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Glial fibrillary acidic protein (GFAP)-positive astrocytes (type B cells) in the subventricular zone (SVZ) generate large numbers of new
neurons in the adult brain. SVZ stem cells can also generate oligodendrocytes in vitro, but it is not known whether these adult primary
progenitors generate oligodendrocytes in vivo. Myelin repair and oligodendrocyte formation in the adult brain is instead associated with
glial-restricted progenitors cells, known as oligodendrocyte progenitor cells (OPCs). Here we show that type B cells also generate a small
number of nonmyelinating NG2-positive OPCs and mature myelinating oligodendrocytes. Some type B cells and a small subpopulation of
actively dividing type C (transit-amplifying) cells expressed oligodendrocyte lineage transcription factor 2 (0lig2), suggesting that
oligodendrocyte differentiation in the SVZ begins early in the lineage. Olig2-positive, polysialylated neural cell adhesion molecule-
positive, PDGF receptor a-positive, and B-tubulin-negative cells originating in the SVZ migrated into corpus callosum, striatum, and
fimbria fornix to differentiate into the NG2-positive nonmyelinating and mature myelinating oligodendrocytes. Furthermore, primary
clonal cultures of type B cells gave rise to oligodendrocytes alone or oligodendrocytes and neurons. Importantly, the number of oligo-
dendrocytes derived from type B cells in vivo increased fourfold after a demyelinating lesion in corpus callosum, indicating that SVZ
astrocytes participate in myelin repair in the adult brain. Our work identifies SVZ type B cells as progenitors of oligodendrocytes in

normal and injured adult brain.
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Introduction

Oligodendrocytes are the myelinating cells of the CNS and are
essential for proper brain function. Most oligodendrocytes de-
velop during embryogenesis and early postnatal life from re-
stricted periventricular germinal regions (Warf et al., 1991; Prin-
gle and Richardson, 1993; Timsit et al., 1995; Olivier et al., 2001;
Rowitch, 2004; Vallstedt et al., 2004). Forebrain oligodendrocytes
originate first from progenitors in the embryonic ventral telen-
cephalon (Spassky et al., 1998; Woodruff et al., 2001). This early
wave of oligodendrocytes is transitory and superseded by oligo-
dendrocytes originating latter in development from dorsal telen-
cephalic sources (Kessaris et al., 2006). From their sites of origins,
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oligodendrocyte progenitors (OPCs) migrate to colonize the gray
and white brain matter (Thomas et al., 2000; Qi et al., 2002).
Many OPCs, characterized by the expression of NG2 chondroitin
sulfate, divide to form mature myelinating oligodendrocytes, but
others linger as slowly dividing immature cells widely distributed
within the adult brain (Polito and Reynolds, 2005). Interestingly,
oligodendrocytes continue to be produced in the adult brain
(Blakemore, 1972; Prineas and Connell, 1979; Kaplan and Hinds,
1980; McCarthy and Leblond, 1988), and these cells participate in
myelin repair (Gensert and Goldman, 1997; Chari and Blake-
more, 2002). Here we investigated whether neural stem cells
present in the subventricular zone (SVZ) of the adult brain gen-
erate new OPCs and mature oligodendrocytes and whether these
stem cells contribute to the repair of myelin.

In neonates, retroviral lineage studies have shown that the
SVZ is an important source of astrocytes, oligodendrocytes, and
neurons (Levison and Goldman, 1993; Luskin, 1993). In the
adult, the SVZ continues to generate neurons that reach the ol-
factory bulb (OB) through the rostral migratory stream (RMS)
(Lois and Alvarez-Buylla, 1994). Several lines of evidence indicate
that oligodendrocyte progenitors also persist in the adult SVZ.
Adult neural stem cells grown from the adult SVZ as neuro-
spheres can generate oligodendrocytes (Morshead et al., 1994;
Grittietal., 1996; Weiss et al., 1996; Doetsch et al., 1999; Pluchino
et al., 2003). Importantly, adult SVZ progenitors generate new
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oligodendrocytes in vivo after demyelinating lesions of the corpus
callosum (CC) (Nait-Oumesmar et al., 1999; Picard-Riera et al.,
2002) or after seizures (Parent et al., 2006). The primary progen-
itors for new oligodendrocytes born in the adult SVZ have not
been identified.

Glial fibrillary acidic protein (GFAP)-expressing SVZ astro-
cytes serve as primary precursors of new neurons (Doetsch et al.,
1999). These astrocytes, or SVZ type B cells, generate transit am-
plifying type C cells that express transcription factors DIx2
(distal-less homeobox 2) (Doetsch et al., 2002) and Mashl
(mammalian achaete-schute homolog 1) (Parras et al., 2004).
Here, we show that type B cells at different rostrocaudal levels of
the SVZ generate not only neurons but also oligodendrocytes.
Type B cells give rise to migrating young oligodendrocytes that
differentiate into immature NG2-positive (NG2 ™) cells that con-
tinue to divide locally or mature into myelinating cells. Further-
more, primary cultures of single SVZ type B cells gave rise to
oligodendrocytes alone or oligodendrocytes and neurons. This
work identifies cells and regions in the SVZ giving rise to new
oligodendrocytes in the adult brain.

Materials and Methods

Animal care and tissue processing. Gtv-a (Holland and Varmus, 1998) or
CD-1 (Charles River Laboratories, Wilmington, MA) mice were housed in
the University of California, San Francisco Animal Care Facility and were
maintained in accordance with the University of California Committee on
Animal Research guidelines. For surgical procedures, adult mice were deeply
anesthetized with 60 mg/kg body weight of pentobarbital (Nembutal) in-
jected intraperitoneally and maintained with 5% halothane when necessary.
For tissue preparation, adult animals received an overdose of Nembutal (200
mg/kg body weight) before transcardial perfusion. For light microscopy,
mice were perfused with 3% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB). Brains were postfixed overnight at 4°C in the same fixative.
Whole mounts of the lateral wall of the lateral ventricle were dissected as
described previously (Doetsch and Alvarez-Buylla, 1996), or 50-um-thick
horizontal brain sections were cut with a vibratome. For electron micros-
copy, adult mice were killed by intracardial perfusion with 2% PFA and 0.8%
glutaraldehyde in 0.1 M PB for alkaline phosphatase (AP) staining, 2% PFA
and 0.5% glutaraldehyde for immunocytochemistry (ICC), or 2% PFA and
2.5% glutaraldehyde for conventional electron microscopy (EM). Brains
were postfixed in the same fixative overnight at 4°C, cut horizontally at 100
pm, and processed for EM as described previously (Doetsch et al., 1997).
Briefly, for AP staining and ICC, tissue samples were washed in maleate
buffer and postfixed in 1% osmium tetroxide in 0.1 M PB for 3 h, postfixed in
2% osmium for 2 h, rinsed, dehydrated, and embedded in Araldite. For
conventional EM, sections were postfixed in 2% osmium for 2 h instead.
Semithin sections, 1.5 wm thick, were cut with a diamond knife and stained
with 1% toluidine blue. For the identification of individual cell types, ultra-
thin (0.05 wm) sections were cut with a diamond knife, stained with lead
citrate, and examined under a Jeol (Peabody, MA) 100CX electron
microscope.

Cell cultures. For coculture experiments, the protocol previously estab-
lished in the laboratory (Lim and Alvarez-Buylla, 1999) was followed
except that DMEM/F-12/B27 medium was used instead of Neurobasal.
For single-cell experiments, the GFAP promoter (GFAP,,)-green fluo-
rescent protein (GFP) adenovirus (100 nl) (Doetsch et al., 1999) was first
injected in vivo into the SVZ of adult CD-1 mice 1.5 d before the dissec-
tion. Adult SVZ or striatal cells were then freshly dissociated, purified
through a 22% Percoll gradient, and plated on top of a postnatal day 3
(P3) mouse cortical astrocyte monolayer in DMEM/F-12/B27 medium
either at 50,000 cells/cm? or as a single cell after selection and isolation
using a MoFlo fluorescence-activated cell sorter (DakoCytomation,
Carpinteria, CA). Double cells were excluded using pulse width and in-
tegrated signal. Cultures were fixed at 1, 3, or 5 d in vitro (div) with 3%
PFA for 20 min at room temperature and washed three times with PBS.

For cell blots, SVZ cells were dissected from adult CD-1 mice incu-
bated in papain (14 U/ml; Worthington, Lakewood, NJ) for 30 min at
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37°C, dissociated to single-cell suspension, and resuspended in DMEM/
F-12 for 2 h before fixation with 3% PFA.

Immunocytochemistry. After blocking in PBS containing 10% of nor-
mal goat serum for 2 h at room temperature, cells or tissue sections were
incubated with primary antibodies overnight at 4°C in the blocking so-
lution. The following primary antibodies were used: mouse monoclonal
anti-B-tubulin (Tujl) (1:500; Berkeley Antibody Company, Berkeley,
CA), anti-O, (1:50; Chemicon, Temecula, CA), anti-GFAP (1:500;
Chemicon), anti-polysialylated neural cell adhesion molecule (PSA-
NCAM) (1:400; AbCys, Annecy, France), chicken monoclonal anti-GFP
(1:1000; Aves Lab,Tigard, OR), rabbit polyclonal anti-oligodendrocyte
lineage transcription factor 2 (Olig2) (1:5000) (Ligon et al., 2004), anti-
platelet-derived growth factor receptor o« (PDGFRa) (1:50; Santa Cruz
Biotechnology, Santa Cruz, CA), for identification of NG2 we used AN2
(1:1000) (Niehaus et al., 1999) and anti-NG2 (Chemicon) anti-myelin
basic protein (MBP) (1:100; Chemicon), and anti-CNPase (1:500;
Chemicon). For fluorescent ICC, cells, tissue sections, or whole mounts
were washed in PBS, incubated with the appropriate secondary antibod-
ies [all cyan at 1:400 (Jackson ImmunoResearch, West Grove, PA); all
Alexa at 1:1000 (Invitrogen, Carlsbad, CA)] in blocking solution for 2 h
at room temperature [cyanine 2 (Cy2) anti-mouse IgG, Cy3 anti-mouse
IgM, Cy3 anti-rabbit IgG, Alexa-488 anti-chicken IgG, or Alexa-564 anti-
rabbit IgG], and washed in PBS. For preembedding Olig2 ICC, sections
were washed in PB, incubated in blocking solution with a biotinylated
anti-rabbit (1:400; Jackson ImmunoResearch) overnight at 4°C, incu-
bated in ABC peroxidase kit (Vector Laboratories, Burlingame, CA) for
2 h, and revealed with 0.02% diaminobenzidine and 0.01% H,O,. Con-
trols in which primary antibodies were omitted resulted in no detectable
staining.

Retroviral injections. We used a B-actin,~GFP retrovirus (200 nl) (Car-
leton et al., 2003) to label all dividing cells in the SVZ and CC. Before
injection, B-actin ~GFP virus was mixed with polybrene (8 wg/ml;
Sigma, St. Louis, MO). Two types of replication competent avian retro-
viruses (RCASs) (100 nl injection volume) were used to label dividing
GFAP-expressing SVZ astrocytes in P60-P120 Gtv-a mice (Holland and
Varmus, 1998): RCAS-AP (Holland and Varmus, 1998), which encodes
AP, and RCAS—GEFP (a gift from M. Goetz, GSF, Institut fiir Stamzell-
forschung, Neuherberg, Germany), which encodes GFP. RCAS-AP la-
bels thin processes allowing morphological characterization of cells un-
der bright field. This virus, however, labeled fewer cells than the RCAS—
GFP, and AP staining is not compatible with most ICC techniques. For
ICC costaining, we therefore used the RCAS—-GFP retrovirus. A GFAPP—
GFP adenovirus (100 nl) (Doetsch et al., 1999) was used to labeled SVZ
astrocytes for cell sorting and in vitro clonal analysis. Injections were
made stereotaxically at the following coordinates (anteroposterior rela-
tive to bregma, mediolateral, and dorsoventral from surface of the brain):
for SVZ, as shown in Table 1; for CC, (1, 1.8, 1.25); or as described in
Results. Brains were processed for AP staining as described below. As a
control for specificity, a mixture of RCAS-AP and adenovirus -actin~
GFP (a gift from Dr. C. Lois, Massachusetts Institute of Technology,
Cambridge, MA) (10:1) was coinjected bilaterally into the CC of two
adult Gtv-a mice.

Demyelinating lesion. Demyelination was induced by injecting lysolec-
ithin (LPC) into corpus callosum as described previously (Gensert and
Goldman, 1997; Nait-Oumesmar et al., 1999). To label the SVZ astro-
cytes and their progeny, RCAS—GFP was injected into the anterior SVZ of
adult P60-P120 GFAP-Tv-a mice. Two days later, 0.5 ul of 1% LPC
(Sigma) dissolved in 0.9% NaCl was ipsilaterally injected into the corpus
callosum.

Immunohistochemistry with a rabbit anti-degraded MBP antibody
(Chemicon) was performed to detect the demyelinating lesions and ver-
ify the extent of demyelination. The control vehicle group received 0.5 ul
of 0.9% NaCl. All animals (n = 3 per group) were killed 30 d after
lysolecithin or vehicle injection.

Alkaline phosphatase staining. Endogenous AP activity was inactivated
by heating the sections in a 65°C PBS bath for 30 min. The sections were
then washed in AP detection buffer (in mwm: 100 Tris-HCI, pH 9.5, 100
NaCl, and 5 MgCl2) for 10 min and incubated in AP buffer containing
nitroblue tetrazolium chloride (10 pl/ml; Boehringer Mannheim,
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injection site (Fig. 1G). Results indicate

Figure1.

Mannheim, Germany) and 5-bromo-4-chloro-3-indolyl phosphate (2
wl/ml; Boehringer Mannheim, Germany) for 3—5 h at room temperature.
The reaction was stopped in fresh PBS containing 20 mm EDTA.

Results

Adult SVZ and CC contain proliferating

oligodendrocyte progenitors

To analyze the progeny of adult SVZ cells, we stereotaxically in-
jected B-actin,~GFP into the SVZ and the CC of the adult mouse
brain. Three weeks after injection of this retrovirus into the SVZ,
GFP-labeled granular and periglomerular neurons were observed
in the OB of the injected hemispheres (data not shown), confirm-
ing that SVZ progenitors had been initially infected. GFP-labeled
cells with the typical morphology of oligodendrocytes were also
found dispersed in the CC. Because GFP labeling fills the cell
processes, we were able to identify two subtypes of oligoden-
drocytes based on morphology: mature myelinating oligoden-
drocytes (Fig. 1A) (Levison and Goldman, 1993; Butt, 2004)
and highly branched cells with the typical morphology of pa-
renchymal OPCs, also known as nonmyelinating oligodendro-
cytes (Fig. 1 B) (Butt, 2004). These GFP " nonmyelinating oli-
godendrocytes expressed Olig2 (Fig. 1C) and NG2 (Fig. 1D).
Proliferating oligodendrocyte progenitors are present in the
adult brain parenchyma, including the CC (Polito and Reyn-
olds, 2005). Consistently, injection of retrovirus encoding
B-actin,~GFP into the CC resulted in labeled myelinating
(Fig. 1 E) and nonmyelinating oligodendrocytes (Fig. 1 F) 21d
later. However, in contrast to the SVZ injections, the (-act-
in,—GFP retroviral injections into the CC did not label cells
that migrate to the OB. Interestingly, GFP * oligodendrocytes
derived from the SVZ injections migrated as much as 550 wm
from the injection site. In contrast, labeled oligodendrocytes
after CC injections were found no more than 50 um from the

Oligodendrocyte progenitors existin the SVZ and in the CC of the adult mouse brain. Replication-incompetent murine
[B-actin,—~GFPvirus was injected into the SVZ (A-D) or the CC (E, F) of adult CD-1 mice. At 21 d after injection, GFP-labeled mature
myelinating (A, E) and nonmyelinating (B-D, F) oligodendrocytes were identified in the CC. €, D, Double immunofluorescence
with GFP (green) and Olig2 (C, red) or NG2 (D, red). Note that highly branched GFP ™ nonmyelinating oligodendrocytes express
both markers. G, Schematic representation of an adult mouse brain hemisphere showing the location of GFP-labeled cells in the
(Cafter B-actin,~GFP injectioninto the SVZ (red) or the CC (blue). Injection tracks for the SVZ (red) and CC (blue) are represented.
Note that GFP-labeled cells are widely dispersed in the adult CC after SVZ retroviral injection in contrast to those generated after
injection into the CC. Ctx, Cortex; LV, lateral ventricle; Sep, septum; Str, striatum. Scale bar, 60 p.m.

that dividing cells in both the SVZ and
the CC generate oligodendrocytes, but
progenitors in the CC give rise to oligo-
dendrocytes that differentiate relatively
close to the injection site, whereas oligo-
dendrocytes derived from SVZ progeni-
tors disperse throughout the CC and the
neighboring striatum.

SVZ astrocytes give rise to
oligodendrocytes in the adult
mouse brain
SVZ type B cells, which have characteris-
tics of astrocytes and express GFAP, have
been identified as primary precursors of
new neurons in the adult mouse brain
(Doetsch et al.,, 1999). We next tested
whether such SVZ astrocytes also generate
oligodendrocytes in vivo. For this, we used
transgenic Gtv-a mice expressing the avian
leucosis virus receptor subgroup A (Tv-a)
under the control of the GFAP promoter
(Holland and Varmus, 1998). Infection of
P60-P120 Gtv-a mice with RCAS—AP re-
sults in specific labeling of dividing
GFAP " cells (Holland and Varmus, 1998)
and their progeny (Doetsch et al., 1999).
We stereotaxically injected RCAS—AP and
RCAS-GFP retrovirus into the anterior re-
gion of the SVZ of adult Gtv-a mice. The
AP encoding RCAS virus allowed morphological identification
and Golgi-like reconstruction of labeled cells, whereas RCAS vi-
rus encoding GFP allowed double-immunohistochemical label-
ing. Three weeks after RCAS virus injections into SVZ, AP * or
GFP * astrocytes were observed close to the injection site in the
SVZ, as well as labeled neurons in the OB (Doetsch et al., 1999).
In all of these animals (n = 18), we also observed AP+ or GFP ™
cells in the CC and the white matter tracks in the striatum and
fimbria fornix that displayed the characteristic morphology of
nonmyelinating (Fig. 2A) and myelinating (Fig. 2D, G,]) oligo-
dendrocytes. RCAS-labeled oligodendrocytes were not observed
in cortex. We used EM to further identify the oligodendrocytes
derived from labeled SVZ astrocytes. AP-labeled cells were first
identified as nonmyelinating (Fig. 2A) or myelinating (Fig. 2 D)
oligodendrocytes in 50-um-thick sections using light micros-
copy. Serial 1.5 wm plastic sections of these same cells were reem-
bedded and resectioned to 100 nm sections and analyzed by EM.
Nonmyelinating oligodendrocytes were relatively large with an
electron-lucent nucleus and a light cytoplasm with many polyri-
bosomes (Fig. 2B,C). Myelinating cells had darker cytoplasm
with prominent Golgi apparatus and a short endoplasmic retic-
ulum. They also had an electron-dense nucleus with heavy
clumps of chromatin that formed a prominent layer beneath the
nuclear envelope (Fig. 2E,F). These are typical ultrastructural
characteristics of nonmyelinating and myelinating oligodendro-
cytes (Peters et al., 1991). To confirm the identity of SVZ type B
progeny in the CC, we stained tissue sections of brains infected
with RCAS-GFP virus with several markers of mature oligoden-
drocytes. GFP-labeled cells expressed the CNS myelin protein
CNPase (Fig. 2G-I) and MBP (Fig. 2J-L).

We next tested whether proliferating astrocytes also serve as
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oligodendrocyte progenitors outside the
SVZ. We injected RCAS-AP into the CC
through the cortex but outside the SVZ
(n = 4). To confirm the location of the
injection, we coinjected an adenovirus en-
coding GFP (B-actin,—GFP) that infects
all cells. Twenty-one days after injection,
GFP " cells were observed in the CC (data
not shown), but in none of the hemi-
spheres injected did we observe AP-
labeled oligodendrocytes. Similar results
were observed after injection of the RCAS
virus into different regions, including cor-
tex (n = 4), medial and lateral striatum
(n = 4), and lateral CC (n = 2). Occasion-
ally, we found labeled astrocytes close to
the injection track, but in none of these
mice did we observe labeled oligodendro-
cytes. These findings indicated that
GFAP " oligodendrocyte precursors are in
the SVZ.

Oligodendrocytes are generated from SVZ
type B cells at different rostrocaudal levels
of the adult mouse SVZ

The above experiments targeted the SVZ
adjacent to the anterior horn of the lateral
ventricle. To investigate whether astro-
cytes at different rostrocaudal locations
in the SVZ generate oligodendrocytes,
we used the RCAS-AP retrovirus in-
jected at different rostrocaudal coordi-
nates to target the SVZ, as indicated in
Table 1. Animals were killed 21 d after
injection; their brains were serially sec-
tioned, processed for AP staining, and
AP™ myelinating oligodendrocytes as
well as differentiated AP™ OB neurons
were counted. The number of mature
oligodendrocytes produced from SVZ
astrocytes at different rostrocaudal loca-
tions was very similar (Table 1). The
number of oligodendrocytes formed was
consistently lower compared with the
number of neurons that migrate into
and differentiate in the OB. This ratio,
however, changed depending on the in-
jection site; a proportionally higher
number of OB neurons were produced
from type B cells labeled in the anterior
part of the SVZ compared with caudal
SVZ. AP" neurons migrated tangen-
tially to the OB from all the different
rostrocaudal SVZ locations tested as de-
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Figure2. SVZastrocytes give rise to oligodendrocytes in the adult mouse brain. RCAS—AP (A—F) or RCAS—GFP (G-L) retrovi-
ruses were injected into the SVZ of adult Gtv-a mice, and the progeny of the infected SVZ astrocytes was analyzed 21 d after
injection using light (4, B, D, E), confocal (G—L), and electron (C, F) microscopy. A—F, Several AP-labeled cells were identified in
the CC (A-D) and in the striatum (E, F): highly branched cells presenting typical morphology of nonmyelinating (4—C) and
myelinating (D—F) oligodendrocytes. Characteristics of AP * nonmyelinating oligodendrocytes (B, ) and AP mature myeli-
nating oligodendrocytes (E, F) were determined at the ultrastructural level. B, E, AP-staining in 1.5- um-thick semithin sections
counterstained with toluidine blue. Arrows indicate the nucleus of the cells analyzed at the electron microscopic level. In E, AP *
cell body and processes were traced on top of the picture. €, F, Electron micrograph of AP * cells. Note the different ultrastructure
and typical nuclear heterochromatin in myelinating oligodendrocytes compared with that of the nonmyelinating one. G-L,
Doubleimmunofluorescence for GFP (G,J) and the oligodendrocyte markers CNPase (H) or MBP (K) of cells in the CC. Merged field
shows combined immunostaining for GFP and CNPase (/) or MBP (L). Arrows indicated SVZ-generated cells in the CC-expressing
markers of mature oligodendrocytes. Str, Striatum; V, blood vessel. Scale bar: 4, D, 80 pum; B, E, 7 um; C, F, 2 um; G-L, 20 um.

lar wall. The paths of migration for these two cell types are very

scribed previously (Doetsch and Alvarez-Buylla, 1996). In
contrast, AP-labeled oligodendrocytes remained at approxi-
mately the same rostrocaudal level of the injection site but
migrated laterally or dorsally into the CC, the fornix, and the
fiber tracks of the striatum. We did not observe migration of
oligodendrocyte precursors into the cortex, the hippocampus
(HP), or the OB. These results indicate that both neurons and
oligodendrocytes are formed from dividing SVZ astrocytes
located at different rostrocaudal levels of the lateral ventricu-

different. Young neurons migrate tangentially into the OB,
whereas oligodendrocytes appear to migrate away from the
SVZ and remain at rostrocaudal levels similar to their site of
origin.

Identification of migrating oligodendroglial progenitors
In addition to the nonmyelinating and myelinating oligodendro-
cytes derived from our viral injections described above, we also
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Table 1. Cell types produced after RCAS-AP infection at different rostrocaudal SVZ levels
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can (Fig. 3L-N), which have been shown

1 0-1 -2
o8 B
" cc CTX \
D %
RMS
Coordinates, mm

A-P L D Oligodendrocytes Neurons Ratio O/N
1 1 23 2 51

1 1 23 6 127 1/27
1 1 23 0 42

0 1.4 1.6 1 47

0 1.4 1.6 1 10 1/30
0 1.4 1.6 2 63

-1 2.4 1.8 1 8

-1 2.4 1.8 3 33 110
-1 2.4 1.8 2 19

-1.5 2.5 1.8 1 4

-1.5 2.5 1.8 2 3 1/3
-1.5 2.5 1.8 1 4

-2 3.3 2 0 1

-2 3.3 2 2 5 1/3

to be expressed in oligodendrocyte pro-
genitors (Pringle and Richardson, 1993;
Nishiyama et al., 1996; Polito and Reyn-
olds, 2005). We next investigated whether
these putative migrating cells arise from
SVZ astrocytes. RCAS-AP (Fig. 30) or
B-actin,~GFP (Fig. 3P,Q) retroviruses
were injected into the adult SVZ, and ani-
mals were killed 1 and 4 d later. In these
animals, AP or GFP ™ elongated cells

- were present in the SVZ and the CC. They
Ll stained for Olig2 (Fig. 3Q).

It was remarkable how similar the mor-
phology of AP * migrating cells was in the
SVZ and CC. We confirmed this observa-
tion using EM and preembedding immu-
nocytochemistry for PSA-NCAM. PSA-
NCAM ™ cells first identified in 2-um-
thick sections (Fig. 3R) were resectioned
and analyzed at the electron microscopic
level (Fig. 3S). The cells had ultrastructural
features of migrating cells: an elongated
body and a leading process with a centro-
some at its base (Fig. 3S). These elongated
cells had a very different ultrastructure
from that of astrocytes and oligodendro-
cytes in the CC. They had scant cytoplasm,
numerous ribosomes, and no intermedi-

* Oligodendrocytes
* Neurons

Location

This table indicates the number of AP mature meylinating oligodendrocytes and differentiated neurons found in the adult mouse brain 3 weeks after
retroviral infection of astrocytes located at different rostrocaudal levels of the SVZ. The schematic at the top illustrates the lateral wall of the lateral ventricle
and its coordinates relative to bregma. Bilateral injections of RCAS-AP were performed in adult Gtv-a mice (n = 5 for each coordinate). AP™ cells were
counted n Tof every 4 horizontal 50 mm sections, through the whole brain. Ratio O/N indicates the number of oligodendocytes versus neurons. Note a similar
number of oligodendrocytes produced regardless of the original injection coordinates in contrast to neurons. Schematic representation of AP cell distribu-
tion after retroviral infection of SVZ astrocytes at different locations is indicated on the right side of the table. Note that neurons were always found in the 0B
while oligodendrocytes were located at a rostrocaudal level similar to that of the injection site. (B, Cerebellum; CC, corpus callosum; CTX, cortex; OB, olfactory

bulb; RMS, rostral migratory stream.

noticed the presence of elongated cells that resemble migrating
cells. We first studied the distribution and antigenic properties of
these putative migrating cells in the CC in whole-mount prepa-
rations of the SVZ and CC as described previously (Doetsch and
Alvarez-Buylla, 1996). For these dissections, paraventricular seg-
ments facing the CC were dissected together with the lateral wall
of the lateral ventricle. These paraventricular regions correspond
to regions of the lateral ventricle that have become obliterated as
both walls of the ventricle fuse during development. The most
extensive paraventricular region, the subcallosal zone (SCZ), is
located between the HP and the CC (Seri et al., 2006). Many
elongated cells labeled by PSA-NCAM were present in this region
(Fig. 3A). Similar cells were also present close to the SVZ and in
more anterior CC. In contrast to the chains of PSA-NCAM * cells
described previously in the SVZ and RMS (Doetsch and Alvarez-
Buylla, 1996; Peretto et al., 1997), PSA-NCAM  cells in the CC
and the SCZ above the HP were not arranged in chains, but the
majority appeared to be migrating as individual cells. They had an
elongated cell body, with a leading process tipped by a growth
cone, and occasionally had a trailing process (Fig. 3B). Unlike
PSA-NCAM ™ young neurons, which also express neuron-
specific Tujl (Fig. 3C-E) (Doetsch and Alvarez-Buylla, 1996),
PSA-NCAM ™ cells in the CC were negative for Tuj1 (Fig. 3F-H).
PSA-NCAM */Tuj'~ cells in the CC may correspond to migrat-
ing oligodendrocyte precursors (Ben-Hur et al., 1998). Consis-
tently, PSA-NCAM " cells in the CC were also positive for
PDGFRa (Fig. 3I-K ) and the NG2 chondroitin sulfate proteogly-

ate filaments. These characteristics are
similar to those of young neurons migrat-
ing in the RMS and SVZ (Luskin, 1993;
Lois et al., 1996; Wichterle et al., 1997).
However, unlike young neurons in the
SVZ and RMS, putative migrating young
oligodendrocytes in the CC were not en-
sheathed by astrocytes. In contrast, they were tightly associated
with myelinated and unmyelinated axons.

A subpopulation of SVZ type B and C cells express Olig2

The above results allowed us to identify oligodendrocytes at dif-
ferent stages of maturation after exiting the SVZ (supplemental
data 2, available at www.jneurosci.org as supplemental material).
To identify the cells in the SVZ that give rise to these migrating
oligodendrocyte progenitors, we used antibodies that label oligo-
dendrocytes at different stages of maturation (Baumann and
Pham-Dinh, 2001). Olig2 is a transcription factor necessary for
the development of oligodendrocyte lineage, receptor interacting
protein (Rip) is expressed by nonmyelinating oligodendrocyte
progenitors, and MBP and myelin/oligodendrocyte glycoprotein
(MOG) are markers of mature myelinating oligodendrocytes. No
labeling was observed in the adult mouse SVZ for Rip, MBP, and
MOG (data not shown), indicating that mature oligodendrocytes
were not present in this germinal region. As described previously
(Hack et al., 2005), Olig2-expressing cells were observed in the
SVZ. They were identified as an actively dividing cell population
(supplemental data 1, available at www.jneurosci.org as supple-
mental material) (Hack et al., 2005) often organized as small
clusters (Fig. 4 A), suggesting that they may correspond to type C
cells (Doetsch et al., 1997; Parras et al., 2004). Interestingly, only
one or two cells expressed Olig2 within the clusters (Fig. 4A, E).
To determine to which cell type Olig2 * SVZ cells correspond, we
studied 34 Olig2 ™ cells with the electron microscope. Of these
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cells, 16 displayed typical characteristics of
type C cells (Fig. 44, B): abundant mito-
chondria, short endoplasmic reticulum
and large Golgi apparatus, few microtu-
bules, and intermediate filaments (Fig.
4B, inset). Nine of the 34 studied cells
had an elongated morphology, and these
cells were found to contact myelinated
axons (Fig. 4C,D). These cells probably
correspond to early migrating oligoden-
drocyte precursors.

Interestingly, the other 15 Olig2-
expressing cells analyzed at the electron
microscopic level had bundles of interme-
diate filaments and light cytoplasm typical
of SVZ astrocytes (Fig. 4F). To confirm
this observation at the light microscopic
level, we performed double ICC in mouse
brain tissue using the anti-Olig2 and the
anti-GFAP antibodies. A small fraction of
Olig2 " nuclei were clearly surrounded by
GFAP " staining, suggesting colocalization
(Fig. 4G). However, this could be attribut-
able to GFAP * processes from neighbor-
ing cells wrapping around Olig2 * cells. To
clearly colocalize the label in individual
cells, we freshly dissociated cells from
adult SVZ and stained them for Olig2 and
GFAP (Fig. 4 H). We observed that a small
fraction (3.3 = 0.4%, mean = SEM; n = 4
independent dissection) of Olig2 * cells
were also GFAP ™. In addition, we found
that 10.0 £ 0.7% (mean * SEM; n = 3
independent dissection) of SVZ Olig2 *
cells also expressed S1003 (Fig. 41), which
is considered a marker for astrocytes by
some authors (Reeves et al., 1994; Nish-
iyama et al., 2002) but has also been sug-
gested to be expressed in cells in the oligo-
dendrocyte lineage (Jennings et al., 2002;
Deloume et al., 2004).

Higher number of oligodendrocytes are
derived from SVZ type B cells after a
demyelinating lesion

Previous studies suggested that progenitor
cells in the SVZ contribute to the repair of
demyelinating lesions (Nait-Oumesmar et
al., 1999; Picard-Riera et al., 2002). We
next investigated whether oligodendro-
cytes derived from SVZ astrocytes contrib-
ute to the repair of white matter tracts after
a demyelinating lesion. SVZ astrocytes
were first labeled by injection of RCAS-
GFP into the anterior SVZ of adult GFAP—
Tv-a mice. Two days later, lysolecithin or
vehicle was ipsilaterally injected into the
CC. Thirty days after demyelination, a 4.3-
fold increase in the number of GFP " cells
in the corpus callosum of lysolecithin-
injected hemispheres was observed (650 =+
35 cells; n = 3) compared with the control
vehicle group (149 =+ 58 cells; n = 3; p <
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Figure3. PSA-NCAM-immunopositive cells migrate tangentially within the CC. 4, Photomontage of PSA-NCAM immunostain-
ing of whole-mount preparation of the lateral wall of the lateral ventricle and the CC. Dorsal is up, and rostral is left. Filled
arrowheads show chains of PSA-NCAM * cells migrating on the lateral wall of the lateral ventricle. Arrows show PSA-NCAM *
cells migrating within the CC. B, Camera lucida drawing of PSA-NCAM ™ cells observed in the CC. These cells are unipolar, with a
short leading process, or bipolar. Percentages of cells displaying each morphology are indicated. C—N, Double immunofluores-
cence for PSA-NCAM (C, F, I, L) and Tuj1 (D, G), PDGFRcx (J), or NG2 (M) of cells localized on the lateral wall of the lateral ventricle
(C-F) and on the CC (F-N). Merged field shows combined immunostaining for PSA-NCAM and . (Figure legend continues.)
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The basic helix—loop— helix transcription factor Olig2 is expressed by a subpopulation of immature transit-amplifying type C cells and by some SVZ astrocytes. Electron microscopic

characterization of Olig2 ™ cells in the adult mouse SVZ. A, €, Inset in F, Olig2 staining in plastic 1.5-pum-thick semithin section counterstained with toluidine blue. Arrows or asterisks indicate
0lig2-labeled cells analyzed at the electron microscopic level. B, D, F, Electron micrograph of these cells. Asterisks show the nucleus. A-D, Olig2 * cells display the ultrastructural characteristics of type C cells:
medium dark cytoplasm, numerous mitochondria, large Golgi apparatus (arrows in inset in B), and short endoplasmic reticulum (arrowheads in inset in B). Note that some Olig2 ™ cells have an elongated
morphology (C). The cytoplasm of Olig2 ™ cell is often in contact with myelinated axons (arrows in D). E, Olig2 * cells were grouped in small clusters in the SVZ. Ninety-three Olig2 * cells were analyzed in
1.5-um-thick sections. The diagram indicates the percentage of Olig2 ™ cells that were either alone or associated in small groups of two to five cells. nb, Number of. F~I, 0lig2 * SVZ cells can also present
ultrastructural characteristics of type B SVZ astrocytes that appear to be acquiring some characteristics of type C cells. F, Electron micrograph of such a cell. G-/, This observation was confirmed by performing
double immunofluorescence for Olig2 (red) and GFAP (green, G, H) or S1003 (green, I) performed on coronal sections of adult mouse brain (G, I) or on freshly dissociated adult SVZ cells
(H). Arrows indicate cells expressing both markers. LV, Lateral ventricle. Scale bar: 4, C, insetin F, 10 wm; B, D, F, 3 um; insetin B, 1 um; G, I, 20 um; H, 40 wm.

0.01) (Fig. 5A,B). Moreover, these GFP * cells appear to be con-
centrated within and around the demyelination site (Fig. 5B).
GFP 7 cells in the lesion site had the morphology of both mature
and immature oligodendrocytes (Fig. 5C). To further character-
ize these GFP ™" cells, we coimmunostained these sections with
antibodies for NG2, S10083, and Olig2. Similar proportions of
cells stained with these markers were observed in the lesioned and
vehicle injected groups: 69.8 + 11% S1008*/GFP ™ in the lyso-
lecithin versus 62.8 = 5% in the control; 42.8 = 10% Olig2 */
GFP" in the lysolecithin versus 35.1 = 12% in control; and
48.5 = 6% NG2 "/GFP " in the lysolecithin versus 40.2 * 8% in
control. We also analyzed an additional control group (n = 3)
that received RCAS—-GFP in the SVZ but in which injection of
saline into the corpus callosum was omitted. The number of
GFP 7 cells and proportion of these cells expressing the different
oligodendrocyte markers was similar between the saline-injected

<«

and these control animals that only received the virus injection
(data not shown). These results suggest that, after the lesion, the
increased number of cells derived from SVZ astrocytes had sim-
ilar characteristics as those normally produced in the control
animals. GFP™ cells in the CC of lesioned brains expressed
CNPase, a marker for CNS myelin protein (Fig. 5D). The precise
number of CNPase-positive cells was difficult to quantify because
of the diffuse pattern of staining of this marker. However, clear
examples of double-labeled cells were observed, indicating that a
subpopulation of the cells produced after the lesion mature into
myelinating oligodendrocytes.

SVZ astrocytes generate oligodendrocytes and neurons

in vitro

SVZ cells propagated as neurospheres can differentiate into both

oligodendrocytes and neurons in vitro (Morshead et al., 1994;
Gritti et al., 1996; Weiss et al., 1996; Imura et
al., 2003). However, neurospheres are ex-

(Figure legend continued.)

bar: 4, 400 nm; C-E, 60 wm; F-Q, 50 wm; R, 5 um; S, 2 wum.

Tuj1(E, H), PDGFRax (K), or NG2 (N'). PSA-NCAM ™ cells migrating tangentially as chains expressed
the neuronal marker Tuj1 (C~E). In contrast, PSA-NCAM * cells present at the surface of the CC did not colabel with Tuj1 (F~H)) but
with the oligodendrocyte markers PDGFRc (/-K) and NG2 (L-N). 0-Q, Putative migrating cells located in the (Cand labeled
after injection of RCAS—AP (0) or B-actinp—GFP (P, Q) into the adult mouse SVZ. Q, Double immunofluorescence for GFP (green)
and Olig2 (red) of a bipolar cell. R, S, Electron microscopic characterization of a PSA-NCAM-positive cell in the CC. R, PSA-NCAM
staining in toluidine blue-stained 1.5-um-thick semithin section. Arrow indicates the PSA-NCAM * cell analyzed at the electron
microscopic level. S, Electron micrograph of this PSA-NCAM * cell. Note that its elongated nucleus contains lax chromatin. Scale

posed to growth factors, which may modify
the normal differentiation program of neu-
ral progenitors (Doetsch et al., 2002; Gabay
et al., 2003; Santa-Olalla et al., 2003; Hack et
al.,, 2004; Reynolds and Rietze, 2005). To de-
termine whether SVZ progenitors could give
rise to oligodendrocytes in vitro, we plated
freshly dissociated adult SVZ cells onto a
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confluent monolayer of cortical astrocytes
using a modified protocol (see Materials and

RCAS-GFP
\]

Lysolecithin
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Sacrifice

Methods) used previously to study neuronal
differentiation (Lim and Alvarez-Buylla, 0
1999). We show here that this culture condi-
tions results in robust oligodendrocyte for-
mation from SVZ precursors. One day after
plating, surviving SVZ cells were present as
single cells. By 3 div, small clusters of three to
five cells appeared (Fig. 6A). At this time,
double immunofluorescence for Tujl and
the O, antibodies revealed the presence of
cells expressing the neuronal or oligo-
dendroglial markers within the same
cluster (Fig. 6 B-D). Five days after plat-
ing, Tujl * cells (Fig. 6E) and O, cells
(Fig. 6 F) displayed the morphology of
neurons and oligodendrocytes, respec- C
tively. O, * cells also expressed Olig2 and
NG2 (data not shown). Because oligo-
dendrocyte progenitors are present
within the striatum (some of which is
dissected with the SVZ), it was possible
that our cultures were contaminated
with parenchymal OPCs. To control for
this possibility, cells from the striatum
adjacent to the SVZ of adult animals
were plated on cortical astrocytes as de-
scribed above. Under these culture con-
ditions, neither neurons nor oligoden-
drocytes were observed in the cultures at
5 div. Finally, oligodendrocytes did not
arise from cortical astrocytes without
plating SVZ progenitors on top. These
observations indicate that SVZ cells are
able to generate both neurons and oligo-
dendrocytes in our culture conditions,
yet it was possible that oligodendrocytes
and neurons were derived from two separate progenitor
subpopulations.

To address this question, we examined the potential of single
SVZ astrocytes plated onto the monolayer of cortical astro-
cytes. To isolate SVZ astrocytes, we used a GFAP ,—~GFP ade-
novirus that encodes the GFP marker under the transcrip-
tional control of the GFAP promoter (Doetsch et al., 1999)
(Fig. 6G). SVZ astrocytes were first labeled in vivo by injecting
the adenovirus into the SVZ of adult CD-1 mice. Thirty six
hours after injection, GFP™ cells were isolated by
fluorescence-activated cell sorting (FACS) (Fig. 6H) and
plated as single cells on the monolayer of cortical astrocytes.
Five days later, the cultures were fixed and immunostained
with O, and Tujl antibodies (Fig. 6I). Twenty-six percent of
plated cells gave rise to colonies. Of these, 11.5% generated
both neurons and oligodendrocytes. Interestingly, the major-
ity of colonies (80.3%) contained only oligodendrocytes but
not neurons. This finding confirms that oligodendrocytes can
be derived from GFAP-expressing SVZ cells and that a sub-
population of these cells can generate both neurons and
oligodendrocytes.

Control

Figure 5.

m; D, insetin D, 25 wm.

Discussion
This study shows that adult SVZ astrocytes (type B cells) serve as
primary progenitors of new oligodendrocytes in normal and in-
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The SVZ astrocytes produce a higher number of oligodendrocytes after a demyelinating lesion. Schematic timeline
shows the experimental design. The SVZ astrocytes of GTv-a mice were labeled with RCAS—GFP. Two days later, lysolecithin or
vehicle was injected into the ipsilateral CC. The cellular response to demyelination was evaluated 30 d after lesion. 4, B, Anti-GFP
immunostaining of coronal sections of vehicle-injected (A) and lysolecithin-injected (B) mice. In both cases, mature and immature
GFP ™ oligodendrocytes were found in the corpus callosum. Insets show GFP * oligodendrocytes counterstained with the nuclear
marker DAPI (4’6’ -diamidino-2-phenylindole) under higher magnification. €, Z-stack reconstruction of GFP * oligodendrocytes
found in corpus callosum in control and lysolecithin-lesioned brains. D, Double immunofluorescence for GFP (green) and the CNS
myelin protein CNPase (red) of GFP * cells in the CC of a lesioned brain 30 d after injection of the RCAS—GFP virus. Inset shows the
(NPase staining alone in red. Arrows indicate double-labeled cell. V, Lateral ventricle. Scale bar: 4, B, 160 wm; insets in 4, B, 40

jured brain. Results suggest that SVZ type B cells, through inter-
mediate Olig2 ™ transit-amplifying cells (type C cells), give rise to
young migrating oligodendrocytes that move out of the SVZ into
the CC, neighboring striatum, and fimbria fornix to differentiate
into nonmyelinating and myelinating oligodendrocytes. Com-
pared with the large number of new neurons born in the SVZ, few
oligodendrocytes are normally produced from adult SVZ type B
cells. This may be related to the slow turnover of oligodendro-
cytes in adult brain (McCarthy and Leblond, 1988). Interestingly,
however, the number of oligodendrocytes derived from SVZ type
B cells was increased after a demyelinating lesion. In these condi-
tions, SVZ-generated oligodendrocytes express markers of mye-
lin, suggesting that they contribute to the remyelination process.
This is consistent with the suggestion that, in addition to the
parenchymal OPC progenitors (Fancy et al., 2004), SVZ progen-
itors contribute to the repair of myelinated tracks (Nait-
Oumesmar et al., 1999; Picard-Riera et al., 2002; Petratos et al.,
2004).

Labeling dividing cells with B-actin,~GFP retrovirus targeted
to either the SVZ or the CC resulted in labeled oligodendrocytes
close to the injection site. In contrast, labeling with a retrovirus
that infects GFAP-expressing cells results in labeled oligodendro-
cytes only when the injection is targeted to the SVZ. This suggests
that oligodendrocytes are derived from two sources of adult di-
viding cells, GFAP-expressing SVZ cells and non-GFAP dividing
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Figure 6.  SVZ astrocytes produce oligodendrocytes in vitro, and some produce both neurons and oligodendrocytes. A-F, Ten

thousand SVZ cells isolated from adult CD-1 mice were allowed to differentiate on top of an astrocytic monolayer for 3 div (4—D)
and 5 div (E, F). A-D, At 3 div, clusters derived from adult SVZ precursor cells are mixed colonies which contain both 0, *and
Tuj1 ™ cells. E, F, At 5 div, Tuj1 ™ (E)and 0, ™ (F) cells present typical morphologies of differentiated neurons and oligodendro-
cytes, respectively. A4, Differential interference contrast (DIC) image of a typical colony. B, E, Immunoreactivity for the neuronal
marker Tuj1. , F, Immunoreactivity for the oligodendroglial marker 0,. D, Merged field showing combined immunostaining for
Tuj1 and 0,. G-/, Single SVZ astrocytes give rise to both neurons and oligodendrocytes in vitro. Adult SVZ astrocytes were
specifically labeled in vivo or in vitro with an adenovirus GFAP —GFP. G, Schematic showing the GFAP promoter reporter construct
used for the adenoviral vector. H, I, Single GFP * SVZ astrocytes were purified by FACS, plated on top of an astrocytic monolayer,
and grown in culture for 5 div. H, Density plots showing gates for selecting SVZ astrocytes [GFP and propidium iodide (PI)]. The
right plot corresponds to the sorting of SVZ cells isolated at 1.5 d after injection of the adenovirus GFAP,—GFP; the left plot is a
control non-injected animal. /, The number of GFP * cells initially plated is indicated for each experiment (3 independent cul-
tures). The total number of colonies that arose from these cells is presented. These colonies contained only 0, ™, only Tuj1 *, or
both 0, *and Tuj1 * cells. Note that 61 of the 233 single GFP ™ SVZ cellsinitially plated gave rise to colonies. Among them, seven
generated mixed colonies. Scale bar: A-F, 10 pem. SD, Splice donor; SA, splice acceptor.

cells outside the SVZ. Interestingly, the progeny of cells that di-
vide locally within the CC do not appear to migrate far from the
site of injection, which is consistent with previous observations
showing that the progeny of parenchymal OPCs do not migrate
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extensively (Gensert and Goldman, 1997).
This is in contrast with the progeny de-
rived from SVZ GFAP-expressing cells
that can migrate long distances.

Classical models of cell lineages in the
CNS propose that neural stem cells pro-
duce two separate pools of progenitors
that generate either neurons or astrocytes
and oligodendrocytes (Raff et al., 1983;
Rao, 1999). However, committed glial pre-
cursors, like the optic nerve O-2A progen-
itor, can be manipulated to also generate
neurons (Kondo and Raff, 2000). Recent
evidence in vivo indicates that neurons and
some glial cells are closely related in devel-
opment and originate from common pro-
genitors in ways that do not fit classical
models that separate the neuronal and glial
lineages (Williams et al., 1991; Richardson
et al., 2000; He et al., 2001; Lu et al., 2002;
Zhou and Anderson, 2002; Lui and Rao,
2004; Rowitch, 2004). Consistently, our
data suggest that adult SVZ GFAP ™ cells,
which have been shown to function as
neuronal precursors, can also give rise to
oligodendrocytes. A small subpopulation
of single astrocytes isolated in vitro gave
rise to both neurons and oligodendro-
cytes. However, we do not know whether
single progenitors in vivo have this dual
potential or whether separate pools of type
B cells that generate neurons or oligoden-
drocytes coexist in the SVZ.

Our results suggest Olig2 expression
and function in the adult forebrain is asso-
ciated to the oligodendrocyte lineage com-
pared with the spinal cord, in which both
neuron and oligodendrocyte development
depends on Olig2. By using light and elec-
tron microscopy, we confirmed that Olig2,
a transcription factor that plays an essen-
tial role in the generation of oligodendro-
cytes during embryogenesis (Zhou et al.,
2000; Lu et al., 2002), is expressed in a
small subpopulation of type C cells (Agu-
irre et al., 2004; Hack et al., 2004, 2005). In
the developing spinal cord of Oligl/2~/~
compound knock-out mutant mice, the
absence of Olig function leads putative
motor neuron and oligodendrocyte pro-
genitors to instead generate V2 interneu-
rons and astrocytes (Zhou and Anderson,
2002), demonstrating that Olig activity is
essential for the regulation of a binary glial
cell fate choice (Rowitch, 2004). Further-
more, Olig2 acts as a repressor of astroglial
(Gabay et al., 2003; Fukuda et al., 2004)
and neuronal (Hack et al., 2005) differen-
tiation. Intriguingly, we observed the ex-

pression of Olig2 in some GFAP-expressing cells, suggesting that
Olig2 may begin to be expressed very early in the lineage. It is
unlikely that Olig2 function is required for the transition of all
SVZ astrocytes to type C cells because no obvious defect in olfac-
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tory bulb neuron development is observed in 18.5 d postcoitum
Olig2™’~ null animals (K. Ligon and D. Rowitch, unpublished
observations). However, our data raise the possibility that Olig2
expression is critical in a subset of type C cells that develop into
oligodendrocytes. This conclusion is consistent with recent work
overexpressing Olig2 in SVZ precursors (Buffo et al., 2005; Hack
et al,, 2005; Marshall et al., 2005). Although these results suggest
that Olig2 expressing cells in the adult SVZ are progenitors of
oligodendrocytes, we cannot exclude that these early progenitors
could also generate other lineages. Note that it has recently been
suggested that Olig2 may also be involved in the differentiation of
astrocytes (Marshall et al., 2005).

We identified a population of PSA-NCAM */NG2 ™ cells in
the CC that express PDGFRa and Olig2 and have properties of
immature migrating cells (Vaughn, 1969; Kakita and Goldman,
1999; Jennings et al., 2002). These young oligodendrocyte pro-
genitors migrate individually or in small clusters but not in chains
or ensheathed by glial tubes, as described for SVZ neuroblasts
(Lois et al., 1996; Peretto et al., 1997). In contrast, migrating
young oligodendrocytes are in intimate contact with myelinated
axonal fibers. A similar close interaction between oligodendro-
cyte progenitors and axonal fibers has been shown in the optic
nerve (Fulton et al., 1992). It has been suggested that young mi-
grating oligodendrocytes originating in the neonatal SVZ dis-
perse extensively in both radial and tangential planes (Suzuki and
Goldman, 2003). This wide dispersion was not observed in our
studies; oligodendrocytes generated in the adult SVZ were specif-
ically found in the CC, the striatum, and fimbria fornix with little
evidence of widespread rostrocaudal dispersion, suggesting that
migration of oligodendrocyte progenitors born in the adult SVZ
is limited to specific locations. A similar conclusion has been
reached from developmental studies (Spassky et al., 2002). The
affinity for axonal tracks within CC and striatum may explain the
differences in dispersion observed between adults and neonates;
these fibers may constrain tangential dispersion and explain the
limited rostrocaudal distribution we observed.

Cells contained within the radial glia—astrocyte lineage serve
as primary progenitors for new neurons in developing and adult
brain (Alvarez-Buylla et al., 1990, 2001; Doetsch et al., 1999;
Malatesta et al., 2000; Miyata et al., 2001; Noctor et al., 2001;
Tamamaki et al., 2001; Merkle et al., 2005). Our results show that
adult SVZ astrocytes generate oligodendrocytes. In primary cul-
tures without the addition of growth factors or serum, single
GFAP-expressing progenitors generate both oligodendrocytes
and neurons. Only a small subpopulation of cells was multipo-
tent in our assay (Fig. 61). This could be attributable to the cul-
ture conditions we used, which may favor oligodendrocyte dif-
ferentiation/survival, or could suggest that subpopulations of
SVZ astrocytes are already committed for the generation of spe-
cific lineages. Our experimental protocol could also account for
this result. For FACS isolation, we had to wait 36 h for accumu-
lation of GFP in SVZ astrocytes after viral injections. By this time,
many progenitors may have already moved along a particular
lineage. Because our in vitro assay favors formation of differenti-
ated clones, it could select for progenitors that are lineage re-
stricted. Even under these stringent conditions, ~11% of the
plated cells that survived gave rise to both neurons and
oligodendrocytes.

This work highlights the central role that SVZ type B cells,
which were taken as fully differentiated astrocytes for many years,
play in the generation of not only neurons but also of oligoden-
drocytes. Our experiments suggest that some SVZ type B cells can
generate both lineages in vitro, but it remains to be determined in
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vivo whether single SVZ type B cells are multipotent. Under nor-
mal conditions, SVZ type B cells produce few oligodendrocytes
compared with the large number of neurons generated. Interest-
ingly, however, oligodendrogenesis can be significantly upregu-
lated after a demyelinating lesion. It will be important to deter-
mine the precise stage in the progression from type B to type C
cells at which progenitors become committed to a neuronal or
glial lineage and how these decisions are regulated in response to
environmental signals. The identification of SVZ type B cells as
progenitors for young migrating oligodendrocyte precursors, pa-
renchymal OPCs, and oligodendrocytes will help understand the
normal turnover of this essential glial cell in the adult brain.
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