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PDGFR�, specifically expressed by immature oligodendrocyte progenitor cells (OPCs) in the CNS, plays a critical role in OPC proliferation
and migration. However, it has been uncertain whether all cells of oligodendrocyte lineage are derived from the PDGFR�-expressing
OPCs. In the present study, we uncovered a PDGFR�-independent oligodendrocyte lineage in the developing cortex. This OPC subpop-
ulation originates from the local ventricular/subventricular zone after birth and contributes to the earliest mature oligodendrocytes in
the cortex. PDGFR� signaling does not regulate the generation and differentiation of cortical OPCs. Fate-mapping studies in the
PDGFR�CreER; Sox10-GFP/tdTom double-transgenic mice of either sex have further corroborated the PDGFR�-independent oligoden-
drocyte lineage. This study provides additional missing genetic evidence for PDGFR�-independent oligodendrocyte lineage in the
developing hindbrain.
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Introduction
Myelin sheaths are critical structures that enable rapid conduc-
tion of nerve impulses and brain functioning. In the CNS, myelin
sheaths are elaborated by oligodendrocytes (OLs) that differenti-
ate from immature oligodendrocyte progenitor cells (OPCs).
During development, early OPCs are generated from the ventral
ventricular zone (VZ) under the influence of Sonic hedgehog
(SHH) morphogen, although a subpopulation of OPCs can also
be produced from the dorsal neural progenitor cells at later stages
independent of SHH signaling (Cai et al., 2005; Fogarty et al.,
2005; Vallstedt et al., 2005). The newly generated OPCs undergo

rapid proliferation and migration when they spread into the sur-
rounding parenchymal regions. In the developing forebrain,
there are three waves of OPC production in a ventral-to-dorsal
sequence (Kessaris et al., 2006). OPCs are first produced from the
VZ of the (MGE)-(AEP) area at embryonic day (E) 12.5, then
from the VZ of the (LGE)-(CGE) at �E15, and finally from the
VZ of the cortex after birth. Cell fate-tracing studies have dem-
onstrated that the dorsal cortical OPCs gradually replace the ven-
trally derived OPCs at later postnatal stages (Kessaris et al., 2006;
Richardson et al., 2006). The multiorigin feature of brain OPCs
suggests the possible heterogeneity of this glial population (Rich-
ardson et al., 2006).

PDGFR� receptor tyrosine kinase is one of the earliest OPC
markers starting at �E12.5 in the mouse spinal cord and fore-
brain (Pringle et al., 1992; Pringle and Richardson, 1993; Miller et
al., 1999). Upon stimulation by PDGF-A, PDGFR� undergoes
autophosphorylation on tyrosine residues and phosphorylates
the downstream molecules to deliver and amplify downstream
signals (Sultzman et al., 1991). Astrocytes and neurons in the
mouse CNS secrete PDGF-A, which functions as the major in vivo
mitogen for OPC proliferation and migration (Yeh et al., 1991;
Fruttiger et al., 1999). Overexpression of PDGF-A in the embry-
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Significance Statement

This is the first report of a subpopulation of oligodendrocyte lineage in the developing mouse cortex independent of PDGFR�
signaling. These oligodendrocyte progenitor cells are generated from the local ventral ventricular zone/subventricular zone after
birth, and contribute to the earliest mature oligodendrocytes in the cortex.
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onic mouse spinal cord leads to a dramatic increase in the num-
ber of OPCs (van Heyningen et al., 2001). Recently, we reported
that PDGFR� signaling also regulates the timing of OL differen-
tiation and maturation downstream of Nkx2.2 transcription fac-
tor (Fu et al., 2002; Zhu et al., 2014). These and other studies
indicate that PDGFR� signaling plays a critical role in OPC pro-
liferation, migration, and differentiation.

Interestingly, previous studies have reported a small popula-
tion of OLs that are PDGFR�-negative but PLP/DM-20-positive
in the hindbrain and olfactory bulb during early glial develop-
ment (Timsit et al., 1995; Spassky et al., 2000, 2001), suggesting
the possibility of a separate OL lineage independent of PDGFR�
signaling. However, the evidence for the PDGFR� lineage in these
studies is indirect and mostly based on gene-expression analyses
and pharmacological assays (Spassky et al., 1998, 2001). Given
that PLP is normally considered a major myelin protein ex-
pressed in mature OLs, an alternative explanation proposes
that the PLP/DM-20� OLs observed in the embryonic hind-
brain may represent the mature OLs that have originated from
the PDGFR�� OPCs but have lost the receptor expression
during differentiation stage (Richardson et al., 2006). Thus, it
remains uncertain whether all cells of OL lineage are derived
from PDGFR�-expressing OPCs during development.

In the present study, we report the identification of a separate
PDGFR�-independent OPC population in the developing cere-
bral cortex. In Olig1�/crePDGFR�flox/flox conditional knock-out
(cko) mice, the generation of early OPCs from the ventral fore-
brain is largely inhibited at embryonic stages, but a small number
of Olig1�/Sox10� OPCs are still produced in the dorsal telen-
cephalon after birth. Despite their relatively late birthdate during
development, the dorsally derived PDGFR�-independent OPCs
differentiate earlier than the ventrally derived PDGFR�-dependent
OPCs, and their maturation is not affected by PDGFR� mutation.
The concept of PDGFR�-independent OPC lineages in the cerebral
cortex and hindbrain is further verified by the Cre/LoxP-mediated
fate-mapping studies.

Materials and Methods
Knock-out and transgenic mice. PDGFR�flox mice were obtained from Jack-
son Laboratories (Tallquist and Soriano, 2003) and mated to Olig1�/cre

knock-in mice (Lu et al., 2002) to produce the Olig1�/cre; PDGFR�fl/�

double-heterozygous mice. Conditional PDGFR� mutants (cko) were
generated by interbreeding of double heterozygotes. The PDGFR� cko
mice die at �2 weeks after birth and display obvious characteristics of
hypomyelination, such as trembling and shaking. PDGFR�cre-ER mice
obtained from Jackson Laboratories (De Biase et al., 2011) were mated to
Sox10-GFP/tdTom transgenic line mice (Tripathi et al., 2011) to obtain
the PDGFR�cre-ER; Sox10-GFP/tdTom double-hemizygous mice of either
sex. Tamoxifen was administered from E11.5 to postnatal day (P) 0 by
intraperitoneal injection in pregnant female mice. When Cre is activated
by tamoxifen in OPCs, the GFP gene is excised out and tdTomato protein
is subsequently expressed.

In situ RNA hybridization and immunofluorescent staining. Brain tis-
sues were isolated from E15.5–P15 mouse embryos and then fixed in 4%
paraformaldehyde at 4°C overnight. Following fixation, tissues were
transferred to 20% sucrose in PBS at 4°C overnight, embedded in opti-
mum cutting temperature media, and then sectioned [18 �m thick-
ness for in situ hybridization (ISH) and 14 �m thickness for GFP and
tdTomato red observations] on a cryostat. Adjacent sections from the
control and mutant embryos were subjected to ISH or immunofluores-
cent staining. Regular ISH was performed as described in Schaeren-
Wiemers and Gerfin-Moser (1993) with minor modifications. Double

immunofluorescent procedures were described previously (Qi et al.,
2001). The dilution ratio of antibodies is as follows: anti-Olig2, 1:6000;
anti-CRE (Millipore), 1:500; anti-Sox10, 1:3000 (Stolt et al., 2002); and
anti-PDGFR� (Santa Cruz Biotechnology), 1:200.

Experimental design and statistical analyses. For each analysis, OPCs or
OLs detected by immunostaining or ISH were counted from three inde-
pendent mouse tissues. Statistical analyses were performed with two-
tailed Student’s t test. Error bars represented the SDs. Statistical
significance was considered to be at *p � 0.05 and **p � 0.01 (ns: no
significant difference). The exact p values are listed in the figure legends.

Results
PDGFR� is essential for the generation and migration of
ventral OPCs in the forebrain
Previous studies revealed that early OPCs, defined by the ex-
pression of PDGFR�, emerge from the Olig2� ventral neuro-
epithelium in the MGE and AEP after E12 in mouse embryos
(Richardson et al., 2006). As a first step to investigate the role of
PDGFR� signaling in subpallial oligodendrogenesis, we com-
pared the expression of several OPC markers in embryonic con-
trol and Olig1�/crePDGFR�flox/flox cko mice (PDGFR� cko). At
E15.5, numerous PDGFR��/Olig1�/Sox10� OPCs were pro-
duced in the ventral forebrain of the wild-type embryos, and
some of these ventral OPCs started to migrate into the dorsal
cortical region (Fig. 1A,C,E). Consistent with the observation
that Olig1 is expressed slightly earlier than PDGFR� in the ventral
telencephalon, including the MGE and AEP (Lu et al., 2002),
PDGFR� expression was lost in the PDGFR� cko (Fig. 1B). Ex-
pression of another OPC marker, Sox10, was also absent in the
mutants at this stage (Fig. 1D), although a few Olig1� cells were
detected along the ventral midline of the hypothalamus (Fig. 1F).
At P0, expression of PDGFR�, Sox10, and Olig1 in wild-type mice
was significantly increased and widely distributed throughout the
entire telencephalon, including the cortex (Fig. 2A,C,E). By con-
trast, only a few PDGFR�� and Sox10� OPCs were detected in
the ventral region of the mutants, but none in the cortex (Fig.
2B,F). Thus, in the absence of PDGFR� signaling, few OPCs
were generated from the subpallium, and they failed to multiply
and spread a long distance to reach the neocortex, indicating
that PDGFR� signaling is crucial for the proliferation and
migration of ventrally derived OPCs in the telencephalon. Sur-
prisingly, many Olig1-positive cells of the mutants emerged at
this stage in the dorsal forebrain, including the corpus callosum
and the septal and striatal regions surrounding the lateral ventri-
cles (Fig. 2D). Given the lack of contribution from migratory
ventral OPCs, these dorsal OPCs must have originated from the
local VZ/subventricular zone (SVZ) of the cortex.

PDGFR� is not required for generation and differentiation of
dorsally derived cortical OPCs
To investigate the importance of PDGFR� signaling in the devel-
opment of dorsally derived OPCs, we next examined the expres-
sion of several well defined OPC and OL markers in the postnatal
forebrain of PDGFR� cko mutants. While the expression of
PDGFR� remained absent in the mutants at P4 as expected (Fig.
3A,B), Olig1� OPCs in the mutant cortex were mostly confined
to the regions adjacent to the ventricle (Fig. 3C,D). Moreover,
Sox10� cells were also detected with a distribution pattern sim-
ilar to that of Olig1� cells (Fig. 3E,F), suggesting that the dorsal
OPCs had acquired Sox10 expression by this stage.

The terminal differentiation of dorsally derived OPCs was an-
alyzed in PDGFR� cko mice by the expression of myelin basic
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Figure 1. Inhibition of OPC generation and migration in the ventral forebrain of PDGFR� cko mutants. A–F, E15.5 forebrain tissues from control (A, C, E) and Olig1crePDGFR�flox/flox cko (B, D, F )
mice were examined for expression of PDGFR�, Olig1, and Sox10 by RNA ISH. G, H, Statistical analyses of PDGFR��, Olig1�, and Sox10� OPCs in the dorsal and ventral forebrain. OPCs were
produced in the ventral forebrain and migrated dorsally in the control but not cko tissues. White dot line indicates the boundary of dorsal and ventral forebrain.

Figure 2. Local generation of OPCs in the dorsal forebrain of PDGFR� mutants. A–F, P0 forebrain tissues from control and PDGFR� cko mice were examined for PDGFR�, Olig1, and Sox10 by RNA
ISH. G, H, Statistical analyses of various OPCs in the dorsal and ventral forebrain. While Olig1 expression in the mutants was mostly detected in the SVZ surrounding the lateral ventricle, expression
of Sox10 was nearly undetectable at this stage. White dot line indicates the boundary of dorsal and ventral forebrain.
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protein (MBP) gene. At P0, expression of MBP was not detected
throughout the entire forebrain in normal tissues (Fig. 4A). Sim-
ilarly, no MBP expression was detected in the neocortex of the
PDGFR� cko mutants. However, a few were found in the ventral
forebrain (Fig. 4B, arrows), resulting from the premature differ-
entiation of ventrally derived OPCs in the absence of PDGFR�
signaling, as previously reported in the spinal cord tissues (Zhu et
al., 2014). From P4 to P7, many MBP� OLs were found in the
ventral forebrain of the control tissues, but very few in that of the
mutants (Fig. 4C–F) due to the reduced proliferation of ventral
OPCs and their premature differentiation when PDGFR� was
conditionally deleted. Surprisingly, MBP� cells were observed in
the corpus callosum and striatum in both control and mutant
tissues with a similar density and distribution pattern (Fig.
4C–F ), suggesting that early MBP� OLs in these regions are
likely to originate from dorsal OPCs, and their differentiation
is not regulated by PDGFR� signaling. At P14 stage, MBP�
cells in the control cortical tissues were further increased in
number and widely distributed throughout the entire fore-
brain as the ventrally derived OPCs underwent terminal dif-
ferentiation in the cortex (Fig. 4G,H ). By contrast, the density
and distribution of MBP� cells in the mutant cortex and stria-
tum remained unchanged over time, because of the lack of
contribution from ventrally derived OPCs. Together, these
studies suggest that dorsal cortical OPCs that arise in the ab-
sence of PDGFR� mature earlier than their ventral counter-
parts despite their later birth date and their generation and
differentiation are not regulated by PDGFR� signaling.

Genetic evidence for PDGFR�-independent lineage in
the cortex
To further test the hypothesis of the PDGFR�-independent OPC
lineage in the cerebral cortex, we generated the PDGFR�Cre-ER;
Sox10-GFP/tdTOM double-transgenic mice (Tripathi et al.,
2011) in which all Sox10� OPCs that ever express PDGFR� are
permanently labeled for Tomato red, whereas those that never
express PDGFR� remain GFP green. To ensure that all PDGFR�-
expressing OPCs are labeled successfully, pregnant mice were
injected daily with tamoxifen starting at E11.5 before PDGFR�
expression in brain OPCs (Spassky et al., 2001; Richardson et al.,
2006). Double-labeling studies revealed that the vast majority of
Sox10-positive OPCs in E16.5 embryos were Tomato red� (Fig.
5A,B,D), as expected. Consistent with our hypothesis for a
PDGFR� -independent lineage, a small fraction of Sox10� OPCs
appeared as GFP� green cells at the boundary region between the
cortex and striatum (Fig. 5C,E). At E18.5, the number of GFP�
OPCs was significantly higher in the dorsal forebrain, including
the corpus callosum (Fig. 5F–J). Unlike the PDGFR�-expressing
Tomato� OPCs, which were widely distributed in the forebrain,
the GFP� OPCs were largely confined to the dorsal cortical tis-
sues, and careful examination revealed no GFP� green cells in
the most ventral region (Fig. 5I). To evaluate the efficiency and
specificity of Cre induction, we also examined the percentage of
GFP� OPCs in E16.5 spinal cords and found that all OPCs were
tdTom� red cells (Fig. 5K,L), indicating that the Cre-mediated
recombination in OPCs is highly efficient and reliable. Together,

Figure 3. Dorsal distribution of OPCs in P4 PDGFR� mutant brain. A–F, P4 forebrain tissues from control and PDGFR� cko mice were examined for expression of OPC markers. G, H,
Statistical analyses of various OPCs in the dorsal and ventral forebrain. At this stage, Olig1� and Sox10� cells in the mutants were mostly confined to the dorsal cortex adjacent to the
lateral ventricle. White dot line indicates the boundary of dorsal and ventral forebrain.
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these results provide additional evidence for the dorsal origin of
this PDGFR�-independent OPC subpopulation.

We next examined whether these PDGFR�-independent cells
can proliferate in the forebrain of PDGFR�CreER;Sox10-GFP/td-
Tom double transgenic mice at E16.5 and E18.5. It was found that
the GFP� cells did not express Ki67, a marker for proliferating
cells, and the tdTom� cells also showed weak proliferative capac-

ity (Fig. 6). These results suggest that PDGFR�-independent cells
do not proliferate after expressing Sox10.

PDGFR�-independent OPCs in the hindbrain
Previous studies suggested that in the developing hindbrain, one
type of OL expresses PDGFR� and another expresses PLP/
DM-20 (Timsit et al., 1995; Peyron et al., 1997; Fruttiger et al.,

Figure 4. Expression of MBP in the cortex at early postnatal stages. A–H, Cortical tissues from P0 –P14 control and PDGFR� cko mice are examined for MBP expression by ISH. I, J, Statistical
analyses of OPCs in the dorsal and ventral forebrain. Red arrows in B indicated fewer MBP� cells in the mutant forebrain. A similar number and distribution of MBP� oligodendrocytes in the dorsal
cortex were observed between control and mutant tissues from P0 –P7 mice. White dot line indicates the boundary of dorsal and ventral forebrain.

Figure 5. A–J, Expression of GFP and tdTomato in the PDGFR�-cre-ER; Sox10-GFP/tdTOM double-transgenic embryos. Embryos were treated with tamoxifen from E11.5 to E16.5 (A–E) or from
E11.5 to E18.5 (F–J ). A, GFP� OPCs were observed in dorsal cortex at E16.5. B–D, Higher magnifications of three regions outlined in A. E, Statistical analysis of tdTomato� OPCs (average,
238/section) and GFP� OPCs (average, nine/section) in the cortex ( p � 0.0004608). F, GFP� OPCs were observed in the dorsal cortex at E18.5. G–I, Higher magnifications of regions outlined in
F. J, Statistical analysis of tdTomato� OPCs (average, 1151/section) and GFP� OPCs (average, 172/section) in the cortex ( p � 0.0000661). K, L, Expression of GFP and tdTomato in E16.5 control (K )
and DTG (L) embryos following tamoxifen treatment at E11.5.
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1999). They were hypothesized to represent two separate pop-
ulations of OLs with distinct origins (Spassky et al., 2000).
However, the evidence was mostly indirect and based on gene-
expression analyses, and it was argued that the PLP/DM-20�
OLs are early-differentiated cells derived from PDGFR�-
expressing OPCs (Richardson et al., 2000). This controversy
had been difficult to resolve due to the lack of appropriate
mouse lines for genetic and fate-mapping studies.

To reinvestigate this issue, we recently examined the develop-
ment of OLs in the embryonic hindbrain of PDGFR� cko mu-
tants. As expected, PDGFR� expression was absent in the

hindbrain of the E14.5 mutants (Fig. 7A,B), confirming the com-
plete inactivation of PDGFR� gene in OPC cells. In agreement
with the previous finding, PLP/DM20� OLs were discovered in
the ventral midline region with a similar number and distribution
pattern in both genotypes (Fig. 7C,D). Moreover, MBP� cells
were also found at the same position on immediately adjacent
slides (Fig. 7E,F), indicating that the PLP� and MBP� cells
represent mature OLs whose generation and differentiation are
independent of PDGFR� signaling. These findings also strongly
suggest that the early PLP�/MBP� OLs observed in the E14.5
hindbrain originate from the PDGFR�-independent OL lineage.

Figure 6. Expression of Ki-67 in GFP� and tdTom� cells in the forebrain of PDGFR�CreER;Sox10-GFP/tdTom embryos at E16.5 and E18.5. A–D, Representative images of colabeling from E18.5
double transgenic mouse embryos. E, Statistical analysis showing the lack of Ki67 expression in GFP� cells and a low level of coexpression in tdTom� cells.

Figure 7. Expression of PLP/DM20 and MBP in the hindbrain of PDGFR� cko mutants. A–F, E14.5 hindbrain tissues from control and PDGFR� cko mice were examined for expression of PDGFR�
(A, B), PLP (C, D), and MBP (E, F ) by ISH. G, Statistical analysis showing the lack of PDGFR�� OPCs and the slightly increased number of MBP�/PLP � oligodendrocytes in the mutant hindbrain.
P PDGFR � � 0.000509, P MBP � 0.0261483, P PLP � 0.010093.
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The PDGFR�-independent OL lineage in the hindbrain was
further corroborated by the lineage study with the PDGFR�CreER;
Sox10-GFP/tdTOM double-transgenic mice as described earlier.
Direct immunofluorescence demonstrated that �20% of OLs in
the E14.5–E18.5 hindbrain were green cells that never expressed
PDGFR�CreER, whereas the other 80% Sox10-derived OLs were
tdTomato red after PDGFR�-mediated activation of tdTomato
transcription (Fig. 8). Similar to PLP�/MBP� cells, the GFP�
green cells predominantly localized in the ventromedial region of
the hindbrain (Fig. 8). Collectively, these results provide strong
support for the existence of the PDGFR�-independent popula-
tion of OLs in the caudal brain region as well.

Discussion
PDGFR� is a widely used molecular marker for progenitor cells
of OL lineage. During development, it is exclusively expressed in
immature OPCs in the developing CNS and functions to stimu-
late OPC proliferation and migration. Recently, we showed that
PDGFR� and its downstream effector Shp2 also negatively regu-
late the terminal differentiation of OLs in the spinal cord and
therefore the timing of OL differentiation (Zhu et al., 2010, 2014). In
this study, we demonstrate that PDGFR� signaling also regulates
the proliferation and differentiation of OPCs derived from the
ventral forebrain (Figs. 1, 2). In Olig1�/crePDGFR�flox/flox cko
mice, a few precocious MBP� OLs were detected in the newborn
ventral forebrain �4 d earlier than normal (Fig. 4B). However,
the number of MBP� cells in the ventral region did not increase
significantly with time in the mutants (Fig. 4D,F), probably due
to the reduced OPC proliferation and premature differentiation
in the absence of PDGFR� signaling. Together, these findings
indicate that PDGFR� plays important roles in regulating the

proliferation, migration, and terminal differentiation of ventrally
derived OPCs in the developing forebrain.

The lack of contribution of migratory OPCs from the ventral
forebrain in PDGFR� cko mice helped uncover the PDGFR�-
independent OPC population generated in the dorsal cortex.
Olig1� OPCs began to emerge in the mutant cortical region
surrounding the lateral ventricle at birth (Figs. 1, 2), and later
gained the expression of the critical differentiation factor Sox10
(Fig. 3). MBP� mature OLs were initially detected in the cor-
pus callosum and striatum in both control and mutant mice,
and there was no apparent difference in their numbers and
distribution patterns in both genotypes from P4 to P7 (Fig. 4).
These observations imply that the earliest group of mature
OLs in the cortex originate from the dorsally or locally derived
OPCs. This implication is somewhat surprising, given that
ventral OPCs from the MGE and LGE migrate into the cortex
several days before dorsal cortical OPCs are born (Kessaris et
al., 2006).

The relatively normal generation and differentiation of early
cortical OPCs in PDGFR� mutants also argue for a PDGFR�-
independent OPC lineage arising from the local VZ/SVZ at neo-
natal stages. Considering that PDGFR� signaling promotes OPC
proliferation and migration, the PDGFR�-independent OPCs do
not appear to proliferate as they fail to costain Ki67 (Fig. 6) and
are likely to have limited capacity to migrate. This may explain
the lack of visible increase in the number of MBP� OLs from P7
to P14 in PDGFR� cko mutants (Fig. 4) and the confinement of
early MBP� OLs to the corpus callosum and striatum adjacent to
the VZ/SVZ in both normal mice and mutants. In the normal
tissues, MBP� OLs increased dramatically after P7 due to the
continuous proliferation and maturation of PDGFR�-dependent

Figure 8. Detection of GFP� cells in the hindbrain. PDGFR�cre-ER Sox10-GFP/tdTOM double-transgenic embryos were treated with tamoxifen from E11.5 to E14.5 (A–D) or from E11.5 to E18.5
(E–H ). The numbers of GFP� oligodendrocytes (PDGFR�-independent) and Tomato� oligodendrocytes (PDGFR�-dependent) in the hindbrain at E14.5 (average of 61 green cells vs 283 red cells
per section, p � 0.0003818) and E18.5 (171 green vs 915 red, p � 0.0000124) are depicted in D and H, respectively. (C) Higher magnifications of regions outlined in A and B, and (G) Higher
magnifications of regions outlined in E and F respectively.

Zheng et al. • PDGFR�-Independent OPC Lineage in Mouse Brain J. Neurosci., October 31, 2018 • 38(44):9505–9513 • 9511



OLs derived from the ventral forebrain and possibly from the
cortex as well at later postnatal stages.

The existence of PDGFR�-independent lineage in the fore-
brain was further tested by the fate-mapping study with the
PDGFR�CreER; Sox10-GFP/tdTOM double-transgenic mice. The
Sox10� green OPCs that have never expressed PDGFR� first
appeared in dorsal cortex at �E16.5, and the number of this
subpopulation was significantly increased at E18.5 (Fig. 5). Based
on the restricted location in the dorsal region of the forebrain,
these PDGFR�-independent OPCs are likely to have originated
from the dorsal and lateral VZ/SVZ neural progenitor cells dur-
ing the third wave of oligodendrogenesis in the mouse forebrain
(Kessaris et al., 2006). Nevertheless, at this stage, we cannot ex-
clude the possibility that the GFP green cells in the double trans-
genic mouse forebrain may represent a small population of
unrecombined cells. However, this alternative appears unlikely,
as the efficiency of PDGFR�-cre-ER-mediated recombination is
extremely high, and all the Sox10� cells in E16.5 double trans-
genic mouse spinal cord tissues were tdTom red cells and no green
cells were found (Fig. 5K,L).

Previous studies have suggested that one type of OPCs pre-
cursor cells in the developing hindbrain expresses PDGFR� and
another expresses PLP/DM-20 (Timsit et al., 1995; Spassky et al.,
1998, 2000). However, there is uncertainty about the origin
and identity of these PLP/DM-20�-lineage cells because of the
alternative explanation that they may represent the early-
differentiated PDGFR�� OPCs (Richardson et al., 2000; Kessaris
et al., 2006). Our studies found that the PLP� and MBP� OLs
are indeed present in the E14.5 hindbrain, despite the absence of
PDGFR�� OPCs in the PDGFR� cko mutants (Fig. 7). These
PLP�/MBP� cells are in the ventromedial regions of hindbrain
adjacent to the VZ that produces OPCs. Moreover, even at E12.5
stage, MBP/PLP� OLs are found in the ventral VZ/SVZ before
they emigrate out (data not shown). These observations provide
support for the existence of a PDGFR�-independent OL lineage
in the hindbrain that differentiates early during development,
similar to the scenario in the forebrain. The direct evidence for
the PDGFR�-independent OL lineage in the hindbrain comes
from the cell fate-tracing study with the use of the PDGFR�CreER;
Sox10-GFP/tdTOM transgenic mice. It has been shown that a
small number of GFP� green cells are present in the same ven-
trolateral positions overlapping with those of PLP�/MBP� OLs
(Fig. 8), suggesting that they may represent the same group of
cells.

In summary, our studies provide the long-sought genetic
evidence that a small population of OPCs in the developing
cortex and hindbrain do not express PDGFR�, and they dif-
ferentiate early during development without being regulated
by the PDGFR�-signaling pathway. It would be of great inter-
est and importance to define the functional importance of
these PDGFR�-independent OLs in mouse brain development
in future studies.
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