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Oligodendrocyte progenitor cells (OPCs) in the postnatal mouse corpus callosum (CC) and motor cortex (Ctx) reportedly generate only
oligodendrocytes (OLs), whereas those in the piriform cortex may also generate neurons. OPCs have also been subdivided based on their
expression of voltage-gated ion channels, ability to respond to neuronal activity, and proliferative state. To determine whether OPCs in
the piriform cortex have inherently different physiological properties from those in the CC and Ctx, we studied acute brain slices from
postnatal transgenic mice in which GFP expression identifies OL lineage cells. We whole-cell patch clamped GFP-expressing (GFP *) cells
within the CC, Ctx, and anterior piriform cortex (aPC) and used prelabeling with 5-ethynyl-2'-deoxyuridine (EdU) to assess cell prolif-
eration. After recording, slices were immunolabeled and OPCs were defined by strong expression of NG2. NG2 © OPCs in the white and
gray matter proliferated and coexpressed PDGFR« and voltage-gated Na * channels (I, ). Approximately 70% of OPCs were capable of
generating regenerative depolarizations. In addition to OLIG2 * NG2 " I, OPCs and OLIG2 * NG2"*8I;,"°¢ OLs, we identified cells with
low levels of NG2 limited to the soma or the base of some processes. These cells had a significantly reduced I, and a reduced ability to
incorporate EAU when compared with OPCs and probably correspond to early differentiating OLs. By combining EdU labeling and
lineage tracing using Pdgfra-CreER"™ : R26R-YFP transgenic mice, we double labeled OPCs and traced their fate in the postnatal brain.

These OPCs generated OLs but did not generate neurons in the aPC or elsewhere at any time that we examined.

Introduction

Oligodendrocytes (OLs) are produced by proliferating precur-
sors, oligodendrocyte progenitor cells (OPCs), that express
PDGFRa and NG2 proteoglycan. OPCs receive depolarizing syn-
aptic input from unmyelinated glutamatergic and GABAergic
neurons (Bergles et al., 2000; Lin and Bergles, 2004; Kukley et al.,
2007, 2008, 2010; Ziskin et al., 2007), and some OPCs can fire
regenerative action potential-like depolarizations (Chittajallu et
al., 2004; Karadoéttir et al., 2008; Ge et al., 2009). The function of
this signaling is uncertain, but in vitro neurotransmitters alter
OPC migration and differentiation (Yuan etal., 1998; Gudz et al.,
2006; Tong et al., 2009). Furthermore, axonal stimulation pro-
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motes OPC proliferation and OL differentiation (Li et al., 2010),
whereas blocking action potentials retards myelination (Barres
and Raff, 1993; Demerens et al., 1996). More recently, vesicular
release of glutamate was demonstrated to promote myelin
protein translation at axon—OL contacts (Wake et al., 2011),
supporting the idea that synaptic communication modulates
myelination.

Whether all OPCs are the same is controversial. On the one
hand, it has been suggested that all OPCs express voltage-gated
sodium (I,) and potassium channels, which are downregulated
when OPCs differentiate to form OLs (De Biase et al., 2010;
Kukley et al., 2010). On the other hand, NG2-expressing (NG2 *)
OPCs in the rat cerebellar white matter fall into two classes: one
that receives synaptic input, expresses I,, and can generate ac-
tion potentials and another that lacks these attributes (Kéradottir
et al., 2008). Voltage-gated ion channel expression and spiking
behavior also reportedly differ between white and gray matter
OPCs (Chittajallu et al., 2004). Furthermore, perinatal OPCs
have been shown to produce OLs and astrocytes in vivo, whereas
postnatal OPCs generate only OLs, except in the piriform cortex
in which they have been reported to also produce some neurons
(Dayer et al., 2005; Tamura et al., 2007; Rivers et al., 2008; Guo et
al., 2010; Zhu et al., 2011).

Despite reports of neurogenesis in the piriform cortex
(Bernier et al., 2002; Pekcec et al., 2006; Shapiro et al., 2007; Arisi
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et al., 2012), the source of the new neurons is contentious, with
the main candidates being neural stem cells and OPCs. In many
brain regions, OPCs express doublecortin (DCX) (Tamura et al.,
2007; Guo et al., 2010; Ehninger et al., 2011), a marker of migra-
tory neuroblasts, but those in the piriform cortex also express the
neuroblast marker polysialylated neural cell adhesion molecule
(PSA-NCAM) and the neural precursor markers Sox2 and Pax6
(Seki and Arai, 1999; Hayashi et al., 2001; Nacher et al., 2002;
Pekcecetal., 2006; Shapiro et al., 2007; Bullmann et al., 2010; Guo
etal., 2010), suggesting that they might be a functionally distinct
cell population.

We report that OPCs in the mouse corpus callosum (CC), motor
cortex (Ctx), and anterior piriform cortex (aPC) have similar mem-
brane properties: they express I, but do not generate bona fide
action potentials. By combining 5-ethynyl-2’-deoxyuridine (EdU)
administration with transgenic lineage tracing, we demonstrate that
OPCs within the postnatal forebrain proliferate and generate OLs
but do not generate neurons at any time that we examined after
postnatal day 25 (P25).

Materials and Methods

Transgenic mice. Pdgfra—H2BGFP knock-in mice (Hamilton etal., 2003),
referred to as Pdgfra—GFP mice, were purchased from The Jackson Lab-
oratory (line B6.129S4—Pdgfratm1”EGFP)SO’/]). These mice have a his-
tone—GFP fusion gene knocked into the Pdgfra locus, resulting in nuclear
labeling of PDGFRa-expressing cells, including OPCs. Pdgfra—GFP mice
were genotyped by PCR using the following primers: Ra-lox, 5'-ACGA
AGTTATTAGGTCCCTCGAC-3'; AR4, 5'-CCCTTGTGGTCATGCCA
AAC-3';and AR5, 5'-GCTTTTGCCTCCATTACACTGG-3', which am-
plified a 451 bp wild-type and/or a 242 bp mutant DNA fragment.

Homozygous Pdgfra—CreER" bacterial artificial chromosome (BAC)
transgenic mice (Rivers et al., 2008) were crossed with Cre-sensitive re-
porter mice [homozygous R26R-YFP transgenic mice (Srinivas et al.,
2001) or heterozygous Tau—lox—STOP—lox—mGFP—IRES—NLS-LacZ—pA
(Tau—mGFP) mice (Hippenmeyer et al., 2005)] to generate double-
heterozygous offspring for analysis. Genotyping for Cre and R26R-YFP
was performed by PCR amplification of genomic DNA as described pre-
viously (Rivers et al., 2008). PCR genotyping for mGFP (encoding a
membrane-tethered version of GFP) was with GFP-specific primers: 5'-
CCCTGAAGTTCATCTGCACCAC-3" and 5'-TTCTCGTTGGGGTCTIT
TGCTC-3'.

Tamoxifen administration. Tamoxifen (Sigma) was dissolved to 40
mg/mlin corn oil by sonicating at 21°C for =35 min. It was administered
to young adult (P45) Pdgfra—CreER™ : R26R-YFP or Pdgfra—CreER™ :
Tau—mGFP double-heterozygous mice, of either sex, by oral gavage on 4
consecutive days (each dose was 300 mg/kg tamoxifen body weight).

Electrophysiology. Coronal brain slices (225 um thick) were prepared
from P9 (P7-P10) and P33 (P32—-P34) mice, of either sex, that were
prelabeled with EAU as described below. Slices were prepared in a solu-
tion containing 1 mm Na-kynurenate (Sigma-Aldrich) to block gluta-
mate receptors (this was omitted from solutions for experiments) and
superfused at 33 = 1°C with bicarbonate-buffered solution, as described
previously (Tripathi et al., 2011). Within a slice, a single cell expressing
GFP under Pdgfra transcriptional control (see above) from the CC, Ctx,
or aPC was whole-cell voltage clamped to determine whether it expressed
or lacked I, and filled with Alexa Fluor-568 dye. Whole-cell recordings
were made from GFP ™ cells (OPCs had brighter GFP fluorescence than
OLs; see Results). After recording, the patch electrode was removed from
the cell, leaving the soma intact. The slice was then immersion fixed in
4% (w/v) paraformaldehyde (PFA) in PBS at 21°C for a minimum of 1 h
(maximum of 6 h). These cells were also processed to detect GFP and
NG2, with or without EdU, as described below. Some slices were briefly
fixed for 20 min at 21°C to allow immunolabeling with anti-PDGFR«
(this antibody is fixation sensitive).

Patch electrodes had a resistance between 5 and 8 M() when filled with
a solution containing the following (in mm): 130 potassium gluconate, 4
NaCl, 0.5 CaCl,, 10 HEPES, 10 BAPTA, 4 MgATP, and 0.5 Na,GTP, with
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Alexa Fluor-568 dye (Invitrogen), pH set to 7.3 with KOH. Voltage-gated
sodium and potassium currents were elicited with a series of voltage steps
(from —110 to 10 mV, in 20 mV increments) from a holding potential of
—70mV. Tetrodotoxin (TTX) at 1 um (Tocris Bioscience) was applied in
the superfusion solution to block sodium current. The peak net inward
current (reflecting the difference between the inward I, and the other
voltage-dependent outward currents) was quantified after subtracting
the capacity current and an assumed ohmic leak current, scaled from the
response to hyperpolarizing pulses. Voltage responses to current injec-
tion were recorded from the resting potential of the cell (applying 20 pA
steps for 200 ms). An Axopatch 200B amplifier (Molecular Devices) was
used for voltage and current clamp, and electrode junction potentials
were compensated. Data were sampled at 50 kHz and filtered at 10 kHz
using pClamp 9.2, and offline analysis was performed using Clampfit 9.2
(Molecular Devices).

Tissue preparation and immunolabeling. Mice were perfusion fixed
with 4% PFA in PBS. Brains were removed and sliced into 2 mm coronal
slices using a rodent brain matrix (Agar Scientific). Brain slices were
immersion fixed in 4% PFA in PBS at 4°C overnight (except for PDGFRa
immunolabeling in which tissue was immersion fixed for 45 min at 21°C)
and cryoprotected in 20% (w/v) sucrose in PBS at 4°C for 6 h, before
embedding in Optimal Cutting Temperature medium (Tissue-Tek).
Frozen tissue was stored at —80°C. Cryosections (30 um thick) were
collected and immunohistochemistry was performed on floating sec-
tions as described previously (Young et al., 2007).

The following primary antibodies were used: rabbit anti-GFP se-
rum (1:1000; Synaptic Systems), rat anti-GFP IgG2a (1:3000; Nacalai
Tesque), rat monoclonal anti-PDGFRa (1:400; BD Biosciences
Pharmingen), rabbit anti-NG2 (1:500; Millipore), rabbit anti-OLIG2 (1:
1000; Millipore), mouse anti-neuron-specific nuclear protein (NeuN)
(1:500; Millipore), mouse anti-glial fibrillary acidic protein (1:2000;
Sigma), rabbit anti-somatostatin (SST) (1:100; Peninsular Laboratories),
rabbit anti-neuropeptide Y (NPY) (1:1000; Insight), rabbit anti-
parvalbumin (1:1000; Millipore Bioscience Research Reagents), mouse
anti-calbindin (1:1000; Swant), rabbit anti-calretinin (1:1000; Swant),
mouse anti-PSA-NCAM IgM (1:500; Millipore Bioscience Research Re-
agents), mouse anti-reelin (1:2000; a gift from A. Goffinet, University of
Louvain, Louvain, Belgium), rabbit anti-Ibal (1:1000; Synaptic Sys-
tems), guinea-pig anti-DCX (1:1000; Millipore), and mouse monoclonal
CCI (1:200; against adenomatous polyposis antigen; Calbiochem). Sec-
ondary antibodies were goat anti-rat (1:500), donkey anti-rabbit (1:
1000), goat anti-mouse IgM or goat anti-mouse IgG (heavy and light
chains) (1:1000) conjugated with Alexa Fluor-405, Alexa Fluor-488, Al-
exa Fluor-568, or Alexa Fluor-647 (Invitrogen), and goat anti-guinea pig
Cy3 (1:500; Millipore Bioscience Research Reagents). Cell nuclei were
visualized by post-staining with Hoechst 33258 (1:1000; Sigma). When
immunolabeling with CC1, Tris-buffered saline (TBS) blocking solution
[TBS containing 0.5% (v/v) Triton X-100 and 10% fetal calf serum] was
used in place of PBS blocking solution, and all washes were performed
in TBS.

EAU labeling and detection. EAU (Invitrogen) is a thymidine analog
that is incorporated into the DNA of cells as they undergo DNA replica-
tion. EAU was administered to mice either as a series of subcutaneous
injections (for mice aged P10 or younger) or via the drinking water (for
mice aged P20 or older). For subcutaneous injections, EdU was dissolved
at 1 mg/ml in PBS, and each pup was injected with 50 ul at 7:30 A.M.,
10:30 A.M., 1:30 P.M., 4:30 P.M., and 7:30 P.M. for 5 consecutive days.
Alternatively, EdU was dissolved in the drinking water (0.3 mg/ml) that
was available ad libitum and replaced every 2—3 d. Optimization of this in
vivo EdU labeling method and a more detailed comparison of in vivo
BrdU and EdU labeling and detection methodologies will be detailed in a
later publication (K. M. Young, K. Psachoulia, and W. D. Richardson,
unpublished observations).

After fixation, tissue slices were washed once with PBS and then incu-
bated for 20 min at 21°C in 0.8% (v/v) Triton X-100 in PBS on an orbital
shaker. The slices were again washed in PBS before EAU detection with
the Click-iT EAU Alexa Fluor-647 Imaging kit (Invitrogen). Each slice
was immersed in ~120 ul of Click-iT developing mixture and incubated
for 45 min at 21°C in the dark, according to the instructions of the
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Figure 1.

(ANOVA; p < 0.01). Scale bars, 20 um.

manufacturer. Slices were washed once with PBS before immunolabeling
for NG2 (see above).

For floating cryosections, the EAU labeling was developed immedi-
ately after immunolabeling, because some antibodies failed if the order
was reversed. Floating cryosections were incubated at 21°C for 15 min in
PBS with 0.5% (v/v) Triton X-100, transferred to the EdU developing
mixture, incubated in the dark at 21°C for 40 min, washed three times in
PBS, post-stained with Hoechst 33258 (1:1000; Sigma) to visualize cell
nuclei, and mounted under coverslips in fluorescence mounting me-
dium (Dako). Unlike BrdU detection, EdU detection does not require
antigen retrieval protocols.

Microscopy and cell counts. All images were collected on an Ultra-
view confocal microscope (PerkinElmer Life and Analytical Sciences)
as Z-stacks with 1 um spacing, using standard excitation and emis-
sion filters for DAPI, FITC (Alexa Fluor-488), TRITC (Alexa Fluor-
568), and Far Red (Alexa Fluor-647). For quantification, eight or
more low-magnification (20X objective) fields were collected within
each anatomical region of interest, for each coronal brain section,
including all layers of the medial Ctx, layer II of the aPC, and the CC
(region between the lateral edges of the lateral ventricles). Cells were
counted manually, viewing each image in Adobe Photoshop. For
post-electrophysiological confocal imaging of individual cells, the Al-
exa Fluor-568 dye-filled cell was located within the section and scored
for EAU and NG2 expression, blind to the electrophysiology data for
that cell. Fluorescence intensities and cell body diameters were
measured in photomicrographs using NIH Image ] software
(http://rsbweb.nih.gov/ij/).

Statistics. Data are presented as mean = SEM. P values were obtained
from Student’s two-tailed t tests or ANOVA, as specified. Cell-cycle pa-
rameters were estimated from EdU labeling as described previously (Psa-
choulia et al., 2009).

OLIG2| NG2 |OLIG2| NG2 [OLIG2| NG2 [OLIG2| NG2 |OLIG2| NG2 |OLIG2| NG2

Pdgfra—GFP mice label oligodendroglial cells in the postnatal brain. a—f, Cryosections from P9 to P33
Pdgfra—GFP mice were immunolabeled to detect GFP (green) with either OLIG2 (red; a—c) or NG2 (red; d—f). Double-
labeled cells are indicated by a yellow arrow and single-labeled cells by a white arrow. Sections were also stained with
Hoechst 33258 (Hst; blue) to detect cell nuclei. g, The proportions of GFP * cells that coexpressed each marker were
quantified for the Ctx, CC, and aPC. The proportion of GFP ™ cells that coexpressed NG2 fell significantly from P9 to P33
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Results

Using Pdgfra—GFP transgenic mice

to identify OL lineage cells in

the postnatal brain

To investigate whether oligodendrogenic
OPCs in the Ctx and CC of the postnatal
mouse brain have electrical properties
similar to the potentially neurogenic
OPCs in the aPC, putative OPCs were
identified by their intrinsic fluorescence
in brain slices from Pdgfra—GFP trans-
genic mice (Hamilton et al., 2003). Be-
cause PDGFRa is expressed by OPCs but
not by differentiated OLs, we would ex-
pect OPCs to be specifically labeled in
these mice. Pdgfra—GFP transgenic mice
were used previously to identify embry-
onic OPCs (Hamilton et al., 2003), but the
specificity of the GFP expression was not
characterized postnatally. Therefore, we
coimmunolabeled P9 and P33 coronal
brain sections for GFP and the OL lineage
marker OLIG2 (Fig. 1a—c). In the Ctx, CC,
and aPC, >96% of all GFP ™ cells also ex-
pressed OLIG2 (Fig. 1g). Because NG2
immunolabeling is intense in OPCs but is
lost as they differentiate into OLs, we im-
munolabeled additional sections for GFP
and NG2 (Fig. 1d—f) to determine what
proportion of the GFP ™ cells corresponds
to OPCs. At P9, ~93% of GFP antibody-
labeled cells also labeled for NG2. How-
ever, by P33, only ~70% of all GFP " cells
in the Ctx, ~30% of those in the CC, and
~60% in the aPC also expressed NG2,
suggesting that GFP persists in more mature oligodendroglial
cells (OLIG2 ™ NG2"*#) (Fig. 1g). Therefore, in the postnatal
brain of Pdgfra—GFP transgenic mice, GFP labeling identifies
cells of the OL lineage (OLIG2 ™) but does not distinguish be-
tween OPCs and recently differentiated OLs.

Expression of voltage-gated sodium channels defines two
populations of OL lineage cells in the postnatal mouse brain
To investigate the electrophysiological properties of OL lineage
cells, we whole-cell patch clamped cells in the CC, Ctx, and aPC.
Identified by their GFP expression, OL lineage cells in the brain of
postnatal Pdgfra—GFP mice could be divided into two broad
classes of cell. One class (termed I, ") produced a transient in-
ward current after depolarization beyond —30 mV (Fig. 2a—c),
which was blocked by TTX (Fig. 3a), indicating that it was medi-
ated by Iy,. This transient inward current was followed by acti-
vation of a more sustained outward, presumably K * current (Iy)
(Fig. 2a—c). In contrast, the other cell type (termed Iy,"°®)
showed an essentially time-independent current—voltage (I-V)
relationship at negative potentials but often an outward (presum-
ably K™) voltage-gated current on depolarization (Fig. 2d—f).
When TTX was applied to this cell class, the I-V relationship
remained unchanged (Fig. 3b), excluding the possibility that the
K™ conductance was masking a voltage-gated Na * current in these
cells (n = 3). Similar classes of cell, with and without I, were also
found in GFP * cells in the cerebellum (data not shown).

Owing to the rapid kinetics of Iy, it partly overlaps with the
transient capacity current, so the net inward current was quanti-
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fied after subtracting the linearly scaled
capacity transient and ohmic leak current
that was evoked by a hyperpolarizing
pulse (Fig. 2, bottom traces). The result-
ing peak inward current represents a com-
bination of I, and I. To assess how the
overlap of these currents alters the appar-
ent magnitude of the voltage-gated Na ™
current, TTX was applied to some cells to
isolate I (Fig. 3a). Subtraction of Iy in
these cells from the total inward current
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revealed a 2.5-fold increase in the ampli-
tude of the net inward current (n = 3)
(Fig. 3a).
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tion potential-like waves in response to
depolarizing current pulses (Fig. 3d—h).
Early in development (P9), the majority of
Ina " GFP™ cells (69 of 87) in both gray
and white matter showed a single regener-
ative depolarization (Fig. 3d—f). Single ac-
tion potential-like events were also
detectedin 21 of 37 I, " GFP * cells in the
white and gray matter later in develop-
ment (P33). A minority of I,-expressing
cells (3 of 124) exhibited repetitive action
potential-like waves on depolarization
(Fig. 3g,h). Similar regenerative responses
have been reported for OPCs in white
(Chittajallu et al., 2004; De Biase et al.,
2010) and gray (Chittajallu et al., 2004; Ge
et al., 2009; De Biase et al., 2010) matter
regions of the postnatal mouse brain.

Although I, GFP™ cells could generate action potential-
like events, they were not like typical neuronal action potentials
or those described for Iy, OPCs in the rat cerebellar white mat-
ter (Karadottir etal., 2008). The action potential-like events had a
higher threshold for activation (—21 = 1.5 mV) than action po-
tentials in neurons, their amplitudes increased somewhat with
larger current injections (Fig. 3d—f) unlike neuronal action po-
tentials, and the timescale of the spikes (4.3 = 0.7 ms, measuring
the duration at half of the amplitude) was longer than those for
most neurons (for examples, see Fig. 3d—h). This probably re-
flects the lower ratio of I, current magnitude to cell input resis-
tance in mouse OPCs (mean peak inward current of <300 pA; see
Fig. 5k) than was found previously for rat OPCs (mean peak
inward current of ~1000 pA; Kéradottir et al., 2008) and suggests
that mouse Iy, cells do not have a sufficient density of I, to fire
bona fide action potentials.

As Iy, GFP ™ cells were detected in all brain regions, includ-
ing the white matter of the CC, it seemed unlikely that the excit-
ability of the Iy, ™ GFP ™ cells analyzed was a result of ectopic GFP

Figure 2.

Two types of GFP ™ OL lineage cells in the postnatal mouse brain. a—f, Cells expressing GFP driven by the Pdgfra
promoter (green) were whole-cell patch clamped and filled with Alexa Fluor-568 dye (red) (top image in columns a—f). Current
responses (second panel of a—f) were recorded for GFP ™ cells with and without Iya (@—cand d—f, respectively), to voltage steps
in20 mVincrements from —70 mV. Voltage-gated currents were isolated by subtracting the linearly scaled capacity transient and
ohmicleak current evoked by a hyperpolarizing pulse (bottom sets of traces). Representative data, at either P9 (a—d) or P33 (e, )
from GFP ™ cells in the (C (a, d), Ctx (b, e), and aPC (c, f) are shown. g—i, GFP was mainly expressed by cells with typical OPC
morphology in white and gray matter [.g., dye-filled GFP™ cells in the CC (g) and aPC ()], but GFP could also be occasionally
detectedin cells that were more advanced in their differentiation with more OL-like morphology, including myelinating internodes
(e.g., dye-filled GFP * cell in the CC; h). White arrows indicate myelin internodes. Scale bars: a—f, 50 m; g—i, 30 m.

expression by immature neurons or cortical interneurons. How-
ever, because some OPCs reportedly express immature neuronal
markers, such as TOAD-64 (turned on after division-64), DCX,
Tujl, and HuC/D (Belachew et al., 2003; Chittajallu et al., 2004;
Tamura et al., 2007), suggesting that they might turn into neu-
rons in various brain regions (for review, see Richardson et al.,
2011), we investigated this possibility by immunolabeling coro-
nal brain sections from P9 and P33 Pdgfra—GFP transgenic mice
to detect GFP and a variety of neuronal markers (Fig. 4). At both
ages, GFP " cells in the Ctx were negative for the expression of
parvalbumin (Fig. 4a,m), SST (Fig. 4b,m), NPY (Fig. 4¢,m), cal-
bindin (Fig. 4d,m), reelin (Fig. 4e,m), and PSA-NCAM (Fig.
41,m). Although the vast majority of GFP * cells were also nega-
tive for calretinin (Fig. 4f,m) and NeuN (Fig. 41,m), a small num-
ber of cells that exhibited faint GFP expression were found to
express calretinin (Fig. 4¢,h,m) or NeuN (Fig. 4j,k,m) strongly
and so are presumed to be neurons. In the Ctx, these presumptive
neurons were located in the superficial cortex, concentrated near
the brain midline. Even if the calretinin © and NeuN * GFP * cells
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= . — units) and approximately three times less
— ——— ——— than was detected in NG2"°¢ OLs (35 + 5
[somv [somv 5omv arbitrary units). The GFP * neurons were
Sms Sme o difficult to detect even by antibody label-
F ing, so it is highly unlikely that they would
e 22mv] P J have been s.elgctefi for patch clamping
o oy || o base'd. on their intrinsic GFP ﬂuo.rescence.
— o o Additionally, patch-clamp recordings were
performed in brain hemisections; therefore,
g cc h CB WM cells immediately bordering the cortical
midline were not targeted, and the calre-
\ '\ M tinin ™ and NeuN " cells were too few in
Jsom - number (<5%) to account for the signifi-
5ms Bms cant number of GFP " cells that we classify
as excitable I, ™ GFP ™ cells (77 and 61% of
the GFP * cells that were studied expressed
-80mV -90mv I\, in the Ctx at P9 and P33, respectively).
40mV 40mV
%ms lﬁs Al GFP * cells that express NG2

Figure3.

are separate populations, at P33, they would together still com-
prise only ~2% (and ~4% at P9) of all GFP * cells. Consistent
with our findings in the Ctx, GFP* cells in the aPC of P33
Pdgfra—GFP transgenic mice rarely expressed neuronal markers:
a small number colabeled for PSA-NCAM (4 of 1820 GFP * cells
examined; 4 of 606 PSA-NCAM * cells examined), and only
0.7 = 0.2% of GFP * cells coexpressed NeuN.

Our finding that GFP (driven by an OL lineage cell promoter)
is expressed by a small number of neuronal cells is reminiscent of
a study from Belachew et al. (2003), who suggested that the
brightly labeled GFP™ NG2* OPCs that they observed in
CNPase—GFP transgenic mice were able to generate faintly la-
beled GFP * interneurons in the postnatal mouse hippocampus.
Our data might suggest either that some interneurons are gener-

Iy GFP ™ cells generate action potential-like events in response to current injection. a, Left, Capacity transient and
ohmic leak-subtracted responses of a GFP * cell with I, to voltage steps in 20 mV increments from —70 mV. Middle, TTX at 1 uum
blocked the l,,. Right, Subtracting the voltage-gated | isolated in TTX from the total voltage-gated current gave the voltage-gated
Na ™ current. b, Left, Capacity transient and ohmic leak-subtracted responses of a GFP ™ cell without I, to voltage steps in
increments of 20 mV (to — 110 to +10 mV) from —70 mV. Right, TTX did not change the response of the cell to voltage steps.
Traces representative of three GFP ™ cells without I, are shown. ¢F, Responses of white and gray matter GFP * cells to depolar-
izing current injection (—20, 0, 20, 60, 100, 160, 220, and 260 pA of current was injected). ¢, Current-clamp recording of a GFP ™
cell without I, at P9, in the CG; similar responses were seen in all other brain areas examined. d—f, Current-clamp recordings for
GFP* cells with I,,,, at P9, in the CC (d), Ctx (e), and aPC (£). g, h, Current-clamp recordings from GFP * I, cells, which produced
repetitive action potential-like waves in the CCat P33 (40, 140 pA of current was injected) (g) and cerebellar white matter (CB WM)
at P9 (40, 80, 120 pA of current was injected) (h). Red boxes indicate the region of the trace that has been enlarged.

strongly are proliferative and

express Iy,

Based on GFP expression, we were able to
identify OL lineage cells, but, as described
above, we found that they were heteroge-
neous in terms of Iy, expression in all
brain regions examined. The morphology
of the Alexa Fluor-568-filled cells sug-
gested that the expression of I, might be
an OPC trait, whereas a lack of I, might
be an OL trait. Morphology proved to be
more useful for identifying putative OPCs
in the white matter than in the gray matter. In white matter,
GFP * cells with OPC-like morphology (Fig. 2g) (I, ™ GFP ™ cell)
could be easily distinguished from OLs with myelinating pro-
cesses (Fig. 2h, 1,,,"°® GFP * cell). OPCs were defined as having
bipolar or stellate morphology and OLs as having multiple long
processes aligned with axons. This distinction was less obvious in
gray matter (Fig. 2i, I,,"® GFP ™, cell), because axons do not
fasciculate in gray matter as they do in white matter tracts, and
myelin internodes are not parallel with one another but oriented
in all directions (Murtie et al., 2007; Vinet et al., 2010). Conse-
quently, in the gray matter, some GFP * differentiated OLs might
easily be mistaken for OPCs. To identify OPCs unambiguously in
both gray and white matter, it was necessary to perform post-
recording immunohistochemistry for NG2.
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M Neuronal P9 GFP+ cells also # of P9 GFP+ P33 GFP+ cells # of P33 GFP+
Marker neuronal+ (%) cells examined  also neuronal+ (%)  cells examined

PV 0.00+0.00 2114 0.09+0.09 1612

SST 0.00 £ 0.00 2036 0.08+0.08 2120

NPY 0.00+0.00 2358 0.04 +0.04 2082

Cb 0.00+0.00 2203 0.00+0.00 2132

Reelin 0.09+0.05 1967 0.20+0.08 2605

Crt 359+04 1671 148+0.15 3365

NeuN 0.82+0.07 1471 068+0.12 2389

PSANCAM - - 0.00 +0.00 2633

Figure 4.

A small proportion of calretinin * interneurons express GFP in the medial motor Ctx of Pdgfrae—GFP transgenic mice. a~I, Cryosections from P9 and P33 Pdgfrac—GFP transgenic mice

were costained to detect GFP (green) and a variety of neuronal markers (red): parvalbumin (PV; a), SST (b), NPY (c), calbindin (cb; d), reelin (e), calretinin (crt; f~ h), NeuN (i k), and PSA-NCAM (/).
m, The number of single-labeled GFP * cells (white arrowheads), single-labeled neuronal cells (white arrows), and colabeled cells (yellow arrows) was counted. The table gives the proportion of
GFP ™ cells that coexpressed any of the neuronal markers. This was quantified in the Ctx for three mice and is expressed as the average percentage = SEM. The total number of GFP ™ cells examined
is also given. The only neuronal markers expressed by subsets of cortical GFP ™ cells were calretinin and NeuN. Scale bars: a, c—e, h, j~I, 15 um; b, f, g, i, 10 m.

Individual GEP * cells in the CC, Ctx, and aPC were whole-
cell patch clamped to determine whether or not they exhibited
Iy, and then dye filled with Alexa Fluor-568. Dye filling not
only revealed the cellular morphology but also permitted
identification of the recorded cell after NG2 immunolabeling.
Three categories of dye-filled cells were identified: (1) cells
expressing NG2 strongly (NG2 ™" cells) that we define to be
OPCs (Fig. 5a,c,e), (2) cells expressing low levels of NG2 lim-
ited to the soma or the base of some processes (NG2 low cels)
that were presumed to be early differentiating OLs (Fig. 5g),
and (3) cells with no detectable NG2 (NG2 "¢ cells) that were
assumed to be OLs (Fig. 51).

At both P9 and P33 and in all brain regions examined, we
found that the NG2© GFP " cell population was the same as the
population of I, GFP™ excitable cells (Fig. 5b,d,f). As ex-
pected, these NG2 " I,* presumed OPCs were found to coex-
press PDGFRa (five cells examined in the Ctx and seven cells in
the aPC), confirming them as OPCs. The magnitude of the net
inward current generated by OPCs on depolarization from —70
to 10 mV was ~130-320 pA in all areas (Fig. 5k) and decreased
with age, falling by 21, 61, or 31% from P9 to P33 in the CC, Ctx,
or aPC, respectively (Fig. 5k). Similarly, in all brain areas, a re-
duction in membrane resistance (Fig. 5/) and peak outward cur-
rent (Fig. 5n) was observed with age, whereas no consistent
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All brain NG2 * OPCs express |,,, and proliferate. a—j, Images of dye fills of whole-cell patch-clamped GFP * cells in CC, Ctx, and aPC (red) and labeling for NG2 (green) and EdU [or

Hoechst 33258 (Hst) in g, i] (blue) (left), together with current responses to depolarizing voltage steps in 20 mV increments from —70 mV (right). Cells fell into one of three main groups: a—f,
NG2 * 1, mitotic (EdU ™) OPCs; g, b, NG2'*¥ 1., early differentiating OLs; and i, electrically passive OLs (NG2 "9, 1,,,"%). k—n, The average electrophysiological data for NG2 * OPCs (mean =
SEM) at P9 (CC, n = 20; Ctx,n = 15;aPC, n = 14 cells) and P33 (CC, n = 22; Ctx,n = 17;aPC, n = 41 cells) are shown, including the following: k, peak inward current on depolarization from —70
to +10 mV; I, membrane resistance at —70 mV; m, membrane capacitance; and n, peak outward current (on depolarization from —70to +10 mV). Scale bars, 20 m.

change in cell capacitance (a measure of cell size) could be de-
tected with age (Fig. 5m). OPCs were consistently larger in gray
matter than in white matter, regardless of age (Fig. 5m). The
resting membrane potential of OPCs ranged from between ap-
proximately —85 and —94 mV: at P9, the resting potential of
OPCs was —94 * 3.8, —93 =* 2.6, and —92 * 1.6 mV in the CC
(n=14),Ctx (n = 14),and aPC (n = 10), respectively, whereas at
P33, the resting potential of OPCs was —89 = 1.9, —86 = 3.3, and
—85 * 2.3 mV in the CC (n = 22), Ctx (n = 18), and aPC (n =
17), respectively. These data suggest that the intrinsic membrane
properties of OPCs are subject to change during development,
but I, expression is a universal property of OPCs in all brain
areas throughout postnatal life.

The second category of GFP " cells, NG2'°¥ cells, had limited
expression of NG2 (Fig. 5¢). These cells had little to no I, (Fig.

5h; mean net inward current, 24 = 5pA in nine cells) so we refer
to these as NG2'°% I, °" cells. We assume that they correspond
to early differentiating OLs that are downregulating their I, and
NG2 expression, as described previously (De Biase et al., 2010;
Kukley et al., 2010), and are similar to the NG2 INBnegalive cells
reported in rat cerebellum by Kéradéttir et al. (2008). The final
category of GFP * cells (NG2"°8 OLs) lacked both NG2 labeling
(Fig. 5I) and I, expression (Fig. 5j) and therefore correspond to
premyelinating or myelinating OLs (44 cells; NG2"*¢1,,"°¢ OLs),
which we refer to collectively as OLs.

A number of studies have indicated the presence of a postmi-
totic population of OPCs (defined by NG2 immunolabeling)
within the postnatal mouse brain (for review, see Richardson et
al., 2011). In the piriform cortex, these postmitotic OPCs have
been suggested to comprise a substantial fraction of the OPC
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population and to differentiate over time, providing a source of
new projection neurons (Rivers et al., 2008; Guo et al., 2010). To
assess the electrophysiological properties of dividing oligoden-
drogenic OPCs and the nondividing putative neurogenic OPCs,
we administered the thymidine analog EdU to Pdgfra—GFP mice
for 5 d before making patch-clamp recordings at P9 and for 12-13
d before making patch-clamp recordings at P33. In addition to
NG2 immunolabeling, slices were processed to detect EQU. These
dosing regimens were selected to label the proliferating OPCs in
the white and gray matter of the brain, which were predicted from
Psachoulia et al. (2009) to be approximately half of all OPCs.
Unexpectedly, given this prediction, the vast majority of GFP *,
NG2*, I,” OPCs that we analyzed were EdU *, regardless of
brain region or age. At P9, ~90% of NG2 ™ I,,,” OPCs had di-
vided in the previous 5 days (Ctx, 8 of 9 OPCs; CC, 12 of 13
OPCs). At P33, 70-100% of all GFP*, NG2*, Iy,* OPCs were
EdU labeled in all regions (Ctx, 17 of 24 OPCs; CC, 4 of 4 OPCs;
aPC, 29 of 31 OPCs) (Fig. 5a—f). In contrast, none of the NG2lw
I,'°" cells analyzed in the Ctx of P33 mice (after ~13 d of EdU
administration) had incorporated EdU (nine cells analyzed),
consistent with in vitro data from Sugiarto et al. (2011), who
suggested that, after an asymmetric OPC division, one cell begins
to downregulate mitogenic receptors, commits to differentiating,
and will no longer incorporate BrdU, whereas the other retains
the expression of mitogenic receptors, remains an OPC, and re-
enters the cell cycle. This supports the idea that the NG2'*™ I, "
cells are early differentiating OLs, formed from a cell division that
occurred >13 d earlier. The large fraction of individual OPCs
that were EdU™ after patch-clamp recordings accurately re-
flected the total fraction of EdU * OPCs quantified in each brain
region when confocal analysis was performed on large num-
bers of OPCs immunolabeled for NG2. In Ctx at P9, 90 = 2% of
NG2 " OPCs were EdU ¥, and, at P33, 83 * 1% of NG2 ™ OPCs
were EdU 7, indicating that the high fraction of OPCs identified
as proliferating was not the result of a cell-selection bias when
patch clamping but instead indicated that a larger proportion of
OPCs underwent cell division than was detected previously by
Psachoulia et al. (2009) and Guo et al. (2010).

These data undermine previous reports, based on cumulative
BrdU labeling of dividing OPCs in wild-type mice, which con-
cluded that there is a postmitotic population of OPCs in the brain
(Riversetal., 2008; Psachoulia et al., 2009; Guo et al., 2010; Simon
etal.,, 2011). This in turn raises questions about the origin of new
projection neurons that accumulate in the piriform cortex of
adult Pdgfra—CreER™ : R26R-YFP and Plp—CreER"? : R26R—YFP
transgenic mice but do so without incorporating BrdU even after
long labeling periods and thus are unlikely to be derived from
dividing progenitors (Rivers et al., 2008; Guo et al., 2010). How-
ever, our EAU labeling experiments on Ctx described above left
open the possibility that there might be a local population of
postmitotic OPCs specifically in the aPC. To test this, we admin-
istered EdU to P21 and P60 mice via their drinking water for
various time periods up to 35 d. Coronal brain sections were
immunolabeled for PDGFRa and NG2 to detect OPCs and were
costained for EAU (Fig. 6a). When administering EAU from P21,
we found that the proportion of OPCs in the aPC that became
EdU ™ increased linearly with time (r> > 0.96) at a rate of 7.6%
per day, until >98% of all OPCs were stably labeled after ~13 d
(Fig. 6b). From P60, we found that the fraction of EdU-labeled
OPCs increased linearly with time (> > 0.97) at a rate of 3.15%
per day until >98% of OPCs were labeled after ~30 d. From these
data, we were able to calculate the cell-cycle time for OPCs in the
aPCasbeing ~12.9 = 0.8 dat P21 and 31.3 = 1.7 d at P60 (using
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Figure 6.  AllNG2 ™ OPCs in the aPC proliferate and incorporate EdU. a, Coronal brain sec-
tions containing the aPC immunolabeled to detect PDGFR« (red) and NG2 (green) to identify
OPCs and then developed to visualize EdU incorporation (blue). b, The proportion of OPCs
(PDGFRar ™ NG2 ™) that had incorporated EdU as a function of EdU administration time
(mean = SEM, n = 3 mice for each time point). Scale bar, 35 m.

the methods described by Psachoulia et al., 2009). These data
show that all OPCs (defined by strong NG2 and PDGFRa expres-
sion) in the aPC are mitotically active, as in other regions of the
forebrain.

OPCs generate exclusively OLs in the postnatal mouse brain
To determine what cell types are produced by OPCs in the CC,
Ctx, and aPC, we labeled and traced the fates of OPCs using two
cell tracing methods simultaneously: (1) extended EAU exposure
to label all proliferating cells (including all OPCs and their differ-
entiating progeny) and (2) Cre—lox fate mapping using Pdgfra—
CreER™ mice. EdU was administered via the drinking water to
Pdgfra—CreER™ : R26R-YFP mice continuously after P25 to prela-
bel all proliferating OPCs. Tamoxifen was administered to these
same mice on 4 consecutive days (P45-P48 inclusive) to activate Cre
recombination and induce YFP expression in PDGFRa-positive
OPC:s (see experimental time line in Fig. 7a).

The identity of the starting population of YFP-labeled cells
was confirmed by immunolabeling sections of Pdgfra—CreER™? :
R26R-YFP mouse brains at P45 + 6, 2 days after the final dose of
tamoxifen. Sections were immunolabeled for YFP and different
combinations of OLIG2, NG2, PDGFRq, PSA-NCAM, NeuN, or
the microglial marker Ibal (Fig. 7b). In the aPC, ~90% of all
YFP* cells colabeled for OLIG2 (>500 YFP ¥ cells counted),
most of which were OPCs, because 88 * 4% of YFP ™ cells also
colabeled for NG2 (>600 YFP " cells counted) and 89 * 1%
colabeled for PDGFRa (>400 YFP * cells counted). At P45 + 6,
<1% of YFP ™ cells in the aPC colabeled for NeuN (>500 YFP *
cells counted). These data confirmed that tamoxifen induced the
YFP labeling of OPCs and an insignificant number of NeuN *
neurons. In addition to OPCs, we also detected a population of
YFP * PSA-NCAM ™ cells in the aPC (Fig. 7¢), which constituted
11 * 6% of all YFP * cells (>400 YFP * cells counted). The YFP *
PSA-NCAM ™ cells were smaller than OPCs, having cell bodies
5.2 *£ 0.3 wm in diameter compared with 10.1 = 0.5 wm for
YEP " NG2* OPCs (20 cells measured in each case). Both the
OPCs in the aPC and the very small YFP ¥ PSA-NCAM * cells
were found to express the microtubule-associated protein DCX
(80 NG2" OPCs and 15 YEP* PSA-NCAM " cells examined)
(Fig. 7d); however, the small YFP © PSA-NCAM * cells were dis-
tinguishable from OL lineage cells in the same region because
they did not express OLIG2 (Fig. 7e). Despite their small size, the
YFP © PSA-NCAM " cells were not microglial cells because they
did not express Ibal; indeed, no YFP * Ibal ™ cells were found in
the aPC (>400 YFP " cells counted; Fig. 7b). Importantly, the
YFP " PSA-NCAM ™ cells did not become EdU labeled even
when EdU was administered for 90 d (from P25 to P115; Fig. 71).
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Figure7.  OPCsgenerate new OLs but not neuronsin the postnatal mouse brain. a, Pdgfrci—CreER™? : R26R—YFP transgenic mice
received EdU from P25, tamoxifen from P45 to P48, and were perfusion fixed at P115 (P45 + 70). b, Proportions of YFP ™ cells in
aPCof P45 + 6 Pdgfra—(reER” - R26R—YFP mouse brains that were OPCs (NG2 *), OLs (CC1 ), neuroblasts [PSA-NCAM *
(PSAN)], neurons (NeuN ™), or microglia (Iba1 *) (mean =+ SEM, n = 3 mice). ¢, Inmunolabeling of the aPC of P45 + 6
Pdgfra—CreER™ : R26R—YFP transgenic mice for NG2 (blue), GFP (green), and PSA-NCAM (red). d, A single-scan (1 wm) confocal
image through a cell in the aPC of P45 + 6 Pdgfroi—CreER™ : R26R—YFP transgenic mice that was immunolabeled for PSA-NCAM
(blue), YFP (green), and DCX (red). e, Immunolabeling of the aPCof P45 + 6Pdgfra—(reER”:R26R—YFPtransgenic mice for OLIG2
(blue), YFP (green), and NeuN (red). White arrowheads indicate unidentified YFP * cells in the aPC. f, Proportions of YFP ™ cellsin
the CC, Ctx, and aPC of P45 + 70 Pdgfra—(reER” : R26R—YFP mice that were OPCs (NG2 ™), OLs (CC1 ), or neurons (NeuN ™)
(mean *+ SEM, n = 3 mice) and proportion in aPC that were PSA-NCAM . g, Immunolabeling of the aPC for NG2 (red), GFP
(green), and detection of EdU (blue). h—j, Immunolabeling of the CC (h), Ctx (i), and aPC (f) for CCT antigen (red), GFP (green), and
detection of EdU (blue). k, Immunolabeling of the aPC for NeuN (red), GFP (green), and detection of EdU (blue). /, Percentage of
YFP * OPCs (YFP * NG2 ™), YFP * OLs (YFP ™ CC1 ), and YFP ™ neurons (YFP * NeuN *) that incorporated EdU (mean + SEM,
n = 3mice). White arrows indicate triple-labeled cells. Yellow arrows indicate double-positive but EdU-negative cells. Scale bars:
¢, e-k 30 wm;d, 10 wm.
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Therefore, OPCs are the only EdU™
YFP™ double-labeled cells within the
aPC, allowing us to follow their fate spe-
cifically in vivo.

Pdgfra—CreER™ : R26R-YFP mice were
labeled with EAU from P25, tamoxifen
was administered from P45 to P48 (Fig.
7a), and the mice were analyzed on P115
(P45 + 70). Coronal brain sections were
double immunolabeled for YFP and NG2
(OPCs), CC1 (OLs), or NeuN (neurons)
(Fig. 7f). The sections were also processed
to detect EAU. The vast majority of YEP ©
cells in the CC and Ctx were OL lineage
cells that expressed NG2 or CCl. How-
ever, as reported previously (Rivers et al.,
2008), YFP " NeuN * neurons accumu-
lated in the aPC in which they were about
as numerous as YFP ", CC1" OLs (Fig.
7f). As expected, essentially all of the
YFP ™ OPCs were EdU ™ in all brain re-
gions examined (Fig. 7¢,!) (<2% of YFP *
OPCs escaped EdU labeling). Therefore,
all the differentiated progeny of YFP ™
EdU * OPCs would be expected to inherit
both markers. This was true for YFP*
CC1 " OLsin the CC, Ctx, and aPC, which
were clearly also EdU ™ (<4% of YFP ™
CC1* OLs escaped EdU labeling) (Fig.
7h—j,1), identifying them as cells that were
generated from OPCs at some point be-
tween P45 and P115. However, this was
not true for the YFP© NeuN ™ neurons
that accumulated in the aPC over the
same time period. None of the YFP™
NeuN " neurons had incorporated EdU
(Fig. 7kJ) (>1000 YFP ", NeuN " cells
counted in five mice), indicating that they
arenot the progeny of YFP *, EdU © OPCs
in the postnatal mouse brain. This sug-
gests that the YFP* aPC neurons were
generated after P45 (when tamoxifen was
given) by direct differentiation of precur-
sor cells, as yet unidentified, that had un-
dergone their final division before P25
(i.e., before we administered EAU).

YFP * PSA-NCAM * cells in the aPC are
postmitotic cells that are born before
P25

The YFP™ EdU™¢ PSA-NCAM ™ cells
that we identified in the aPC of P45 + 6
Pdgfra—CreER™ : R26R-YFP mice could
be the source of the YEP* EAU™¢ aPC
neurons detected at P45 + 70. None of the
rare YFP ¥ PSA-NCAM ™ cells remaining
in the aPC at P45 + 70 (Fig. 7f) were
EdU™ (Fig. 71), indicating that, like the
YFP* NeuN ¥ cells, they were not the
progeny of YEP © EAU " OPCs. In fact, no
PSA-NCAM 7 cells detected in the aPC at
any age had incorporated EdU (>150
PSA-NCAM " cells examined in three
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mice), indicating that they were born be-
fore EAU exposure began on P25. These
cells were suggested previously to be an
intermediate between OPCs and projec-
tion neurons, being generated by the di-
rect differentiation of DCX " OPCs and
retaining DCX expression (Guo et al,
2010). However, although our data indi-
cate that both OPCs and the small YFP*
PSA-NCAM ™ cells express DCX (Fig.
7d), the small YFP " PSA-NCAM * cells c
are actually a postmitotic population and
so are not generated after P25 from prolif-
erating OPCs or proliferating neural stem
cells. At P45 + 70, PSA-NCAM * cells
represented only 0.5 = 0.1% of all YFP
cells within the aPC (>1200 YFP " cells
examined in n = 3 mice; Fig. 7f). This
fraction is 20-fold less than at P45 + 6
(Fig. 7b), reflecting their dilution by the
accumulating number of YFP* OLs and
neurons. From Rivers et al. (2008), we
know that YFP © NeuN " cells are added
to the aPC of Pdgfra—CreER"? : R26R—YFP
transgenic mice at a rate of ~0.18 cells per
30 wm coronal brain section per day,
starting from 30 d after tamoxifen admin-
istration. This equates to approximately
seven YFP * neurons per section by P45 +
70 [(70d — 30d) X 0.18 per day = 7.2].In
our study, the total number of YFP * PSA-
NCAM " cells per 30 wm coronal brain
section fell from approximately seven cells
per section at P45 + 6 to an average of approximately one cell per
section at P45 + 70 (average number in 12 sections across three
mice from each time point), which suggests that YFP ™ PSA-
NCAM * cells either die or differentiate over time. However, the
fall of approximately six YFP © PSA-NCAM ™ cells per section
can be seen to almost match the number of YFP © NeuN * neu-
rons added to the aPC in the same timeframe.

NeuN+ mGFP+ aPC

Figure 8.

Discussion

OPCs were originally assumed to be a homogeneous class of im-
mature oligodendroglial cell but have since been subdivided ac-
cording to their electrical properties (Chittajallu et al., 2004;
Kéradottir et al., 2008), gene expression profiles (Gensert and
Goldman, 2001; Mallon et al., 2002; Lin et al., 2009), proliferation
rates (Psachoulia et al., 2009), response to injury (Keirstead et al.,
1998; Lytle et al., 2009), and their abilities to differentiate into
myelinating OLs (Mallon et al., 2002; Dimou et al., 2008) or other
types of cells, including neurons (Rivers et al., 2008; Zhu et al.,
2008; Guo et al., 2010). There continues to be much debate over
how many subtypes of OPC there might be and the most appro-
priate way to classify them. To advance our understanding of this
issue, we performed experiments examining both the histological
and electrophysiological properties of OPCs and determined that
all postnatal OPCs defined by strong expression of the NG2 pro-
teoglycan (1) coexpress the mitogenic receptor PDGFRa, (2) ex-
press I, and are electrically excitable, (3) are mitotically active
and incorporate EAU, and (4) generate differentiated OLs but not
neurons.

cells / section
N
1
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GFP ™ neurons accumulate in the aPC of postnatal Pdgfrai—CreER™ : Tau-mGFP transgenic mice. a—c, Pdgfra—
(reER™ transgenic mice were crossed with a different reporter mouse that, after recombination, expresses mGFP under the control
ofthe Tau promoter (Tau—mGFP reporter mice; Hippenmeyer et al.,, 2005). The double-heterozygous Pdgfro-—CreER™ : Tau-mGFP
transgenic mice received tamoxifen from P45 to P48 to induce recombination in PDGFRa ™ cells and were analyzed at P45 + 14,
27,70, and 150 d, by immunolabeling coronal brain sections to detect mGFP (green) and NeuN (red). Cell nuclei were stained with
Hoechst 33258 (Hst; blue). a, A maximum intensity projection of a confocal image stack through a 30 wum brain section, demon-
strating the location of mGFP * NeuN * neurons (white arrows) in layer Il of the aPC. b, A single-scan (1 um) confocal image
through an mGFP * NeuN * neuron. ¢, Numbers of mGFP * NeuN * cells in the aPC of each 30 wum coronal brain section. We
observed a significant accumulation of mGFP ™ neurons with time. However, it was smaller in magnitude than our previous report
examining Pdgfra—CreER™ : R26R—YFP transgenic mice (Rivers et al., 2008), which probably reflects a difference in the recombi-
nation efficiencies of the two reporter lines.

OPCs in the postnatal mouse brain are excitable but do not
fire action potentials

Injecting current into OPCs led to action potential-like depolar-
ization waves, consistent with previous studies in mice (Chitta-
jalluetal., 2004; Ge et al., 2009; De Biase et al., 2010). These action
potential-like waves differed from neuronal action potentials and
the action potentials described previously for OPCs in the rat
cerebellar white matter (Karadottir et al., 2008), because they
required a larger depolarization for activation, their amplitudes
increased with larger current injections, and the timescale of the
waves was longer. These regenerative events could be induced in
OPCs in all brain areas and at all developmental stages investi-
gated, suggesting they are a universal property of OPCs.

The likelihood that a cell will generate an action potential is
determined by the magnitude of the voltage-gated sodium cur-
rent and the cell membrane resistance (which can be adversely
reduced by the conductance of the seal between the patch elec-
trode and the cell membrane: Bakiri et al., 2009). Thus, the dif-
ference in spiking behavior we observed in mouse OPCs
compared with rat OPCs (Kéradottir et al., 2008) might reflect
the fact that mouse OPCs have a sixfold lower ratio of net inward
current to membrane resistance than was found previously for rat
Iy, OPCs (Karadéttir et al., 2008). It is conceivable that, even in
mouse OPCs, more robust spiking behavior would be observed in
vivo in the absence of shunting by the seal between the patch
electrode and the cell.

We observed significant variation among OPCs in the amount
of current required to initiate Na ¥ spikes (for the most excitable
cells, the minimum current needed was 60 pA), in part reflecting
differences in input resistances of the cells (Bakiri et al., 2009).
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White matter OPCs have been reported to receive ~ 140 synapses
(Kukley et al., 2007), for each of which the miniature EPSC at the
resting potential is ~6 pA (Kukley et al., 2007, 2010), implying
that 10 simultaneous EPSCs would be needed to trigger this re-
sponse in vivo (60 pA/6 pA). This is likely to happen more fre-
quently during development when synchronized neuronal firing
occurs in the cortex (Mao etal., 2001), hippocampus (Mohns and
Blumberg, 2008), cerebellum (Watt et al., 2009), and retina
(Meister et al., 1991; Demas et al., 2003). However, whether or
not full action potentials are produced by mouse OPCs in vivo,
activation of their voltage-gated sodium channels is likely to am-
plify excitatory synaptic inputs, raising intracellular calcium lev-
els to regulate OPC development, so the expression of I, by
OPCs might play a key role in regulating the developmental my-
elination of active circuits.

Is excitability a regulator of OPC proliferation?

All OPCs have I,, proliferate, and generate OLs in vivo (Figs.
5-7). However, the rate of OPC proliferation and OL production
varies significantly between brain regions, with OPCs in the white
matter dividing more rapidly than those in the gray matter
(Power et al., 2002; Dimou et al., 2008; Rivers et al., 2008; Psa-
choulia et al., 2009; Simon et al., 2011). Many factors regulate
OPC proliferation, such as PDGF-AA, basic fibroblast growth
factor FGF2, and sonic hedgehog (Pringle et al., 1989; Collarini et
al., 1992; Zhu et al., 1999). Furthermore, the expression of NG2
by OPCs has been reported to enhance ligand binding to
PDGFRa and the fibroblast growth factor receptor (Goretzki et
al., 1999). In the presence of growth factors, OPCs can proliferate
in the absence of neurons (Collarini et al., 1992). However, there
is evidence that neuronal activity also influences OPC prolifera-
tion in vivo. For example, injecting TTX into the eye, to block
action potentials in retinal ganglion neurons, causes a large de-
crease in OPC proliferation in the optic nerve (Barres and Raff,
1993). This inhibitory effect of TTX could be alleviated by sup-
plying exogenous PDGF to the optic nerve, suggesting that elec-
trical activity stimulates release of PDGF within the nerve or
enhances the responsiveness of OPCs to PDGF (Barres and Raff,
1993). There is other evidence that links growth factor signaling
and electrical activity. PDGFRa signaling maintains the expres-
sion of delayed outward-rectifying K™ channels by OPCs (Chit-
tajallu et al., 2005), and block of K * channels as a consequence of
glutamatergic signaling to OPCs inhibits their proliferation and
lineage progression (Knutson et al., 1997).

We considered whether OPC proliferation rate might corre-
late with the density of voltage-gated potassium channels (Knut-
son etal., 1997). The cell cycle time for OPCs in the CC of the P21
mouse brain is ~3 d, which is significantly shorter than the cell-
cycle time for OPCs in the Ctx (~18 d; Young, Psachoulia, and
Richardson, unpublished observations) or aPC (~13 d; Fig. 6).
Perhaps coincidentally, in P33 mice, the peak outward current
was twofold larger in the CC compared with the other regions
(Fig. 5n), consistent with a potential role for I in contributing to
the differential proliferation rate in white versus gray matter areas
at late developmental times.

OPCs generate OLs but not neurons in the postnatal

mouse forebrain

We and others have reported previously that OPCs generate
new neurons in the postnatal mouse brain (Rivers et al., 2008;
Guo et al., 2010). We observed very small numbers of YFP *
NeuN " neurons throughout the forebrain of Pdgfra—CreER™ :
R26R-YFP mice at short times after tamoxifen, but, in general,
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these neurons did not accumulate with time after tamoxifen,
as one would predict if they were produced continually from
YFP ™" precursors and survived long term. Similar observa-
tions were made using an independently generated Pdgfra—
CreER™ line (Kang et al., 2010) and an Ng2—CreER line (Zhu
et al., 2011), prompting the suggestion that the rare labeled
neurons were the result of sporadic activation of the CreER
transgenes in a subset of neurons (Kang et al., 2010; Zhu et al.,
2011). However, we also observed YFP-labeled neurons in the
aPC (but not the posterior piriform cortex; Young and Richardson,
unpublished observations) that apparently survived and accu-
mulated for months after tamoxifen treatment (Rivers et al.,
2008). We observed a similar accumulation of mGFP * neurons
with time in the aPC of Pdgfra—CreER™? : Tau—mGFP transgenic
mice (Fig. 8). It is difficult to understand how this could come
about unless these particular neurons are produced continuously
in the postnatal aPC from a pool of precursors that become YFP
labeled at the time of tamoxifen treatment. In the previous stud-
ies, the YFP-labeled neurons were consistently BrdU negative,
even after extended BrdU exposure, as were ~50% of OPCs,
leading us to speculate that a subpopulation of mitotically quies-
cent OPCs might differentiate directly into new aPC neurons
without an intervening cell division. Now, using an alternative
thymidine analog (EdU), we find that all OPCs in the forebrain
are mitotically active (Fig. 6) and so cannot be the source of new
neurons in the aPC, which are consistently EAU negative (Fig. 7).
Therefore, we now agree with Kang et al. (2010) who found that
all OPCs, but no neurons, incorporated BrdU after alonglabeling
period. Nevertheless, the fact that YFP * neurons accumulate in
the aPC after tamoxifen treatment of our Pdgfra—CreER™ :
R26R-YFP mice still requires explanation, as does the apparent
discrepancy between our line of Pdgfra—CreER mice and the line
made by Kang et al. (2010) in which YFP" neurons did not
accumulate in the aPC. It is conceivable that our line, but not
theirs, marks an unidentified population of Pdgfra™ neurogenic
precursor/stem cells that either resides in the CNS or arrives there
via the blood. Additional experiments, e.g., with Pdgfra—CreER
knock-in mice, will be required to resolve this.

In summary, our data show that OPCs throughout the post-
natal brain are electrically excitable, proliferative, and are the
precursors of new OLs but do not make neurons at any time that
we examined (after P25).
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