.

Supplemental Data
The Supplemental Data include three supplemental figures and can
be found with this article online at http://www.neuron.org/cgi/
content/full/46/5/773/DC1/.
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