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Materials and Methods
Mice

Animal husbandry and procedures were performed according to UCSF guidelines
under IACUC approved protocols.

Olig2-GFP

The Olig2-GFP reporter mouse is a generous gift from David Rowitch. To visualize
Olig2+ cells in vivo, a knock-in allele of Olig2 was generated in which the 3' of the Olig2
gene is followed by IRES-GFP. The allele is termed Olig2-wt-IRES-GFP (Olig2-GFP).

Gprl24-/-

These mice are GPR124 null mice [25], lacking the orphan G protein—coupled receptor
GPR124, which is essential for developmental vascular sprouting into forebrain and
neural tube.

Cdh5cre/Gpri124-floxed

Embryonic tissue was used from these mice, which allow for endothelium-specific
(CdhS5cre is vascular endothelium specific VE-Cadherin cre) deletion of the orphan G
protein—coupled receptor GPR124 (GPR124-floxed).

PDGFRp--

These mice are PDGFRp (platelet-derived growth factor receptor ) null mice generated
in the lab of P. Soriano. These mice completely lack pericytes in the CNS [36], and have
been shown to be involved in BBB formation [26].

Olig2-tva-cre

A multi-functional mouse line was constructed previously [37] by inserting tva, an avian-
specific retroviral receptor, and an IRES-cre recombinase cassette into the endogenous
Olig2 locus by homologous recombination. This Olig2-cre allows for cre mediated
activity in oligodendrocyte lineage cells.

APC-floxed
These mice have been described previously [28]. A conditional (floxed) allele of APC
(adenomatous polyposis coli) provided by Dr. R. Fodde (Leiden University) [38].

Through intercrosses with an early Olig2 pan lineage cre-recombinase we can achieve
conditional knockout of APC in OPCs.

Cxcrd-/-
These mice have been described previously [39].

Slice culture and time-lapse imaging

To label the shape of the vasculature we injected 6 ul of Rhodamine labeled BSL I
(Vector Labs RL-1102) at 2mg/ml into the beating hearts of embryos dissected from the
uterus and placed in room temperature PBS. Injection had a velocity of 15ul/minute
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using a Syringe Pump (New Era Pump Systems NE-1000) and glass capillary bore of 2.3
micrometers. After 10 minutes allowing dye circulation, brains and spinal cords of
embryos between E12 and E18 were dissected immediately in ice-cold artificial
cerebrospinal fluid (ACSF; 125 mM NacCl, 2.5 mM KCI, 1 mM MgCl2, 0.4 mM ascorbic
acid, 2 mM CaCl2, 1.25 mM NaH2PO4, 25 mM NaHCO3, 25 mM d-(+)-glucose, 2 mM
sodium pyruvate, bubbled with 95% 02/5% CO2). Tissue was then embedded in 4% low
melting point agarose in ACSF, and vibratome-sliced at 300 um. Slices were transferred
onto Millicell-CM slice culture inserts (Millipore) over culture medium (DMEM with 5%
FBS, 1% N2 supplement, 4.5 g/L d-(+)-glucose, 1% penicillin, streptomycin and
glutamine) in glass bottom 6-well plates and incubated at 37 °C, 5% CO2 for at least 2
hours. Cultures were changed with fresh medium containing 25mM HEPES before
imaging. The plate was then transferred to an inverted Leica TCS SP5X confocal with an
on-stage incubator (while streaming 5% CO2, 5% 02, balance N2 into the chamber), and
imaged using a 10x immersion objective (NA=0.3) at specified interval and total imaging
time in texts with intermittent repositioning of the focal planes. Maximum intensity
projections of the collected stacks (~40 um at 3-4 um step size) were compiled in Imaris
(Bitplane). For XAV939 treated slice cultures, postnatal day 1 (P1) cortical slice cultures
were treated with 0.1 uM of the small molecule Wnt inhibitor XAV939 for 1 day in
culture. Controls slices were DMSO (solvent for XAV939) controls.

Human developmental brain tissue

Pediatric brain specimens were immersed in 4% paraformaldehyde (PFA) for 2-3 days,
and then stored in 0.5% PFA. The brains were examined by neuropathologists and
subsequently cut into 1-cm plates coronally. Frontal-dorsal cortex was further dissected
into 1 cm x 1 cm x 1 cm cubes and cryoprotected in 30% sucrose/PBS. Tissues were cut
at 30um thickness. Patients with non-neurological cause of death and no evidence of
intracranial diseases are considered as controls. All specimens were collected with
informed consent and in accordance with the University of California San Francisco
(UCSF) Committee on Human Research.

Immunohistochemistry and Antibodies

The primary antibodies used were to the following proteins: PDGFRa (1:200, rat,
558774, BD Biosciences), PDGFRa (1:200, mouse anti-human, 556001, BD
Biosciences), CD31 (1:200, rat, MEC13.3, BD Biosciences), CD31 (1:200, rabbit,
ab28364, Abcam), CD31 (1:200, mouse anti-human, ab9498, Abcam), Olig2 (1:3000,
rabbit polyclonal, C.D. Stiles, Harvard), Nkx2.2 (1:100, mouse monoclonal,
Developmental Studies Hybridoma Bank), NG2 (1:200, rabbit, AB5320, Millipore), GFP
(1:500, chicken polyclonal, GFP-1020, Aves Labs), PDGFRf (1:200, rat monoclonal, 14-
1402, eBioscience), Isl1/2 (1:200, mouse, 39.4D5, Developmental Studies Hybridoma
Bank), BLBP (1:500, rabbit polyclonal, ABN14, Millipore), GLAST (1:200, rabbit,
ab416, Abcam), Cleaved Caspase3 (1:200, rabbit monoclonal, SA1E, Cell Signaling
Technology), MBP (1:1000, rat, MCA409S, Serotec), Cxcr4 (1:200, rabbit, ab2074,
Abcam) and SDF1 (1:200, mouse, 460-SD, RD Biosystems).




Expression profiling of Olig2-cre; DA-cat versus wild-type spinal cord at P4

Whole spinal cords were harvested, homogenized in Trizol and then RNA was extracted
using RNeasy kit (Qiagen). Microarray analysis was performed at the Genetics Core
Facility of the Gladstone Institute. For each of P4 wild-type and Olig2-cre/DA-cat, RNA
from three animals was pooled for use in each array chip, and three Affymetrix Mouse
Genome 430 2.0 chips were run for each group, for a total of nine animals for each group
of wild type and Olig2-cre/DA-cat mice, as previously described [29]. Microarray data
are available on the GEO website, GSE19403.

In vivo and ex vivo AMD3100 treatment

For in vivo treatment with AMD3100, mouse pups (wildtype and Olig2-cre:Apc(fl/fl))
were treated with AMD3100 by intraperitoneal injection at a concentration of 1mg/kg (or
with no drug control sham) each day between the ages of P3 to P10, before euthanasia for
further analysis. For ex vivo treatment with AMD3100, slice cultures of wildtype and
Olig2-cre: Apc(fl/fl) mouse cortex and corpus callosum were prepared as described in
above section (without the Rhodamine BSL injection), and then treated overnight with
either AMD3100 (at 10ug/ml) or no treatment control, before fixation for further
analysis.
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Fig. S1.

OPCs migrate extensively during development of the mouse brain and spinal cord
from restricted ventricular zone progenitor domains. OPCs, which migrate more
extensively than neurons and other glia, originate from restricted ventricular zone (VZ)
progenitor domains [40] and migrate extensively to achieve uniform distribution in brain
and spinal cord. (A) In the developing mouse forebrain, the first OPCs originate from
ventral regions of the medial ganglionic eminence (MGE) at embryonic day 12.
Migratory OPCs appear at E12 and then stream away from the MGE. Schematic to show
OPCs (purple dots) first appearing from the ventral MGE in a coronal section of mouse
brain. Images in main Fig. 1B-E are taken from area denoted by box. (B) Schematic
showing migrating OPCs streaming dorsally from MGE to reach subpallial-to-pallial
boundary at E14 in mouse coronal brain section. Images in main Fig. 1G-I are taken from
area denoted by box. (C) The number of OPCs in the mouse cortex (Ctx) increases
markedly between E16 and EI18 as OPCs migrate outwards from deep to superficial
cortical layers. Schematic of sagittal mouse cortex at E18 showing OPCs migrating from
deep to superficial cortical layers. Images in main Fig. 1J are taken from area denoted by
box. (D) We find that OPCs use vasculature as a physical scaffold for spatial migration
during development. Schematic showing common OPC morphologies during migration,
with cell body on abluminal vessel surface whilst extending a leading process along
vessel (*A) or to another vessel (*B), or extending processes between more than one
vessel (*C). (E) In mouse embryonic spinal cord, OPCs arise from a ventral domain of
the ventricular zone called the pMN (motor neuron precursor domain), which gives rise
first to motor neurons at E10.5 followed by OPCs at E12. Schematic to show first
appearance of OPCs in the ventral pMN domain of the mouse spinal cord VZ at E12
(schematic shows transverse spinal cord). Images in main Fig. 2D-F are taken from area
denoted by box. (F) Schematic to show spread of OPCs (purple dots) by E14 in the
ventral half of the developing mouse spinal cord (schematic is transverse spinal cord).
Images in main Fig. 2G and Fig. 2H are taken from areas denoted by box 1 and box 2
respectively.



Fig. S2.

Migratory OPC association with vasculature on emergence from mouse E12 MGE.
Migratory OPCs, defined by the expression of PDGFRa (B), first appear in the brain at
E12 from the medial ganglionic eminence (MGE). Having left the MGE, they must find
their way through dense tissue (D)(dapi labeling of cell nuclei), and show a marked
association with, and elongation along, vasculature (labeled with CD31)(A, C).
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Fig. S3.

OPC ‘crawling’ directed motility on vessels. Time lapse imaging in a slice culture of
embryonic cortex from Olig2-GFP reporter mice showing native GFP expression in green
and vessels in red (labeled by intracardiac infusion with rhodamine labeled BSL I). A
GFP-expressing OPC (arrowhead) engages a vessel, before demonstrating ‘crawling’
motility, elongating in the 204 minute panel to move along the vessel (Movie S2).
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Fig. S4.

The association of OPCs with vasculature is not limited to early embryonic
development, but is also observed at later times when OPCs are required to migrate.
OPCs are highly associated with vasculature in the mouse early postnatal outer cortex.
The mouse cortex continues to expand postnatally, with outer cortical layers remaining
unmyelinated until several weeks after birth. OPCs generated postnatally from local
cortex ventricular zone have a continuing need to migrate out in the expanding brain, and
remain highly associated with vasculature in outer cortex at early postnatal times. (A)
The outer cortex (near pial surface) of Olig2-GFP reporter mice remains unmyelinated
(absence of Myelin basic protein MBP expression) at early postnatal times (postnatal day
9, P9), but contains numerous GFP-expressing OPCs. (B) GFP-expressing OPCs in the
Olig2-GFP reporter mice remain closely associated with CD31-labelled blood vessels at
P9 in the outer cortex. (C) Quantification of the proximity of GFP-expressing OPCs to
vessels in the outer 150um of the P9 cortex in Olig2-GFP reporter mice (n=4 animals).
Over 40% of OPCs have their cell body directly on a vessel (Oum).
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Fig. S5.

Characterization of embryonic spinal cord from GPR124 null mice for radial glial
fiber integrity and cell death. (A) Glast staining for radial glial fibers shows intact
fibers in the embryonic day 14 (E14) spinal cord of GPR124-/- null mice. (B) There is no
increase in cell death (identified by the expression of Cleaved Caspase3) in the E14
spinal cord of GPR124-/- null mice compared to wildtype littermate controls.
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Fig. S6.

OPC migration is severely disrupted in CdhScre:Gpr124 floxed mice. A Cdh5cre line
was used (Cdh5cre is a vascular endothelium specific VE-Cadherin cre) to conditionally
ablate GPR124 from endothelial cells by crossing with a GPR124 floxed mouse. (A)
These CdhScre:Gpr124 f1/fl mice have significant reductions in vasculature in the E14
spinal cord compared to wildtype (CdhS5cre:Gpr124+/+) littermates. (B) Serial 12um
sections of vasculature (CD31) and OPCs (Olig2) in ventral E14 spinal cord of wildtype
CdhS5cre:Gpr124+/+ and CdhScre:Gprl24-floxed null mice. A severe deficit in Olig2
expressing OPC emigration into E14 ventral spinal cord is seen in mice in which GPR124
has been conditionally ablated from the vasculature using the CdhS5cre:Gpr124-floxed
line, ruling out a cell intrinsic effect of Gpr124 loss in OPCs. Note that the few OPCs
which do leave the pMN domain in Cdh5cre:Gprl124-floxed mice are in close proximity
with the scant vessels which form in these mice (yellow arrowheads).
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Fig. S7.

OPC migration in brain and spinal cord development of Gpr124 null mice is
severely impaired. (A) OPC (expressing Olig2) emigration from the spinal cord
ventricular zone (VZ) is severely disrupted in Gprl24 null mice whilst motor neuron
(expressing Is11/2) emigration is unaffected. Quantification of emigration from the pMN
of Isl1/2+ motor neurons and Olig2+ OPCs in E14 Gpr124 null spinal cord and wildtype
control littermates (n=4, t test *p= 7.3X 10-5). (B) OPCs expressing PDGFRa also show
severe migration deficits in E14 brains of Gpr124 null mice, migrating only as far as the
limits of the ventral vascular plexus. Quantification of furthest OPC distance migrated
from the MGE in E14 WT versus Gpr124 null brains (n=4, t test *p=7.8X10). (C) OPCs
in E14 wildtype brains elongate along vessels during migration (white arrowhead), as
previously described. (D) OPCs appear to accumulate around glomeruloid malformations
in Gpr124 null embryonic brain (yellow arrowhead), trapped within the highly abnormal
endothelial foldings (labeled with CD31).
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Fig. S8.

OPC developmental migration is normal in the absence of pericytes. (A) NG2
staining in wildtype PDGFRp+/+ mice in embryonic day 17 (E17) cortex labels OPCs in
addition to pericytes, and pericytes can be seen outlining vasculature (yellow
arrowheads). In contrast, PDGFR-/- mice completely lack pericytes [26, 36], and NG2
staining labels only OPCs, with an absence of pericytes outlining vasculature. (B) OPC
developmental migration is unaffected in pericyte deficient PDGFRf-/- mice, with
normal numbers of Olig2-expressing OPCs in the cortex at E17. (C) NG2 staining in

cortex of PDGFRp-/- pericyte deficient mice labels only OPCs, and highlights the
intricate process association of OPC with CD31-labelled vasculature in the E17 cortex.
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Fig. S9.

Loss of APC in OPCs causes significant deficits in developmental myelination.
Generation of Olig2-cre:APC(fl/fl) mice results in ~85% efficiency of APC
(adenomatous polyposis coli) protein loss in OPCs and ~15% “escapees” that fail to
delete APC. (A) There is a significant reduction in the number of mature
oligodendrocytes (expressing PLP mRNA) in P15 Olig2-cre:APC(fl/fl) developing
cerebellar white matter (A), longitudinal cervical spinal cord (C), and P9 spinal cord (D),
which leads to a severe hypomyelination as seen on dark field (DF) of P15 cerebellar
white matter (B) compared to control Olig2-cre: APC(fl/+) littermates.
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Fig. S10.

A Whnt-activated, Cxcr4-dependent mechanism drives attraction of OPCs to the
vascular scaffold. (A) Aberrant accumulations of PDGFRa expressing OPCs can be
seen around CD31-expressing vasculature in P10 spinal cord of Olig2-cre:Apc(fl/fl) mice
(arrowheads in A) compared to wildtype (WT) mice. (B) This aggregation of OPCs
around vessels does not represent an increase in OPC proliferation on the vessel itself, as
evidenced by lack of Ki67 expression within the OPC clusters (arrowheads in B). (A)
Treatment of Olig2-cre: Apc(fl/fl) mice in vivo with the Cxcr4/Sdf1 antagonist AMD3100
(+AMD3100) between developmental ages P3-P10 leads to a significant reversal of
vessel-associated OPC clustering by P10 in the spinal cord (right panels in A). (C) Brain
slice cultures of P10 Olig2-cre: Apc(fl/fl) corpus callosum have increased accumulation of
Olig2 expressing OPCs around CD31-expressing vasculature. Treatment of Olig2-
cre:Apc(fl/fl) slices ex vivo overnight with 10ug/ml of Cxcr4/Sdf1 antagonist AMD3100
leads to a reduction in vessel-associated OPCs compared to untreated. Graph shows
number of Olig2+ cells on a vessel in P10 corpus callosum slice culture in untreated
Olig2-cre:Apc(fl/fl) versus AMD3100 treated Olig2-cre:Apc(fl/fl) mice (*p= 0.012
Student T test). Counts are total number of Olig2 cells either on a vessel or closely
associated with a vessel (within one nuclear diameter away from the vessel), expressed as
number of Olig2 cells on each 100um CD31 vessel segment.
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Fig. S11.

High Wnt tone in OPCs in Olig2-cre:Apc(fl/fl) mice leads to a general inability to
disperse normally into CNS parenchyma. The increased attraction of OPCs to the
vascular bed in Olig2-cre: Apc(fl/fl) mice reduces their ability to disperse normally to the
most distant migratory destinations in the CNS, leading to reduced numbers in outer
cortex (labeled with NG2 in A) and ventral funiculus spinal cord white matter (labeled
with Nkx2.2 in B). Scale bar is 120pum (A), 25um (B).
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Fig. S12.

Loss of Wnt tone affects OPC recruitment to the microvasculature and migration.
(A, B) Loss of Wnt tone in OPCs in postnatal day 1 (P1) cortical slice culture, when
treated with 0.1 uM of the small molecule Wnt inhibitor XAV939 (XAV) for 1 day in
culture, results in a significant reduction in the association of Olig2+ OPCs (red) with
blood vessels (CD31, green) compared to untreated controls (Con). Scale bar=50 um. (C)
This significant reduction in association of OPCs with the microvasculature (p= 1.55
X107) was quantified as number of Olig2 cells either on a vessel or closely associated
with a vessel (within one nuclear diameter away from the vessel), expressed as number of
cells on each 100um CD31 vessel segment. (D, E) Loss of Wnt tone in OPCs in postnatal
day 1 cortical slice culture, when treated with 0.1 uM of the small molecule Wnt inhibitor
XAV939 for 1 day in culture, results in a reduced number (p= 0.0004) of Olig2+ OPCs
migrating to reach the upper cortical layers (layers 2/3). (F) Quantification of Olig2+ cell
numbers was done in layers 2 and 3. The box plots show 25 to 75 percentile with

whiskers as 1-standard deviation. Asterisks mark the mean. Controls slices were DMSO
(solvent for XAV939) controls.
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Fig. S13.

OPCs express Wnt7a and Wnt7b during their migration in the developing spinal
cord and brain. (A) Olig2-GFP cells were sorted from E13 Olig2-GFP spinal cords by
flow cytometry. Olig2-GFP cells collected for gene expression analysis were
approximately 2% of the total live and single cell population. (B) Wnt7a and wnt7b were
expressed by E13 Olig2-GFP OPCs by RT-PCR. (C) Cell suspension from E18 spinal
cords were stained by anti-CD31 antibody. CD31+ cells were sorted by flow cytometry
for gene expression analysis. CD31+ cells were about 6.1% of the total live and single
cell population. (D) CD31+ endothelial cells showed no expression of wnt7a and wnt7b.
By qRT-PCR, Olig2 was not expressed in the non Olig2-GFP and CD31+ populations.
(E) Olig2+ cells can be seen expressing both Wnt7a and Wnt7b as they emerge from
ventral forebrain ventricular zone germinal regions at E14 (arrowheads). (F) Olig2+
OPCs can be seen at a distance from their developmental MGE origin with maintained
expression of both Wnt7a and Wnt7b in E14 ventral forebrain (arrowheads).
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Fig. S14.

Cxcr4 and Sdfl expression patterns in embryonic CNS. (A) Sdfl expression is
maintained throughout embryonic development of the ventral forebrain between E12 to
E18, and seems to be expressed specifically by the endothelium (co-expression with
CD31). (B) Cxcr4 mRNA expression can be seen in Olig2 cells at E14 in ventral
forebrain (unfilled arrowheads), a time when all Olig2 cells are OPCs. (C) At E18, Cxcr4
mRNA expression is seen in cells expressing nuclear Oligl (OPCs)(filled arrowhead) but
is downregulated in cells expressing cytomplasmic Oligl (differentiating
oligodendrocytes)(unfilled arrowheads). (D) Dissociated OPCs were cultured in vitro,
switched to differentiation medium at Day 0, and allowed to differentiate for 4 days (Day
4) before RNA isolation. Quantitative RT-PCR shows that Cxcr4 and the Wnt pathway
(Wnt targets Axin2 and Notum) are significantly downregulated upon OPC differentiation
(*1 p=5.24X10-4, *2 p=0.0036, *3 p= 0.0022).
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Fig. S15.

AMD3100 does not directly effect OPC maturation in wildtype mice. (A) Treatment
of wildtype mice in vivo with the Cxcr4/Sdfl antagonist AMD3100 (+AMD3100)
between developmental ages P3-P10. Immunostaining for MBP (red), CC1 (green) and in
situ-hybridization staining for plp-DM20 in (A) P10 corpus callosum (CC) and (B) spinal
cord (SC) showed no difference between wildtype (WT) untreated and WT treated with
AMD3100 (WT+AMD3100) groups, suggesting that AMD3100 does not act directly on
OPC differentiation. (C-E) There was no significant difference in the numbers of plp-
DM?20+ cells in corpus callosum (C) or spinal cord (E) or in numbers of CC1+ cells in
spinal cord (D) between WT untreated and WT with AMD3100 (WT+AMD3100) at P10.
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AMD3100 and SDF1 ligand do not directly effect OPC maturation in vitro. (A)
Dissociated OPCs were cultured in vitro and were treated with either AMD3100
(10ug/ml), SDF1 (200ng/ml), or vehicle, for 2 and 4 days after switching to
differentiation medium. PDGFRa (green) labels OPCs and MBP (red) labels mature
oligodendrocytes. (B) There was no significant difference in the number of MBP positive
cells in either treatment group compared to vehicle treatment at either 2 or 4 days (3
independent experiments at each time point), suggesting no direct effect on OPC
differentiation. Cell counting was conducted on 6 randomly chosen fields under a 10x
objective lens for each sample using an Image Pro Plus image analysis system. The MBP
positive cell numbers in AMD3100 and SDF1 groups were compared to that in the

Vehicle group at Day 2.
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Fig. S17.

OPC migration is significantly impaired in mice lacking Cxcr4. (A, B) Reduced
migratory ability of OPCs (labelled with Olig2) in Cxcr4 null mice spinal cord at E14 (A)
with significantly reduced numbers reaching dorsal spinal cord at E14 (B) (*p= 0.001, T
test, n=4). Scale bar is 25um.
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Wnt pathway links the timing of OPC migration and differentiation, with
downregulation of Wnt required for both appropriate OPC detachment from endothelium
and subsequent differentiation. This mechanism acts to prevent OPCs differentiating
whilst associated with the vasculature during migration. Dysregulated high Wnt tone
leads to both aberrant OPC clustering around vasculature as well as OPC differentiation
block.
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Movie S1

Time-lapse video in slice culture of embryonic cortex from Olig2-GFP reporter mice
showing native GFP expression in green and vessels in red (labeled by intracardiac
infusion with rhodamine labeled BSL I). A GFP-expressing OPC (green)(arrowhead)
migrates along a penetrating vessel (red) in the E18 cortex. Each frame is at a 17 minute
interval.

Movie S2

Time-lapse video in slice culture of embryonic cortex from Olig2-GFP reporter mice
showing native GFP expression in green and vessels in red (labeled by intracardiac
infusion with rhodamine labeled BSL I). An OPC, expressing GFP (green), in the mouse
E18 cortex (arrowhead) first engages a penetrating vessel, before demonstrating
‘crawling’ or ‘inchworm’ motility, elongating the cell body to move further along the
vessel. Each frame is at a 17 minute interval.

Movie S3

Time lapse imaging in slice culture of embryonic cortex from Olig2-GFP reporter mice
showing native GFP expression in green and vessels in red (labeled by intracardiac
infusion with rhodamine labeled BSL I). An OPC (green) in the E16 mouse cortex
(arrowhead) demonstrates ‘jumping’ motility between vessels (red, outlined with dotted
lines), extending a process to a parallel cortical penetrating vessel, before rapid
movement of the cell body onto the new vessel. Each frame is at a 15 minute interval.
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