
Article
Neurogenic Radial Glia-lik
e Cells in Meninges
Migrate and Differentiate into Functionally
Integrated Neurons in the Neonatal Cortex
Graphical Abstract
Highlights
d Lineage tracing identifies a meningeal neural progenitor (NP)

population

d Meningeal NPsmigrate from themeninges to the cortex in the

neonatal brain

d Meningeal NPs differentiate into functionally integrated

cortical neurons

d Single-cell profiling highlights radial glia-like characteristics

of meningeal NPs
Bifari et al., 2017, Cell Stem Cell 20, 1–14
March 2, 2017 ª 2016 Elsevier Inc.
http://dx.doi.org/10.1016/j.stem.2016.10.020
Authors

Francesco Bifari, Ilaria Decimo,

Annachiara Pino, ..., Mieke Dewerchin,

Ana Martin-Villalba, Peter Carmeliet

Correspondence
mieke.dewerchin@vib-kuleuven.be
(M.D.),
a.martin-villalba@dkfz-heidelberg.de
(A.M.-V.),
peter.carmeliet@vib-kuleuven.be (P.C.)

In Brief

Carmeliet and colleagues have identified

a population of radial glia-like neural

progenitor cells located in the meninges

of postnatal mice. After birth, these cells

migrate through the caudal ventricular

zone and then differentiate into functional

and integrated neurons of the posterior

cortex.
Data Resources
E-MTAB-4951

GSE83948

mailto:mieke.dewerchin@vib-kuleuven.�be
mailto:a.martin-villalba@dkfz-heidelberg.�de
mailto:peter.carmeliet@vib-kuleuven.�be
http://dx.doi.org/10.1016/j.stem.2016.10.020


Please cite this article in press as: Bifari et al., Neurogenic Radial Glia-like Cells in Meninges Migrate and Differentiate into Functionally Integrated Neu-
rons in the Neonatal Cortex, Cell Stem Cell (2016), http://dx.doi.org/10.1016/j.stem.2016.10.020
Cell Stem Cell

Article
Neurogenic Radial Glia-like Cells in Meninges
Migrate and Differentiate into Functionally
Integrated Neurons in the Neonatal Cortex
Francesco Bifari,1,2,10,11 Ilaria Decimo,1,2,3,10 Annachiara Pino,1,2,3 Enric Llorens-Bobadilla,4 Sheng Zhao,4

Christian Lange,1,2,12 Gabriella Panuccio,5 Bram Boeckx,6,7 Bernard Thienpont,6,7 Stefan Vinckier,1,2 Sabine Wyns,1,2
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SUMMARY

Whether new neurons are added in the postnatal ce-
rebral cortex is still debated. Here, we report that the
meninges of perinatal mice contain a population of
neurogenic progenitors formed during embryonic
development that migrate to the caudal cortex and
differentiate into Satb2+ neurons in cortical layers
II–IV. The resulting neurons are electrically functional
and integrated into local microcircuits. Single-cell
RNA sequencing identified meningeal cells with
distinct transcriptome signatures characteristic of
(1) neurogenic radial glia-like cells (resembling neural
stem cells in the SVZ), (2) neuronal cells, and (3) a cell
type with an intermediate phenotype, possibly repre-
senting radial glia-like meningeal cells differentiating
to neuronal cells. Thus, we have identified a pool of
embryonically derived radial glia-like cells present
in the meninges that migrate and differentiate into
functional neurons in the neonatal cerebral cortex.

INTRODUCTION

During embryonic development, ventricular radial glial (RG) cells

give rise to brain parenchymal cells (Götz and Huttner, 2005).

A subset of RG cells continue neurogenesis throughout post-

natal life in two germinal niches of the brain: the wall of the lateral

ventricles (ventricular zone [VZ] and subventricular zone [SVZ])
and the subgranular zone in the dentate gyrus of the hippocam-

pus (Gage and Temple, 2013).

Ventricular RG cells contribute only a few or no new neurons to

the cerebral cortex postnatally (Rakic, 2002). However, during

the first postnatal week, the net number of neurons in the rodent

cerebral cortex increases (Bandeira et al., 2009). A recent study

reported that a subset of ventricular RG cells, generated be-

tween embryonic day 13.5 (E13.5) and E15.5, become quiescent

and act as neural stem cells in the adult brain (Fuentealba et al.,

2015). Moreover, evidence in zebrafish suggests a possible new

mechanism of neurogenesis, based on direct differentiation of

neural precursors to neurons without cell division (Barbosa

et al., 2015). Overall, whether new neurons are added in the post-

natal cerebral cortex is still debated.

We focused on meninges as a possible source of neurogenic

precursors for several reasons. First, meninges host subsets of

non-parenchymal multipotent cells (Bifari et al., 2009; Decimo

et al., 2011; Dore-Duffy et al., 2006; Nakagomi et al., 2011). Sec-

ond, non-parenchymal PDGFRß+ progenitors can differentiate

into neurons without cell division in vitro (Karow et al., 2012),

while meningeal cells can give rise to neurons after transplanta-

tion in the postnatal brain in vivo (Bifari et al., 2009).

Meninges cover and penetrate the brain at every level of its

organization. They project as membranes between major brain

structures (i.e., hemispheres, hippocampus, and thalamus),

sheaths containing blood and lymphatic vessels, stroma of the

choroid plexus, and also as the non-neural roof of the ventricles

(i.e., tela choroidea) (Mercier and Hatton, 2003). A major menin-

geal substructure extends underneath the hippocampus and is

continuous with the choroid plexus stroma (Mercier and Ari-

kawa-Hirasawa, 2012). We thus explored the hypothesis that
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Figure 1. Meningeal Cells Migrate to the Cortex
(A) Schematic representation of intra-meningeal injection (IMI) of fluorescent dyes or lentiviral particles in the subarachnoidal space between the arachnoid (red/

brown line) and pia mater (green line) of the meninges at the level of lambda.

(B–D) Sagittal brain section of a P0 mouse after IMI with fluorescein isothiocyanate (FITC)/dextran dye (B), carboxyfluorescein succinimidyl ester (CFSE)-labeled

lentiviral particles (C) or LV-CherryRed (D) showing that at 1 hr (B and C) or 15 hr (D) post IMI, the labeling is confined to meninges and meningeal substructures,

but undetectable in brain parenchyma. Inset in (C) shows a higher-magnification view of CFSE-labeled lentiviral particles before IMI (green, arrows).

(E) Brain distribution of CherryRed+ cells in meninges and ventricular and subventricular zone (VZ/SVZ) of the lateral ventricle and cortex at 15 hr, 24–48 hr, and

3–5 days after lentiviral IMI.

(F) Quantification of the fractional distribution of the CherryRed+ signal in meninges and meningeal substructures (M; gray bar), ventricular and subventricular

zone (V; orange bar), and cortex (C; red bar) at 15 hr (n = 4), 24–48 hr (n = 4), and 3–5 days (n = 3) after IMI.

(G and H) Sagittal (G) and coronal (H) brain section of a mouse upon IMI with LV-CherryRed at P0 showing CherryRed+ cells in the upper cortical layers 3 weeks

later. Inset in (G) represents a higher-magnification view of the boxed area.

(I) Three-dimensional reconstruction showing CherryRed+ (red) cell distribution at 30 days after IMI of LV-CherryRed in P0 mice.

Epifluorescence microscope images are shown in (B) and (C). Maximum Z-projection images of confocal images are shown in (D), (E), (G), and (H). Quantitative

data are mean ± SEM. Scale bars represent 500 mm (B–D and G–H), 20 mm (E), and 0.2 mm (inset in C). See also Figures S1 and S2 and Movie S1.
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progenitors in the meninges and meningeal substructures,

outside the brain parenchyma, might be able to differentiate

into neural cells without further proliferation in the brain in vivo.

RESULTS

Strategy to Label Meningeal Cells for Lineage Tracing
Since a transgenic driver, selectively labeling meningeal cells, is

not available for lineage tracing, we labeled meningeal cells

using a variety of techniques, including injection of a lentiviral

vector expressing the fluorescent protein CherryRed (LV-

CherryRed) into the subarachnoidal space in between the

meninges (referred to as ‘‘injection in meninges’’) (Figure 1A).

However, before doing so, we first verified, using various com-

plementary methods, that this transduction strategy did not label

cortical or ventricular brain parenchymal cells.

First, since expression of CherryRed by the viral vector was

not detectable before 15 hr after transduction, we verified the

confined distribution of LV-CherryRed to the meninges and

meningeal substructures at 1 hr post-injection by co-injecting a
2 Cell Stem Cell 20, 1–14, March 2, 2017
fluorescent dextran dye (500 kDa) in the meninges (Figure 1B;

Figure S1; Movie S1) or by using fluorescently labeled lentiviral

vector particles (see STAR Methods; Figure 1C; Figures S2A

and S2B). Second, PCR analysis at 15 hr after intra-meningeal

injection of a lentiviral vector expressing GFP showed that GFP

mRNAwas detectable only in themeninges, but not in the cortex

or VZ (Figure S2C). Thus, for as much as detectable with the cur-

rent technology, intra-meningeal injection of a lentiviral vector

only transduced meningeal cells.

Meningeal Cells Migrate to the Cortex
To test whether progenitors in meninges and meningeal sub-

structures were indeed able to differentiate to neural cells in

the brain in vivo, we analyzed the anatomical distribution of

CherryRed+ cells at 15 hr, 24–48 hr, 3–5 days, and 15–30 days

after transduction of meningeal cells with LV-CherryRed in post-

natal day 0 (P0) pups by sectioning throughout the entire brain

(Figures 1D–1I). At 15 hr, all CherryRed+ cells were confined to

the meninges and meningeal substructures in the brain (Figures

1D–1F), but by 24–48 hr, 14.6% of the CherryRed+ cells were
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detected in the dorso-caudal VZ and SVZ, while 10.4% of the

CherryRed+ cells were present in the cortex (Figures 1E and

1F). At 3–5 days, 53% of the CherryRed+ cells were distributed

in the VZ and lower cortical layer VI (Figures 1E and 1F). At 15–

30 days post-transduction, most CherryRed+ cells were de-

tected in the upper cortical layers II–IV and were mostly confined

to the retrosplenial and visual motor cortex regions (Figures 1G–

1I). LV-CherryRed meningeal injection in 6-week-old mice did

not result in labeling cortical neurons (data not shown). Impor-

tantly, however, at 15 and 24 hr, CherryRed+ cells were never de-

tected in the upper cortical layers, indicating that they did not

migrate directly from the outer meninges into the cerebral cortex

but that the transduced meningeal cells migrated via the VZ into

the brain parenchyma (Figures 1D and 1E).

Confirmation of Meningeal Cell Migration to the Cortex
using Independent Techniques
First, to exclude that cells were transduced directly in the VZ by

CherryRed lentiviral particles floating in the cerebrospinal fluid

(CSF), we confirmed the absence of lentiviral protein p24 in the

CSF of P0 pups 12 hr after viral vector injection into themeninges

(Figure S2D). Second, we labeled meningeal cells by injecting a

red fluorescent protein (RFP) plasmid in themeninges of P0 pups

followed by electroporation (Figure S2E). RFP electroporation in

meninges of P0 wild-type (WT) mice resulted in specific labeling

of meningeal cells 8 hr later without labeling of cortical cells (Fig-

ure S2F). We detected labeled cells in the meninges underneath

the hippocampus (Figure 2A), passing through and around the

fornix and choroid plexus at 18 hr (Figures 2B and 2C) and in

the tela choroidea of the lateral ventricle at 24 hr (Figures 2D

and 2E).

Third, we confirmed the migration path of meningeal cells by

injecting meninges of P0 pups with 1,1’-dioctadecyl-3,3,30,30-
tetramethylindocarbocyanine perchlorate (DiI), a fluorescent

carbocyanine-type dye (Figures 2F–2H; Figures S2G–S2J). To

observe more directly the migratory behavior of the DiI+ cells

from the lateral ventricle to the cortex, we recorded time-lapse

movies of fresh cortical slice preparations. DiI+ cells migrated

from the dorso-caudal lateral ventricle to the subplate and then

to the upper cortical layers. The DiI+ cells migrated via locomo-

tion in a discontinuous, saltatory manner, with an average speed

of 51.58 ± 12.98 mm/h (n = 60 cells; Figures 2F and 2G;Movies S2

and S3), consistent with the speed of migration by other brain

cells (Nadarajah et al., 2003).

To further verify that the migration path of meningeal cells was

different from that of ventricular RG cells, we compared the dis-

tribution of cells labeled by injection of DiI in themeninges versus

direct injection of LV-GFP into the ventricles. At 72 hr after injec-

tion of LV-GFP into the lateral ventricle, we observed the ex-

pected distribution of GFP+ cells in the olfactory bulb (Figure 2I),

which was different from the pattern observed after meningeal

labeling (Figure 2H). Staining for the microglia marker Iba1

showed that migration of meningeal cells to the cortex was not

triggered by injury upon meningeal injection (Figures S2K–S2N).

Embryonic Origin of Meningeal Cells Migrating to the
Cortex
We next investigated at which embryonic age the cells that

migrated perinatally from themeninges to the cortex were gener-
ated. Using LV-CherryRed, we transduced the meninges of P0

pups, frommothers that had received a single injection of 5-ethy-

nyl-20-deoxyuridine (EdU) at E12.5, E13.5, E14.5, E16.5, E17.5,

or E18.5, or pups that had received an EdU injection at P0 (Fig-

ure 3A). We then analyzed at P21 the fraction of CherryRed+ cells

in the cortex showing incorporated EdU. Our analysis indicates

that most CherryRed+ cells in the cortex incorporated EdU be-

tween E13.5 and E16.5, while <1% were labeled beyond E17.5

(Figures 3B and 3C). Notably, CherryRed+ cells showed long-

term retention of embryonically administrated EdU, suggesting

that they remain largely quiescent once born. The laminar posi-

tion of meninges-derived cortical cells born at E13.5, E14.5,

and E16.5 was largely similar and mostly confined to layer III

and IV (even though some cells were also detected in layer II)

(Figure 3D).

Characterization of Meninges-Derived Cortical Cells
We then studied the cellular fate of meningeal cells that had

migrated to the cortex. At 24–48 hr after transduction with LV-

CherryRed in the meninges of P0 WT mice, we observed that

only a few of the CherryRed+ cells that had already arrived in

the SVZ expressed the RG markers Blbp (Fabp7) or GLAST

(Slc1a3) (Hartfuss et al., 2001) (Figures S3A–S3C). By day 3,

CherryRed+ cells in the cortex expressed HuC/D (Wakamatsu

and Weston, 1997) and doublecortin (DCX) (Francis et al.,

1999), markers expressed by immature neurons and committed

progenitors (Figures 3E–3J). At P30, when neuronal pruning had

occurred, up to 75% of the parenchymal CherryRed+ cells in the

cortex showed a neuronal morphology and expressed the pan-

neuronal marker NeuN (Table S1; Figures 3K–3M). CherryRed+

cells did not express the astrocyte marker GFAP, the oligoden-

drocyte precursor marker NG2, or the microglia marker Iba1

(Table S1; Figures S3D–S3F). 75.8% of the NeuN+ CherryRed+

cells expressed Satb2, a marker of neurons that establish

callosal projections (Alcamo et al., 2008) (Table S1; Figures

3N–3P), and 20.5% expressed the interneuron marker GAD65/

67 (Table S1; Figure S3G).

When assessing the molecular identity of the meninges-

derived neurons in the cortex, we found that the majority of the

meninges-derived neurons in layer II expressed Cux1 (Figures

S3H–S3J), while those in layer III and IV expressed Satb2 (Fig-

ures 3N–3P), and none were seen in layers V and VI (Ctip2

staining; Figure S3K). When staining for additional markers of

interneuron subtypes, we observed that 44.6% of the interneu-

rons expressed parvalbumin and 43.9% expressed calretinin

(Figures S3L and S3M). These results suggest that embryonically

born meningeal cells migrate perinatally into the brain paren-

chyma and differentiate primarily into cortical neurons.

Meningeal Cells Differentiate into Functionally
Integrated Cortical Neurons
We then assessed whether the meningeal-derived neurons in

the cortex were functional in terms of electrogenic cellular

properties. We carried out electrophysiological experiments in

acute cortical slices obtained from P15 to P30 mice injected

at P0 in their meninges with a lentiviral vector expressing

CherryRed (Figure 4A). By using video microscopy and a

whole-cell patch clamp, we targeted CherryRed+ cells and found

that meningeal-derived neurons acquired an excitable electrical
Cell Stem Cell 20, 1–14, March 2, 2017 3



Figure 2. Meningeal Cells Migrate through the Tela Choroidea of the Lateral Ventricle

(A–D) Sagittal brain sections of a P0 WTmouse upon electroporation of the meninges with the RFP plasmid, showing the path of migration of RFP+ cells through

meningeal substructures entering the brain (A), around the fornix (B) and choroid plexus (C) at 18 hr, and entering in the VZ (D) 24 hr after electroporation. Inset in

(C) is a higher-magnification view of the boxed area showing RFP+ cells wrapping the choroid plexus. Maximum Z-projection images of confocal images are

shown.

(E) Scheme of proposedmodel of meningeal cell migration and differentiation. Meningeal neurogenic cells (red) (box 1) migrate to the cortex via the tela choroidea

(box 2) and differentiate to neurons (box 3). These meningeal neurogenic cells are distinct from the neurogenic ventricular RG (yellow). Large dashed black arrow

shows the path of migration of meningeal neurogenic cells to the cortex, and the green line shows meninges and their brain projections.

(F and G) Still pictures of time-lapse movie of cortical slices at 24 hr after IMI of DiI in P0 mice (F). Arrow shows the consecutive movement of a single DiI+ cell at

indicated times. Cell-motility tracks of DiI+ cells (G).

(H and I) Brain section of a P0mouse after IMI with DiI (H) or injection in the ventricle with GFP lentiviral vector (I) showing that 72 hr later, DiI+ cells (red) reached the

subplate (arrows and see inset in H), while the GFP+ (green) cells (arrows in inset) were detected in the rostral migratory stream (RMS) and granular layer of the

olfactory bulb (arrow). Insets: higher magnification of the boxed areas. Epifluorescence microscope images are shown.

Scale bars represent 20 mm (A–D and F), 200 mm (H), and 500 mm (I). See also Figure S2 and Movies S2 and S3.
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phenotype, similar to that of established cortical neurons (Fig-

ures 4A and 4B; Figure S4A), as they robustly discharged trains

of action potentials (APs) upon intracellular current injection (Fig-

ure 4B; Figure S4B). Studied under current clamp, the AP shape

and frequency of fired APs during a sustained discharge of

CherryRed+ cells were largely reminiscent of fast-spiking rather

than regularly firing neurons (Markram et al., 2004). Indeed,

compared to the control group of randomly selected neighboring

cortical neurons, the half-width duration of individual APs and

their trajectory steepness during the AP falling phase were

different in CherryRed+ cells (Figures 4C and 4D; Figure S4C;

Table S2). These features support a rapid repolarization of the

cell membrane potential after each AP and are therefore consis-
4 Cell Stem Cell 20, 1–14, March 2, 2017
tent with the cell’s ability to sustain faster AP discharge rates, as

we observed (control: peak, 27 ± 2.9 Hz [range, 13.5–42 Hz],

n = 9; CherryRed+ cells: peak, 54.8 ± 7 Hz [range, 26.6–

85.2 Hz], n = 9; p = 0.001). These features are also consistent

with a larger slope of the input-output response curves, obtained

in CherryRed+ cells upon quantifying the AP discharge fre-

quency in response to injected external currents with increasing

amplitude (control: 0.12 ± 0.02 Hz/pA; LV-Cherry+: 0.27 ±

0.04 Hz/pA; p = 0.004) (Figure 4E). These input-output properties

indicate a higher sensitivity to small changes in the input and thus

a higher gain for transmission of information than controls. These

electrophysiological features are reminiscent of new neurons

generated by adult neural stem cells, which are hyper-excitable



Figure 3. Birth Dating of Meningeal-Derived Cortical Neurons

(A) Schematic representation of birth-dating experiment.

(B) Brain sections of P21 mice that received a single intraperitoneal injection of EdU at E14.5, E16.5, or E18.5, respectively, and IMI of CherryRed lentiviral vector

at P0. Staining for EdU (green) and CherryRed+ cells (red) in the cortex. Left panel: representative section showing nuclei (DAPI staining, blue) to visualize cortical

layers. Inset in E14.5 panel: higher magnification of CherryRed+/EdU+ cell.

(legend continued on next page)
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when compared to mature neurons (Ge et al., 2008; Marı́n-Bur-

gin et al., 2012; Mongiat et al., 2009).

Importantly, CherryRed+ cells were functionally integrated in

the cortical local synaptic microcircuitry. Indeed, patch-clamp

recordings revealed spontaneous and evoked postsynaptic po-

tentials (Figure 4F), elicited by extracellular electrical stimulation

of connected neighboring cells. In addition, pharmacological

dissection of synaptic responses by selective antagonists of glu-

tamatergic and GABAergic receptors and across varying holding

potentials demonstrated integration of CherryRed+ cells in local

excitatory and inhibitory microcircuits (Figure 4G). Overall, these

findings demonstrate that meningeal-derived cells that migrated

into the cortex (1) acquired an intrinsic excitable electrical pheno-

type of cortical neurons in vivo and (2) became functionally inte-

grated in established cortical networks as they received func-

tional synaptic input from both excitatory and inhibitory neurons.

Lineage-Tracing Analysis of Meningeal Cell-Derived
Cortical Neurons: GLAST and Nestin
We explored whether themigratingmeningeal cells were derived

from RG cells in the meninges. We used RG-specific lineage

tracing by intercrossing GLAST-CreERT2 mice (Mori et al., 2006)

or Nestin-CreERT2 mice (Lagace et al., 2007) with the Rosa26-

lox-stop-lox-YFP reporter line (Srinivas et al., 2001), yielding

GLAST-YFP or Nestin-YFP mice, respectively, in which RG cells

and their descendants are permanently labeled upon tamoxifen

injection (Mori et al., 2006). Injection of pregnant GLAST-YFP or

Nestin-YFPmicewith tamoxifen atE13.5 resulted in theexpected

labeling of cortical neurons and ventricular RG cells (Figure 5A;

Figure S5A). However, we also observed in P0 mice a fraction

of meningeal cells that were GLAST-derived YFP+ (7.90% ±

0.87% of meningeal cells) and Nestin-derived YFP+ (�1% of

meningeal cells) (Figures 5A and 5B; Figure S5B). We then

injected LV-CherryRed in the meninges of P0 GLAST-YFP or

Nestin-YFP pups, which were treated with tamoxifen at E13.5,

when peak RG-derived neurogenesis occurs (Götz and Huttner,

2005). Analysis of the brains 3 weeks later revealed that respec-

tively �12% and 4.5% of the CherryRed+ cells, which had

migrated from themeninges into thecortex,wereGLAST-derived

or Nestin-derived YFP+ (Figures 5C–5I). Thus, a fraction (16.5%)

of cortical cells originating from meninges were derived from

GLAST+ and Nestin+ lineages generated at E13.5.

Lineage-Tracing Analysis of Meningeal Cell-Derived
Cortical Neurons: PDGFRß
Since the GLAST and Nestin lineage tracing explained only a

small fraction of the meningeal cell-derived cortical neurons,
(C) Quantification of CherryRed+/EdU+ cells in brain sections of P21 mice that re

(D) Fractional distribution of CherryRed+/EdU+ cells in brain cortical layers of P21

(E–G) Brain section of a mouse at 48 hr after LV-CherryRed IMI, showing that C

CherryRed (red) and DAPI (blue) channel in (F); HuC/D (green) and DAPI (blue) ch

(H–J) Brain section of a mouse at 48 hr after LV-CherryRed IMI, showing that C

CherryRed (red) and DAPI (blue) channel in (I); DCX (green) an DAPI (blue) chann

(K–M) Brain section of a P30 mouse showing that meningeal derived CherryRed+

CherryRed (red) and DAPI (blue) channel in (L); NeuN (green) and DAPI (blue) cha

(N–P) Brain section of a P30 mouse showing that meningeal derived CherryRed+

CherryRed (red) and DAPI (blue) channel in (O); Satb2 (green) and DAPI (blue) ch

Quantitative data are mean ± SEM. ns, not significant. (B) and (E)–(P) are maxim

20 mm (E–J), and 10 mm (K–P). See also Figure S3 and Table S1.
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we explored the PDGFRß lineage, as PDGFRß-expressing

meningeal cells have been suggested to be neurogenic,

though only in vitro (Nakagomi et al., 2011). We thus inter-

crossed PDGFRß-Cre mice, in which Cre is constitutively

active (Foo et al., 2006), with the Rosa26-lox-stop-lox-YFP

reporter line (Srinivas et al., 2001), yielding PDGFRß-YFP

mice. This reporter mouse offered the advantage that the

migration and neuronal differentiation of the neurogenic menin-

geal cells occurred in unperturbed physiological conditions

(i.e., in a model in which the meninges were not manipulated

by injection).

Analysis at P0 confirmed YFP expression in the meninges of

PDGFRß-YFP mice (Figure 5J). Moreover, in line with reports

that PDGFRß is also expressed by a subset of neuronal progen-

itors in the VZ (Ishii et al., 2008), we detected YFP expression in

the VZ and in cortical cells of P0 pups (Figure S5C). In P15 and

adult PDGFRß-YFP mice, we observed that up to 93.4% of the

cortical YFP+ cells expressed the pan-neuronal marker NeuN

(Figure 5K–5M) and, of those, 87.6% expressed Satb2 (Figures

5N–5P; Table S1). The results obtained using the unperturbed

PDGFRß-YFP mouse model show that a fraction of the

PDGFRß-YFP+ cells generated cortical neurons. However, since

other cell types in the brain also expressed PDGFRß, this exper-

iment did not exclude the possibility that PDGFRß-YFP+ cortical

neurons originated from other PDGFRß-YFP+ cells in non-

meningeal brain regions.

To explore whether a fraction of the PDGFRß-YFP+ cortical

neurons originated from the neurogenic meningeal cells, we

devised a technique to selectively label only PDGFRß-express-

ing cells in the meninges of P0 pups. We thus injected in the

meninges of newborn PDGFRß-Cre mice a lentiviral vector ex-

pressing Brainbow 1.0(L), which expresses the red fluorescent

protein tdTomato before, and the blue and yellow fluorescent

proteins CFP or YFP, respectively, after Cre-mediated excision

of the floxed stop cassette (Figure 5Q). We observed that

79.9% ± 9.7% of all migrated meningeal cells expressed CFP

or YFP at 20 hr after lentiviral transduction with the Brainbow

1.0(L) construct in the meninges of PDGFRß-Cre P0 pups (Fig-

ures S5D–S5F). A similar proportion of CFP+/YFP+ cells (76.7%

of all labeled cells) was detected in the cortex at one month after

Brainbow 1.0(L) transduction (Table S1). CFP+/YFP+ cells were

located in the upper cortical layers II to IV (Figure 5R), of which

82.2% expressed NeuN (Figures 5S and 5T; Table S1). GFAP+,

NG2+, and Iba1+ cells were minimally or not detected among

the CFP+/YFP+ cortical cells (Figures S5G–S5K; Table S1). The

majority of CFP+/YFP+ neurons expressed Satb2 (86.0%) (Fig-

ures 5S and 5U), with a smaller proportion being GAD65/67+
ceived a single EdU injection between E12.5 and P0 (n = 21).

mice that received EdU at E13.5 (gray), E14.5 (green), and E16.5 (blue).

herryRed+ cells (red) expressed HuC/D (green) (arrows). Merged image in (E);

annel in (G).

herryRed+ cells (red) expressed DCX (green) (arrows). Merged image in (H);

el in (J).

cells (red) in the cortex co-express NeuN (green) (arrow). Merged image in (K);

nnel in (M).

cells (red) in the cortex co-express Satb2 (green) (arrow). Merged image in (N);

annel in (P).

um Z-projection images of confocal images. Scale bars represent 200 mm (B),



Figure 4. Meninges-Derived Cortical Neurons Are Functional and Integrated in Circuits

Electrophysiological (somatic, whole-cell patch-clamp) recordings in acute cortical tissue slices from P15–P30 mice upon IMI at P0 with LV-CherryRed.

(A) Confocal microscopy image showing control patched (biocytin+) cortical neuron (green, top) and neighboring biocytin+/ CherryRed+ (yellow) cell.

(B) CherryRed+ cells generate action potentials (APs). Superimposed responses of a control cortical (black trace) and CherryRed+ cell (red trace) to intracellular

injection of a 10-s-long depolarizing current ramp (30 pA/s). Left: first APs generated by two cell types, superimposed at a faster timescale.

(C) CherryRed+ cells (red trace) exhibit a firing behavior similar to cortical neurons (black trace). Right of each trace: first APs generated upon intracellular

injections of the current steps, superimposed at a faster timescale. Note the shorter duration and faster repolarizing velocity of the AP generated by the

CherryRed+ cell.

(D) Average frequency-current curves showing that CherryRed+ cells (red trace) display a higher sensitivity to external current than cortical neurons (black trace).

(E) Histogram plots summarizing the active membrane properties of control neurons and CherryRed+ cells. CherryRed+ cells (red bars) generate APs that are

significantly faster than those generated by control cortical neurons (black bars), as evidenced by the AP half-width (n = 9, **p < 0.005) and repolarizing velocity

(n = 9, *p < 0.01).

(F) Spontaneous post-synaptic potentials (PSPs) recorded in current clamp from a CherryRed+ cell at resting membrane potential.

(G) Evoked PSPs (ePSPs) recorded in response to 1-s-long trains (20 Hz) of extracellular electrical square pulses (indicated by the vertical solid lines above each

trace). Cortical neurons (black trace) and CherryRed+ cells (red trace) respond similarly to electrical stimulation under different pharmacological paradigms.

Subsequent co-application of ionotropic glutamatergic receptor blockers (+AP5 +CNQX) abolishes depolarizing ePSPs and unmasks hyperpolarizing responses.

The evoked hyperpolarizing potentials are abolished by the GABA antagonist receptor (GABAAR) gabazine (GBZ). Values on the left of each trace indicate the

holdingmembrane potential (Vm). Curve on the right shows the first PSP evoked in control condition at a faster timescale (black, cortical neuron; red, CherryRed+

cell). The decaying time constant, tD, is indicated at the right of each evoked PSP.

Quantitative data represent mean ± SEM.MaximumZ-projection image of confocal images is shown in (A). Scale bars represent 20 mm (A). See also Figure S4 and

Table S2.
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interneurons (13.4%) (Figures S5L–S5N; Table S1). Thus, a large

fraction of neural progenitors migrated from their meningeal

location into the brain parenchyma and differentiated primarily

to neurons in the upper layer II–IV of the cortex belong to the

PDGFRß+-lineage.
PDGFRß+ Meningeal Cells Have a Neurogenic Signature
Lineage-tracing experiments indicated that the majority of

meningeal-derived cortical neurons belonged to the PDGFRß+-

lineage. In an attempt to identify the molecular identity of

the neurogenic meningeal population, we analyzed by global
Cell Stem Cell 20, 1–14, March 2, 2017 7



Figure 5. Lineage Tracing of Meningeal-Derived Cortical Neurons

(A and B) Sagittal brain section of a P0 GLAST-YFPmouse treated with tamoxifen at E13.5 showing that RG-derived YFP+ cells accumulate around blood vessels

in meningeal substructures stained for laminin (B) is a higher magnification of boxed area in (A); arrows in (B) indicate YFP+ cells).

(C–E) Brain section of a P30 GLAST-YFP (green) mouse treated with tamoxifen at E13.5, upon IMI of LV-CherryRed at P0 showing the presence of YFP+/

CherryRed+ (arrow), CherryRed+ (red, asterisk) and YFP+ (green, arrowheads) cells. Merged image in (C); CherryRed (red) and DAPI (blue) channel in (D); YFP

(green) and DAPI (blue) channel in (E).

(F–H) Brain section of a P30 Nestin-YFP (green) mouse treated with tamoxifen at E13.5, upon IMI of LV-CherryRed at P0 showing the presence of YFP+/

CherryRed+ (arrow), CherryRed+ (red, asterisk) and YFP+ (green, arrowheads) cells. Merged image in (F); CherryRed (red) and DAPI (blue) channel in (G); YFP

(green) and DAPI (blue) channel in (H).

(I) Bars representing the number of CherryRed+/YFP� cells and CherryRed+/YFP+ cells in the cortex of P21 GLAST-YFP mice or Nestin-YFP mice treated with

tamoxifen at E13.5 and IMI with the LV-CherryRed at P0 (n = 3).

(J) Meningeal substructure of a P0 PDGFRß-YFP mouse, showing YFP+ cells in meningeal substructures (laminin), close to and in between vessels (laminin).

Dashed white lines delineate the meningeal substructure.

(K–M) Brain cortex of a P30 PDGFRß-YFP mouse, showing YFP+ cells (green) expressing NeuN (red) (arrows). Merged image in (K); single green or red channel

images in (L) and (M), respectively.

(N–P) Brain cortex of a P30 PDGFRß-YFP mouse, showing that most YFP+ cells (green) expressed Satb2 (red) (arrows). Merged image in (N); single green or red

channel images in (O) and (P), respectively.

(Q) Schematic representation of Cre induced recombination of the Brainbow 1.0(L) reporter expressed by a lentiviral vector upon IMI in lineage-specific PDGFRß-

Cre expressingmice. The green line in the brain scheme denotes themeninges. The different colors after Cre recombination are shown. CFP, cerulean fluorescent

protein; tdT, tdTomato fluorescent protein; YFP, yellow fluorescent protein; CMV, cytomegalovirus promoter.

(R) Brain cortex of a P30 PDGFRß-Cremouse, injected at P0 with a lentiviral vector expressing the Brainbow 1.0(L) reporter in the meninges, stained for YFP/CFP

(green) and tdTomato (red), showing that the meningeal cells that migrated into cortical layer II–IV were mostly PDGFRß-Cre-derived YFP+/CFP+ cells.

(S–U) Brain cortex of a P30 PDGFRß-Cre mouse, injected at P0 with a lentiviral vector expressing the Brainbow 1.0(L) reporter in the meninges, stained for YFP/

CFP (green), NeuN (red) and Satb2 (blue), showing that the PDGFRß-Cre-derived YFP+/CFP+ cells weremostly NeuN+/Satb2+ neurons (arrows). Merged image in

(S); single NeuN+ (red) or Satb2+ (blue) channel images in (T) and (U), respectively.

Quantitative data are mean ± SEM. Maximum Z-projection images of confocal images are shown in (A)–(H), (J)–(P), and (R)–(U). Scale bars represent 500 mm (A),

20 mm (B), 50 mm (C–H, J–P, and S–U), and 100 mm (R).

See also Figure S5 and Table S1.
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transcriptomics (RNA sequencing) the signature of cultured neu-

rospheres, generated by using a meningeal population, enriched

for PDGFRb+ cells. For comparison, we used neurospheres

derived from bona fide Prom1+ neural stem cells isolated from

the VZ and SVZ zone at P0. An advantage of the neurosphere
8 Cell Stem Cell 20, 1–14, March 2, 2017
model is that meninges-derived neurospheres originated from

cells enriched in neurogenic precursors. Heatmap and metric

multi-dimensional scaling analysis revealed that the meninges-

derived neurospheres shared expression of numerous neuro-

genic genes (Fabp7, Sox9, Sox2, and Nes) with VZ/SVZ-derived



Figure 6. Meninges-Derived Neurospheres Have a Neural Signature

(A–C) Heatmap (left) andmetric multi-dimensional scaling (MDS; right) of the transcripts of all selected genes (corresponding tomarkers for cell types known to be

present in the meninges or neurospheres) (A), radial glia (RG) transcripts (B), and neuroblast transcripts (C) expressed by PDGFRß+ meningeal (men)-derived

neurospheres, Prominin+ (prom) VZ/SVZ-derived neurospheres, meningeal bulk tissue, and VZ/SVZ bulk tissue showing that meningeal-derived and VZ/SVZ-

derived neurospheres have a largely similar gene expression signature, while the respective bulk tissues have distinct gene signatures. Numbers above the

heatmap refer to the genes, listed per cluster in Table S3. Color code for heatmap denotes Z score. A positive or negative Z score respectively indicates increased

or decreased expression of a gene compared to the average expression value across the samples. Color code for MDS: dark green, men-PDGFRß-neuro-

spheres; light green, meninges bulk; dark red, VZ/SVZ-prom-neurospheres; orange, VZ/SVZ bulk. See also Table S3.
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neurospheres, thus suggesting that PDGFRb+ meningeal cells

had a neurogenic signature. The expression signature of the

PDGFRb+ meningeal and Prom1+ VZ/SVZ neurosphere cells

differed substantially from that of bulk meninges or VZ/SVZ tis-

sue (Figure 6). Importantly however, meningeal bulk tissue ex-

pressed some neural related genes (i.e.,Dcx and Tubb3), though

these neurogenic genes were underrepresented as compared to
the neurogenic cell populations in the VZ/SVZ bulk tissue (Fig-

ure 6; Table S3).

Single-Cell Transcriptomics Identifies Radial Glia-like
Meningeal Cells
Since PDGFRß is expressed by both pericytes and a subset of

RG cells (Ishii et al., 2008), we hypothesized that the neurogenic
Cell Stem Cell 20, 1–14, March 2, 2017 9
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meningeal cells belonged to one of these cell types. To charac-

terize the molecular identity of the neurogenic population in the

meninges, we analyzed the transcriptome by single-cell RNA

sequencing (scRNA-seq) using previously described methods

(Llorens-Bobadilla et al., 2015). We enriched PDGFRb-express-

ing cells from meninges of P0 pups (enrichment of 60% of all

sorted cells; Figure S6A). To characterize neurogenic meningeal

cells differentiating to parenchymal cells, we also injected P0

pups with DiI in the subarachnoidal space and 24, 48 and

72 hr later sorted DiI+ cells from meningeal substructures

together with cortical tissue (Figure S6B). We used 99 PDGFRß+

meningeal cells and 80 DiI+ cells for scRNA-seq and analyzed

the individual transcriptomes (Figure S6C; Table S4) using unsu-

pervised hierarchical clustering, allowing the clustering of cell

transcriptomes into groups and principal-component analysis

(PCA) to uncover similarities between clusters.

Of the various clusters identified, the main cluster was char-

acterized by Lyve1 expression, a marker of lymphatic endothe-

lial cells (Louveau et al., 2015), which have been recently

identified in the meninges and originate from the PDGFRß line-

age (Ulvmar et al., 2016). These cells also expressed marker

genes enriched in immune cell-trafficking Gene Ontology cate-

gories (Figures 7A and 7B). We detected only a few brain endo-

thelial cells (which were mostly proliferating), likely because they

do not express PDGFRß (Daneman et al., 2010) and thus were

not enriched by sorting. The second largest cluster was charac-

terized by the expression of pericytes and fibroblast markers,

including multiple types of collagen (Col1a1, Col1a2, and

Col3a1), laminins (Lama1 and Lamc3), and other pericyte

markers (i.e., CD13/Anpep, Pdgfrb, Tbx18, CD248/endosialin,

Msx1, Foxc1, and others; Armulik et al., 2011). Accordingly,

the gene expression signature of this cluster was enriched for

extracellular matrix and vessel morphogenesis-related cate-

gories (Figures 7A and 7B). The third most abundant cluster

corresponded to cells expressing high levels of microglia

markers (P2ry12, Itgam/CD11b, and Mertk; Butovsky et al.,

2014), as confirmed by Gene Ontology enrichment for phagocy-

tosis- and immune cell-related functions (Figures 7A and 7B).

Interestingly, this cluster was composed almost exclusively of

DiI-labeled cells, suggesting that they represent perivascular

phagocytes that take up the dye from the subarachnoidal

space. We also identified a smaller cluster containing mitotic
Figure 7. scRNA-Seq Confirms RG-like and Neuronal Populations in M

(A) Cell-to-cell heatmap of individual transcriptomes of (1) meningeal cells from P

meningeal substructures and cortex using principal-component analysis (PCA)

clusters in themeningeal population as shown by a correlation distancematrix (ex

the horizontal bar denoting the cluster colors indicate the nature of the analyzed

listed.

(B) Main Gene Ontology terms of the clusters in (A).

(C) PCA with all cells analyzed. Each dot represents a cell; the color code reflects

to cells that correlate with the expression of RG-like and neuronal genes.

(D) Heatmap with only RG-like (cluster 5) and neuronal (cluster 2) cells based on

population and cells with an intermediate signature (framed by dashed lines). The

analyzed cells; for the complete list of signature genes, see Table S4. The fold-d

(E–K) Immunohistochemical validation of the results obtained with scRNA-seq. (E–

(E, arrow) and Tubb3 (F, arrow) or double-positive cells for Tubb3 and GLAST (G–

treatedwith tamoxifen at P0 and P1 showing RG-derived YFP+ (arrows) cells in the

ßIII-Tubb3-positive cells (arrowheads) (K). The dashed line in (E)–(J) indicates the

(E) and (F) are a single plane of a confocal image, and (G)–(K) are maximum Z-pr

See also Figure S6 and Table S4.
cells (different cell types, including endothelial cells). The identi-

fication of these known major meningeal cell populations

validates our approach to characterize meningeal cell types

via single-cell transcriptomics.

Importantly, in addition to these cell clusters, we identified a

smaller fraction of cells that corresponded to neuronal and

RG-like cells, respectively. RG-like cells, comprising ±3% of

the sorted meningeal cell population, were identified based on

the expression of the RG markers Slc1a3 (also known as

GLAST), Fabp7 (Blbp), and Ptprz1, as confirmed by the corre-

sponding Gene Ontology enrichment (Figures 7A and 7B).

Neuronal cells were identified on the basis of Tubb3 expression,

as well as the neuroblast markers Cd24a and Sox11. Gene

Ontology analysis confirmed the neuronal identity of this cluster

(Figure 7B; Figure S6D).

We then further characterized the transcriptomes of these two

clusters (neurons and RG-like cells), since PCA suggested that

their gene expression patterns were more closely related (Fig-

ure 7C). Iterative PCA and hierarchical clustering performed

only on these cells confirmed the RG-like and neuronal transcrip-

tional signatures (Figures 7C and 7D; Table S4). In accordance

with the lentiviral tracing experiments, a fraction of the RG-like

cells expressed Pdgfrb, while some of the neuronal cells ex-

pressed Satb2.

Intriguingly, however, this analysis also identified a small pop-

ulation of cells with an intermediate signature, possibly indicating

a transitional state between the RG-like and neuronal cell types

(Figure 7D). Of note, we identified cells expressing an intermedi-

ate signature in both PDGFRß-enriched P0 meningeal and DiI+

cells (Figure 7D), suggesting that neuronal differentiation from

these neurogenic meningeal cells occurred both in themeninges

in situ and during their migration to the cortex. Indeed, at 24–

48 hr, when the majority of the DiI+ cells were still located in

the meningeal substructures and only a few cells had migrated

into the VZ/SVZ (as shown by the alternative labeling methods;

Figures 1E and 1F), of the analyzed DiI+ cells (isolated from the

meningeal substructures, VZ, and SVZ), ten cells grouped in

the RG-like cluster, one grouped in the intermediate cluster,

and one grouped in the neuronal cluster. However, by 72 hr,

when a higher proportion of DiI+ cells had migrated into the cor-

tex (Figures 1E and 1F), of the five cells analyzed, one belonged

to the RG-like cluster, one belonged to the intermediate cluster,
eninges

0 pups (enriched for PDGFRb expressing cells) and (2) DiI+ cells isolated from

and unsupervised hierarchical clustering, revealing the presence of six cell

pressed as [1� correlation coefficient]). The colors in the horizontal bar beneath

cells. Right of the heatmap: a few cluster-enriched/specific marker genes are

unbiased clustering. The cluster highlighted within the gray ellipse corresponds

genes from the PCA highlights the presence of two clusters in the meningeal

colors in the horizontal bar above the cluster color bar indicate the nature of the

ifference in expression levels is shown.

I) Sagittal brain sections of a P0mouse showing single-positive cells for GLAST

I) in the meninges. (J and K) Sagittal brain sections of a P2 GLAST-YFP mouse

meninges (J) and inmeningeal substructures together withmeningeal-resident

meninges above the brain parenchyma and in (K) the meningeal substructure.

ojection images of confocal images. Scale bars, 10 mm (E–K).
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and three belonged to the neuronal cluster. This sequential anal-

ysis of DiI+ cells is consistent with our immunostaining findings

that meningeal-derived cells that had migrated to the cortex

mostly did not express the RG markers GLAST and Blbp but

were positive for markers of neurons and committed neurogenic

cells such as HuC/D (Elavl3/4) and DCX (Figures S3A–S3C; Fig-

ures 3E–3J).

Finally, we confirmed the presence of neurogenic RG-like

GLAST- and neuronal Tubb3-expressing cells in the meninges

of newborn pups (Figures 7E and 7F). Notably, double staining

also identified rare double-positive GLAST+/Tubb3+ cells (Fig-

ures 7G–7I), thus confirming the presence of meningeal cells

with a signature of RG-like or neuronal cells, as well as

cells with an intermediate signature, presumably reflecting cells

transitioning from a RG-like to neuronal phenotype (Figures

7G–7I). Second, we also used a genetic approach (combined

with immunostaining) by injecting GLAST-YFP pups with

tamoxifen at P0–P1 and analyzing YFP+ (GLAST-expressing)

cells in the meninges and meningeal substructures at P2. As ex-

pected, we detected YFP+ cells in the meninges not only

throughout the entire brain (Figure 7J) but also in meningeal sub-

structures (Figure 7K), indicating the presence of neurogenic

GLAST-expressing RG-like cells in these structures, consistent

with the scRNA-seq data (Figure 7D). Tubb3 immunostaining

of GLAST-YFP pups confirmed the presence of GLAST+/Tubb3�

and GLAST�/Tubb3+ cells in the meningeal substructures

(Figure 7K).

DISCUSSION

The key finding of our study is that the meninges contain a rare

neurogenic cell population that gives rise to cortical neurons

early after birth in the murine brain in vivo. These neurogenic

meningeal cells are generated during embryonic development

between E13.5 and E16.5. The embryonically derived meningeal

progenitors remain largely quiescent, and in the first days after

birth, they migrate to the cortex and differentiate to cortical neu-

rons, without further proliferation. This mechanism of neurogen-

esis closely resembles the differentiation of neural precursors

to neurons, without cell division, in the zebrafish brain (Barbosa

et al., 2015).

Lineage-tracing experiments indicated that most of the

meninges-derived neurons belonged to the PDGFRß lineage.

Consistent with the finding that a subset of RG cells expressed

PDGFRß (Ishii et al., 2008), single-cell transcriptomics analysis

identified a PDGFRß+ meningeal cell population with a RG-like

gene expression signature, thus suggesting that these cells are

the neurogenic cells, giving rise to cortical neurons. This notion

is further supported by transcriptome data that neurospheres

of neurogenic PDGFRß+ meningeal cells had an overlapping

neurogenic signature with neurospheres of Prom1+ neurogenic

cells from the VZ/SVZ. Furthermore, the scRNA-seq analysis

showed that other PDGFRß+ meningeal cells expressed a

neuronal gene signature, while another rare population ex-

pressed both RG-like and neuronal gene signatures together,

presumably representing a transitional state between neuro-

genic RG-like cells and more differentiated neurons. Together,

these data suggest that a fraction of themeningeal cells differen-

tiate to neuroblasts in situ and later migrate into the brain cortical
12 Cell Stem Cell 20, 1–14, March 2, 2017
parenchyma, though we cannot exclude the possibility that they

might also differentiate while migrating. Indeed, the meningeal

cells that migrated into the brain parenchyma (cortex) were

mostly negative for RG markers and instead expressed differen-

tiated neuronal markers.

The neurogenic meningeal cells migrated through and around

the fornix and in the tela choroidea of the lateral ventricle to the

caudal cerebral cortex. Since the tela choroidea connects the

meninges to thewall of the lateral ventricle, it is tempting to spec-

ulate that this structure may serve as a track for the migratory

path. Notably, our findings are consistent with other reports

that new neurons are added to the cortex during the early post-

natal period (Bandeira et al., 2009), but without cell division

(Rakic, 2002).

Meninges-derived neurons in the cortex are functional and in-

tegrated in local microcircuits. The biological function of these

postnatal neurons remains unknown, though it is tempting to

speculate that they may contribute to information processing

and neural plasticity, as shown for adult-born neurons (Ming

and Song, 2011). Meninges-derived neurons include both

cortical projection neurons and interneurons, possibly suggest-

ing the existence of different progenitor subtypes in the

meninges, though their molecular features, embryonic origin,

and birthplace remain to be determined. While our results sug-

gest that migration of meningeal cells to the cortex was not

induced by injury, andwe documented the process of neurogen-

esis from meningeal cells with a variety of different techniques,

we acknowledge that our data would benefit from confirmation

using lineage tracing with reporter mice once specific lines for

meningeal cells become available.

In summary, our results suggest the existence in the meninges

of a pool of embryonically born RG-like cells that migrate and

differentiate into functional neurons in the neonatal cerebral cor-

tex. These findings are relevant for multiple reasons: (1) they indi-

cate that quiescent, embryonically born neural progenitors may

contribute to early postnatal differentiation into cortical neurons;

(2) they broaden the concept of brain plasticity; and (3) they chal-

lenge the current notion that neural precursors reside only in the

parenchyma, highlighting the importance of meningeal tissue as

a source of neurogenic cells.
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Köndgen, H., Geisler, C., Fusi, S., Wang, X.-J., L€uscher, H.-R., and Giugliano,

M. (2008). The dynamical response properties of neocortical neurons to

temporally modulated noisy inputs in vitro. Cereb. Cortex 18, 2086–2097.

Kong, Y. (2011). Btrim: A fast, lightweight adapter and quality trimming pro-

gram for next-generation sequencing technologies. Genomics 98, 152–153.

Lagace, D.C., Whitman, M.C., Noonan, M.A., Ables, J.L., DeCarolis, N.A.,

Arguello, A.A., Donovan, M.H., Fischer, S.J., Farnbauch, L.A., Beech, R.D.,

et al. (2007). Dynamic contribution of nestin-expressing stem cells to adult

neurogenesis. J. Neurosci. 27, 12623–12629.

Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with

Bowtie 2. Nat. Methods 9, 357–359.

Li, B., and Dewey, C.N. (2011). RSEM: accurate transcript quantification from

RNA-Seq data with or without a reference genome. BMC Bioinformatics

12, 323.

Linaro, D., Couto, J., and Giugliano, M. (2014). Command-line cellular electro-

physiology for conventional and real-time closed-loop experiments.

J. Neurosci. Methods 230, 5–19.

Livet, J., Weissman, T.A., Kang, H., Draft, R.W., Lu, J., Bennis, R.A., Sanes,

J.R., and Lichtman, J.W. (2007). Transgenic strategies for combinatorial

expression of fluorescent proteins in the nervous system. Nature 450, 56–62.

Llorens-Bobadilla, E., Zhao, S., Baser, A., Saiz-Castro, G., Zwadlo, K., and

Martin-Villalba, A. (2015). Single-cell transcriptomics reveals a population of

dormant neural stem cells that become activated upon brain injury. Cell

Stem Cell 17, 329–340.

Louveau, A., Smirnov, I., Keyes, T.J., Eccles, J.D., Rouhani, S.J., Peske, J.D.,

Derecki, N.C., Castle, D., Mandell, J.W., Lee, K.S., et al. (2015). Structural and

functional features of central nervous system lymphatic vessels. Nature 523,

337–341.
14 Cell Stem Cell 20, 1–14, March 2, 2017
Marı́n-Burgin, A., Mongiat, L.A., Pardi, M.B., and Schinder, A.F. (2012). Unique

processing during a period of high excitation/inhibition balance in adult-born

neurons. Science 335, 1238–1242.

Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A., Silberberg, G., and

Wu, C. (2004). Interneurons of the neocortical inhibitory system. Nat. Rev.

Neurosci. 5, 793–807.

Mercier, F., and Hatton, G.I. (2003). Meninges and perivasculature as media-

tors of CNS plasticity. Adv. Mol. Cell Biol. 31, 215–254.

Mercier, F., and Arikawa-Hirasawa, E. (2012). Heparan sulfate niche for cell

proliferation in the adult brain. Neurosci. Lett. 510, 67–72.

Ming, G.L., and Song, H. (2011). Adult neurogenesis in the mammalian brain:

significant answers and significant questions. Neuron 70, 687–702.

Mongiat, L.A., Espósito, M.S., Lombardi, G., and Schinder, A.F. (2009).

Reliable activation of immature neurons in the adult hippocampus. PLoS

ONE 4, e5320.

Mori, T., Tanaka, K., Buffo, A., Wurst, W., K€uhn, R., and Götz, M. (2006).
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-GFP Molecular Probes Cat#A-11122, RRID: AB_221569

Goat polyclonal anti-PDGFRß R&D Cat#AF1042, RRID: AB_2162633

Rabbit polyclonal anti-RFP Rockland Cat#600-401-379, RRID: AB_2209751

Mouse monoclonal anti-RFP Rockland Cat#200-301-379, RRID: AB_2611063

Mouse monoclonal anti-NeuN Millipore Cat#MAB377, RRID: AB_2298772

Rabbit polyclonal anti-Satb2 Abcam Cat#ab34735, RRID: AB_2301417

Rabbit polyclonal anti-GAD65/67 Millipore Cat#AB1511, RRID: AB_11210186

Rabbit polyclonal anti-NG2 Millipore Cat#AB5320, RRID: AB_91789

Rabbit polyclonal anti-Glast (anti-EAAT1) Abcam Cat#ab416, RRID: AB_304334

Mouse monoclonal anti-HuC/HuD Invitrogen Cat#A-21271, RRID: AB_221448

Rabbit polyclonal anti-Laminin Sigma Cat#L9393, RRID: AB_477163

Mouse monoclonal anti-Tubulinb3 (anti-ßIII Tubulin) Promega Cat#G7121, RRID: AB_430874

Rabbit polyclonal anti-GFAP DAKO Cat#Z033401

Rabbit polyclonal anti-Blbp Abcam Cat#ab32423, RRID: AB_880078

Rabbit polyclonal anti-DCX Cell Signaling Cat#4604S, RRID: AB_10693771

Goat polyclonal anti-DCX (C18) Santa Cruz Cat#sc-8066, RRID: AB_2088494

Rabbit polyclonal anti-Iba1 WAKO Cat#019-19741, RRID: AB_839504

Rabbit polyclonal anti-Cux1 (anti-CDP clone M222) Santa Cruz Cat#sc-13024, RRID: AB_2261231

Rabbit polyclonal anti-Ctip2 Abcam Cat#ab28448, RRID: AB_1140055

Goat polyclonal anti-Parvalbumin Swant Cat#PVG-213

Rabbit polyclonal anti-Calretinin Abcam Cat#ab702, RRID: AB_305702

Alexa Fluor�-488 conjugated rabbit polyclonal anti-GFP Molecular Probes Cat#A-21311, RRID: AB_221477

Donkey anti-rabbit Alexa Fluor�-488 Molecular Probes Cat#A-21206, RRID: AB_2535792

Donkey anti-rabbit Alexa Fluor�-568 Molecular Probes Cat#A-10042, RRID: AB_2534017

Donkey anti-rabbit Alexa Fluor�-647 Molecular Probes Cat#A-31573, RRID: AB_2536183

Donkey anti-mouse Alexa Fluor�-488 Molecular Probes Cat#A-21202, RRID: AB_2535788

Donkey anti-mouse Alexa Fluor�-647 Molecular Probes Cat#A-31571, RRID: AB_162542

Donkey anti-goat Alexa Fluor�-546 Molecular Probes Cat#A-11056, RRID: AB_2534103

Donkey anti-goat Alexa Fluor�-633 Molecular Probes Cat#A-21082, RRID: AB_2535739

Donkey anti-rabbit CY3 Jackson ImmunoResearch Cat#711-165-152, RRID: AB_2307443

Donkey anti-mouse CY3 Jackson ImmunoResearch Cat#715-615-150

Mouse anti-Prominin microbeads Miltenyi Cat#120-003-396

Biotinylated goat anti-PDGFRß R&D Cat#BAF1042, RRID: AB_2162632

CY3 Streptavidin Jackson ImmunoResearch Cat#016-160-084, RRID: AB_2337244

4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) Life Technologies Cat#D1306, RRID: AB_2629482

Chemicals, Peptides, and Recombinant Proteins

DMEM/F-12 GlutaMAX medium GIBCO Cat#10565018

Neurobasal medium GIBCO Cat#21103049

B-27 supplement GIBCO Cat#17504044

N2 supplement GIBCO Cat#17502048

Antibiotic-antimycotic GIBCO Cat#15240062

Epidermal growth factor (EGF) PeproTech Cat#AF-100-15

Basic fibroblast growth factor (bFGF) PeproTech Cat#AF-100-18B

Tamoxifen (R99%) Sigma Cat#T5648

Sunflower seed oil from Helianthus annuus Sigma Cat#S5007

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Click-iT� EdU Alexa Fluor� 488 Imaging Kit ThermoFisher Cat#C10337

Fast Green FCF Sigma Cat#F7258

Streptavidin MicroBeads Miltenyi Cat#130-048-101

Carboxyfluorescein-succinimidyl ester (CFSE) Life Technologies Cat#C34554

Bovine albumin serum (BSA) Sigma Cat#A7906

Fetal bovine serum (FBS) GIBCO Cat#10270106

Normal rabbit serum DAKO Cat#X0902

Fluorescein isothiocyanate–dextran Sigma Cat#FD500S

DiI Stain (1,1’-Dioctadecyl-3,3,30,30-
Tetramethylindocarbocyanine Perchlorate)

Life Technologies Cat#D282

Signagel electrode gel Parker Cat#15-60

ProLong� Gold Antifade Mountant Life Technologies Cat#P36934

TRIzol� Reagent Life Technologies Cat#15596026

Critical Commercial Assays

KAPA Stranded mRNA-Seq Kit Kapa Biosystem Cat# KK8421

Nextera XT sample Preparation Kit Illumina Cat#FC-131-1024

Deposited Data

Bulk RNA-seq data This study ArrayExpress: E-MTAB-4951

Single-cell RNA-seq data This study GEO: GSE83948

Experimental Models: Cell Lines

Mouse: primary PDGFRß+ meningeal cells This paper N/A

Mouse: primary Prominin+ VZ-SVZ cells This paper N/A

Experimental Models: Organisms/Strains

Mouse: CD-1� (Crl:CD1(ICR)) Charles River Cat#022

Mouse: C57BL/6 (C57BL/6NCrl) Charles River Cat#027

Mouse: PDGFRß-Cre;C57BL/6 Foo et al., 2006 N/A

Mouse: GLAST-CreERT2;C57BL/6 Mori et al., 2006 N/A

Mouse: Nestin-CreERT2;C57BL/6 Lagace et al., 2007 N/A

Mouse: Rosa-lox-stop-lox-YFP;C57BL/6 Srinivas et al., 2001 N/A

Recombinant DNA

pCAGGS-mRFP Federico Calegari N/A

Brainbow1.0(L) Jean Livet Livet et al., 2007

Software and Algorithms

Tracking Tool PRO v2.0 Gradientech AB http://gradientech.se/tracking-tool-pro/

LCG software Linaro et al., 2014 http://danielelinaro.github.io/dynclamp/

Huygens professional software Scientific Volume Imaging B.V. https://svi.nl/HuygensProfessional

Imaris 7.7.1 Bitplane AG http://www.bitplane.com/releasenotes/

imaris771.aspx

FASTQC Babraham Bionformatics http://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

Btrim64 Yale University http://graphics.med.yale.edu/trim/

Integrative genome viewer Broad Institute http://software.broadinstitute.org/

software/igv/

Picard tools 1.123 Broad Institute http://broadinstitute.github.io/picard

RSEM-1.2.30 Li and Dewey, 2011 N/A

Trinity Haas et al., 2013 https://github.com/trinityrnaseq

FiJi Schindelin et al., 2012 https://fiji.sc

MATLAB MathWorks https://it.mathworks.com/products/matlab

Prism GraphPad http://www.graphpad.com/

scientific-software/prism/
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by, the Lead Contact Peter Carmeliet (peter.

carmeliet@vib-kuleuven.be).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Animal housing and all experimental procedures were approved by the Animal Ethics Committee of the KU Leuven (Belgium), by the

Istituto Superiore della Sanità (I.S.S., National Institute of Health), Italy and the Animal Ethics Committee (C.I.R.S.A.L., Centro Inter-

dipartimentale di Servizio alla Ricerca Sperimentale) of the University of Verona (Italy). Wild-type (WT) CD1 mice and C57BL/6 mice

were obtained from the universities animal facility. The following transgenic mouse lines were used: PDGFRß-Cre mice constitutively

expressing Cre recombinase under the control of the PDGFRß promoter (Foo et al., 2006); GLAST-CreERT2mice expressing tamox-

ifen inducible Cre under the control of the GLAST promoter (Mori et al., 2006); Nestin-CreERT2 mice expressing tamoxifen inducible

Cre under the control of the Nestin promoter (Lagace et al., 2007); Rosa26-lox-stop-lox-YFP reporter mice expressing YFP after Cre-

mediated lox recombination (Srinivas et al., 2001). All these lines were on a pure C57BL/6 genetic background. The PDGFRß-Cre,

GLAST-CreERT2, Nestin-CreERT2 driver lines were intercrossed with the Rosa26-lox-stop-lox-YFP reporter mouse line, thus result-

ing in the lines named PDGFRß-YFP, GLAST-YFP and Nestin-YFP, respectively. Cre-mediated recombination of the lox-stop-lox

cassette in these lines results in permanent YFP expression by the cells, expressing the Cre-driver. In these studies, presence of

a vaginal plug determined the embryonic day (E) 0.5 and the day of birth is designated as postnatal day (P) 0. Cre-mediated recom-

bination in CreERT2 transgenic mice was induced by administration of Tamoxifen (Sigma), dissolved at 30 mg/ml in sunflower oil

(Sigma). A single dose of 3 mg of Tamoxifen was administered via gavage to pregnant GLAST-YFP and Nestin-YFP mice at E13.5.

Primary Neurosphere Culture
Meninges were extracted from WT CD1 P0 pup brains, then dissociated as previously described (Bifari et al., 2009; Decimo et al.,

2011) and immunomagnetically sorted for PDGFRß expression (Biotinylated goat anti-PDGFRß 1:50, BAF1042; Streptavidin

MicroBeads Miltenyi, 130-048-101) according to manufacturer’s instructions. VZ/SVZ cells were extracted from WT CD1 P0 pup

brains, then dissociated and immunomagnetically sorted for Prominin expression (mouse anti-Prominin microbeads, Miltenyi, 1:5,

120-003-396). PDGFRß+ meningeal cells and Prominin+ VZ/SVZ sorted cells were then cultured as described in Bifari et al., 2009.

Briefly, cells were seeded into 6-well plates (Falcon) in 3 ml of neurosphere culture medium (DMEM/F-12 GlutaMAX, (GIBCO) con-

taining 2% B27 supplement (GIBCO), 1% N2 supplement (GIBCO), 1% antibiotic-antimycotic (GIBCO) plus 20 ng/ml epidermal

growth factor (EGF) and 20 ng/ml basic fibroblast growth factor (bFGF)). Cells were maintained in culture up to the second passage,

in order to obtain a sufficient number of cells for RNA sequencing (1 3 106 cells/ sample).

METHOD DETAILS

Plasmid Preparation
The following expression plasmids were used for electroporation: pCAGGS-mRFP (kindly provided by Dr. Calegari F., CRTD, Dres-

den, Germany), Brainbow1.0(L) (Livet et al., 2007) (kindly provided by Dr. Livet J., Inserm U592-UPMC, Paris, France). DNA was pre-

pared using the PureLink� HiPure Plasmid Maxiprep Kit (Invitrogen), purified with EndoFree kit (QIAGEN) and resuspended in sterile

PBS to a final concentration of 3-5 mg/ml. Plasmids were then mixed with 0.05% FastGreen 1:10 (Sigma) and the mixture was centri-

fuged for 30 s at 16.000 x g to remove precipitates.

Lentiviral Production
Lentiviral vector expressing CherryRed, GFP or Brainbow1.0(L) was used. Production of lentiviruses was performed by plasmid

transfection into HEK293T cells as described. The titer of the lentiviral vector preparations was 1-4x109 transducing units/ml. Before

injection, lentiviral suspension was mixed with 0.05% FastGreen 1:10 (Sigma).

Production of Fluorescent Lentiviral Particles
To obtain fluorescent lentiviral particles, HEK293T cells were stained with the fluorescent cell dye Carboxyfluorescein succinimidyl

ester (CFSE; Life Technologies) (Figure S2A,B). CFSE readily diffuses into cells where intracellular esterases cleave its acetate groups

turning the colorless CFSE into a highly fluorescent amine-reactive 5(6)-CFSE (equivalent to Fluorescein). Fluorescent amine-reactive

5(6)-CFSE spontaneously and irreversibly couples to both intracellular and cell-surface proteins by reaction with lysine side chains

and other available amine groups resulting in permanent dye–protein adducts. Briefly, HEK293T were centrifuged (300 g, 5 min), the

cell pellet was resuspended in pre-warmed (37�C) PBS/BSA 0.1% containing CFSE (20 mM) and incubated for 15min at 37�C. There-
after, the cell suspension was quenchedwith ice-cold DMEMcontaining 10%FBS and incubated 5min on ice. HEK293Twere centri-

fuged (300 g, 5 min), re-washed 3 times and plated in DMEM containing 10% FBS. Production of lentiviruses was performed by

plasmid transfection into HEK293T cells as described. Lentiviral particles fluorescence intensity (excitation/emission maxima

�495/525 nm) were checked by confocal microscopy (Figures S2A and S2B). The titer of the lentiviral vector preparations was
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1-4x109 transducing units/ml. Before injection, the lentiviral suspension was mixed with 0.05% FastGreen 1:10 (Sigma). Distribution

of the fluorescent lentiviral particles was assessed after 1 hr after lentiviral meningeal injection (Figure 1C) using a Leica DMI6000 B

fluorescence microscope (Leica Microsystems, Mannheim, Germany).

In Vivo Cell Labeling Techniques
WT and transgenic P0/P1 pups were anesthetized by hypothermia. Lentiviral suspension (1-4x109 transducing units/ml), plasmid

suspension (3.0 mg/ml), dextran solution (FITC-conjugated, 500kDa, 5 mg/ml in physiological solution, 0.9% NaCl, Sigma), or DiI so-

lution (1,1’-Dioctadecyl-3,3,30,30-Tetramethylindocarbocyanine Perchlorate, 20 mg/ml in ethanol, Life Technologies) were loaded into

a previously pulled borosilicate glass capillary (Sutter Instruments, Novato, CA, USA). The skull was carefully pierced and 1-2 ml of

each solution was pressure-injected into the subarachnoid region, cisterna magna or ventricle using a FemtoJet injector (Eppendorf,

Hamburg, Germany). For plasmid electroporation, in order to generate an electric field allowing the negatively charged plasmid DNA

transfecting only the meninges and not the cortex, electrodes were placed with the plus pole at the surface of the skull. Platinum

tweezertrodes were then used to electroporate with five pulses of 135 V (50 ms; separated by 950 ms), generated using the ECM

830 BTX Electroporator (Harvard Apparatus, Holliston, MA). SignaGel was used to increase conductance. Animals were then sacri-

ficed at different time points, accordingly to the specific experimental procedure: 1 hr for the Dextran, the CFSE lentiviral particles and

DiI injections; 6-12 hr for the DiI injections; 8 and 18 hr for the RFP electroporation experiments; 15 and 24-48 hr, 3-5 days for the LV-

CherryRed and DiI migration experiments, 7 days for the DiI analysis; 21-30 days for the LV-CherryRed adult analysis and for the

analysis of PDGFRß-YFP, PDGFRß-Cre, GLAST-YFP andNestin-YFP adult mice. For each of these experiments we used on average

n = 4 mice, for each time point analyzed and for each technique used.

Tissue Preparation for Live Imaging
WT CD1 P0 pups were anesthetized by hypothermia and DiI solution was injected in the meninges as described above. At 24 and

72 hr after meningeal injection, mice were anesthetized, decapitated and brains were collected in ice-cold artificial cerebro-spinal

fluid (ACSF) (KCl 2.5 mM, MgCl 6H2O 1mM, NaH2PO4 1.25 mM, CaCl2 2H2O 2mM, NaHCO3 25mM, D-glucose 25 mM, sucrose

210.5 mM). Sagittal brain tissue sections (200 mm thick) were cut with aMicromHM 650V vibratome (Fisher Scientific UK Ltd, Lough-

borough, UK), collected in Neurobasal medium (GIBCO) without growth factors, and equilibrated at 37�C, 5% CO2 for at least 1 hr

before the imaging. After the imaging, the motility of the cells was analyzed using the Tracking Tool PRO v2.0 Software (Gradientech

AB, Uppsala, Sweden) by tracking nucleus position over time and by superimposing migration origin at the zero-cross point.

Cerebrospinal Fluid Sampling and ELISA
WT CD1 P0 pups were anesthetized by hypothermia and lentiviral vector expressing CherryRed was injected in the meninges as

described above, or intrathecally as control. After 2 and 12 hr post injection of the viral vector, we sampled cerebrospinal fluid by

direct extraction from the cisternamagna. Collected cerebrospinal fluid wasmaintained ice-cold and ELISA analysis for the viral pro-

tein p24 was performed according to manufacturer’s protocol.

EdU Administration
For birth-dating experiments, EdU dissolved in 0.9% NaCl was administered with a single intraperitoneal injection to pregnant WT

mice from E12 to E18, and with a single intraperitoneal injection at P0 to newborn pups. The dose of EdU was set at 10 mg/kg body-

weight, in order to achieve readily detectable EdU incorporation.

Brain Slice Preparation for Electrophysiology
Acute cortical slices for electrophysiology experimentswereobtained fromP21-P30CD1mice (n=10), injectedatP0 in theirmeninges

with a lentiviral vector expressing CherryRed. Animals were deeply anesthetized (isoflurane 5%, 500-1000ml/min) and decapitated.

The brain was rapidly extracted and placed in ice-cold ‘‘cutting’’ ACSF, containing: KCl 2.5 mM, MgCl2 7 mM, NaH2PO4 1.25 mM,

CaCl2 0.5 mM, NaHCO3 25 mM, D-glucose 25 mM, sucrose 183 mM, L-Ascorbic Acid 1 mM, Na+-Pyruvate 3 mM (315 mOsm/Kg,

pH 7.4 when bubbled with carbogen, i.e., 95% O2 5% CO2). Coronal brain tissue sections (200 mm thick) comprising the primary

somatosensory cortex (S1) were cut with a vibratome (VT1000s, Leica Instruments, Nussloch, Germany or 7000 smz 2, Campden

Instruments, Loughborough, UK) in ice-cold cutting ACSF, and then stored at room temperature in ‘‘standard’’ ASCF, containing:

NaCl 125 mM, KCl 2.5 mM, MgCl2 1 mM, NaH2PO4 1.25 mM, CaCl2 2 mM, NaHCO3 25 mM, D-glucose 25 mM, L-Ascorbic Acid

1 mM (315 mosm/Kg, pH 7.4 when bubbled with carbogen, i.e., 95% O2 5% CO2). Slices were let recover for at least 60 min prior

to electrophysiological recordings and remained viable for up to 8 hr. All chemicals were obtained from Sigma, Belgium.

Patch-Clamp Recordings
Individual slices were transferred to a (submerged) recording chamber, replacing the stage of a microscope. Electrophysiological

characterization of CherryRed cells and control cortical neurons was performed employing the patch-clamp technique in whole-

cell configuration (Hamill et al., 1981). Recordings were performed as in Köndgen et al. (2008) at 32-34�C, under constant perfusion
of ‘‘standard’’ ACSF (1.5 ml/min). Cell visualization and patch pipette micromanipulation were performed by videomicroscopy,

employing a 40x water-immersion objective mounted on an upright microscope equipped with infrared differential interference

contrast (IR-DIC) and epifluorescence optics (SliceScope, Scientifica, Uckfield, UK). Meningeal derived cells were identified under
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epifluorescence by their CherryRed tags (Figure 4A), and were localized mainly in upper cortical layers II-IV. Somatic patch record-

ingswere carried out in both CherryRed+ cells and in neighboring CherryRed-negative control neurons, employing glass pipette elec-

trodes pulled from borosilicate capillaries (GC150-10, Harvard Apparatus, Holliston, MA, USA) using a P-97 horizontal puller (Sutter

Instruments, Novato, CA, USA). Electrodes had tip diameters of �2 mm and resistance of 3-5 MU when filled with an intracellular

solution containing: K+-gluconate 135 mM, NaCl 4 mM, HEPES 10 mM, EGTA 0.2 mM, ATP-Mg2+ 2 mM, GTP-Na2 0.3 mM, phos-

pho-creatine-Na2 10 mM and biocytin 0.2% (290 mOsm/Kg, pH 7.3 adjusted with KOH). Intracellular membrane electrical potentials

were recorded in current-clampmode, using aMulticlamp 700B amplifier (Molecular Devices, Palo Alto, CA, USA), sampled at 20kHz

and digitized using a 16 bits DAQ board (NI SSC-68, National Instruments, Austin, TX, USA), employing the software LCG (Linaro

et al., 2014). The same software was also used to synthesize stimulus waveforms. Hardware bridge-balance and capacitance

compensation circuitry were not used, while non-parametric compensation of electrode artifacts was employed offline via LCG.

Tissue Preparation for Immunohistochemistry
For post hoc in vivo studies, mice were anesthetized by intraperitoneal injection with Nembutal (1:10 in physiological solution, 0.9%

NaCl) andwere sacrificed by intracardial perfusion of PBS containing 4%paraformaldehyde (PFA) / 4%sucrose (pH 7.4). Brains were

extracted from the skull and post-fixed overnight in 4% PFA / 4% sucrose at 4�C, then rinsed in PBS and equilibrated and stored in

sucrose 30% at 4�C. For mice younger than P5, the brains were directly fixed for 2 days in 4% PFA / 4% sucrose without prior perfu-

sion, then rinsed in PBS and equilibrated and stored in sucrose 30% at 4�C. Rostro-caudal and medio-lateral sagittal sections were

cryosectioned at 30 mm throughout the entire brain. Slides were stored at �20�C. Immunostaining on cryosections was performed

after 30 min incubation in blocking solution 1 (PBS with 0.25% Triton X-100, 2% bovine serum albumin (BSA) and 1% fetal bovine

serum (FBS)). Sections were then incubated with primary antibodies in blocking solution 1 overnight at 4�C. After rinsing 6 times for

5 min in blocking solution 1, appropriate secondary antibodies were applied for 4 hr at room temperature. If needed, after rinsing in

blocking solution 2 (PBS with 0.25% Triton X-100, 2% BSA and 5% rabbit serum), pre-conjugated antibody (Alexa Fluor 488 con-

jugated anti-GFP) was incubated overnight at 4�C. After final washing steps in PBS, nuclear staining with 4’,6- Diamidino-2-Phenyl-

indole Dihydrochloride (DAPI, Life Technologies) was performed and slides were mounted using ProLong� Gold antifade reagent

(Life Technologies).

Antibodies
The following primary antibodies were used: anti-GFP (rabbit, 1:200, Molecular Probes, A11122), anti-PDGFRß (goat, 1:200, R&D,

AF1042), anti-RFP (rabbit, 1:500, Rockland, 600-401-379), anti-RFP (mouse, 1:200, Rockland, 200-301-379), anti-NeuN (mouse,

1:100, Millipore, MAB377), anti-Satb2 (rabbit, 1:200, Abcam, ab34735), anti-GAD65/67 (rabbit, 1:200, Millipore, AB1511), anti-

NG2 (rabbit, 1:200, Millipore, AB5320), anti-Glast (anti-EAAT1; rabbit, 1:200, Abcam, AB416), anti-HuC/HuD (mouse, 1:100, Invitro-

gen, A- 21271), anti-laminin (rabbit, 1:400, Sigma, L9393), anti-tubulinb3 (anti-ßIII Tubulin, mouse, 1:200, Promega, G7121),

anti-GFAP (rabbit, 1:200, DAKO, Z033401), anti-Blbp (rabbit, 1:100, Abcam, ab32423), anti-DCX (goat, 1:200, Santa Cruz, sc-

8066), anti-DCX (rabbit, 1:400, Cell Signaling, 4604S), anti-Iba1 (rabbit, 1:400, WAKO, 019-19741), anti-Cux1 (anti-CDP, rabbit,

1:150, Santa Cruz, sc-13024), anti-Ctip2 (rat, 1:200, Abcam, ab28448), anti-parvalbumin (goat, 1:200, Swant, PVG-213), anti-calre-

tinin (rabbit, 1:200, Abcam, ab702). A primary Alexa Fluor 488- conjugated anti-GFP antibody was also used (rabbit, 1:150, Molecular

Probes, A21311). The following secondary antibodies were used: donkey anti-rabbit Alexa Fluor 488, donkey anti-rabbit Alexa Fluor

568, donkey anti-rabbit Alexa Fluor 647, donkey anti-mouse Alexa Fluor 488, donkey anti-mouse Alexa Fluor 647, donkey anti-goat

Alexa Fluor 546, donkey anti-goat Alexa Fluor 633 (1:500, all from Molecular Probes), donkey anti-rabbit CY3 (1:1000, Jackson

ImmunoResearch), donkey anti-mouse CY3 (1:500, Jackson ImmunoResearch).

RNA Analysis
WTCD1 P0 pups were anesthetized by hypothermia and lentiviral vector expressing GFP was injected in the meninges as described

above. 15 hr after injection, mice were anesthetized, decapitated and samples from meninges, cortex and ventricular zone were

collected in ice-cold lysis buffer (Invitrogen, Carlsbad, CA). RNA expression analysis of the collected tissues was performed by

TaqMan quantitative RT-PCR as described (Carmeliet et al., 2001), using in house-designed primers and probes or premade primer

sets (Applied Biosystems, Carlsbad, CA). Sequences or premade primer set ID numbers are available upon request.

Flow Cytometry Analysis and Sorting
Dissociated meningeal cells (105 cells) were incubated with biotinylated goat anti-PDGFRß antibody (1:50, R&D, BAF1042) or appro-

priate isotype control in PBS for 15min at room temperature. After washing with PBS, samples were incubated with streptavidin-CY3

secondary antibody (Jackson ImmunoResearch) in PBS for 15 min at room temperature and analyzed by flow cytometry using a

FACSVerse (BD Biosciences, San Diego, CA) using FL2 (575/26 nm) bandpass filter.

Microdissectedmeningeal and cortical tissue of pups sacrificed 24, 48 and 72 hr after DiI meningeal injection were dissociated and

DiI+ cells were gated and sorted (approximately 2500 cells) using a FACS AriaIII (BD Biosciences, San Diego, CA).

RNA Sequencing of Cultured Neurospheres and Bulk Tissues
RNA from meningeal and SVZ bulk tissue and from cultured neurospheres was extracted using TRIzol (Life Technologies). Starting

from total RNA, poly-adenylated fragments were isolated, reverse transcribed and converted into indexed sequencing libraries using
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the KAPA stranded mRNA-seq kit (Sopachem, Eke, Belgium). The first 50 bases of these libraries were sequenced on a HiSeq 2500

system (Illumina, San Diego, CA). The raw sequenced reads were mapped to the mouse reference transcriptome and genome

(GRCm38/mm10) using the Bowtie TopHat pipeline (Langmead and Salzberg, 2012). Mapped reads were assigned to ensemble

gene IDs by HTSeq resulting in on average 24,699,907 ± 4,368,158 counts per sample. These reads were normalized using EDASeq

(Risso et al., 2011). Clustering based on selectedmarker gene sets (Table S3) and classical multidimensional scaling were performed

using R 3.2.

RNA SINGLE CELL SEQUENCING ON MENINGEAL PDGFRß+
CELLS AND MENINGEAL DII+ MIGRATED CELLS

Single-Cell RNA-Seq

RNA-seq libraries were prepared using Smart-seq2 technology as previously described (Picelli et al., 2014; Llorens-Bobadilla et al.,

2015). Briefly, single cells frommeningeal and cortical preparations were manually picked and immediately lysed. All cells were then

frozen at �80�C. Lysed cells were later thawed and subjected to reverse transcription, cDNA amplification for 20 cycles and

sequencing libraries were performed according to Nextera XT Samle Preparation kit (Illumina). To control for technical noise, we

included ERCC Spike-Ins (Ambion) at a 1:1,000,000 dilution in a random set of samples. In total, we performed single-cell RNA-

seq on 256 cells. After quality controls, we kept 179 cells for downstream analysis. Computational quality controls and data analysis

steps were done as previously reported (Llorens-Bobadilla et al., 2015) and are described as follows.

Read Trimming and Mapping

Quality of raw reads was checked by FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Before alignment,

adaptor sequences in raw reads were trimmed by Btrim64 (http://graphics.med.yale.edu/trim) (Kong, 2011). Trimmed reads were

mapped to the mouse genome (ENSEMBL Release 84) using STAR-2.5.2a. Genome mapping results were visualized by using Inte-

grative Genome Viewer (https://www.broadinstitute.org/igv/). The relation between transcriptomemapping rates and gene detection

was used to exclude outlier cells (Figure S6C). RNA-SEQ DATA QUALITY METRICS: RNA-seq data quality metrics of each cell, including total

reads, transcriptome mapped reads and transcriptome mapping rate were calculated by picard-tools-1.123 (https://broadinstitute.

github.io/picard/) and are shown in Table S4, sheet 1.

Gene Expression Matrices

Gene expression matrices were generated as previously described (Llorens-Bobadilla et al., 2015) with minor modifications. Briefly,

expression levels for each gene were quantified as transcripts per million (TPM) using RSEM-1.2.30 (Li and Dewey, 2011) with bow-

tie2-2.2.9 using default parameters. To compare expression levels of different genes across samples, we performed an additional

TMM (trimmed mean of M-values) normalization on TPM using Trinity (https://github.com/trinityrnaseq) (Haas et al., 2013) based

on edgeR (Robinson and Oshlack, 2010) (abbreviated TMM-TPM).

Validation of Single-Cell RNA-Seq Data Using ERCC Spike-in Controls, Technical Replicates and Population

RNA-Seq Data

We assessed the quality of single-cell RNA-seq data by comparing the results with known quantities of 92 ERCC spike-in RNA tran-

scripts. Briefly, 92 ERCC spike-in RNA transcripts were randomly added to 70 single cells during library preparation. Expression

levels of 92 ERCC spike-in controls in these 70 cells were quantified in units of TPM by RSEM. The expression levels of ERCC

spike-in determined by RNA-seq strongly correlated with the known input quantities (not shown).

Principal-Component Analysis

Wedeveloped customR scripts based on FactoMineR library (http://factominer.free.fr/) to perform PCA on gene expressionmatrices

to reduce dimension and identify highly variable genes. PCAwas performed on the cells that passed quality control (in total 179 cells;

Table S4 – sheet 1) using all genes expressed (TMM-TPM> 1) inmore than two cells andwith a variance in log2 (TMM-TPM) across all

single cells greater than 0.5. In total, 8,145 genes in 179 cells were used. Subsequently, geneswith the highest correlation coefficients

with one of the principal components (p < 10�5) were identified using dimdesc function in FactoMineR (186, 185, 187, 375, 387 and

238 genes for the lymphatic vessel, neuronal, proliferative, fibroblast/pericyte, radial glia-like and phagocyte cluster, respectively;

see Table S4 – sheet 2-7). Hierarchical clustering was performed on cells with the genes identified by PCA using Pearson correlation

metric. Marker genes for each cluster were identified by using a likelihood-ratio test as described before. PCAwas then performed on

only the radial glia-like (cluster #5) and neuron (cluster #2) cells, and genes with the highest correlation coefficients (p < 10�4) from first

dimension (clearly separating these two clusters) were selected (Table S4 - sheet 8) for heatmap generation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Imaging and Quantification on Post Hoc Tissues
For analysis on post hoc tissues, imaging of the immunostained slices was performed using a Leica DMI6000 B epifluorescence

microscope (Leica Microsystems, Mannheim, Germany), Zeiss LSM 510 Meta NLO or Zeiss LSM 780 confocal microscope (oil

objectives: x 40 with NA 1.3, x 63 with NA 1.4, x 100 with NA 1.46) (Carl Zeiss, Munich, Germany). For 3D reconstruction, confocal

images were deconvoluted with Huygens Professional software (Scientific Volume Imaging B.V., Hilversum, the Netherlands) and 4D

animations of the deconvoluted images were created with Imaris 7.7.1 software (Bitplane AG, Zurich, Switzerland). For live imaging,

imaging of fresh-sectioned brain slices was performed with Zeiss LSM 510 Meta NLO or Zeiss LSM 780 confocal microscope (oil

objectives: x 40 with NA 1.3, x 63 with NA 1.4, x 100 with NA 1.46) (Carl Zeiss, Munich, Germany), for 4-6 hr at 37�C, 5% CO2.

CherryRed expressing cells were visualized by immunostaining with anti-RFP antibody. YFP expressing cells in PDGFRß-YFP,
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GLAST-YFP and Nestin-YFP animals were visualized by immunostaining with anti-GFP. Brainbow 1.0(L) expressing cells were visu-

alized by immunostaining with anti-RFP and anti-GFP (CFP and YFP) antibodies (see ‘‘Antibodies’’ section above). Quantification of

the fractional distribution of CherryRed+ cells in meninges, cortex and ventricular/subventricular area, at 15, 24 and 72 hr after lenti-

viral vector CherryRed injection in the meninges of P0 pups (n = 9), were performed by measuring the total fluorescent area by Leica

LASAF-MMAFmorphometric analysis software (MetaMorph) (LeicaMicrosystems,Mannheim, Germany). Quantifications of the dou-

ble positive immunostained cells and of the recombined cells in themice injected with lentiviral vector expressing the Brainbow1.0(L)

reporter were performed on brain sagittal sections from at least nR 3mice.We considered cells as double positive when the signal of

the fluorescent protein co-localized with the marker present in the nucleus (NeuN, Satb2, Cux1, Ctip2), perinuclear cytosol (GAD65/

67) or cytosol (perinuclear and processes) (Parvalbumin, Calretinin, GFAP, NG2, Iba1) on a single optical section. DAPI was used to

visualize the cell nuclei. For the quantification of marker expression, at least 100 cells for each sample were analyzed, from at least 3

different mice. When the minimum number of 300 cells was not reached by the analysis of 3 animals, additional mice were analyzed.

A mean of n = 133.9 ± 54.7 cells were counted for each marker for each animal analyzed (total cells counted = 14,354).

Quantification of Microglia Distribution
To analyze the cortical injury reaction after meningeal injection, WT CD1 pups were sacrificed at 24 hr after meningeal injection with a

lentiviral vector expressing CherryRed at P0, as described above. As positive control, a cortical injection with a lentiviral vector ex-

pressing CherryRedwas performed inWTCD1 P0 pups and animals were sacrificed at 24 hr. As negative control, WTCD1 pupswere

sacrificed 24 hr after birth. Immunostaining for the microglial Iba1 marker was performed. A full set of medio-lateral brain sections for

each sample (n = 3 for each condition), including the injection site, was analyzed. The Iba1+ cortical area was calculated as Iba1+

pixels per total cortical area (Fiji software) (Schindelin et al., 2012).

Statistics
Recorded voltage traces were analyzed by custom MATLAB scripts (The MathWorks, Natick, MA, USA). Data are expressed as

mean ± SEM. Statistical differences were calculated by two-tailed unpaired t test for two datasets and ANOVA followed by Bonferroni

post hoc test for multiple datasets using Prism (GraphPad Inc., La Jolla, CA). p < 0.05 was considered statistically significant.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The accession number for the bulk RNA-seq data reported in this paper is ArrayExpress: E-MTAB-4951. The accession number for

the single cell RNA-seq data reported in this paper is GEO: GSE83948.

Software
All software is freely or commercially available and is listed in the STAR Methods description and Key Resources Table.
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