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Dividing Precursor Cells of the Embryonic Cortical Ventricular Zone
Have Morphological and Molecular Characteristics of Radial Glia
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The embryonic ventricular zone (VZ) of the cerebral cortex
contains migrating neurons, radial glial cells, and a large pop-
ulation of cycling progenitor cells that generate newborn neu-
rons. The latter two cell classes have been assumed for some
time to be distinct in both function and anatomy, but the cellular
anatomy of the progenitor cell type has remained poorly de-
fined. Several recent reports have raised doubts about the
distinction between radial glial and precursor cells by demon-
strating that radial glial cells are themselves neuronal progenitor
cells (Malatesta et al., 2000; Hartfuss et al., 2001; Miyata et al.,
2001; Noctor et al., 2001). This discovery raises the possibility
that radial glia and the population of VZ progenitor cells may be
one anatomical and functional cell class. Such a hypothesis
predicts that throughout neurogenesis almost all mitotically
active VZ cells and a substantial percentage of VZ cells overall

are radial glia. We have therefore used various anatomical,
immunohistochemical, and electrophysiological techniques to
test these predictions. Our data demonstrate that the majority
of VZ cells, and nearly all mitotically active VZ cells during
neurogenesis, both have radial glial morphology and express
radial glial markers. In addition, intracellular dye filling of elec-
trophysiologically characterized progenitor cells in the VZ dem-
onstrates that these cells have the morphology of radial glia.
Because the vast majority cycling cells in the cortical VZ have
characteristics of radial glia, the radial glial precursor cell may
be responsible for both the production of newborn neurons and
the guidance of daughter neurons to their destinations in the
developing cortex.
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The ventricular zone (VZ) of the embryonic cerebral cortex is a
pseudostratified neuroepithelium that contains the precursor cells
for most excitatory neurons contributing to the adult neocortex.
The initial anatomical descriptions of the cells of the VZ were
published over 100 years ago by several pioneering neuroanato-
mists, including Kolliker, His, Golgi, Magini, and Ramon y Cajal
(for review, see Bentivoglio and Mazzarello, 1999). Both Kolliker
(1896) and His (1889) showed the existence of a neuroepithelium
lining the ventricular system, and Kolliker (1896) also demon-
strated, using Golgi impregnations, that cells of this layer pos-
sessed long radial fibers that extended into the cortical mantle.
Magini (1888b), also using the Golgi method, provided an explicit
anatomical description of the neuroepithelial cells of the embry-
onic cortex: “The cylindrical epithelial cells which cover the
ventricular cavity are rather thin (4-6 pwm in general), and from
each one there escapes a very fine filament which radiates toward
the surface of the brain—often I could follow it after it crossed all
the thickness (3 mm approximately) of the medullary and cortical
substance” (translated from the French). Ramon y Cajal’s (1911)
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illustrations of embryonic cortex clearly show radial processes
extending from the cells of the periventricular neuroepithelium
and terminating in branches at the pial surface of the cortex.
Ramon y Cajal (1911) also suggested that the reticulated appear-
ance of the “marginal veil,” just beneath the pia, resulted from
“the interweaving of branches derived from neuroepithelial
cells.”

Several terms were used by different authors to refer to the
radial cells of the periventricular epithelium, including “epithelial
cells” (Golgi, 1886; Ramon y Cajal, 1911), “neuroepithelial cells”
(Ramony Cajal, 1911), “ependymal cells” (Retzius, 1894), “spon-
gioblasts” (His, 1889), and “neuroglial cells” (Magini, 1888b).
Magini (1888a) was the first to use the term “radial neuroglial
cells.”

Magini (1888b) observed numerous “varicosities” containing
nuclei apposed to the radial fibers of these cells and argued that
they represented migrating neurons. Although Ramon y Cajal
(1911) agreed that the neuroepithelial cells possessed long radial
fibers, he dismissed the idea that newborn neurons migrate along
these fibers and postulated instead that the radial fibers serve as
general structural support for the developing brain.

Ramon y Cajal (1911) also suggested that neuroepithelial cells
were a distinct population from neural progenitors. He supposed
that the latter were the round cells with mitotic figures usually
observed near the ventricular surface. This proposal agreed with
earlier conclusions made by His (1889), who had conceived of
separate spongioblast and germinal cell populations. Decades
later, however, Sauer (1935) showed that neuroepithelial cells in
the CNS undergo a process of interkinetic nuclear migration in
which their nuclei descend to the ventricular surface to divide.
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Therefore, the neuroepithelial cells and the mitotic figures at the
ventricular surface are not distinct cell populations but represent
different cell cycle stages of the same population. Despite the
acceptance of this idea, a conceptual distinction has remained
between the elongated radial glial cells of the VZ and the popu-
lation of neural precursor cells.

This conceptual distinction was reinforced by the finding that
many but not all mitotic cells in the primate VZ express the glial
marker GFAP (Levitt et al., 1981, 1983). The findings that radial
cells of the VZ can express GFAP and possess glycogen granules,
a glial histologic characteristic (Rakic, 1972; Levitt and Rakic,
1980), supported the idea that these cells are a specialized form of
glial cell. Rakic therefore first applied the term “radial glia”
(Rakic, 1971a,b), and this appellation is now universally ac-
cepted. Radial glia are defined by their characteristic morphol-
ogy: an endfoot at the ventricular surface, an oval-shaped nucleus
found in the VZ or subventricular zone (SVZ), a long radial fiber
containing 24 nm microtubules and 9 nm intermediate filaments
that extends to the “limiting membrane” just below the pia, and
abundant glycogen granules in the terminal endfeet near the pia
(for review, see Rakic, 1995).

Magini’s (1888a,b) original suggestion that newborn neurons
migrate along the radial fibers of embryonic epithelial cells was
proven correct by Rakic in the 1970s using Golgi impregnation
and electron microscopy (Rakic, 1972). Rakic’s electron micro-
scopic reconstructions showed that the long radial fibers of pri-
mate radial glia have bipolar migrating neurons apposed to them
at various levels, showing that radial glia serve as migrational
guides for newborn neurons. Subsequently, much work has been
done to elucidate the specific molecular interactions underlying
the migration of newborn neurons along their radial glial guides
(for review see Hatten, 1999).

The finding that the long radial cells of the embryonic cortex
are glial cells specialized to subserve neuronal migration was
initially interpreted as additional evidence that this population of
cells is distinct from the population of neuronal progenitors in the
VZ. Glial cells have not been considered previously to be poten-
tial neuronal progenitors, and the demonstrated role of radial glia
in supporting neuronal migration is consistent with the known
role of glia as support cells in the CNS. However, recent evidence
from several laboratories showing that radial glia generate neu-
rons has called into question the distinction between radial glia
and neuronal progenitors (Malatesta et al., 2000; Hartfuss et al.,
2001; Miyata et al., 2001; Noctor et al., 2001; Tamamaki et al.,
2001).

Radial glia isolated by several different methods have been
shown recently to generate neurons in vitro (Malatesta et al.,
2000; Hartfuss et al., 2001). Using in vivo lineage analysis with a
green fluorescent protein (GFP)-expressing retrovirus, we have
shown recently that radial glial cells are neuronal precursor cells
that generate clones of neurons that migrate along parental radial
glial fibers (Noctor et al., 2001). In this study, cells labeled in the
VZ soon after infection were nearly all radial glia, suggesting that
most dividing cells in the VZ are radial glia. Experiments pub-
lished recently using a GFP-expressing adenovirus and 1,1'-
dioctadecyl-3,3,3',3’-tetramethylindocarbocyanine ~ perchlorate
(Dil) labeling have confirmed that cycling radial glia in the VZ
produce neurons (Miyata et al., 2001; Tamamaki et al., 2001),
showing that radial glial infection is not a selective property of the
retrovirus used in the above study. Taken together, these data
show that radial glia, in addition to being scaffolds for neuronal
migration, also serve as neuronal progenitors.
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It is unclear whether the production of neurons by radial glial
cells represents the rule or exception in neocortical development.
If the conceptual distinction between radial glia and precursor
cells is incorrect, then most cortical VZ precursor cells may be
radial glia. To explore this question we performed a quantitative
analysis of the number of radial glial cells located in the cortical
VZ. We first used multiple anatomical approaches to determine
what proportion of VZ cells has the defining morphologic fea-
tures of radial glia. Next, we randomly obtained whole-cell re-
cordings with single-cell dye labeling to determine what percent-
age of electrophysiologically identified VZ precursor cells has
radial glial morphology. Finally, we determined the percentage of
dividing VZ cells that express the radial glial markers vimentin
(Alvarez-Buylla et al., 1987), 4A4 (Kamei et al., 1998), or RC2
(Misson et al., 1988b) and have fibers reaching the pia. Through-
out cortical neurogenesis, our results show that most VZ cells
have the morphology of radial glia, that all cells with the charac-
teristic membrane properties of VZ precursor cells appear to be
radial glia, and that nearly all dividing VZ cells express radial
glial markers and also have radial glial morphology.

MATERIALS AND METHODS

Immunohistochemistry. Animals used in these studies were maintained
according to protocols approved by the Institutional Animal Care and
Use Committee at Columbia University. Timed pregnant Sprague Daw-
ley rats (Taconic, NY) at embryonic day (E) 12, E15, and E18 were
deeply anesthetized using ketamine and xylazine, and embryos were
removed. Embryos at E15 and E18 were perfused transcardially with
ice-cold PBS followed by 4% paraformaldehyde in PBS, and brains were
removed, post-fixed overnight in paraformaldehyde, and then stored in
PBS at 4°C. E12 embryos were fixed overnight by immersion, and then
brains were removed. Cortical slabs were prepared by dissecting away
dorsolateral cortex, opening the lateral ventricle, and removing the
hippocampal anlage to expose the ventricular surface. Cryostat sections
(10-30 wm) were prepared after cryoprotection in 20% sucrose in PBS
and embedding in Tissue-Tek (Sakura, Torrance, CA) before freezing.
Immunohistochemistry was performed by rehydration in PBS for 30 min,
blocking for 1 hr (10% normal goat or horse serum as appropriate, 0.1%
Triton X-100, and 0.2% gelatin in PBS), washing for 10 min in PBS,
incubation overnight at 4°C in primary antibody (dilutions as described
below in 2% normal goat or horse serum as appropriate, 0.1% Triton
X-100, and 0.04% gelatin in PBS), washing three times for 10 min in PBS,
and incubation in secondary antibody for 1-2 hr (dilutions as described
below in 2% normal goat or horse serum as appropriate, 0.1% Triton
X-100, and 0.04% gelatin in PBS). For 5-bromo-2’-deoxyuridine (BrdU)
immunohistochemistry, an intraperitoneal injection of BrdU (Sigma, St.
Louis, MO) (160 mg/kg in 0.9% NaCl) was administered to pregnant
rats 1-2 hr before they were killed, cryostat sections were pretreated with
2N HCI in PBS for 30 min at 37°C before the blocking step, and a
fluorescent primary antibody (see below) was used without a secondary
antibody step. Primary antibodies were obtained from the following
sources and used at the indicated dilutions: fluorescein-conjugated rat
monoclonal anti-BrdU (Accurate Chemical; 1:10), mouse monoclonal
anti-vimentin (Sigma; 1:40), mouse monoclonal 4A4 (kind gift of Dr. K.
Nagata, Aichi Cancer Center Research Institute, Nagoya, Japan; 1:1000),
mouse monoclonal RC2 (Developmental Studies Hybridoma Bank; 1:100),
guinea pig polyclonal anti-L-glutamate/L-aspartate transporter (GLAST)
(gift of Dr. J. Goldman, Columbia University, New York; 1:1000), and
rabbit polyclonal anti-brain lipid binding protein (BLBP) (gift of Dr. N.
Heintz, Rockefeller University, New York; 1:5000). Secondary antibodies
were obtained from the following sources and used at the indicated dilu-
tions: Cy5-conjugated goat anti-mouse (Jackson ImmunoResearch, West
Grove, PA; 1:50), Texas Red-conjugated goat anti-mouse (Vector Labora-
tories, Burlingame, CA; 1:100), Texas Red-conjugated goat anti-rabbit
(Vector; 1:100), and rhodamine-conjugated donkey anti-guinea pig (gift of
Dr. J. Goldman; 1:1000).

Fluorescent cell staining. Fluorescent labeling of chromatin with
Syto-11 or bisbenzamide (Molecular Probes, Eugene, OR) was per-
formed by incubation of sections with 5 um Syto-11 and 0.1% DMSO in
PBS or 0.001% bisbenzamide in PBS for 20 min followed by washing
three times for 10 min in PBS. Fluorescent labeling of cell membranes
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with conjugated concanavalin A (ConA) was performed by incubation of
sections in 0.02 mg/ml tetramethylrhodamine- or Alexa Fluor-488-
conjugated ConA (Molecular Probes), 2 um CaCl2, and 200 uM sodium
bicarbonate in PBS for 1 hr followed by washing three times for 10 min
in PBS.

DiOlistic labeling of the V Z with Dil. E12, E15, and E18 brains prepared
as above were transferred to PBS containing 0.4% EDTA for 24-48 hr at
4°C and then removed to PBS containing 0.1% EDTA. EDTA was added
to all solutions for Dil (Molecular Probes) experiments to prevent
cell-to-cell transfer of the fluorophore (Hofmann and Bleckmann, 1999).
For ventricular surface labeling, cortical slabs were dissected as described
above. Slabs were placed pial side down in preparation for delivery of
Dil. For coronal slice labeling, E18 brains were embedded in low-melting
agarose (Fisher Biotech, Fair Lawn, NJ) and sliced coronally at 200 wm
on a Vibratome (Ted Pella, St. Louis). Cells were labeled with Dil using
the recently developed “DiOlistics” method (Gan et al., 2000). A 3%
solution of Dil in methylene chloride (Sigma) was precipitated onto 0.7
um tungsten microcarriers (Bio-Rad, Hercules, CA). Tefzel tubing (Bio-
Rad) was then sparsely coated along its inner wall with the prepared
microcarriers and cut down to 8 mm for use as bullets. Dil-coated
microcarriers were delivered by gene gun using a 150-200 psi helium
pulse. A 3.0 um Isopore membrane filter (Millipore, Bedford, MA) was
inserted between the gun barrel and the tissue to reduce delivery of
clumped particles. Dil was allowed to diffuse throughout the membrane
of labeled cells for 24 hr in the dark at 25°C in 4% paraformaldehyde
with 0.1% EDTA. Slabs were then embedded in low-melting agarose
(Fisher Biotech), sliced coronally at 250 um on a Vibratome (Ted Pella)
for imaging, and stored at 4°C in PBS with 0.1% EDTA. For counting of
cells and fiber length analysis, sections were examined on an epifluores-
cence microscope, and all distinct Dil-labeled cells were followed across
focal planes to trace fibers from individual cells. Cells were binned by
three independent counters according to radial glial or nonradial glial
morphology and fiber length by identifying the borders of the VZ,
intermediate zone (I1Z), cortical plate (CP), and marginal zone (MZ) on
differential interference contrast (DIC) microscopy. Cells were included
in the fiber length analysis only if the cell body was located within the VZ
and if individual cells and their fibers could be unequivocally identified.
Cells with fibers that were transected at the cut edge of the Vibratome
section were excluded from analysis. Fibers that became too dim to
resolve as they passed deep into the tissue section were binned according
to their furthest resolvable point. For the images shown in Figure 3,
projections were constructed from confocal Z stacks (see below), and in
some cases neighboring cells in other focal planes were masked for
clarity.

Latex microsphere labeling. Cortical slabs were prepared from E18 rats
as described above. Fluospheres (Molecular Probes) were painted di-
rectly onto the pial surfaces of the slabs, which were maintained for 9 hr
at room temperature in artificial CSF (ACSF) that was bubbled contin-
uously with 95% 0O,/5% CO,. BrdU, 20 uM, was added to the ACSF for
the final 2 hr. The 9 hr incubation period allowed sufficient time for the
latex microspheres to be absorbed and transported throughout those cells
with processes reaching the pia. Slabs were fixed overnight in 4% para-
formaldehyde and embedded in 4% agar, and 100 wm coronal sections
were cut on a Vibratome. Sections were immunostained with anti-BrdU
antibodies, and the tissue was counterstained with fluorescently labeled
ConA as described above. Sections were mounted on slides and cover-
slipped with Aquamount. Serial optical sections obtained at high magni-
fication were taken on an FV300 laser scanning confocal microscope
(Olympus). BrdU-labeled soma in the VZ were then assayed for the
presence of Fluospheres. Only those BrdU-labeled cells in which it was
possible to discern the entire soma with ConA membrane labeling were
included for analysis (see Fig. 54, right panel). The use of triple-labeling
and confocal microscopy allowed us to confirm colocalization of BrdU
and Fluospheres within individual cells.

Microscopy. Epifluorescence imaging was performed using either a
Zeiss Axioskop or an Olympus BX50W I upright microscope and appro-
priate fluorescence filter sets for fluorescein or rhodamine. Confocal
microscopy was performed on a Zeiss LSM410 or LSM510 confocal laser
scanning microscope using the following filter sets with the indicated
wavelengths (in nm) for the excitation laser line and emission filters:
fluorescein (green), 488/(510-540); rhodamine (red), 568/(590-610);
and Cy5 (far red), 647/(670—810). For double- or triple-staining exper-
iments, the confocal pinhole was set to reduce the depth of optical
sectioning as much as possible (always <3 um), and the same pinhole
setting was used across channels to ensure equal section thickness for the
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different channels. For imaging of bisbenzamide, dual photon excitation
with a Ti:sapphire laser tuned to 770 nm was used. In some cases,
maximum intensity projections were made from Z stacks (sets of stacked
optical sections), but projection data were never used for double- or
triple-labeling experiments.

Electrophysiology. Whole-cell recordings from living brain slices were
obtained as described previously (Blanton et al., 1989). Briefly, embryos
were removed at E17-E18, brains were dissected, and cortical slices were
cut coronally at 350—-400 um on a Vibratome (Leica). The extracellular
ACSF solution contained (in mm): NaCl 125, KCI1 5, NaH,PO, 1.25,
MgSO, 1, CaCl, 2, NaHCO; 25, and glucose 20, pH 7.4, at 25°C, 310
mOsm/l, and was bubbled with 95% 0O,/5% CO,. Voltage and current-
clamp experiments were performed using an EPC-9 patch-clamp ampli-
fier (HEKA Electronic) controlled by a Macintosh computer running
Pulse v. 8.0 software (HEKA Electronic). Whole-cell recordings were
obtained “blinded” at room temperature from slices that were super-
fused continuously with 95% O,/5% CO,-oxygenated ACSF. Electrodes
(8-12 M) were lowered onto the ventricular surface of a cortical slice
and slowly advanced until a resistance increase was detected (10-50
MQ), after which a suction pulse was immediately applied to form a
gigaohm seal. To establish whole-cell recording, additional suction was
applied to rupture the underlying plasma membrane. Patch electrodes
were filled with (in mm): KCI 130, NaCl 5, CaCl, 0.4, MgCl, 1, HEPES
10, pH 7.3, EGTA 1.1, to which 500 uM Alexa 594-conjugated biocytin
(Molecular Probes) was added to identify recorded cells. Membrane
resistance was calculated by measuring the steady-state current deflec-
tion during 200 msec voltage steps (+10-30 mV) from a holding poten-
tial of —60 mV. I-V relationship was determined by applying 20 msec
voltage steps from —80 to +60 mV. Leak-subtracted voltage-clamp
recordings in response to voltage steps from —80 to —10 mV were used
to examine the presence of voltage-activated inward currents. Fluores-
cently labeled cells were subsequently visualized by epifluorescence on
an upright, fixed-stage microscope.

Retrovirus  production. Replication-incompetent enhanced GFP-
expressing retrovirus was produced from a stably transfected packaging
cell line (293gp NIT-GFP; gift of Dr. Fred Gage, Salk Institute, La Jolla,
CA). Cells were transiently transfected at ~80% confluence with
pVSV-G using the Calphos Mammalian Transfection kit (Clontech, Palo
Alto, CA). Supernatant was harvested 48 hr after transfection, filtered
through 0.45 um low-protein binding filters (Fisher Scientific), and
concentrated 1.000-fold at 35,000 rpm, 4°C for 1.5 hr. Pellets were
resuspended in Opti-MEM (Invitrogen, Rockville, MD) and stored at
—80°C. Final titer of retrovirus was 1 X 107 colony-forming units/ml ~ .

Retrovirus injection. Uterine horns of E17 timed pregnant Sprague
Dawley rats were exposed in a sterile biosafety level II hood. Retrovirus
(0.5-1.0 wl) with Fast Green (2.5 mg/ml) (Sigma) was injected into the
cerebral ventricles through a beveled calibrated glass micropipette
(Drummond Scientific, Broomall, PA). After injection, the peritoneal
cavity was lavaged with 10 ml of 0.9% NaCl, the uterine horns were
replaced, and the wounds were closed.

Laminar analysis. Postnatal day 6 (P6) pups were anesthetized and
transcardially perfused as above. Brains were removed, post-fixed, and
sectioned at 100 wm on a Vibratome (Ted Pella). Optical sections were
collected on a Zeiss 410 laser-scanning confocal microscope, and Z stack
projections were made to analyze the appearance and position of all the
GFP-labeled cells. The laminar position of each GFP-positive cell was
determined by comparing its normalized distance from the pia with layer
position determined from a transmitted light image of the same sections.

RESULTS

Retroviral infection of radial glia demonstrates
postnatal labeling of pyramidal neurons

We have recently demonstrated that radial glial cells generate
radial clones of cortical neurons during embryonic stages of
development (Noctor et al., 2001). At 24 hr after infection, 96%
of infected cells in the VZ are radial glia (Fig. 14), and at later
time points (36, 48, and 72 hr), several clonally related cells,
including neurons, are arrayed along the parental radial glial fiber
(Noctor et al., 2001). To extend these studies, we examined the
postnatal distribution of GFP-labeled cells at stages when most
neurons have completed migration and taken up their final lam-
inar position.
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Figure 1. GFP-retroviral labeling at E17 demonstrates radial glia at 30 hr and upper layer cortical neurons at P6. A, Representative labeling of radial
glia 30 hr after infection. B;, At P6, GFP-expressing neurons are distributed mainly in the upper layers of cortex. B,, Histogram of the laminar
distribution of labeled cells confirms localization to upper cortical layers. C;, At P6, many pyramidal-like cortical cells are GFP positive, as are the apical
processes of transforming radial glia (arrowhead). C;, Optical sections through the GFP-expressing cortical cells shown in C, demonstrate the presence
of the neuronal marker TuJ1. Layers I-VI are indicated. Scale bars: 4, 10 um; B, 20 um; C, 20 um.
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When we analyzed the brains of P6 animals that had been
infected at E17, we found a high density of GFP-positive cells
concentrated in the upper cortical layers (Fig. 1B;), as shown by
laminar analysis of cell position (Fig. 1B,) (x% p value = 6.3 X
10~ *°). This result is consistent with the well characterized
inside-out pattern of cortical lamination in the postnatal cortex
(Angevine and Sidman, 1961), because retroviral labeling at late
stages of neurogenesis such as E17 should give rise to neuronal
progeny that primarily populate the upper layers of the postnatal
cortex. In addition, GFP-labeled pial endfeet of radial glial pro-
cesses were interspersed among labeled cortical neurons (Fig.
1C,, arrowhead). As expected for P6, the radial glia appeared to
be transforming into astrocytes by losing their ventricular end-
feet, developing stellate branches, and translocating away from
the VZ (Fig. 1B,, arrow) (Voigt, 1989; Misson et al., 1991). The
GFP-positive cells in the upper cortical layers expressed the
neuron-specific marker TuJ1 (Geisert and Frankfurter, 1989),
confirming neuronal identity (Fig. 1C;), and the majority had
pyramidal neuron morphology (Fig. 1B,,C;). It has been sug-
gested recently that pyramidal neurons derive from precursor
cells located in the cortical VZ, whereas nonpyramidal neurons
are generated elsewhere (Anderson et al., 1997; Mione et al.,
1997; Tan et al., 1998; for review see Parnavelas, 2001). Therefore
the GFP-positive pyramidal neurons that we observe postnatally
(Fig. 1B,C) may derive from initially infected radial glial precur-
sors observed in the cortical VZ at 24 hr (Fig. 14). Although we
cannot rule out the possibility that some of the GFP-positive
cortical cells were generated by precursors in other brain regions
and migrated into the cortex, these data are consistent with the
concept that radial glia are neuronal precursors in the VZ (Mala-
testa et al., 2000; Miyata et al., 2001; Noctor et al., 2001). How-
ever, these studies do not address whether radial glia represent
the predominant precursor cell type or one subset among a larger
precursor population during corticogenesis. We therefore sought
to determine what proportion of VZ cells are radial glia.

Simultaneous electrophysiological recording and
dye-filling demonstrate that cells with precursor cell
physiology are radial glia

Previous studies using whole-cell recording techniques have de-
scribed the characteristic physiological properties of cycling pre-
cursor cells in the embryonic cortical VZ (LoTurco and Krieg-
stein, 1991; LoTurco et al., 1995; Bittman et al., 1997). These
precursor cells have a low membrane resistance caused by exten-
sive gap-junction coupling and a relative absence of voltage-gated
inward conductances. Previous whole-cell recording studies used
gap junction-permeable dyes to confirm the extensive coupling of
this cell population (LoTurco and Kriegstein, 1991; Bittman et
al., 1997). To characterize the morphology of individual electro-
physiologically identified VZ precursor cells, we labeled cells
intracellularly using electrodes filled with Alexa-594-conjugated
biocytin, a fluorescent dye that does not readily pass through gap
junctions. Whole-cell recordings were randomly obtained from
VZ cells in coronal slices from E12 to E19, ages that span both
early and late stages of neurogenesis in the rat cortex. Recordings
were made by advancing electrodes into the ventricular surface
using the blind technique (Blanton et al., 1989), an approach used
in previous studies to characterize VZ precursor cell physiology
(LoTurco and Kriegstein, 1991; Bittman et al., 1997). This
method selects cells that have an endfoot contacting the ventric-
ular surface, thus allowing for recordings from precursor cells in
the VZ but only rarely from postmitotic neurons.
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Figure 2. All recorded cells had the expected physiological properties of
precursor cells. 4, Typical recordings of current responses to a series of
voltage steps in voltage-clamp mode demonstrate low input resistance. B,
Current—voltage is linear between —90 mV and +10 mV in the same cell
as A. C, Current responses to a series of voltage steps recorded in
current-clamp mode. D, Leak-subtracted voltage-clamp recordings con-
firm the absence of voltage-gated sodium conductances. E, Representative
cells recorded and filled at E712, E15, E16, and EI8. Five representative
recorded cells shown at EI8 exhibit radial glial morphology, with an
endfoot on the ventricle, a cell body within the VZ, and a radial process
extending to the pia (P). Scale bar, 10 pwm.

The mean resting membrane potential of recorded cells ranged
from —57.1 to —77.6 mV at all ages (n = 102 cells). The recorded
cells had the expected physiological properties of precursor cells:
input resistance was low (mean of 138.6 = 6.9 MQ; n = 102) (Fig.
2A), and the current-voltage relationship was linear between —90
mV and +10 mV (Fig. 2B), demonstrating a lack of voltage-gated
sodium conductances (Fig. 2B). Current steps in current-clamp
mode (Fig. 2C) and leak-subtracted voltage-clamp recordings
(Fig. 2D) confirmed the absence of voltage-gated sodium conduc-
tances. Input resistance increased as a function of age from
106.0 = 16.5 M at E12 to 180.6 + 38 M() at E19, consistent with
the known decrease in coupled cluster size during cortical devel-
opment (LoTurco and Kriegstein, 1991).

In all cases (n = 102/102), the recorded cell exhibited radial
glial morphology, with an endfoot on the ventricle, a cell body
within the VZ, and a radial process extending toward the pia. As
the cortical mantle expanded from E12 to E19, the radial fibers of
recorded precursor cells lengthened to span the entire thickness
of the cortical mantle regardless of developmental age (Fig. 2E).
Specifically, at late stages (E18, E19), when a thickened 1Z



3166 J. Neurosci., April 15, 2002, 22(8):3161-3173

separates the pia from the VZ and one can unambiguously iden-
tify radial glial morphology, filled radial fibers extended to the pia
(n = 60/61) or CP (n = 1/61) (Fig. 2E). These results show that
cells with the membrane properties of precursor cells have the
morphology of radial glia.

Random DiOlistic labeling demonstrates anatomically
that most of the VZ cells are radial glia

The VZ is a pseudostratified neuroepithelium where all cells,
with the exception of postmitotic neurons, contact the ventricular
surface (Sauer, 1935). To characterize the morphology of VZ
cells, we randomly labeled VZ cells contacting the ventricle with
the recently developed DiOlistics technique (Gan et al., 2000).
Small Dil-coated tungsten beads were delivered via gene gun to
the ventricular surface of intact fixed cortical slabs, and the Dil
was allowed to diffuse throughout the membrane of individual
cells (see Materials and Methods). This labeling technique al-
lowed us to analyze individual VZ cell morphology and quantify
the number of cells with radial glial features.

DiOlistics experiments were performed at E12, E15, and E18.
Previous observations have shown that radial glial fibers some-
times terminate in the marginal zone, cortical plate, or upper
intermediate zone (Gadisseux et al., 1992). Therefore, our crite-
ria for radial glia included a cell body in the VZ, a ventricular
endfoot, and a radial process extending out of the VZ and into the
MZ, CP, or upper IZ. At E18 the cortical plate and intermediate
zone are relatively thick, and these regions can be distinguished
easily. Most of the cells labeled by this method at E18 (86.6 =
4.5%; n = 21 slices; 799 cells) (Fig. 3E) had distinct radial glial
morphology (Fig. 34,B) with a radial process extending either to
the CP/MZ (60.4 = 4.0%) or the upper IZ (26.2 * 3.6%) (Fig.
3B). In our tissue labeled from the ventricular surface, long fibers
become progressively dimmer as they approach the pia. We
measured fiber length based on the furthest resolvable point and
rarely observed abrupt fiber terminations in the I1Z. Therefore
our counts most likely under-represent actual fiber length. We
observed a smaller percentage of VZ cells (13.4 = 4.5%) that had
processes restricted to the VZ (Fig. 3C). This latter group of cells
may include newborn neurons, as one would expect (Takahashi et
al.,, 1996; O’Rourke et al., 1997), or other cells with short
processes.

To examine the morphology of VZ cells at earlier ages, we also
performed ventricular surface DiOlistic labeling at E12 and E15.
At E15 the VZ is separated from the pia only by the marginal
zone, because the cortical plate has yet to develop (Boulder
Committee, 1970). Most VZ cells labeled with DiOlistics at E15
had a process that spanned nearly the entire thickness of the
cortical mantle, to the upper marginal zone or pia (84.8 = 3.1%;
n = 28 slices; 788 cells) (Fig. 3D). The remainder (15.2 * 3.1%)
had processes restricted to the VZ. At E12, because the neuro-
epithelium spans the entire cortical width (Altman and Bayer,
1990), virtually every cell labeled from the ventricular surface
contacted the pial surface.

To control for potential bias that could be introduced in ven-
tricular surface labeling if there is a nonrandom distribution of
endfoot size among cell classes, we also performed DiOlistics on
the cut surface of coronal sections of E18 cortex. In these exper-
iments, 70.1 + 4.9% of cells with a soma in the VZ were radial
glia, whereas 29.9 = 4.9% were VZ-restricted cells (n = 6 slices;
187 cells). The increased number of nonradial glial cells in the VZ
in these experiments was primarily accounted for by an increase
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Figure 3. Random labeling of VZ cells by DiOlistics suggests that most
of the VZ cells are radial glia. 4, Shown are labeled cells at E18 with
somata (arrowheads) in the upper, middle, and lower zones of the VZ and
long fibers extending to the pia. B, Cells identified by DiOlistic labeling
have expected morphological features of radial glial cells, such as
branched pial endfeet of the long radial fiber (left) and small side branches
(right). C, A small percentage of cells with processes restricted to the VZ
are also observed, with cell bodies (arrowheads) in the middle (left) and
lower (right) zones of the VZ. D, The majority of VZ cells labeled by
DiOlistics at E15 resembled these two examples with long radial fibers. E,
Quantitative analysis of the percentage of cells with long pially directed
fibers (Long) versus cells with fibers restricted to the VZ (Short) identified
by random DiOlistic labeling of the VZ surface at E15 and E18. Scale
bars: 4, C, 10 um; B, D, 5 um. CP, Cortical plate; IZ, intermediate zone;
P, pia; SVZ, subventricular zone.

in cells lacking a contact on the ventricular surface that had the
morphology expected of newborn neurons.

Taken together, the results of our electrophysiological and
DiOlistics experiments show that most of the VZ cells identified
either physiologically or anatomically have radial glial morphol-
ogy. The nonradial glial cells labeled by both approaches likely
included newborn neurons, but on the basis of these data we
cannot rule out the possibility that some of these cells represent
a distinct population of cycling progenitor cells. We therefore
performed a series of experiments to further characterize the VZ
by examining the characteristics of mitotically active VZ cells.

VZ cells in S-phase express the radial glial markers
vimentin and RC2

Neuronal precursors in the embryonic VZ undergo a process of
interkinetic nuclear migration in which cells pass through S-phase
of the cell cycle with their nuclei in the outer half of the VZ and
then enter M-phase along the border of the lateral ventricle
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(Sauer, 1935). To assess what percentage of S-phase cells in the
VZ are radial glia, we labeled S-phase cells in utero at three ages
spanning the neuronogenetic interval (E12, E15, and E18) and
determined what percentage of S-phase cells at these ages express
radial glial markers. Pregnant rats received a single injection of
BrdU and were killed 1-2 hr later. VZ cells were labeled with an
antibody to the radial glial marker, vimentin, an intermediate
filament protein that has been shown to specifically label radial
glial cells in the cortex at the ages used here (Dahl et al., 1981;
Pixley and de Vellis, 1984; Kalman and Ajtai, 2001). Vimentin
labeling is localized to the cytoplasm, whereas the BrdU label
is limited to the nucleus. To ensure that individual double-
labeled cells were identified correctly, we used a third marker,
tetramethylrhodamine-conjugated ConA, to label cellular
membranes (Tarasova et al., 1997), thereby outlining individ-
ual cells. We used confocal microscopy to visualize all fluo-
rescent labels in the same optical section. The use of this
triple-labeling and imaging protocol allowed us to confirm
colocalization of BrdU and vimentin immunolabeling in indi-
vidual cells (Fig. 44.).

As shown in Figure 44,, vimentin is expressed in the vast
majority of BrdU-positive VZ cells. To limit counting of newborn
neurons that might have exited the cell cycle between the injec-
tion of BrdU and the time rats were killed, we counted only
BrdU-positive cells in the outer half of the VZ, where S-phase
nuclei reside. At E12, 99.3 * 0.3% of cells labeled with BrdU in
the S-phase zone were positive for vimentin (n = 13 sections; 548
cells). At E15, the percentage was 98.6 = 0.5% (n = 7 sections;
564 cells), and at E18, the percentage was 98.3 * 04% (n = 9
sections; 539 cells).

To confirm these data, we also performed a quantitative analysis
of the colocalization of BrdU and vimentin labeling in dissociated
VZ cell suspensions to unequivocally identify individual cells. In
these experiments, 94.5% (n = 310 cells) of BrdU-labeled cells
were vimentin positive (Fig. 4B). These data demonstrate that
most of the proliferative VZ cells in S-phase express the radial glial
marker vimentin throughout neocortical neurogenesis.

We repeated these experiments in mouse using the murine
radial glial-specific marker RC2 (Misson et al., 1988b). S-phase
VZ cells were pulse labeled with BrdU in E15.5 mice (roughly
equivalent to E18 in the rat), and mice were killed 1-2 hr later.
We then labeled radial glia with antibodies to RC2 and deter-
mined the percentage of BrdU-labeled cells that were RC2 pos-
itive. RC2 densely labeled the entire VZ (Fig. 4C;,C,) and ap-
peared qualitatively identical to vimentin staining in the rat. As in
the vimentin double-labeling experiments described above, we
used concanavalin-A to confirm colocalization of the markers
within VZ cells. We found that in E15.5 mice, 96.1 = 0.8% (n =
5 sections; 342 cells) of the BrdU-positive VZ cells were positive
for RC2. We also dissociated BrdU-labeled mouse cortical cells
and stained them with RC2 to unambiguously calculate the per-
centage of BrdU cells that also expressed RC2. We found that
97% (233/239) of dissociated BrdU-positive cells coexpressed
RC2 (Fig. 4D). In addition we stained embryonic brain slices
using antibodies against BLBP (Feng et al, 1994) and the
astrocyte-specific glutamate transporter, GLAST (Shibata et al.,
1997), both of which are proteins expressed in subsets of radial
glial cells (Hartfuss et al., 2001). In cortical regions where these
markers are expressed, 93.0 * 2.7% (n = 5 sections; 204 cells) of
BrdU-positive cells were positive for BLBP and 95.4 + 0.3% (n =
4 section; 313 cells) of BrdU-positive cells were positive for
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GLAST. These data indicate that the vast majority of S-phase
cells in the embryonic VZ express a range of radial glial markers.

VZ cells in S-phase have fibers that extend to the pia

If S-phase cells are radial glia, they should have characteristic
radial glial fibers that extend to the pial surface. To examine this
morphological feature of S-phase VZ cells, we applied fluores-
cently labeled latex microspheres (beads) to the pial surface of
acute cortical slabs. The slabs were incubated for 9 hr to allow
retrograde labeling of those cells in the VZ with processes con-
tacting the pia (Katz et al., 1984), and BrdU was added during the
final 2 hr to label S-phase cells. Slabs were then fixed, and coronal
slices were examined to quantify the number of BrdU-positive
cells in the VZ that contained fluorescent beads. All sections were
counterstained with ConA to label cell membranes and outline
individual VZ cells. With this triple-staining protocol, and the use
of serial confocal sectioning, we were able to unambiguously
identify VZ cell somata that contained beads (Fig. 54).

After pial application of fluorescent beads, we found that the
beads retrogradely labeled VZ cells in regions underlying the pial
painting, whereas neighboring regions of VZ remained unlabeled
(Fig. 54, middle panel ). When we examined serial optical sections,
we found that 90.5 * 2.5% (n = 11 sections; 658 cells) of
BrdU-positive VZ cells contained beads in their perinuclear
cytoplasm (Fig. 54, right panel). It is likely that this number
under-represents the actual percentage of bead-labeled VZ cells,
because in the optical sections we could only examine the BrdU-
labeled cell body and not the endfeet or radial fibers of VZ cells.
Therefore, we could not determine whether cells without perinu-
clear beads contained beads in their processes. These data indi-
cate that in addition to expressing radial glial markers, most VZ
cells in S-phase have radial processes extending to the pia. To
examine cycling VZ cells at a different stage in the mitotic cycle,
we next analyzed the expression of phosphorylated vimentin in
cells undergoing M-phase at the ventricular surface.

VZ cells in M-phase express 4A4, a specific marker for
dividing radial glia

Vimentin is phosphorylated by the cell cycle kinase cell division
cycle 2 (cdc2) in radial glial cells during cytokinesis (Kamei et al.,
1998). An antibody raised against the cdc2 phosphorylation site
on vimentin, termed 4A4, has been shown to specifically label
radial glia in M-phase (Kamei et al., 1998). We used 4A4 immu-
nohistochemistry to determine what percentage of VZ cells in
M-phase are radial glia. We stained coronal sections and intact
cortical slabs with the 4A4 antibody and then labeled all cell
nuclei using the fluorophore Syto-11. Using this approach, all
M-phase cells at the ventricular surface can be clearly identified
morphologically by their condensed chromatin and arrangement
of chromatin into mitotic figures. As shown in Figure 5B, confocal
imaging of intact neocortex from the ventricular surface revealed
Syto-11-labeled cells in various stages of M-phase (arrows). All of
these Syto-11-labeled mitotic figures (Fig. 5B, green) are sur-
rounded with positive immunolabeling for 4A4 (Fig. 5B, red).
Other cells in the field without condensed chromatin (Fig. 5B,
arrowheads) are negative for 4A4. Cells in specific stages of
M-phase—metaphase, anaphase, and telophase—could be iden-
tified in both coronal sections and intact cortical slabs, as shown
in Figure 5C. As shown previously for 4A4 immunostaining
(Kamei et al., 1998), positive staining is found almost exclusively
in cells with nuclei along the ventricular border (Fig. 5D), where
VZ precursor cells undergo M-phase. To determine what per-
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Figure 4. S-phase cells in the VZ ex-
press the radial glial markers vimentin
and RC2. A4,, BrdU labeling (BrdU,
green) in E18 rat tissue fixed 1 hr after
BrdU injection to identify S-phase cells.
Vimentin labeling (vim, red) labels most
cells in the VZ. Overlay of the two chan-
nels is shown in the right panel (merge).
A, Colocalization of BrdU and vimentin
labeling in brain slices was confirmed
using a third marker, concanavalin A
(ConA, blue) to label cellular mem-
branes. Overlay of the BrdU, ConA, and
vimentin channels is shown on the right
(merge). B, BrdU-positive dissociated
single cells are also vimentin positive.
Some cells (arrows in DIC panel’) do not
express either marker, and some
vimentin-positive cells do not express
BrdU (arrowheads). C;, In E15 mouse
brain slices, BrdU (green) colocalizes
with the murine radial glial marker, RC2
(red). C,, Colocalization of BrdU and
RC2 was determined at higher magnifi-
cation than in C,, as shown here. D,
BrdU-positive dissociated single cells are
also RC2 positive. Scale bars: 4, C, 15
pm; B, 5 um; D, 20 pm.

2 ConA  BrdU vim  merge

B DIC BrdU vim merge

o

D BrdUu RC2 merge

2 BrdU RC2 merge

centage of M-phase cells express 4A4, we performed quantitative fied (Fig. 5C). Results were virtually identical at the ages studied.
analysis in coronal sections. To conservatively identify M-phase At E12, 98.7 = 0.1% of anaphase and telophase cells lining the
cells for quantification, we counted only cells in anaphase and VZ surface were positive for 4A4 (n = 3 brains; 551 cells). At
telophase, stages that could be easily and unambiguously identi- E15, this percentage was 98.3 = 0.3% (n = 3 brains; 555 cells),
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and at E18, this percentage was 98.8 = 0.1% (n = 3 brains; 597
cells). Therefore, consistent with our data for vimentin expres-
sion in S-phase cells, virtually all M-phase cells in the VZ express
the radial glial-specific marker 4A4 throughout development.
Because low levels of 4A4 staining were also present within the
cytoplasm of labeled cells, we were able to examine the morphol-
ogy of M-phase VZ cells to determine whether they resembled
radial glia. It has been shown recently that dividing radial glial
cells retain their radial fibers even through M-phase of the cell
cycle (Miyata et al., 2001); thus we are able to ask whether mitotic
VZ cells have radial processes characteristic of radial glial cells.
We found that dividing cells often had 4A4-positive radial pro-
cesses extending from the VZ to the marginal zone (Fig. 5D,).
To examine whether 4A4 is specific for dividing radial glial
cells and not ubiquitously expressed in dividing cells in the brain,
we also examined 4A4 staining in sections of P§ cerebellum. At
this stage of cerebellar development, significant numbers of gran-
ule cells are dividing in the external granule cell layer (EGL)
where radial glia are not found. In contrast, a population of
cerebellar radial glial cells, the Bergmann glia, have their nuclei
at the top of the inner granule cell layer (Hatten and Heintz,
1995). In P8 cerebellum, specific 4A4 immunoreactivity was
found in some Bergmann glial cells, but not in mitotic cells in the
EGL (Fig. 5E), consistent with previous data that 4A4 is specific
for dividing cells of the radial glial lineage (Kamei et al., 1998).

DISCUSSION

Precursor cells in the VZ are radial glia

The cortex develops from a proliferative neuroepithelium that
initially spans the entire cortical mantle and thickens progres-
sively during neurogenesis. During this process, radial glia con-
tact the ventricle and elongate their apical fibers far beyond the
upper border of the VZ. A distinction has traditionally been made
between radial glia that extend processes to the pia and neural
precursor cells that are believed to be restricted to the VZ.
However, these two cell populations actually share a number of
common features, including interkinetic nuclear migration during
the cell cycle (Misson et al., 1988a), expression of the neural
precursor marker nestin (Hockfield and McKay, 1985; Lendahl et
al.,, 1990), and a characteristic radial morphology with endfeet
contacting the ventricular surface (Sauer, 1935). These common
features, together with evidence that cortical radial glia generate
neurons (Malatesta et al., 2000; Noctor et al., Miyata et al., 2001;
2001), raise the possibility that neuronal precursor cells and radial
glia may represent overlapping populations of VZ cells. Further-
more, the population of neuronal precursors that are presumed to
be distinct from radial glia has not been clearly characterized.
We find here that most of the cycling VZ cells have morpho-
logical, molecular, and physiological characteristics of radial glia.
We first specifically examined VZ cells that had characteristic
membrane properties of precursor cells and found that they have
radial glial morphology. We next randomly labeled VZ cells using
the DiOlistics technique and found that most exhibit radial glial
morphology, including ventricular endfeet, lamellate projections
that frequently contact blood vessels, and radial processes with
branched endings on the pia. Because postmitotic neurons are
generated by cell divisions at the ages we studied, we next
examined mitotic VZ cells at specific stages in the cell cycle to
determine whether they have radial glial characteristics. We la-
beled S-phase cells using BrdU and found that most of the
proliferating cells express the specific radial glial markers vimen-
tin, RC2, BLBP, and GLAST. Colabeling of M-phase cells with
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Syto-11 and 4A4 confirmed that dividing VZ cells also express the
phosphorylated form of the radial glial-specific marker vimentin.
Moreover, visualization of phosphorylated vimentin within the
long radial processes of M-phase cells directly demonstrated that
dividing VZ cells have radial glial morphology. Finally, pial
application of fluorescent microspheres led to labeling of 90% of
VZ cells in S-phase, indicating that most cycling VZ cells have
processes that reach the pia. Therefore, most VZ cells overall
have radial glial morphology and virtually all proliferating VZ
cells both express specific radial glial markers and have fibers that
span the cortex. Throughout the period of neuronal production,
we do not find evidence for a nonradial glial population of
dividing VZ precursor cells. Therefore, we propose that most
precursor cells in the embryonic ventricular zone are radial glial
cells.

Radial glia have traditionally been classed as specialized glial
cells with a unique developmental role in guiding neuronal mi-
gration (Rakic, 1988). Recent data, however, indicate that radial
glia serve dual roles as both neuronal precursors and migrational
guides (Alvarez-Buylla et al., 1990; Malatesta et al., 2000; Noctor
et al., 2001), suggesting that there may be no appropriate distinc-
tion between radial glia and neuronal progenitors in the VZ
(Alvarez-Buylla et al., 2001; Parnavelas and Nadarajah, 2001). We
show here that nearly all mitotically active VZ cells appear to be
radial glia. Taken together with recent evidence that radial glial
cells generate neurons, the data presented here raise the possi-
bility that radial glia may be the predominant neuronal precursor
cells in the embryonic neocortical VZ.

Are radial glia, glia?

If radial glial cells are to be considered neuronal precursors, is it
appropriate to term them “glia”? In the late 19th century, it was
thought that most, if not all, neuroepithelial cells in the cortex
extend a long radial process across the cortical mantle (Magini,
1888b; Kolliker, 1896). In today’s nomenclature, these cells would
be called radial glial cells. It has been presumed that these cells
are differentiated support cells committed to the glial lineage, in
part because they were shown to express the astrocyte marker
GFAP and possess glycogen granules (Rakic, 1972; Levitt and
Rakic, 1980). Glial cells specialized to guide neuronal migration
(Rakic, 1978; Schmechel and Rakic, 1979a; Levitt and Rakic,
1980) were not believed to be capable of producing neurons as
well. However, it is now clear that these cells are multipotential.
Therefore, it may now be timely to reconsider the general nature
of radial glial cells. Radial glia have many features in common
with astrocytes beyond common expression of molecular markers
such as glial filaments. For example, both cell types make spe-
cialized contacts with blood vessels (Chanas-Sacre et al., 2000),
contain glycogen storage granules (Rakic, 1972; Bruckner and
Biesold, 1981), are coupled together with gap junction channels
(Massa and Mugnaini, 1982; LoTurco and Kriegstein, 1991), and
sustain intracellular calcium waves (T. A. Weissman and A. R.
Kriegstein, unpublished observations). In addition, radial glial
cells are known to transform into astrocytes. Thus it is seems
appropriate to consider radial glia a form of glial cell. However,
because astrocytes and radial glia can generate neurons (Doetsch
et al., 1999; Malatesta et al., 2000; Noctor et al., 2001; Seri et al.,
2001), the radial glial cell can be considered less a specialized glial
cell and more a precursor cell with glial characteristics and the
potential to generate cells of both neuronal and glial lineages.
This formulation recalls the concept of the “radial neuroglial
cells” described by Magini in the 19th century.
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Figure 5. M-phase cells in the VZ express the radial glial marker 4A4, and cells in S-phase and M-phase have radial glial morphology. A4, BrdU-positive
cells ( green) are labeled by fluorescent microspheres (beads, red) placed on the pia. Colabeling (shown at E17) is confirmed by ConA staining of cell
borders (blue). Cells were analyzed in the VZ underlying pial bead application sites (box). Most BrdU-positive cells contain beads as shown in the right
panel. B, Confocal sections of the ventricular surface from intact cortical slabs (shown at E15) demonstrate localization of 4A4 immunostaining (red) in
cells identified as M-phase cells by the pattern of Syto-11 labeling ( green). Arrows identify cells in different stages of (Figure legend continues.)
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Because radial glia self-renew (Levitt et al., 1981; Misson et al.,
1988a), generate neurons (Malatesta et al., 2000; Noctor et al.,
2001), and later transform into astrocytes (Schmechel and Rakic,
1979a; Misson et al., 1991), it may be most accurate to refer to
them as bipotential or multipotential precursor cells. There may
be restrictions on the diversity of neuronal and glial cell types
generated by cortical radial glia. For example, neurons generated
by radial glia in the cortical VZ may include only principal cells
(pyramidal and projection neurons) rather than interneurons
(Mione et al., 1997; Tan et al., 1998; Anderson et al., 1999). The
glial cells generated by cortical radial glia may be restricted to the
astrocytes into which they are thought to differentiate (Schmechel
and Rakic, 1979a; Misson et al., 1991). However, it has been
suggested that in mammals, some radial glial cells might also be
the precursors for the major classes of adult glial cells, including
oligodendrocytes as well as astrocytes (Choi and Kim, 1985;
Hirano and Goldman, 1988; Rakic, 1995). It is also possible that
there are subclasses of radial glial precursor cells (Schmechel and
Rakic, 1979b; Qian et al., 1998; Hartfuss et al., 2001) with more
or less restricted potential to act as neuronal or astrocytic pro-
genitors. For example, the transcription factor genes Emx2 and
Pax6 are expressed within precursor cells of the cortical VZ along
two complementary gradients (Gulisano et al., 1996; Bishop et al.,
2000; Muzio et al., 2002). These patterns may reflect expression of
different transcription factors by radial glial cells in different
proliferative regions. Such selective expression has been demon-
strated for the transcription factor Pax6, which is expressed in
radial glia of the cortex but not radial glia of the basal telenceph-
alon (Gotz et al., 1998),

Radial glial cells and neuronal migration in the cortex
Recently, lineage analysis experiments using chimeric embryos as
well as retroviral labeling indicated that radially migrating corti-
cal neurons are primarily projection neurons, whereas tangen-
tially migrating neurons are primarily interneurons (Mione et al.,
1997; Tan et al., 1998). Moreover, most of the tangentially mi-
grating neurons appear to be inhibitory interneurons generated in
the proliferative zone of the adjacent ganglionic eminence
(Anderson et al., 1997; Wichterle et al., 1999), whereas the
excitatory projection neurons are thought to migrate radially from
the cortical VZ (Anderson et al., 1997; Mione et al., 1997; Tan et
al., 1998). Thus there appear to be different proliferative zones
for the generation of distinct classes of cortical neurons. We
observe that after infection of radial glia in the VZ with a
GFP-expressing retrovirus, many of the postnatal GFP-
expressing cells in the cortex appear to be pyramidal neurons.
This observation is consistent with the hypothesis that cortical
radial glia may generate clones consisting primarily of pyramidal
neurons.

Our anatomical labeling shows that most of the VZ cells have
radial glial morphology, with both an endfoot on the ventricle and
a long radial fiber extending toward the pia (Magini, 1888b; His,
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Figure 6. Schematic hypothesis for neuronal generation in the neocortex.
Our model proposes that one population, the radial glial cell (RG), both
generates neurons and guides neuronal migration. Newborn neurons (N)
generated by radial glial precursor cells ascend along the radial fiber of the
parental radial glial cell. A series of asymmetric radial glial cell divisions
produces a clone of cortical pyramidal neurons. After neurogenesis, some
radial glial cells transform into astrocytes (A).

1889; Kolliker, 1896; Schmechel and Rakic, 1979a; for review, see
Bentivoglio and Mazzarello, 1999). Until recently it was thought
that only radial glial cells have this morphology. It has been
suggested, however, that at early stages of neurogenesis some
migrating neurons may resemble radial glia (Brittis et al., 1995;
Nadarajah et al., 2001). A new time lapse study from Miyata et al.
(2001) suggests that newborn neurons may span the width of the
cortex by inheriting the morphology of their parent radial glial
cell. This study indicates that production of neurons by radial glial
cells is quite common, which supports our conclusion that most
VZ precursor cells have radial glial characteristics. In addition,
Miyata et al. (2001) suggest that radial glial cells have short radial
processes transiently that re-extend after mitosis. These radial
glia with processes that do not reach the pia may correspond to
the “freely arborizing spongioblasts” described by Stensaas
(1967). Other studies have also indicated heterogeneous radial
glial fiber length during periods of neurogenesis (Gadisseux et al.,
1992). One possible explanation is that some radial glial cells in
G,-phase may have shorter regrowing processes after mitosis,
whereas at subsequent cell cycle stages, S-, G,- and M-phase,
radial glial fibers are full length. This interpretation is consistent
with our observations of long fibers in some dividing cells. Al-
though some newly generated postmitotic neurons may have been
included with our radial glial counts in the DiOlistics experi-
ments, we find no evidence that a separate population of mitoti-
cally active nonradial glial precursor cells exists in the VZ.

(Figure legend continued.) M-phase that are 4A4 positive. Arrowheads identify cells without condensed chromatin that are not in M-phase and do not express
4A4. C, Cells in specific stages of M-phase, including metaphase, anaphase, and telophase, are clearly identified by Syto-11 chromatin morphology ( green)
and have surrounding 4A4 fluorescence (red). D1a, Overlay of Syto-11 ( green) and 4A4 (red) fluorescence in a coronal section at E15. D1b, 4A4 staining
in this same section (black) shows multiple cells labeled at the ventricular border and 4A4-positive radial fibers extending toward the pia (arrowheads). D2a,
Radial processes of 4A4-positive cells (arrowhead) extend to the pia and marginal zone (MZ). D2b, Faint 4A4 labeling is present in distal fibers that reach
the MZ (arrowheads). E1, Overlay of Syto-11 ( green) and 4A4 (red) in P8 cerebellum demonstrates colabeling in Bergmann radial glia (arrowheads). Granule
cell precursors in the external granule layer (EGL) do not express 4A4. E2, 4A4-positive staining (black) in the same section as E7 demonstrates morphology
of M-phase Bergmann radial glia (arrowheads). Scale bars: A, 100 um; B, 5 um; C, 4 um; D1, D2a, E, 10 wm; D2b, 5 pum.
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Radial glial cells as neuronal precursor cells in
adulthood and throughout the CNS
Radial glial cells may play a role in neurogenesis in multiple CNS
regions, in both development and adulthood. In the vertebrate
retina, radial glial cells known as Miiller glia have been suspected
to be retinal precursor cells both during early development and
during regeneration (Reh and Levine, 1998; Fischer and Reh,
2001). In the chick optic tectum, radial glia appear to generate
radial clones of neurons during development (Gray and Sanes,
1992). At postnatal stages of cortical development, some radial
glial cells transform into subventricular zone astrocytes
(Schmechel and Rakic, 1979a), which in the adult have been
shown to generate neurons that subsequently migrate into the
olfactory bulb (Doetsch et al., 1999). In the dentate gyrus of the
hippocampus, radial glia persist into adulthood in specific regions
where adult neurogenesis occurs (Gould et al.,, 1997), and re-
cently a link between hippocampal radial glia and adult neuro-
genesis has been suggested (Seri et al., 2001). In the adult avian
ventricular zone, “hotspots” of dividing radial glia correspond to
local regions of neurogenesis (Alvarez-Buylla et al., 1990). Thus
radial glia may generate neurons in the adult nervous system as
well as produce neurons during embryonic development.
Developmental insults can affect radial glia, migration, and
neurogenesis. In utero radiation exposure during periods of
peak neurogenesis disrupts neurogenesis and causes severe
disruption of radial glia (Roper et al., 1997). Similarly, expo-
sure to an antimitotic agent disrupts radial glial cells and
impairs normal cortical layering (Noctor et al., 1999). In hu-
mans, developmental causes of cortical malformations such as
heterotopias, lissencephaly, polymicrogyria, and related con-
ditions have been interpreted to represent varying forms of
neuronal migration disorders. However, in many of these con-
ditions, there is evidence for greatly decreased neuronal num-
bers in addition to the failure of neurons to migrate to their
appropriate destinations. Our finding that radial glia subserve
both proliferation and migration may explain the apparent
combination of proliferative and migrational defects in pa-
tients affected by these disorders. It remains to be seen, how-
ever, whether radial glia play the same roles in primate devel-
opment that we have observed in rodent development.

Conclusion

Our findings expand the role of radial glia in neocortical devel-
opment. The prevailing model for cortical neurogenesis and neu-
ronal migration holds that a distinct population of precursors
restricted to the VZ give rise to neurons that then migrate out of
the VZ along nearby radial glial cells. The present data support a
modified model in which radial glial neuronal precursor cells first
generate neurons in the VZ and then guide the migration of their
neuronal progeny into the cortex (Fig. 6). The centralization of
neurogenesis and migrational guidance in one cell type expands
the role of the cortical VZ precursor cell and provides an efficient
mechanism for establishing the laminar and columnar organiza-
tion of the developing neocortex. The sequential migration of
clonally related neurons along the parent radial glia fiber enables
related cells to take up positions in different cortical layers during
the inside-out formation of the cortex as predicted by the radial
unit hypothesis (Rakic, 1988). Mutual contact with the parental
radial glial fiber (Noctor et al., 2001) may also allow for the
formation of synaptic connections among neurons within the
clone to form a local micronetwork across the cortical layers.
Therefore the clonal relationship between radial glia and their
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neuronal daughter cells may underlie the establishment of local
cortical circuitry to form functional radial units.
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