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Abstract

Human radial glia (RG) share many of the features described in rodents, but also have a number of
characteristics unique to the human brain. Results obtained from different mammalian species
including human and non-human primates reveal differences in the involvement of RG in
neurogenesis and oligodendrogenesis and in the timing of the initial expression of typical RG
immunomarkers. A common problem in studying the human brain is that experimental procedures
using modern molecular and genetic methods, such as in vivo transduction with retroviruses or
creation of knockout or transgenic mutants, are not possible. Nevertheless, abundant and valuable
information about the development of the human brain has been revealed using postmortem human
material. Additionally, a combination and spectrum of in vitro techniques are used to gain knowledge
about normal developmental processes in the human brain, including better understanding of RG as
progenitor cells. Molecular and functional characterization of multipotent progenitors, such as RG,
is important for future cell replacement therapies in neurological and psychiatric disorders, which
are often resistant to conventional treatments. The protracted time of development and larger size of
the human brain could provide insight into processes that may go unnoticed in the much smaller
rodent cortex, which develops over a much shorter period. With that in mind, we summarize results
on the role of RG in the human fetal brain.
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Classical papers, dating from more than 100 years ago (Magini 1888), describe radial glia (RG)
as scaffolding for young neurons during their migration into the developing neocortex
(reviewed in Bentivoglio and Mozzarello 1999). This view was based on their characteristic
orientation in the fetal telencephalon as seen in Golgi impregnated human fetal brains. Later,
studies using various experimental methods demonstrated specific cellular and molecular
mechanisms of this neuronal-glial interaction (Rakic 1972, 1988, 2003; Hatten 1993; Anton
and others 1996). After neurogenesis and neuronal migration are finished, RG cells transform
into astrocytes (Rakic 1972; Sidman and Rakic 1973; Hatten 1993).

With the aid of genetic fate mapping, researchers in multiple laboratories almost
simultaneously discovered that RG cells produce postmitotic, pyramidal neurons in rodents
(Malatesta and others 2000; Miyata and others 2001; Noctor and others 2001). Thus, new
evidence clearly indicates that the role of RG is much more complex than being mere guides
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for migrating cortical neurons. However, studies that corroborate human RG as neuronal
progenitors have lagged behind animal research due to difficulties in applying cell fate mapping
experiments in humans. Although subhuman mammals provide excellent models of human
physiology, extrapolating directly from rodents to humans is not without risk. The human
neocortex is structurally and functionally far more complex than that of rodents. The birth of
new neurons in the human brain (neurogenesis) occurs over the course of months, not days as
in the rodent brain. More importantly, the proteomics of neurogenesis differs between humans
and rodents, further indicating that the cellular regulatory processes governing neural
progenitors are not identical across species. Although immunohistochemical studies of the
human embryonic and fetal neurogerminal layers, the ventricular zone/subventricular zone
(VZ/SVZ), suggest that RG give rise to both astrocytes and neurons (Zecevic 2004; Howard
and others 2006), direct evidence of this lineage relationship has been lacking. Recently,
however, we demonstrated that RG derived from human midgestational brain tissue are the
direct parental cells of a subpopulation of forebrain neurons (Mo and others 2007).

This discovery not only confirmed the results of animal studies, but, more importantly, has
brought to the forefront a series of interesting questions regarding the role of progenitor cells
in the development of the human brain in health and disease. In this review, we will focus on
the role of RG as neural progenitor cells in human cortical development while contrasting this
idea with studies in various other species.

RG in the Human Fetal Brain

In both primates and subprimate vertebrates, RG cells are derived from the earliest cells found
in the wall of the neural tube, called neuroepithelial cells. Transformation of neuroepithelial
cells into RG starts at the beginning of neurogenesis (G6tz and Huttner 2005). During early
stages of human development, 5 to 7 gestation weeks (gw), when the width of the telencephalic
wall is narrow, RG span from the ventricular to pial surface, making them morphologically
indistinguishable from bipolar neuroepithelial cells (Fig. 1A, B). Later, as the width of the
human cerebral wall increases and incipient convolutions begin to develop (around 15 gw),
RG elongate and obtain a bipolar shape with their cell bodies situated in the VZ (Fig. 1). The
shorter apical process attaches to the ventricle, whereas the radially oriented, longer process
becomes more complex and curved with terminal branching into multiple endfeet at the pial
surface, which is characteristic of RG in primates (e.g., Marin-Padilla 1988, 1995; Rakic
1995). Ultrastructural and immunohistochemical characteristics, including electrolucent
cytoplasm, lamellate expansions, the presence of intermediate filaments, glycogen granules in
the endfeet, and typical immunomarkers confirm the glial nature of these cells (Choi 1986;
Rakic 1972, 1995; G6tz 2003; Zecevic 2004).

Immunohistochemical Characteristics of RG in Different Species

Variation in the expression of antigenic proteins across the spectrum of species accounts for
some of the earliest evidence that the neural progenitor population differs taxonomically. For
example, in primates, the intermediate filament proteins, glial fibrillary acidic protein (GFAP)
and vimentin, are expressed concomitantly in RG from the initiation of neurogenesis at 5 to 6
gw in humans (Levitt and others 1981; Kadhim and others 1988; Cameron and Rakic 1991;
Zecevic and others 1999; Zecevic 2004; Howard and others 2006). In contrast, in rodent RG,
GFAP is expressed in cells of astrocytic lineage only after neurogenesis is complete and
vimentin is no longer detectable (Voigt 1989; Cameron and Rakic 1991).

Markers that distinguish RG from neuroepithelial cells in rodents, such as vimentin (e.g., Dahl
and others 1981), astrocyte-specific glutamate transporter (GLAST) (Shibata and others
1997), and brain lipid-binding protein (BLBP) (Feng and others 1994), also label human RG
cells often in a nonoverlapping fashion (Howard and others 2006). Similarly, various
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subpopulations of RG cells are distinguished in rodents by the expression of transcription
factors (Gotz and others 1998), molecular markers (Hartfuss and others 2001; Liour and Yu
2003; Fishell and Kriegstein 2003; Gongidi and others 2004), and morphologies (Alves and
others 2002). Notably, RG markers change during the course of normal development as well
as with the region of the brain, which is of particular interest because these parameters may be
predictive of neuronal, glial, or multipotent potential. For example, cells expressing BLBP may
predict a neurogenic fate, and those expressing GLAST, a gliogenic fate (Hartfuss and others
2001). Yet, other studies argue that BLBP expression does not define a separate, gliogenic
subclass, but rather signifies a developmental shift in all RG cells toward production of neurons
(Anthony and others 2004). Experiments with acutely cultured midgestational VZ/SVZ cells
have shown that the human RG population is heterogeneous with respect to BLBP and GLAST
expression (Fig. 4 in Howard and others 2006). Furthermore, BLBP™* cells from human fetal
VVZ/SVZ are heterogeneous and generate both cortical neurons and astrocytes in vitro (see
below; Mo and others 2007).

Actively dividing RG cells are visualized using 4A4 antibody, a property conferred by vimentin
phosphorylation during M-phase (Kamei and others 1998). Using 4A4 antibody, RG are
revealed in the human embryo between 5 and 6 gw, in a distinct caudorostral gradient, from
the nascent spinal cord and rhombencephalon, to the telencephalon. Anti-vimentin antibody
identifies quiescent and dividing RG, whereas 4A4* cells lay along the VZ surface (Howard
and others 2006) and occasionally under the pia (Fig. 1A, B). Subpial 4A4* cells possibly
correspond to basal progenitors described in mice (Haubensak and others 2004). By 4.5 gw,
SMI-31, an antibody specific for neuronal lineage, labels cells below the pia (Fig. 2, inset),
probably representing so-called predecessor neurons demonstrated at Carnegie stage 12 (31
days) in the rostral end of the human neural tube. Interestingly, predecessor neurons are
believed to have noncortical origin (Bystron and others 2006).

At 5 to 6 gw, with initiation of cortical neurogenesis, young neurons are distributed in the
primordial plexiform layer (PPL; Rakic and Zecevic 2003; Zecevic 2004; Howard and others
2006). Two weeks later, at the emergence of the cortical plate, cells stained with NeuN and
neuron-specific enolase (NSE), markers of mature neurons, reside in the PPL (Fig. 2B). It is
tempting to speculate that these neurons, besides mature molecular composition, are endowed
with additional features of mature neurons, such as the ability to generate sodium and calcium
spikes, which may guide the migration of cortical neurons. Namely, various patterns of
endogenously generated neural activity may sculpt the precise circuits of the developing brain
(Purves and Lichtman 1985).

By midgestation, at 20 gw, the bulk of neurogenesis in the human cerebral cortex has occurred
and RG start transforming into GFAP™* astrocytes in the intermediate zone (1Z) and in the
cortical plate (Fig. 1G; de Azevedo and others 2003;Zecevic 2004). Although this indicates
that RG have begun the shift from generating neurons to astroglia, RG with bipolar morphology
and processes labeled with GFAP and vimentin still span the telencephalic wall (Fig. 1E, F),
suggesting their retained neurogenic potential at this period. This is consistent with the fact
that the human SVZ remains a major proliferative region in primate brains at later stages of
corticogenesis (Smart and others 2002;Zecevic and others 2005). Direct evidence for the
neurogenic potential of RG at 20 gw will be elucidated below. At this age, radial and
tangentially running processes of vimentin* RG form a gridlike structure at the border of the
I1Z and SVZ (Fig. 1E;UIfig and others 1999;Zecevic 2004). This organization of RG fibers
suggests that they may assist tangential migration of interneurons through the 1Z/SVZ (Zecevic
2004).
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Where Do Human Cortical Neurons Come From?

Neural stem cells (NSCs) generate mature neurons, astrocytes, and oligodendrocytes through
a stepwise series of progenitor cell divisions that progressively yield more restricted daughter
cells (Levitt and others 1981; Luskin and McDermott 1994; McConnell 1995; Tan and others
1998). The debate lies in determining which cell type retains NSC properties of pluripotency
and immortality and which type is the first to become restricted. Whether RG are truly stem
cells is a topic that is currently being deliberated. RG, in their familiar, developmental form,
terminally differentiate either into astrocytes or intermediate progenitors (IPs) that generate
two neurons in the SVZ (Noctor and others 2004; Miyata and others 2004; Martinez-Cerdeno
and others 2006). In addition, in the adult SVZ, direct descendants of RG, termed type B
astrocytes, self-renew limitlessly and retain neuropoietic capacity, indicating that indeed at
least a subpopulation of RG fulfill neural stem cell criteria (Alvarez-Buylla and others 2001;
Laywell and others 2000; Alves and others 2002; Merkle and others 2004; Sanai and others
2004).

Numerous reports using rodent models identify RG cells as the only cell with the capability to
give rise to cortical neurons (Malatesta and others 2000; Miyata and others 2001; Noctor and
others 2001, 2004; Weissman and others 2003; reviewed by Kessaris and others 2006).
Comparatively in humans, in addition to RG, which have the capability to give rise to all three
neural lineages, restricted neuronal progenitors appear to be present from the earliest stages of
corticogenesis (Zecevic 2004; Howard and others 2006; Mo and others 2007).

RG and Cortical Neurons in the Developing Human Brain

It is worth noting that, until this past year, RG were not directly shown to generate neurons in
humans, and the belief that RG are neurogenic in man was extrapolated from studies in rodents
(Malatesta and others 2000; Miyata and others 2001; Noctor and others 2001, 2004; Weissman
and others 2003) and immunohistochemical experiments using fixed human embryonic and
fetal tissue (Weissman and others 2003; Zecevic, 2004; Howard and others 2006). In vitro
experiments with human fetal RG isolated from midgestational VZ/SVZ by immunopanning
showed neurons to be the immediate progeny of RG in humans (Mo and others 2007).
Immunopanning was done with an antibody against LeX (fucose N-acetyl lactosamine,
otherwise called SSEAL or CD15), a cell surface molecule expressed by mouse embryonic
stem cells (e.g., Kim and Morshead 2003; Capela and Temple 2006). This antibody also
identified human fetal VZ/SVZ cells that self-renewed and had high levels of nestin mMRNA
expression, typical of stem-like cells (Mo and others 2007). In our in vitro experiments, the
purity of immunopanned cells was 95%, as determined by subsequent LeX immunolabeling
(Fig. 3A-C). LeX™ cells were highly prolific, which was consistent with their high frequency
(40%) of neurosphere formation in uncoated dishes (Fig. 3D). Neurospheres derived from
LeX* cells, when allowed to differentiate, generated mainly astrocytes (84%) and a small
number of B-111-tubulin® neurons (13%; Fig. 3E).

Whole-cell recordings are emerging as a powerful experimental tool for studying the
developing brain (Kerkovich and others 1999; Noctor and others 2001; Picken Bahrey and
Moody 2003; Noctor and others 2004; Zhang 2004). Biophysical characteristics of the cell
membrane, such as the amplitude and dynamics of transmembrane currents, can be used to
complement cell type identification in mixed cultured systems and other in vitro preparations
(Chiu and others 1994; Kerkovich and others 1999; Piper and others 2000; Calhoun and others
2003; Balasubramaniyan and others 2004; Pagani and others 2006; Johnson and others
2007). In the example shown in Figure 4, a cultured human LeX* cell was patched in whole-
cell configuration (Fig. 4A). The fluorescent dye rhodamine was injected into the cytoplasm
to trace the processes and reveal cellular morphology (Fig. 4B). While the cell was slowly
injected with the dye, electrical recordings were performed to assess membrane properties.
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Voltage-clamp recordings detected a substantial tetrodotoxin (TTX)-sensitive Na* current in
7 of 19 human LeX* cells (Fig. 4C). These cells were capable of firing an action potential (AP)
upon direct current depolarization (Fig. 4D). Since neurons are the only cellular elements in
the CNS capable of firing a sodium action potential, the results shown in Figure 4 unequivocally
demonstrate that a substantial fraction of LeX™ cells were dedicated neuron progenitors.

In addition, a series of immunocytochemical and electro-physiological experiments confirmed
that B-111-tubulin was specific for neuronal cells and not transiently expressed in RG destined
to become astrocytes. When LeX™* cells with neuronal morphology were patched with
rhodamine-filled pipettes, they produced transient sodium current in voltage-clamp mode, and
a regenerative spikelet in response to direct current injection. Antibody to -111-tubulin
subsequently labeled the rhodamine-filled cells, indicating that LeX*/B-I11-tubulin® cells were
neuronal progenitors (Mo and others 2007).

To confirm that these LeX* progenitors that generated neurons were, in fact, RG, we transfected
them with RG-specific plasmids, enhanced green fluorescent protein (EGFP) driven by the
BLBP (Schmid and others 2006) or the human GFAP (hGFAP) promoter (de Leeuw and others
2006). When transfected (green) cells differentiated, the vast majority became GFAP* astroglia
(Fig. 5A-C), but occasional cells (0.5%) were colabeled with -111-tubulin and had morphology
of young neurons (Fig. 5D-F). Finally, since BLBP-EGFP and hGFAP-EGFP were
presumably downregulated in transfected cells that differentiated into neurons, LeX* cells were
cotransfected with BLBP-Cre and CAGGS-loxP-LacZ-loxP-YFP (B-actin-based promoter).
This allowed differentiated RG progeny to be followed prospectively. Initially, YFP was
present only in GFAP* cells, and notin GFAP™ cells. Transfected RG cells, however, gradually
differentiated into young, B-111-tubulin* neurons, and finally mature neurons labeled with
NeuN (Mo and others 2007). Taken together, these data directly demonstrated that human RG
differentiate into mature, cortical neurons, as also reported in mice. Additional studies,
however, indicate that the cortical progenitor pool is more complex in human and that multiple
progenitors likely produce cortical neurons.

Neuron Restricted Progenitors

Studies using cell-type-specific markers suggest that neuron-restricted progenitors are present
in the human cortical VZ/SVZ from early embryonic stages of development (Zecevic 2004;
Howard and others 2006). In human embryos, three dividing cell types are identified as early
as 4.5 gw, immediately prior to neurogenesis (Howard and others 2006). The first cell type
colabels with 4A4 and anti-SMI-31. This phenotypic profile is consistent with the ability of
RG to produce both glia and neurons (Mo and others 2007). The second progenitor cell type
is labeled by neuron-specific antibodies such as SMI-31 and MAP2, but not labeled by RG or
astrocytic markers (e.g., 4A4, vimentin, or GFAP). The final cell type that divides in the wall
of the neural tube is marked by bisbenzimide, which labels all cell nuclei, but is not identified
with a panel of neuronal or glial markers including SMI-31, MAP2, and 4A4. Whether these
cells represent neuroepithelial cells, an intermediate progenitor cell type between
neuroepithelium and RG, or a derivative that never progresses through an RG lineage, is
difficult to determine in the fixed human embryonic CNS.

In addition to their antigenic properties, the spatial distribution of the three aforementioned
progenitor types also suggests that neuron-restricted progenitor cells coexist with RG in the
human neural tube (Howard and others 2006). When followed chronologically, nascent RG
(4A4¥ISMI-31* cells) extend from caudal and dorsal positions at 4.5 gw to rostral and ventral
locations at 6 gw, by which point RG are present in the wall of the entire CNS. At 4.5 gw,
however, putative neuron-restricted (SMI-31*/4A4") dividing cells are present throughout the
entire neural tube, including the most rostral part. It is unlikely that SM1-31* dividing cells in
the prosencephalon are derived from RG, given that RG are not yet present in the rostral
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forebrain of the 4.5-gw embryo and other known developmental gradients in the CNS
(including that for RG) proceed caudally to rostrally. Equally unlikely is the notion that
SMI-31*/4A4~ dividing cells “de-differentiate” by up-regulating 4A4 to become multipotent.
Indeed, other authors have described restricted progenitor subtypes that exist from the
beginning of neurogenesis in primates (Levitt and Rakic 1980; McCarthy and others 2001,
Zecevic 2004; Bystron and others 2006) and rodents (Mayer-Proschel and others 1997;
McCarthy and others 2001; Haubensak and others 2004; Gal and others 2006).

Moreover, at all examined ages of the human fetal development (5-22 gw), we and others have
observed a small number of cells that double-label with RG and neuronal markers (Skogh and
others 2001; Zecevic 2004; Howard and others 2006; Mo and others 2007). These cells may
represent multipotent progenitors, neurogenic RG cells, or, at later stages of development,
intermediate progenitors (IPs) on their way to differentiate into neurons (Noctor and others
2004; Miyata and others 2004; Martinez-Cerdeno and others 2006). Indeed IPs contribute to
the total cell population in our VZ/SVZ cultures at midgestation, as demonstrated by
immunostaining for the IP marker Thr-2 (see below; Hevner and others 2001).

These data indicate several possibilities: 1) pluripotent neuroepithelial cells give birth to both
RG and a separate neuron-restricted progenitor line prior to 4.5 gw; 2) neuroepithelial cells
transform exclusively into RG that then give off a separate neuron-restricted progenitor line,
which in turn contributes new, postmitotic, migratory neurons to the developing cerebral cortex
in parallel with RG; and 3) there is a single, or series of, common progenitors with pluripotent
potential between the neuroepithelial and radial glial stages that have already broken off into
at least two progenitor lines (RG and neuron restricted) by the onset of corticogenesis. Although
difficult to discern exactly, it seems that in the human embryonic brain RG and neuron-
restricted progenitors derive from a common pluripotent ancestor, but are, in fact, separate cell
lines.

Experiments comparing LeX™ (RG) and LeX™ (cells that remained after immunopanning with
LeX antibody) cell populations further indicated that both RG and neuron-restricted
progenitors within the VZ/SVZ supply the incipient human cortex with neurons (Mo and others
2007). LeX™ cell cultures differed from LeX™ cell cultures in several important aspects: 1) they
contained four times as many dividing B-111-tubulin* cells, demonstrated by double-labeling
with Ki67 (Fig. 6A, B); 2) doublecortin (DCX), another neuronal marker, labeled many more
cells in the LeX"™ culture, none of which was costained with the glial marker 4A4; 3) as many
as one-third (28%) of these DCX* cells were proliferating in LeX™ cultures, in contrast to 3%
in the Lex* cultures, as seen with BrdU colabeling (Fig. 6C, D). That 97% of DCX* cells in
the LeX* culture were quiescent indicates that these putative neurons were likely derived from
RG and correlate to postmitotic migratory neurons in vivo; whereas DCX* dividing cells in
the LeX™ culture were likely neuron-restricted progenitors; and 4) Lex™ cultures contained
only a few proliferating RG (4A4* cells) and had reduced capability to form neurospheres,
indicating limited numbers of stemlike progenitors (Capela and Temple 2006). Concurrently,
the majority of cells in LeX™ cultures were lineage-restricted progenitors that rarely formed
neurospheres. Adding further complexity, clonal analysis confirmed that human fetal LeX*
cells were a heterogenous population that consisted of cell-type—restricted progenitors that
differentiated into either neurons or glia, and multipotent progenitors that produced both
neurons and glia (Fig. 7; Mo and others 2007).

In fact, evidence across experimental models with various species is beginning to confirm that
NSCs give rise to multiple progenitors, including multipotent RG and neuron-restricted
progenitors early in development, prior to the onset of neurogenesis. In culture, human
embryonic stem cells (hES) yield both neuron-specific and multipotent progenitors (Carpenter
and others 2001). In mice, experiments in green fluorescent protein (GFP) knock-in embryos
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suggest that cortical neurons are derived from a neuron-specific progenitor population that
divide symmetrically to produce two postmitotic neurons located at the basal border of the VZ;
whereas a population of mitotic cells in the SVZ divide symmetrically to produce two new
progenitors or asymmetrically to yield a postmitotic neuron and a progenitor, much like RG
asymmetric divisions (Haubensak and others 2004). Similarly, two progenitor populations,
dividing RG and precursors lacking long radial processes that reach pia, termed by the authors
“short neural precursors” that are morphologically, ultrastructurally, and molecularly distinct
from dividing RG, were demonstrated in the mouse VVZ (Gal and others 2006).

Oligodendrocyte Progenitors Derive from RG

Thorough understanding of oligodendrocyte (OL) development, and consequently the process
of primary myelination in humans, is a prerequisite step in exploring new therapeutic
approaches for myelin recovery in developmental disorders as well as autoimmune diseases
and trauma.

In rodents, most OLs are generated during late embryo-genesis and early postnatal life (Pringle
and Richardson 1993; Timsit and others 1995; Olivier and others 2001; Rowitch 2004;
Vallstedt and others 2005; Kessaris and others 2006). Several well-established markers are
used to demonstrate gradual differentiation in the OL lineage: from early oligodendrocyte
progenitor cells (OPCs), immunolabeled by antibodies to chondroitin sulfate proteoglycan
(NG2; Stallcup and Beasley 1987) and platelet-derived growth factor receptor-o. (PDGFRa Lu
and others 2000), to late OPCs labeled with O4 antibody (Sommer and Schashner 1981), and
finally to premyelinating and myelinating OLs, identified by expression of myelin proteins,
myelin basic protein (MBP) and myelin oligoden-drocyte glycoprotein (MOG; Hardy and
Reynolds 1991; Pfeiffer and others 1993).

Initial OL progenitors in rodents include a common OL and astrocyte progenitor (2A-O cells)
isolated from the optic nerve (Raff and others 1983), glial-restricted precursors (GRPs)
identified in spinal cord cell cultures (Rao and others 1998; Gregori and others 2002), a
common neuron-oligodendrocyte progenitor in the ventral spinal cord (Richardson and others
1997, 2001; Rowitch and others 2002), and RG cells (Malatesta and others 2003; Fogarty and
others 2005; Casper and McCarthy 2006; Ganat and others 2006).

Our previous immunolabeling studies demonstrate the distribution of OPCs in the human fetal
forebrain (Jakovcevski and Zecevic 2005a), and that a subset of RG are labeled with OPC
markers, which indicates that RG have the potential to differentiate into early OPCs
(Jakovcevski and Zecevic 2005b). Direct proof of this lineage relationship, however, was
missing until recently.

Using in vitro methods similar to those for obtaining cortical neurons (Mo and others 2007),
we established that RG, enriched from the human fetal VZ/SVZ and kept in a medium
permissive for OL differentiation, generate cells along the OL lineage (Mo Z and Zecevic N,
unpublished data).

Fate Determination of RG Progeny

Combined results from a number of laboratories show that both intrinsic and extrinsic factors
influence fate determination of RG progeny (Fishell 1995; Hartfuss and others 2001; Gétz and
others 2002; Malatesta and others 2003; Anthony and others 2004).

Neuroscientist. Author manuscript; available in PMC 2009 June 27.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

Regional Determination of Cell Fate

Regional determination of progenitor identity is stage dependent. Experiments with mouse
cortical progenitors in which diverse cell types are produced according to a precise time
schedule illustrate this point nicely. The generation of neurons always precedes that of glia,
although glial progenitors are present early but differentiate late in development (Qian and
others 1998, 2000; Abramova and others 2005). This trend is in agreement with results from
our clonal study of two fetal ages, 14 and 20 gw. As was expected at this developmental stage,
individual LeX* cells generated predominately gliogenic clones as cortical neurogenesis was
tapering off (e.g., Sidman and Rakic 1973). However, when the two studied ages were
compared, the number of neuronal clones was higher at 14 gw than at 20 gw, which followed
the predicted time table whereby neurons are generated prior to glia. Interestingly, ~10% of
LeX* cells formed mixed clones, similar to results reported in animal studies (e.g., Parnavelas
and others 1991; Luskin and others 1993; McCarthy and others 2001). Thus, multipotent
progenitors were still present at a relatively late stage of human corticogenesis, which may
have relevance for childhood tumors, such as glioma and meduloblastoma (Ignatova and others
2002; Lim and others 2007). In neurological tumors of adulthood, primarily astrocytomas, a
link between brain tumor stem cells and “normal” neural stem cells that have taken on
oncogenic properties is at the vanguard of oncogenesis research (Sanai and others 2005; Lee
and others 2006; Pfenninger and others 2007; reviewed in Vescovi and others 2006).

Coculture experiments that we performed suggest that both the stage of development and the
local environment play a role in determining RG progeny in the human brain. When GFP-
infected Lex™ cells from an earlier age (14 gw) were cocultured with the ganglionic eminence
(GE) more neurons were generated, but Lex* cells derived from fetuses that were 1.5 months
older (20 gw) produced more neurons in coculture with cortical VZ/SVZ (Mo and others
2007). This pattern is in accord with results from animal experiments (Anthony and others
2004).

Regional cues influence not only the total number, but also the type of neurons generated from
neurogenic RG (Skogh and others 2001; Hall and others 2003). In primates, cortical
interneurons are generated both from GE and cortical VZ/SVZ progenitors (Letinic and others
2002; Rakic and Zecevic 2003). This was confirmed in our in vitro experiments, where
calretinin® interneurons were generated when human LeX* cells obtained from cortical VZ/
SVZ were cocultured with either the GE or cortical VZ/SVZ. The number of interneurons
produced, however, was higher in GE cocultures (50%) than in cortical VZ/SVZ cocultures
(20%; Mo and others 2007). This may be explained by variation in growth factors in these
brain regions. In animal studies, growth factors are reported to influence progenitor and
stemlike cells, and subsequently neurogenesis (e.g., Qian and others 1998; Vescovi and others
1993; Vaccarino and others 1999; Tropepe and others 1999; Sun and others 2005; Marie and
others 2007).

Indeed, the level of MRNA for two growth factors, epidermal growth factor (EGF) and
fibroblast growth factor 2 (FGF2) in our cultured cells were differentially distributed related
to brain region and stage of development. At 14 gw, messenger RNAs (mRNAs) for both EGF
and FGF2 were higher in cells obtained from the GE than cortical VZ/SVZ cells. In contrast,
at a later developmental age (20 gw), the level of EGF mRNA was higher in the cortical VZ/
SVZ, whereas the level of FGF2 mRNA was the same in the two regions (Mo and others
2007). Hence, elevated levels of both mRNA EGF and FGF2 in cultures relate to the forebrain
region and developmental stage and coincide with periods of greater neurogenesis from RG.

Surrounding cells also influence fate determination of RG cells, as demonstrated in a set of in
vitro experiments. A population of human fetal neurons enriched at midgestation consisted of
68 +4.5% B-111 tubulin® neurons and 29.5 + 2.1% GFAP* RG-like cells (Fig. 8A-C). Treatment
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of these cultures with cytosine arabinoside (Ara-C) eliminated highly proliferative GFAP*
cells by 70%. Neuronal number, however, also decreased in these cultures by 30%, suggesting
that either the number of neurogenic RG was reduced and/or astrocytes secrete factors needed
for neuronal survival, such as FGF2 (Vaccarino and others 1999; Mo and others 2007). Indeed,
in primary cell cultures grown without FGF2, neuronal progenitors (B-111-tubulin*) did not
divide (Fig. 8G), whereas GFAP™ astroglia proliferated. In contrast, in primary cell cultures,
in the presence of FGF2, numerous B-tubulin* cells also divided (Fig. 6), suggesting the
importance of FGF2 signaling in proliferation of neuronal progenitors.

Transcription Factors Influence RG Neurogenesis

The expression of homeobox transcription factors is important to establish ventrodorsal and
mediolateral boundaries in the brain during development (Lindsay and others 2005). One of
these transcription factors, paired box 6 (Pax6), is expressed in dorsal regions (Puelles and
others 2000; Stoykova and others 2000; Yun and others 2001), whereas oligodendrocyte
lineage genes 1 and 2 (Oligl and 2) are found in ventral regions (e.g., Ross and others 2003).
The role of Pax6 in CNS development has been studied mainly in rodents (e.g., Puelles and
Rubenstein 2003; Gétz and others 1998), with studies in humans limited to the developing eye
(Glaser and others 1994; reviewed in Chi and Epstein 2002) and adult SVZ (Baer and others
2007).

Notably, Pax6 expression by RG cells in the mouse dorsal telencephalon is a determinant of
neurogenetic fate (Go6tz and others 1998). This is illustrated in Sey mutant mice with
nonfunctional Pax6, in which both RG cells and cortical neurons are reduced by 50% (Heins
and others 2002). In vitro, Pax6 instructs neuronal fate of all progenitors in embryonic and
adult neurosphere preparation (Hack and others 2004). In rodents, Pax6 is down-regulated as
RG cells differentiate into Thr2* IPs and Thr-1* cortical neurons (Hevner and others 2001;
Englund and others 2005). This, however, is not the case in human fetal cells, where not only
RG but also a subpopulation of neuronal progenitor cells and young neurons also express Pax6
at midgestation (Fig. 9).

In the human fetal forebrain at midgestation (17-22 gw), Pax6 is widely expressed, both
dorsally in the cortical VZ/SVZ and ventrally in the GE (Mo and Zecevic 2007). Thus, the
distinction of typical dorsal versus ventral factors reported in rodents is blurred at this
developmental age in the human fetal brain.

Moreover, in contrast to rodents, numerous cells in the cortical VZ/SVZ and GE coexpress
both Pax6 and Olig2, which suggests, again, a lineage relationship between RG and
oligodendrocytes. To study whether Pax6 plays an equally important role in human
neurogenesis as it does in rodents, the expression of Pax6 was knocked down in RG cells
isolated from VZ/SVZ at midgestation by the interference RNA (Pax6 shRNA). Cells
transfected with ShRNA lost their ability to proliferate and generate either intermediate
progenitor cells or neurons (Fig. 9G-J). Notably, loss of Pax6 reduced proliferation of RG
cells, similar to reports in the developing retina (Marquardt and others 2001), but in contrast
to findings in the rodent cerebral cortex (G6tz and others 1998; Heins and others 2002). In
addition, loss of Pax6 reduced the number of both projection neurons and interneurons
regardless of the brain region (Mo and Zecevic 2007). This suggests that the role of the
transcription factor Pax6 in RG-driven neurogenesis is well maintained from rodents to
humans. In humans, however, the role of Pax6 is more complex, regulating the neurogenic
potential of RG both in the dorsal and ventral telencephalon, as well as mediating generation
of interneurons in addition to projection neurons. Interestingly, Pax6 has also been shown to
favor neurogenic potential of type B cells, the adult neural stem cells (Hack and others 2005).
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Concluding Remarks

Nearly a decade has passed since RG cells were first described to be the direct predecessors
of pyramidal neurons in the rodent telencephalic wall. Yet, not until this past year were RG
shown to be definitively neurogenic in human fetal development (Mo and others 2007). Despite
the obvious difficulties in studying the human fetal brain from a technical perspective, all that
can be gleaned directly about human nervous system development is of incalculable value as
related to the prevention and treatment of neurological and psychiatric disorders.

The assumption can be made that the complex organization of the human cortex has its
foundation in the early complexity of cortical progenitors. Studying development of the human
brain in vivo is not yet possible with the techniques currently available. Studies based on
double-labeling immunohistochemistry, however, indicate that various subtypes of dividing
cells are present in the fetal VZ/SVZ region. In vitro studies, using antigenic and electrical
properties, more convincingly reveal that RG are multipotent progenitor cells that can generate
all three neural cell types: neurons, astrocytes, and oligodendrocytes. Many questions,
however, still remain. When is the decision made to restrict cell potential and what are the
determinants of a particular cell fate? How do progenitors vary during development and across
forebrain regions? Transcription factors, such as Pax6 and Oligl and 2, are a few examples of
multiple factors that determine neuronal and oligodendrocyte fate. The role of surrounding cell
types, growth factors, or spontaneous activity in these processes must still be better explored.
Studies on brain slice cultures, which contain human cortical progenitors in their normal
microenvironment, must be more extensive. Furthermore, noninvasive imaging techniques,
refined to the point of resolution adequate to observe individual cell groups in vivo, will greatly
facilitate our understanding of the structural and functional characterization of human cortical
progenitors (Manganas and others 2007).

The brain, once believed to be completely differentiated, is now known to contain adult NSCs
that directly descend from RG. These cells have been implicated as the initiating cells in
malignant gliomas (reviewed in Sanai and others 2005), and research in this arena has recently
focused heavily on the connection between neurogenesis and tumorigenesis.

As we review the achievements of the past decade, researchers in the field of human
neurodevelopment are undoubtedly working to significantly advance our understanding of RG/
NSCs. Comprehending the biology of these unique cells will be paramount to preventing
diseases caused by stem cells that have gone awry (tumors) and devising treatments for diseases
with neuronal loss, restoring the normal cytoarchitecture.
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Fig. 1.

Astroglial markers in the embryonic and fetal human forebrain. (A) 4A47 cells in the ventricular
zone (VZ) of the 4.5-gestation week (gw) embryo. Note a cell close to pia (arrow). Dotted lines
mark pia and ventricular surface. (B) At 5 gw, radially oriented vimentin® fibers and dividing
cells by the VZ surface. (C, D) At 15 gw, long vimentin* fibers span the entire thickness of
the medial telencephalic wall. Dashed lines mark cortical plate (CP). (E) Four regions along
the telencephalic wall at midgestation (22 gw) show differential orientation of vimentin™ fibers.
Note a “meshlike” distribution in the intermediate zone (12). (F) Glial fibrillary acidic protein
(GFAP) labels radial glia at midgestation and (G) an occasional mature looking astrocyte in
the lower portion of the cortical plate. (H) Higher magnification of GFAP-labeled ventricular
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zone/subventricular zone (VZ/SVZ) at midgestation. Blue-bisbenzamide labeling. Scale bars:
A, B,C, D, E, H,50 um; G, 20 um.
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Fig. 2.

(A) Immunolabeling with neuronal marker SMI-31 at the rostral end of neural tube at 4.5
gestation weeks (gw). (Inset, boxed area in A) SMI-31* cells dividing in the ventricular zone
(VZ) and processes in the emerging primordial plexiform layer (PPL), below the pia. (B)
Neuron-specific enolase (NSE) labels young neurons in the PPL at 7 to 8 gw. Scale bars: A,
200 pm; inset, 20 um; B, 20 pm.
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Fig. 3.

LeX* cells isolated from the human forebrain at 20 gestation weeks (gw). (A) Acute cell culture
under phase contrast. (B, C) The cells are immunostained with LeX antibody (green). (D)
Floating neurospheres derived from LeX™* cells form in expansion medium after 7 days in vitro.
(E) In differentiation medium, neurospheres attach to the surface and differentiate mainly into
GFAP* astrocytes (red) and occasionally into neurons labeled with B-111-tubulin (green). Blue-
cell nuclei are stained with bisbenzimide. Scale bar: 50 pum.
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Fig. 4.

Electrophysiological characterization of human cells in vitro. (A) Infrared image of a human
fetal LeX* cell inthe culture dish. Electrical recording is carried out using a glass pipette (patch)
in whole-cell configuration. (B) Same cells as in A after the injection of fluorescent dye
rhodamine. (C) Transient inward current (Na* current) obtained from a human LeX™* cell in
culture. (D) The same cell as in C except the recoding configuration is switched from voltage
to current clamp. A series of current pulses is injected into the cell to study the membrane
excitability. Triggering of an action potential (AP) suggests neuronal lineage. Scale bar: A,
B, 10 um
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Fig. 5.

Progeny of radial glia (RG) cells transfected with brain lipid-binding protein/enhanced green
fluorescent protein (BLBP-EGFP) plasmid. After 7 days in vitro in differentiation medium,
the green cells are either (A—C) colabeled with glial marker GFAP (arrow), or occasionally
(D-F) neuronal marker p-111-tubulin (arrow). Scale bar: 25 pm.
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Fig. 6.

Proliferative neuronal restricted progenitor cells. (A, B) Cells labeled with B-111-tubulin/Ki67.
(A) LeX" cells cultured in expansion medium, numerous B-111-tubulin* cells (green) are
proliferating as indicated by their colabeling with Ki67 (red, arrows). (B) Under the same in
vitro conditions, in LeX* cultures, dividing p-111-tubulin* cells are rare (arrows). (C) In
LeX™ cultures, numerous DCX™ cells (green) are observed, and some of them incorporate BrdU
(red, arrows). (D) In LeX™* cell cultures, however, the number of DCX* cells is small and BrdU
rarely incorporates into these cells (red). Scale bar: 25 pum.
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Fig. 7.

Clonal analysis of LeX™ cells. Clonal analysis reveals that a single LeX* cell generates clones
that consist of (A—C) only B-I11-tubulin® cells, (D—F) mixed clones, (G-1) only GFAP* cells.
In all pictures cell nuclei are stained with bishen-zimide (blue). Scale bar: 25 pm.
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Fig. 8.

(A—C) Enriched human, fetal, neuronal cultures in control conditions. (A) Neurons stained with
B-111tubulin comprise two-thirds, whereas (B) glial fibrillary acidic protein* (GFAP*) astroglia
account for one-third of cells in these cultures. (C) Higher magnification of cells double-stained
with B-111 tubulin and GFAR. (D-F) Cytosine arabinoside (Ara-C)-treated cultures. (D)
Neuronal number declines less than (E) the number of highly proliferative astrocytes. (F)
Higher magnification. (G) B-111 tubulin* neurons (in red) are not proliferating, as seen with
Ki67 colabeling (in green). Scale bar in A: 50 um
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Fig. 9.

Paired box 6 (Pax6) is critical for neurogenesis. (A—C) Pax6 (red) is expressed in the ventricular
zone (VZ) and subventricular zone (SVZ) on cryosections frontally cut from the human fetal
forebrain at 15 gestation weeks. Blue-bisbenzimide (BB)-labeled cell nuclei. (D-F)
Coexpression of Pax6 and (D) intermediate progenitor marker Thr2, or (E, F) neuronal markers.
(E) Doublecortin (DCX) and (F) p-I11-tubulin (arrows) after 3 days in vitro (div). (G-J)
LeX* cells cultured 3 div in expansion medium after transfection with Pax6 shRNA followed
by 5 div in differentiation medium. (G) Pax6 knockdown cells (green, open arrows) are labeled
with (H) glial fibrillary acidic protein (GFAP, open arrows; blue), but not with 1) B-111-tubulin
(red, arrows). (J) Merged image. Scale bars: A-C, 100 um; D-J, 25 um.
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