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Neuro-gliogenesis
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Neural Progenitor Cells
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Neural Progenitor Cells (NPCs)

• Are the progenitors of the CNS

• Originate all the glial (macroglia) and neuronal cell types of CNS

• Do not generate non-neural cells of the CNS

• Are found in the embryonic, neonatal and adult CNS

• Can be generated in vitro by ESCs or iPSCs
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Neural Progenitor Cells (NPCs)

Classification
Location

Morphology

Gene expression

Function
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Neural Progenitor Cells (NPCs)

Classification: 
Location

Morphology

Gene expression

Function Potential
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Neural Progenitor Cells (NPCs)

Classification: 
Location

Morphology

Gene expression

Function Potential

one or more distinct types?

When and how cell diversity originates during development?
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Neural Progenitor Cells (NPCs)

Classification: 
Location

Morphology

Gene expression

Function Potential

one or more distinct types? embryonic vs adult
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Location of embryonic neural proliferative zones

The VZ (ventricular zone) à adjacent to the ventricle, is
the primary proliferative zone  (the first to appear during
development) 

The SVZ (subventricular zone) à is superficial to the VZ -
It is the secondary proliferative zone (appears later in 
development)

In the cerebral cortex it can be subdivided in outer SVZ 
and inner SVZ

In the developing forebrain the VZ and SVZ represent the neural proliferative zones
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Radial glial cells
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Radial glial cells
Radial glial cells derive from neuroepithelial cells

Neuroepithelial cells Radial Glial Cells

typical epithelial features
highly polarized along their
apical–basal axis

Self-renewing symmetric
divisions

residual neuroepithelial
+
astroglial features
(down-regulate tight junctions) 

(starts at E9-E10 in mice
human GW 5-6)
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Malatesta et al., 2003
Glast=glutamate aspartate transporter
BLBP=brain lipid-binding protein (FABP7)
TNC= tenascin C
RC2= post-translationally modified isoform of Nestin (Park et al., 2009)
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The radial glial cells

Radial Glia à term introduced by Pasko Rakic (1971)
Cerebral cortex development

Function:

architectural framework for neuronal (radial)

Radial glial process

Migrating neuron



Spongioblasts* as progenitors of glial cells:

-Morphological similarity (Gogli 1885; His 1889)
-GFAP expression (Levitt and Rakic 1980)

àLineage-tracing studies with lipophilic dye on ferret
cortex, showed transitional forms between radial glia and 
astrocytes at the end of the neurogenesis (Voigt, 1989) 
supporting the existence of distinct progenitors for neurons
and astrocytes

The concept of dualism between NEURONAL and GLIAL lineages

Co-existence of neuroblasts
and spongioblasts* based on 
soma position

à but soma position corresponds to 
different phases of cell cycle (M apical; 
S basal)

*how radial glia was named by Camillo Golgi in 1885 following observation of radial processes in the foetal spinal cord



16 Adapted from Noctor et al., 2004

Organotypic slice culture 
from embryonic rat E18

tRG=translocating radial cell
A= astrocytes

tRG other fate?



Head of LMU Department of 
Physiological Genomics
Helmholz Center Munich, 
Institute Stem Cell Research



In the brain progressive waves of 
neurogenesis begin at about E 9–10 in mice

Gliogenesis follows neurogenesis
- the two processes partly opverlap –

Observation from M. Gotz lab showed that at
the peak of  neurogenesis virtually all
proliferating cells were RGCs

Does it prove that RGCs are neurogenic?



to fluorescently label
radial glial cells and 
isolate them by FACS

Transgenic mouse line (hGFAP-GFP)

Labelling precursor cells with long 
radial processes with fluorescent dyes
from the pial surface

Experimental paradigm

Sorted cells plated at low density on a feeder layer of cerebral cortex cells derived from rat (same
age –same region) - cultured in vitro for 7 days (7div)

Progeny determined by the use of cell-type specific antibodies:

• anti-beta-tubulin-III à neurons
• anti-GFAP à astrocytes
• anti-O4à oligodendrocyte precursors

From Malatesta et al., Development 2000

1
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hGFAP-GFP transgenic mice

GFP-immunostained cells from acutely dissociated E14 
cortex double stained for GLAST 

E16

E14

1



Examples of the progeny of 
hGFAP-GFP- and GLASTpositive
precursor cells isolated by FACS 
after 5-7 div

E14

E18

Cluster=clone derived from a 
single precursor cell

Cells were cultured on a rat cortex
feeder layer of the corresponding
age

M2M6= mouse-specific antibody

1st evidence that cells of 
the glial lineage can 
generate neurons!!!

See also studies on adult neurogenesis
(Doetsch et al., 1999)



Fluorescent tracing of cells from the pial surface2

DiIE14

precursors sorted by their
morphology via pial tracing

precursors sorted by their
GFP-content driven by the 
hGFAP promoter



They examined exclusively clones that
incorporated BrdU during the time in 
vitro…

BrdU containing clones

BrdU containing clones

BrdU containing clones

from E14 cortex



Malatesta and Gotz, Development 2013



NATURE | VOL 409 | 8 FEBRUARY 2001 | www.nature.com

This study used retroviral labelling in utero and showed for the 
first time in vivo that radial glia are neuronal precursors

à Intraventricular injections of green fuorescent protein (GFP)-
expressing retrovirus to mark cortical precursor cells and their
clonal progeny in E15-E16 rat embryos



Time-lapse videomicroscopy
of radial glial cell division

à This experiment shows directly
that radial glial cells can undergo
asymmetrical division to generate 
neurons that migrate along the radial
glial fibre.

TUJ1+

http://ventricular.org/StephenNoctor/time-lapse-movies/

Watch the video @

http://ventricular.org/StephenNoctor/time-lapse-movies/
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Intermediate progenitors cells (IPC)

or Basal progenitors

Tbr2+



Fate of radial glial cells once neurogenesis is completed

• Depletion by symmetric differentiative
division à generation of two postmitotic
neurons

• Conversion to gliogenic function

• Differentiation into ependymal cells

• Transition to astrocytes (downregulation
of Vimentin)

• Adult neurogenic astrocytes

Astrocytes are first detected around E16 and oligodendrocytes around birth; however, the 
vast majority of both cell types are produced during the first month of postnatal 
development

NG2
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Neural progenitor cells
competence change

Neurogenic Gliogenic

• TFs (e.g. COUP-TFI and COUP-TFII critical molecular switches in the 
temporal identity transition of NSPCs, Naka et al., 2008 Nat Neurosci: the double 
knockdown of Coup-tfI/II in embryonic stem cell (ESC)-derived NSPCs and 
the developing mouse forebrain caused inhibition of gliogenesis, sustained 
neurogenesis and the prolonged generation of early-born neurons.

• miRNA à miR-17 and miR-106 downstream of COUP-TFs (miRNA 
overexpression à neurogenic phenotype) mediated by regulation of p38 
(mitogen-activated protein kinase 14 or Mapk14 – p38 overexpression 
accelerate GFAP expression) (Naka-Kaneda et al., 2014 PNAS)

COUP-TFs

miR-17/106 

p38
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Neural progenitor cells
competence change

Neurogenic Gliogenic
Epigenetic control

Chromatin binding proteins orchestrate the transcriptional repression of neuronal specific
genes, while allowing for the activation of astrocyte-specific genes:

The chromatin protein high mobility group B2 (HMGB2), is dynamically expressed
throughout embryonic development

In HMGB2 null NPCs the polycomb repressive complexes 1 and 2 (PRC1/2) are 
downregulated during the differentiation leading to downstream changes in the 
trimethylation of H3K27, essential for gene silencing and a subsequent shift (delay) in the 
neurogenesis to gliogenesis fate transition

(Bronstein et al., Front Mol Neurosci 2017)
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Ratios of neural and glial cells altered
in HMGB2 null SVZ cultures at day 3 of 
differentiation. 
n = 3 biological replicates per 
genotype. 

Sixty cells were counted per biological
replicate. GFAP p = 0.0049. 

Perinatal NSPCs
monolayer cultures
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Ratios of neural and glial cell altered in HMGB2 null SVZ cultures at day 7 of differentiation. 

n = 3 biological replicates per genotype, 60 cells were counted per biological replicate. Tuj1 p = 0.0054, 
CC1 p = 0.0189

Perinatal NSPCs
monolayer cultures
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Astrocytes (the most abundant macroglia)

(white matter - WM) (gray matter - GM)

classical view à two main sub-types
Protoplasmic Fibrous

Star-like morphologyBushy morphology

Transmitters
reuptake and release 

Ion buffering

Antioxidant metabolism

Secretion
of trophic factors

Blood brain barrier

ROS removal

….

….
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Astrocytes (the most abundant macroglia)

classical view à two main sub-types
Protoplasmic Fibrous Highly heterogeneous:

different sub-populations
in different brain regions

• morphological
• molecular
• biophysical
• functional
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Astrocytes (the most abundant macroglia)

classical view à two main sub-types
Protoplasmic Fibrous Highly heterogeneous:

different sub-populations

• morphological
• biochemical
• biophysical
• functional

Are the different sub-types generated from a 
homogeneous population of progenitors? 
or from separated classes of progenitors?
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Clonal cell lineage analysis defines 
the potential of single cells 

and the diversity they can produce
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Star Track method – a genetic tracing strategy for long term lineage of individual glial
progenitors in vivo -

Based on the combinatorial expression of 
different fluorescent proteins driven by the 
GFAP promoter following in utero 
electroporation (the construct corresponding 
to GFAP-XFP-pA was inserted between the 
inverted terminal repeats of the PiggyBac 
transposon)

à Following PBase-mediated transposition, fluorophores are randomly integrated into the cell genome 

12 plasmids – 6 fluo proteins – nucleus/cytoplasm

1 plasmid containing the PiggyBac (PB) transposase
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E18 cortex (electroporated at E14)

Each cell acquires a 
single color combination 
in the cytoplasm, 
nucleus, or both

The large diversity of 
colors delineates the 
electroporation site 
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(D) Pyramidal-like cells mostly packed in layers 2/3 displaying faint fluorescence. 
(E and F) Astrocyte clones confined to the pial brain surface.
(G) Radial glia transforming into astrocytes. 
(H) Cell cluster with the same fluorescent mark formed by immature astrocytes/progenitors resembling protoplasmic astrocytes

Clonally related 
astrocytes are 

spatially 
restricted

---
They disperse 
radially in the 
cortex spanning 
the entire depth 
of the cortical 
parenchyma
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Muliple origin of astrocytes in the cerebral cortex

Schitine et al., 2015

WM

GM

RGCs
Transformation (direct)

Generation of 
intermediate 

progenitors (GPs) in 
the SVZ

Astrocytes

GPs
(marginal zone/layer I)

Astrocytes
superficial astrocytes

Immature astrocytes
(superficial layers) Astrocytes

Deep cortical layers 5/6+WM
astrocytes

Superficial cortical layers 1/4
astrocytes
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NG2 cells generate oligodendrocytes in the developing and mature CNS

NG2 cells

whether NG2+ cells
are multipotential cells 
that can give rise to 
neurons and astrocytes 
is now highly debated
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NG2 cells

NG2 cells an additional source for  astrocytes?

* only in ventral forebrain

*
NG2 astrogliogenic potential
is temporally and spatially
restricted to a subset of 
ventral embryonic progenitors
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NG2 cells

NG2 cells and neurogenesis ??? 
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Tanycytes Bergman glia

Radial glial-like subtypes in the adult CNS derived from embryonic RGCs

+ adult neurogenic niches….
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Location of adult neural proliferative zones

Falk and Gotz, 2017

Adult NSCs retain RGC hallmarks

- radial morphology
- gene expression profiles similar to 

their embryonic counterparts
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RGCs aNSCs
limited 

self-renewal capacity

fast exhaustion 

neurons

glia

Embryonic development ------------------>adult

Merkle et al., PNAS 2004

Arturo Alvarez-Buylla
UCSF – San Francisco
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RGCs aNSCs
????

neurons

glia

Embryonic development ------------------>adult
When?

How?
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Location of adult neural proliferative zones

Falk and Gotz, 2017

The adult NSCs residing in the SEZ are mainly derived from progenitor cells in the LGE

SEZ= subependymal zone
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Location of adult neural proliferative zones

Falk and Gotz, 2017

The adult NSCs residing in the SEZ are mainly derived from progenitor cells in the LGE

SEZ= subependymal zone



Platel & Bordey 2016

B1 radial glia-like
morphology

Primary cilium

LV

Apical endfeet

The neurogenic niche
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2015

To address the contribution of dividing RGs at different stages of development to
the postnatal day 21 (P21) B1 cell population, they injected timed
pregnant hGFAP::GFP mice at different embryonic stages with the thymidine 
analog bromodeoxyuridine (BrdU)

When?
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The majority of double-labeled BrdU+/GFP+ B1 cells in the P21 V-SVZ were derived from 
animals injected with BrdU at E14.5 and E16.5

à the majority of B1 cells were derived from RGs that divided during this period

Many of the B1 cells were brightly labeled, suggesting that they did not divide repeatedly 
in the intervening period between the time of BrdU injection in the embryo and P21
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Alternative approach: injection of GFP-expressing retroviruses to transduce dividing embryonic 
VZ progenitors at different ages to permanently label their progeny in the postnatal brain.

The majority of GFP+/ BrdU+ OB interneurons were derived from progenitor cells 
that divided between E13.5–E15.5.
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These experiments suggest that postnatal B1 cells are
derived from embryonic cells that divide during 
mid-fetal development and then remain relatively quiescent 
until they become reactivated to generate progeny in the postnatal brain

When?
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Falk et al., 2017

The control of the division type in progenitor cells during embryonic
development (in a specific time window) regulates the number of 
embryonic progenitor cells destined to become adult neural stem cells

How?



Falk and Gotz
2017

Embryonic origin of adult neural stem cells

How?

Spindle positioning during M-phase is implicated in the regulation of the size of stem and progenitor cell 
pools in a multitude of tissues by coordinating the mode of cell division
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verticalobliquehorizontal

In the lGE: two types of dividing progenitors à different division 
plane

RGCs = cells with a basal process (arrowhead) 
SNP= short neural progenitor cells - cells without a basal process 
during mitosis (specific class of transient amplifying progenitors)

progenitor subtype-specific bias 
for cleavage angles
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Live Imaging of Progenitor Cells Dividing at the Apical Surface in the LGE

aRGCs divide almost 
always in an asymmetric 
mode

SNPs never give rise 
to aRGCs but 
generated further 
SNPs or
different non-apical 
cells 



60

Randomizing Cleavage Plane Orientation and Depletion of aRGCs by Insc (Spindle
Orientation Adaptor Protein) overexpression in the developing LGE

the balance in the LGE apical progenitor pool composition was 
altered to more SNPs 

a significant decrease in the number of cells positive for p57 
(inhibitor of several G1 cyclin/Cdk complexes)

in Insc overexpressing mice
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Injection of a lentivirus coding for GFP (control)or Insc-IRES-GFP at E13 

Quantification of the number of GFP+ cells with a radial morphology
(apical endfoot at the ventricular surface and a basal process) typical for 
NSCs in the SEZ at P3 and adult stages (P56)
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This study shows how the 
cleavage plane orientation 
in embryonic RGCs 
influences the formation of 
adult NSCs and thereby the 
extent of adult 
neurogenesis.

The cleavage plane 
orientation in embryonic 
RGCs is a crucial factor 
determining the number of 
adult NSCs and thereby 
also controls the number 
of young adult born 
neurons

Injection of a lentivirus coding for GFP (control)or Insc-IRES-GFP at E13 

Quantification of the number of GFP+ cells with a radial morphology
(apical endfoot at the ventricular surface and a basal process) typical for 
NSCs in the SEZ at P3 and adult stages (P56)
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Primary cilium

LV

Apical endfeet
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Confocal images of the surface of whole mounts of 
the lateral wall of the lateral ventricle at different 
ages. In red, b-catenin delineates the apical 
profiles of ventricular epithelial cells.

Redmond et al., 2019 Cell Reports
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Do Ependymal Cells and Postnatal NSCs Share a Common Origin?

The time of birth of ependymal cells 
closely matches the time when RG cells 
give rise to B1 cells

Lineage relathionship?

?
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à Inhibition of the potential residual episomal
plasmids by using the tamoxifen (Tx) inducible
Cre-Lox system. 

The Cre-recombinase recognizes and cleaves the region 
flanked by two LoxP-sites strategically
inserted into the UbC-StarTrack constructs. 

After Tx administration, Cre cleaves the fluorescent 
reporter genes flanked by the LoxP-sites in the 
episomal copies that have not been integrated into the 
genome 

When hyPBase driven integration does occur, one LoxP
site flanking the XFP is deleted to ensure that CreERT2
does not affect the expression of the XFPs 
incorporated into the host genome.

StarTrack Lineage Tracing of Embryonic 
Radial Glia at E14.5

à non-integrated constructs might gradually 
be diluted by successive cell divisions or 
may be episomally maintained, affecting the
clonal code of single-cell progeny. 
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Continuous expression of a heritable 
color code with very high complexity 
(16  x 106 possible combinations)

Numbers of E1-E1, E1-B1, 
and single E1 clones 
identified by analyzing the 
color codes of 844 cells in 
three whole mounts injected 
and electroporated at 
E14.5
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Falk and Gotz 2017



Here we show that the majority of mouse
B1 cell precursors are produced between
embryonic days (E) 13.5 and 15.5 and 
remain largely quiescent until they
become reactivated postnatally. 

Using a retroviral library carrying over 
100,000 genetic tags, we found that B1 
cells share a common progenitor with 
embryonic cells of the cortex, striatum, 
and septum, but this lineage relationship
is lost before E15.5. 

The regional specification of B1 cells is
evident as early as E11.5 and is spatially
linked to the production of neurons that
populate different areas of the forebrain. 

This study reveals an early embryonic
regional specification of postnatal neural
stem cells and the lineage relationship
between them and embryonic progenitor 
cells.



RMS

1.  neurogenic niche
prolifera1on/stem cell maintenance
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Microglia= Immune effector cells of the CNS

(approximately 10-20% of the total population of glial cells in the adult 
brain)

Derived from blood-borne macrophages, which migrate into the CNS during 
development

(Wake et al., 2013)


