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ABSTRACT
Neocortical precursor cells undergo symmetric and asymmetric divisions while producing
large numbers of diverse cortical cell types. In Drosophila, cleavage plane orientation dictates the
inheritance of fate-determinants and the symmetry of newborn daughter cells during neuroblast
cell divisions. One model for predicting daughter cell fate in the mammalian neocortex is also
based on cleavage plane orientation. Precursor cell divisions with a cleavage plane orientation
that is perpendicular with respect to the ventricular surface (vertical) are predicted to be
symmetric, while divisions with a cleavage plane orientation that is parallel to the surface
(horizontal) are predicted to be asymmetric neurogenic divisions. However, analysis of cleavage
plane orientation at the ventricle suggests that the number of predicted neurogenic divisions
might be insufﬁcient to produce large amounts of cortical neurons. To understand factors that
correlate with the symmetry of cell divisions, we examined rat neocortical precursor cells in situ
through real-time imaging, marker analysis, and electrophysiological recordings. We ﬁnd that
cleavage plane orientation is more closely associated with precursor cell type than with daughter
cell fate, as commonly thought. Radial glia cells in the VZ primarily divide with a vertical
orientation throughout cortical development and undergo symmetric or asymmetric selfrenewing divisions depending on the stage of development. In contrast, most intermediate
progenitor cells divide in the subventricular zone with a horizontal orientation and produce
symmetric daughter cells. We propose a model for predicting daughter cell fate that considers
precursor cell type, stage of development, and the planar segregation of fate determinants. J.
Comp. Neurol. 508:28 – 44, 2008. © 2008 Wiley-Liss, Inc.
Indexing terms: cortical development; ventricular zone; subventricular zone; radial glial cells;
intermediate progenitor cells; precursor cells; neurogenesis; mitosis; cleavage
plane; asymmetric division; symmetric division; neural stem cells; self-renewal;
self-renewing divisions; mode of division

The human cerebral cortex consists of ⬇50 – 60 billion
neurons and glia (Pelvig et al., 2007), with each classiﬁed
into numerous subtypes (Peters and Jones, 1984). Regulation of the mode of cell division is required to properly
amplify cell numbers through symmetric divisions and
diversify cell types through asymmetric cell divisions. In
Drosophila, cleavage plane orientation plays a crucial role
in determining mode of division for some, but not all,
precursor cell divisions. For example, in neuroblast cells a
vertically oriented cleavage within the plane of the epithelium produces symmetric daughter cells, while a horizontal cleavage orientation produces asymmetric daughter cells based on an apico-basal segregation of fate
determinants (Doe, 1996). However, Drosophila sensory
© 2008 WILEY-LISS, INC.

organ precursor cells also divide vertically within an epithelium, but these divisions produce asymmetric daughter
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cells based on a planar segregation of fate determinants
(Mayer et al., 2005).
Embryonic neuroepithelial cells also exhibit various
cleavage plane angles during mitosis, and cleavage orientation is widely thought to dictate daughter cell fate in the
embryonic neocortex in a manner similar to that described
for Drosophila neuroblast divisions (e.g., see Langman et
al., 1966; Martin, 1967; Chenn and McConnell, 1995; Haydar et al., 2003). This concept was supported by the ﬁnding that fate-determinants such as Numb display an apparent apico-basal pattern of expression that is strongest
at the margin of the ventricle where cortical precursor
cells divide (Zhong et al., 1996). Furthermore, examination of Numb expression in vitro shows clear segregation
of the fate-determinant in dissociated cortical precursor
cells prior to division (Shen et al., 2002). Thus, it was
proposed that vertically oriented divisions would produce
an equal partitioning of fate determinants to newborn
daughter cells and, hence, a symmetric fate, while horizontally oriented divisions would produce unequal partitioning and asymmetric daughter cells (Chenn and McConnell, 1995; Zhong et al., 1996). In particular, this
model speciﬁes that horizontal divisions at the surface of
the ventricle represent asymmetric neurogenic divisions:
the apical daughter cell is predicted to remain proliferative in the ventricular zone (VZ), while the basal daughter
is predicted to be a neuron that migrates away from the
ventricle to the developing cortical plate. However, analyses of cleavage plane orientation in normal developing
rodent neocortex have produced varying results (see Landrieu and Gofﬁnet, 1979; Haydar et al., 2003), and some
studies have concluded that the number of horizontal divisions at the ventricle may be insufﬁcient to produce the
large number of neurons that reside in the cerebral cortex
(Sauer, 1935; Smart, 1973; Landrieu and Gofﬁnet, 1979;
Huttner and Brand, 1997). Furthermore, because of the
previously unappreciated role of embryonic subventricular zone (SVZ) cells in cortical neurogenesis, the cleavage
plane orientation of embryonic SVZ precursor cells has not
been examined in relation to neurogenesis. This takes on
added signiﬁcance considering that previous studies have
reported that most embryonic SVZ cells divide with a
horizontal orientation (Smart, 1973; Zamenhof, 1985).
We explored the relationship between cleavage plane
orientation and daughter cell fate for mitotic neuroepithelial cells in the VZ (referred to as radial glial cells), and
intermediate progenitor (IP) cells in the SVZ of the embryonic rat. We demonstrate that radial glial (RG) cells
divide primarily with a vertical orientation throughout
development, yet switch from producing symmetric
daughter cells during early stages of development to producing asymmetric daughter cells at the onset of cortical
neurogenesis. Thus, RG cells exhibit a shift in the mode of
division that is not accompanied by a change in cleavage
plane angle, as commonly thought. We show that RG cells
generate IP cells, and that most IP cells divide with a
horizontal orientation while producing symmetric daughter cells. We also ﬁnd that IP cells intermingle with RG
cells and divide in the VZ at early stages of cortical development before the SVZ has formed. Thus, the mingling of
two distinct progenitor cell types, each with its own mode
of division, may better explain the shifting patterns of
division and cleavage plane orientation that were previously attributed to a single precursor cell type. Finally, we
show in situ that RG cells are the primary form of neural
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stem cell in the embryonic neocortex since they undergo
self-renewing divisions and produce multiple cell types.
The identiﬁcation of two proliferative cell populations, one
of which demonstrates neural stem cell properties in the
developing brain, has potential for the application of stem
cell biology to disease treatment.

MATERIALS AND METHODS
Virus preparation and animal surgery
Replication-incompetent pantropic retrovirus pseudotyped with the VSV-G glycoprotein (1 ⫻ 106 cfu/mL) carrying the enhanced green ﬂuorescent protein (GFP) reporter gene was produced from a stably transfected
packaging cell line (generous gift of Drs. Fred Gage and
Theo Palmer). Embryonic day (E)15–16 rat embryos were
injected with retrovirus in utero as previously described
(Noctor et al., 2004). This approach labels progenitor cells
that were in contact with the ventricle at the time of the
retroviral injection (Walsh and Cepko, 1988). Brieﬂy, the
uterine horns of E15–16 pregnant rats were removed,
cerebral hemispheres were transilluminated using a ﬁber
optic light, and ⬇0.5 L of retrovirus was injected into the
lateral ventricles of selected embryos. The uterine horns
were lavaged with sterile saline, replaced, and the incision
sutured. The lateral ventricle of E12 and E13 embryos
was injected with retrovirus ex utero and the embryos
cultured at room temperature for 2 hours in artiﬁcial
cerebrospinal ﬂuid (aCSF) bubbled with 95%/5% O2/CO2
containing (in mM): NaCl 125, KCl 5, NaH2PO4 1.25,
MgSO4 1, CaCl2 2, NaHCO3 25, and glucose 20, pH 7.4, at
25°C, 310 mOsm/L. All surgical procedures were performed in accordance with the UCSF IACUC.

Organotypic slice cultures
Two hours after E12–E13 retrovirus injections, brains
were removed and embedded in 4% agar. One day after
E15–E16 retroviral injections embryos were sacriﬁced,
brains removed, and embedded in 4% agar. All brains
were sectioned at 375 m on a vibratome (Leica, Deerﬁeld,
IL) in ice-chilled aerated aCSF. Slices were plated on slice
culture inserts (Millicell, Millipore, Bedford, MA) in culture well plates (Corning, Corning, NY) with culture medium containing (by volume): BME 66%, Hanks 25%, FBS
5%, N-2 1%, Pen/Strep/Glutamine 1% (each from Gibco,
Grand Island, NY), and d-(⫹)-glucose 0.66% (Sigma, St.
Louis, MO). Slices remained in the culture plates for the
duration of time-lapse imaging experiments and were
maintained in an incubator at 37°C, 5% CO2 between
confocal imaging of the labeled cells.

Confocal time-lapse microscopy
GFP-labeled progenitor cells were imaged on an inverted Olympus (Lake Success, NY) Fluoview confocal
microscope. Projection images were made from Z-stacks
that included all visible processes of individual GFP⫹
cells, and all GFP⫹ clonal cells on a PC running Fluoview
(Olympus). We used laser power levels that allowed us to
visualize all cellular processes without risking overexposure to the live cells. Transmitted light images were taken
at each timepoint to track movements of the GFP⫹ cells in
the cultured slices. Cell position was maintained relative
to the ventricular surface while RG cells maintained contact with the ventricular surface. Cells that lost contact
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with the ventricular surface were positioned relative to
the ventricular surface until they left the proliferative
zones, at which point they were positioned relative to the
pial surface for the duration of the time-lapse experiment.
At some timepoints only dividing cells were imaged to
reduce laser exposure to other cells in the clone. Between
timepoints, slices were kept in a humidiﬁed incubator at
37°C, 5% CO2. Cleavage plane angle of dividing GFP⫹
cells was measured during cytokinesis, after experiments
using Adobe Photoshop v7 (San Jose, CA). The orientation
of division was recorded from 0° (horizontal) to 90° (vertical) with respect to the ventricular surface. 3-Dimensional
images were made from the Z-stack and the image rotated
(Olympus Fluoview) to measure cleavage for cells that
divided orthogonally in the slice. Montages were assembled, time-lapse sequences arranged, and images adjusted
to improve contrast/brightness using Photoshop. Line
drawings were prepared using Adobe Illustrator.

Morphological analysis of VZ cells
In utero injections of lower titer retrovirus (1 ⫻ 105
cfu/mL) were performed at E15, as described above, and
embryos sacriﬁced 1 day later. Brains were perfused transcardially with chilled phosphate-buffered saline (PBS)
followed by 4% paraformaldehyde (PFA, Fisher, Pittsburgh, PA). Brains were removed, ﬁxed overnight in PFA
and vibratome-sectioned at 50, 100, or 200 m. All eGFPlabeled cells that contacted the ventricular surface were
analyzed. We determined whether VZ cells had a pial
directed process, and if so whether the process was restricted to the VZ, the IZ, the CP, or the MZ.

Electrophysiology
Organotypic slice cultures were transferred to a recording chamber on an Olympus BX50WI upright microscope
after time-lapse recordings and were perfused with aerated aCSF. GFP⫹ cells were identiﬁed under epiﬂuorescence and recordings performed using an EPC-9 patchclamp ampliﬁer (Heka Electronics, Canada) controlled by
an Apple computer running Pulse v8.0 (Heka). Glass recording electrodes (5–7 M°) were ﬁlled with (in mM): KCl
130, NaCl 5, CaCl2 0.4, MgCl2 1, HEPES 10, pH 7.3,
EGTA 1.1. Epiﬂuorescent images of the recorded cells
were collected using Scion Image (NIH, Bethesda, MD),
and arranged using Photoshop. Electrophysiological responses were measured and analyzed using Pulse, and
traces arranged using Igor Pro (Wavemetrics), and Freehand (Macromedia). We obtained some RG daughter cell
and VZ cell recordings in acute slice preparations. Slices
were prepared from embryonic rat neocortex that had
been injected with eGFP retrovirus in utero as described
above and 500 M Alexa 594-conjugated biocytin (Molecular Probes, Eugene, OR) was added to identify recorded
cells.

Nissl analysis
E12 embryos (n ⫽ 8) were immersion-perfused in PFA
overnight at 4°C and frozen in OCT media. E15 (n ⫽ 3),
E17 (n ⫽ 3), and E20 embryos (n ⫽ 3), and postnatal (P)7
neonates (n ⫽ 3) were perfused transcardially with chilled
PBS followed by PFA. Brains were removed, ﬁxed overnight in PFA, frozen in 2-methyl butane, and stored at
80°C until cryostat (Leica) sectioning at 10 m. Sections
were mounted on glass slides and stained with Cresyl
Violet to label Nissl substance. Sections were photomicro-

graphed and all anaphase and telophase cells were identiﬁed at the ventricular surface and in abventricular positions. The orientation of cleavage plane angle was
calculated by averaging the angle of the sister chromatids
in anaphase and telophase cells with respect to the ventricular surface. Results were statistically analyzed using
Prism (Graphpad Software, San Diego, CA).

Immunohistochemistry
Coronal sections were labeled with goat polyclonal antibodies against doublecortin (DC). We tested DC antibodies that were raised in goat against the N-terminus of
human doublecortin (amino acids 40 –90, Santa Cruz Biotechnology, Santa Cruz, CA, #SC-8067 N-19, Lot F2204,
dilution 1:100), and the C-terminus of human doublecortin
(amino acids 350 – 402, Santa Cruz Biotechnology #SC8066 C-18, Lot D1105, dilution 1:100), and determined
that they provided comparable staining patterns. Western
blotting of mouse embryo extract and 3T3-L1
doublecortin-expressing whole-cell lysate with both antibodies reveals a 40-kD band, which is consistent with the
molecular weight of doublecortin protein (manufacturer’s
technical information). Immunoreactivity obtained with
these antibodies in our hands was completely abolished
through preadsorption with peptide sequences #SC8067P, Lot O402 and #SC-8066P, Lot E059, respectively
(see Fig. 6H). Coronal sections were also labeled with
mouse monoclonal NeuN (Chemicon, Temecula, CA,
#MAB377, clone A60, Lot #0601019159, dilution 1:1000).
The NeuN antibody was raised in mouse against puriﬁed
cell nuclei from mouse brain and recognizes two or three
bands in the 46 – 48-kD range and another band at 66 kD
in Western blotting (manufacturer’s technical information). The NeuN antibody is reported to label most classes
of neurons, and negative controls run by the manufacturer
to test speciﬁcity include nonneuronal cells such as ﬁbroblasts (manufacturer’s technical information). We ﬁnd
that the antibody does not label any dividing cells in the
embryonic neocortex, consistent with data showing that
NeuN labels only neurons. Finally, we labeled coronal
sections of embryonic neocortex with rabbit polyclonal
Tbr2 antibodies (1:2,000; gift of Dr. Robert Hevner; see
Englund et al., 2005). This antibody was generated in
rabbit against the unique peptide sequence EYSKDTSKGMGAYYAFYTSP from mouse Tbr2. Western blotting of
mouse brain homogenates shows a 73-kD band, matching
the predicted molecular weight of Tbr2 (Quinn et al.,
2007). The Tbr2 antibody does not label mature neurons
and shows very little colocalization with Pax6-expressing
cells in the embryonic VZ (Englund et al., 2005). Consistent with these data, we ﬁnd that the Tbr2 antibody does
not label RG cells (Fig. 8).
Sections were rinsed in PBS 0.1 M, pH 7.4, incubated
overnight in antibody buffer containing 2% serum, 0.1%
Triton X, and 0.2% gelatin diluted in PBS. Sections were
rinsed, incubated with biotinylated secondary antibodies
(1:100, Jackson Laboratories, West Grove, PA) for 1 hour
at room temperature (RT). Sections were stained with
avidin-biotin complex (Vector, Burlingame, CA) for 1 hour
at RT, rinsed, and placed in 0.04% DAB (Sigma) with
0.001% H2O2 for 2–5 minutes. Sections were counterstained with Cresyl Violet before coverslipping with DPX
(Sigma). In some cases ﬂuorescent immunolabeling was
produced using goat antimouse secondary antibodies (1:
100; Jackson Laboratories) or goat antirabbit secondary
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antibodies (Abcam, Cambridge, UK; 1:100). We tested the
speciﬁcity of all secondary antibodies through omission of
the primary antibody.

RESULTS
We labeled VZ and SVZ cortical precursor cells in rat
embryonic neocortex with a low titer (1 ⫻ 105) pantropic
eGFP-expressing retrovirus that was pseudotyped with
the VSV-G viral coat glycoprotein (Palmer et al., 1999),
which initiates virus entry into mammalian cells through
interaction with ubiquitous membrane elements (Burns et
al., 1993). Low retroviral titers reduced the likelihood that
the ﬁne processes of eGFP-labeled precursor cells under
study would be confused with those of nearby labeled cells.
We injected the retrovirus into the lateral ventricle of
E12/E13 and E15/E16 rats, prepared organotypic slice
cultures of sensorimotor cortex, and 24 hours after injection began recording the behaviors of proliferative eGFP⫹
cells (60 cells) and all progeny (129 cells total) for up to 4
days through time-lapse confocal microscopy. We documented the morphology of the labeled precursor cells and
recorded their mitotic behaviors, paying close attention to
interkinetic nuclear migration (IKM), cleavage plane orientation, and location of mitosis. We phenotyped newborn
daughter cells based on their morphology, mitotic state,
migratory behavior, and electrophysiological membrane
properties when possible. Each cell division was classiﬁed
as symmetric or asymmetric based on the daughter cell
properties outlined above. We therefore adopted a functional deﬁnition of daughter cell symmetry based on apparent fate rather than on the inheritance of fatedetermining factors.

Vertical RG cell divisions are symmetric
between E13–E15
We analyzed 26 eGFP⫹ cells that divided during timelapse imaging of slices prepared at E13, a stage of cortical
development when neuroepithelial cells acquire the characteristics of RG cells (reviewed in Kriegstein and Götz,
2003), and when the ﬁrst cortical neurons are generated
(Bayer and Altman, 1991).
We identiﬁed two distinct populations of dividing cells.
One set of cells (17/26) was bipolar, exhibited IKM, and
divided at the surface of the ventricle. These cells matched
the morphological and behavioral characteristics of RG
cells (Misson et al., 1988). We analyzed the cleavage plane
angle of these RG cells and found that the majority (16/17)
divided with a vertical orientation (average 84° ⫾
1.0°STD), and one (1/17) divided with a horizontal cleavage
plane (8.0°). However, time-lapse imaging over several
days demonstrated that both vertical and horizontal RG
divisions produced symmetric daughter cells (Fig. 1,
Suppl. Movies 1, 2). The majority of the RG cell divisions
(9/17 divisions) produced two RG daughter cells that retained RG morphological features, resumed IKM, and divided again at the ventricular surface (Fig. 1B,C). We
classiﬁed these divisions as symmetric self-renewing.
Four of 17 RG divisions were apparent asymmetric selfrenewing divisions, in each case producing one daughter
cell that retained RG morphology, and a second set of
daughter cells that included three presumed daughter
neurons and one IP cell. Four additional RG divisions
produced paired daughter cells that both migrated away
from the ventricle.
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The second group of mitotic cells (9/26) did not exhibit
IKM and divided away from the ventricle. These cells
often had a visible ventricular-contacting process initially,
but detached from the ventricle and retracted the process
prior to division. These cells matched the morphology and
behavior of IP cells (Noctor et al., 2004). Most of the IP
cells (5/9) divided with a horizontal orientation, and all
nine IP divisions produced paired daughter cells that resembled each other in morphology and behavior (see Fig.
2A, Suppl. Movie 3). The IP daughter cells did not divide
again during time-lapse imaging. These divisions were
therefore classiﬁed as symmetrical terminal (see Table 1).

Vertical RG cell divisions are asymmetric
between E16 –E19
Following retroviral injections at E15/E16, we analyzed
34 eGFP⫹ cells that divided during time-lapse imaging.
We recorded their morphology and behavior and that of
their progeny for up to 4 days through time-lapse imaging.
In this data set, 19/34 of the labeled cells had RG characteristics: bipolar cells that contacted the ventricle and pia,
exhibited IKM, and divided at the ventricular surface. We
measured the cleavage plane angle of the dividing RG
cells and found that most (18/19), divided with a vertical
cleavage plane angle (average 82.2° ⫾ 3.8°STD), and one
divided at an oblique angle (57.1°).
In contrast to the vertical RG divisions that were often
symmetric at early stages of cortical development, we
found that between E16 and E19 most vertical RG divisions (17/18) produced asymmetric daughter cells based
on the morphological, migratory, proliferative, and physiological evidence that we recorded (see Table 2).
RG cells maintained their pial ﬁber throughout division,
as previously described (Miyata et al., 2001; Noctor et al.,
2001). The pial ﬁber became extremely thin during metaphase but was often identiﬁable by conspicuous varicosities along the entire length of the ﬁber (Fig. 3). Many of
the pial ﬁber varicosities traveled toward the RG cell body
during metaphase and some varicosities fused with the
soma before the onset of cytokinesis (see Suppl. Movies
8 –10). The pial ﬁber was positioned above the center of
the soma as the RG cells entered metaphase, but shifted
laterally to one side of the vertically dividing RG cell
before the cleavage furrow formed, and was inherited by
one newborn daughter cell (see Fig. 4A, t ⫽ 2h:55m). Thus,
vertical RG divisions produced morphologically distinct
daughter cells, one of which inherited the pial ﬁber. We
did not observe any RG divisions that were perfectly vertical (average cleavage plane angle for RG cells at early
and late stages ⫽ 82.9°) and the cleavage plane angle
always tilted slightly away from the daughter cell that
inherited the pial ﬁber. In addition, we observed that the
daughter cell that inherited the pial ﬁber began moving
away from the ventricle before the daughter cell that did
not inherit the ﬁber.
We noted different patterns of migration and proliferation for RG daughter cells that ultimately suggested
asymmetric fates. Immediately after division the RG
daughter cells migrated away from the ventricle at similar
rates of migration, and their nuclei remained adjacent to
one another in the VZ for an average 7.4 ⫾ 2.0 hours (n ⫽
38), and in some cases for many hours longer. Figure 4A
shows an RG cell that divided vertically (t ⫽ 2h:51m) and
produced daughter cells that initially moved at a similar
speed. These daughter cells remained adjacent to one an-
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Fig. 1. Radial glial (RG) cells undergo symmetric self-renewing
divisions during early stages of cortical development. A: Classiﬁcation
of cleavage plane analysis. B: Time-lapse imaging of a single RG cell
in an organotypic slice culture prepared from an embryonic day (E)13
rat. The RG cell is shown entering metaphase at the surface of the
lateral ventricle at t ⫽ 0. The dotted white line indicates the surface
of the lateral ventricle. A vertically oriented cleavage furrow (red line)
begins developing t ⫽ 30 m, and can be clearly visualized at t ⫽ 33 m
and 36 m. Both daughter cells acquired the morphology of RG cells
and remained in the ventricular zone (VZ). C: Horizontal cleavage
plane divisions at the ventricular surface also produce daughter cells
with symmetric morphologies and behaviors. A single bipolar RG cell
at E13 is shown in G1-phase at t ⫽ 0. The RG cell body rose slightly
in the VZ before descending to the ventricular surface (t ⫽ 5h:20m).
The pial ﬁber became very thin and faint during mitosis but was

detected post hoc (see Suppl. Movie 2). The RG cell divided with a
horizontal cleavage plane (red line) at t ⫽ 5h:40m. After division the
soma of the basal daughter cell (red arrowhead) moved away from the
ventricle at a faster rate than its apical sibling. This behavior might
be interpreted to signify an asymmetric fate for the daughter cells.
Nonetheless, extended time-lapse imaging demonstrated that both
daughter cells retained contact with the ventricle, resumed IKM, and
divided at the ventricular surface (t ⫽ 40 h). We therefore classiﬁed
this RG division as symmetric self-renewing. An unrelated cell with
the morphology of a tangentially migrating cell was present in the
marginal zone of the viewing ﬁeld from 5–11 hours. Time elapsed is
shown in either minutes (m), or hours and minutes (hh:mm) as indicated below each sequence. The entire time-lapse sequences can be
viewed in Supplemental Movies 1, 2. A magenta-green version of this
ﬁgure can be viewed online as Supplementary Figure 1.

Fig. 2. Intermediate progenitor (IP) cells divide with horizontal
cleavage orientation, and produce symmetric daughter cells. Timelapse sequence of a single eGFP-labeled IP cell at embryonic day (E)13
(A), and E17 (B), that divided horizontally away from the ventricle.
The left panels in both A and B are transmitted light images showing
the ventricular zone (VZ), the ventricular surface, and also the pial
surface in A. The IP cell shown in panel B divided in the subventricular zone (SVZ). In both examples, the IP cells divided with horizontally oriented cleavage planes (red line), and daughter cells exhibited

similar morphologies and behaviors that included the extension of
processes toward the ventricle (A, t ⫽ 8h; B, t ⫽ 1h:30), before the
extension of a new process oriented toward the cortical plate. Time
elapsed is shown in either minutes (m), or hours and minutes (hh:mm)
as indicated below each sequence. The entire time-lapse sequences
can be viewed in Supplemental Movies 3, 7. A magenta-green version
of this ﬁgure can be viewed online as Supplementary Figure 2. Scale
bar in A applies to B.

other in the VZ for nearly 24 hours, and might have been
considered symmetric if cell fate was inferred by nuclear
movement and position at that point (Chenn and McConnell, 1995; Haydar et al., 2003). However, extended timelapse imaging of the eGFP-labeled cells revealed impor-

tant differences. Daughter cell 2a (red arrowhead)
retained RG morphology, resumed IKM, and returned to
the ventricle where it divided again (Fig. 4A, t ⫽ 50h:
53m). In contrast, daughter cell 2b (white arrowhead)
developed a short leading process, detached from the ven-
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TABLE 1. Cleavage Plane Orientation and Daughter Cell Fate of Cortical
Precursor Cells in Time-Lapse Experiments at E13-E15
E13–E15 RG Cell Cleavage Plane Orientation and Daughter Cell Fate
Orientation
Vertical
Oblique
Horizontal
Totals

16
0
1
17

Average Angle

Symmetric

Asymmetric

83.9°
—
7.8°

8
0
1
9

8
0
0
8

E13–E15 IP Cell Cleavage Plane Orientation and Daughter Cell Fate
Orientation
Vertical
Oblique
Horizontal
Totals

1
3
5
9

Average Angle

Symmetric

Asymmetric

61.7°
44.3°
16.8°

1
3
5
9

0
0
0
0

Analysis of radial glial (RG) cell and intermediate progenitor (IP) cell behavior and
daughter cell fate in the developing rat neocortex during time-lapse imaging between
embryonic day (E)13 and E15. The number of RG cells (top panel) and IP cells (bottom
panel) that divided with vertical, oblique, or horizontal orientation during time-lapse
imaging is indicated. The fate of daughter cells produced by each type of division is
indicated as either symmetric or asymmetric.

TABLE 2. Cleavage Plane Orientation and Daughter Cell Fate of Cortical
Precursor Cells in Time-Lapse Experiments at E16-E19
E16 –E19 RG Cell Cleavage Plane Orientation and Daughter Cell Fate
Orientation
Vertical
Oblique
Horizontal
Totals

18
1
0
19

Average Angle

Symmetric

Asymmetric

82.2°
57.1°
—

1
0
0
1

17
1
0
18

E16–E19 IP Cell Cleavage Plane Orientation and Daughter Cell Fate
Orientation
Vertical
Oblique
Horizontal
Totals

0
0
15
15

Average Angle

Symmetric

Asymmetric

—
—
8.9

0
0
15
15

0
0
0
0

Analysis of radial glial (RG) cell and intermediate progenitor (IP) cell behavior and
daughter cell fate in the developing rat neocortex during time-lapse imaging between
embryonic day (E)16 and E19. The number of RG cells (top panel) and IP cells (bottom
panel) that divided with vertical, oblique, or horizontal orientation during time-lapse
imaging is indicated. The fate of daughter cells produced by each type of division is
indicated as either symmetric or asymmetric.

tricle, migrated radially out of the VZ along the parental
pial ﬁber, and divided in the intermediate zone. The morphology and behavior of cell 2b resembled that of an IP cell
(Fig. 4A, Suppl. Movie 4). Vertical RG divisions that produced asymmetric daughter cells were the norm rather
than the exception in the time-lapse studies performed
during this stage of cortical development (see Table 2).
An examination of electrophysiological membrane properties provided additional evidence that the vertical RG
divisions produced asymmetric daughter cells. After timelapse imaging we transferred some slice cultures to an
electrophysiology chamber and in four cases obtained
whole-cell patch-clamp recordings from all progeny of a
single RG cell. This approach allowed us to determine
whether the RG cell divisions we observed in time-lapse
movies produced neurons, and also whether the RG
daughter cells were physiologically similar or distinct. For
example, the RG cell shown in Figure 4 produced daughter
cells 2a and 2b, and each daughter cell subsequently divided. Daughter cell 2b produced two similar daughter
cells that resumed migration toward the cortical plate

Fig. 3. The pial ﬁber of mitotic radial glial (RG) cells can be
identiﬁed by multiple varicosities. A: A single RG cell (red arrowhead)
is shown dividing at the surface of the ventricle at t ⫽ 0. The ventricular surface is indicated by the white dotted line, the pial surface is
indicated at the top of the panel. The white arrow indicates an intermediate progenitor (IP) daughter cell apposed to its parental pial
ﬁber. The pial ﬁber becomes very thin during metaphase, but is
identiﬁable by conspicuous varicosities (white arrowheads) along the
entire length of the ﬁber. B: After division the pial ﬁber has become
thicker, and most varicosities are no longer visible. The new RG
daughter cell (red arrow) is located behind its parent RG cell in this
projection image. Time is shown in hours and minutes (hh:mm) below
each image. VZ, ventricular zone; SVZ, subventricular zone; CP, cortical plate. A magenta-green version of this ﬁgure can be viewed
online as Supplementary Figure 3.

during time-lapse imaging. In addition, each daughter
possessed the inward voltage-gated currents that are
characteristic of immature neurons (Fig. 4A,B), and which
previous studies have shown represent voltage-gated Na⫹
currents that produce action potentials in mature neurons
(Noctor et al., 2004). In contrast, daughter cell 2a produced two daughter cells that lacked inward voltage-gated
currents, instead expressing only the outward currents
that are characteristic of astroglial cells in the embryonic
neocortex. The site of precursor cell division (ventricular
vs. abventricular), the location of daughter cells at the
time of recording, or the time after division did not correlate with the presence or absence of inward voltage-gated
currents. It appears that daughter cells fated to become
neurons express inward voltage-gated Na⫹ currents soon
after division, at a minimum. In our dataset we conﬁrmed
that these membrane properties are present in some
daughter cells within 12 hours after division.
Nine RG divisions produced one daughter cell that remained in the VZ, and a second daughter neuron or IP cell

The Journal of Comparative Neurology

34

S.C. NOCTOR ET AL.

Fig. 4. Radial glial (RG) cells divide vertically at the ventricular
surface to produce asymmetric daughter cells in embryonic day
(E)16 –E19 rat neocortex. A: Time-lapse imaging recorded the proliferative and migratory behaviors of one RG cell and its progeny over 3
days. The RG cell divided with a vertically oriented cleavage plane
(red line) at the ventricular surface (t ⫽ 2 h: 51 m). One daughter (cell
2a, red arrowhead) was a self-renewed RG cell that resumed IKM and
divided a second time at the ventricle with a vertical cleavage plane
orientation (t ⫽ 50h:53m). The second daughter (cell 2b, white arrowhead) was an intermediate progenitor cell that migrated away from
the ventricle along the parental RG ﬁber and divided with a horizontal cleavage plane orientation (red line) at the bottom limit of the
intermediate zone (IZ, t ⫽ 53h). In some cases only one cell in the
clone was imaged to limit exposure to laser light (asterisk). The white

dotted line represents the ventricular surface. Time elapsed is shown
in hours and minutes (hh:mm) below the sequence. The entire timelapse sequence can be viewed in Supplemental Movie 4. B: Whole-cell
patch-clamp recordings performed after time-lapse imaging demonstrated that cell 2b generated two daughter cells that both expressed
the inward voltage-gated currents (downward deﬂection of traces
below red line) that are characteristic of sodium currents in immature
neurons. C: In contrast, cell 2a produced two daughter cells that
lacked inward voltage-gated currents, exhibiting only the outward
voltage-gated currents that are characteristic of potassium currents
in astroglial cells. D: Lineage tree depicting the progeny of the single
RG cell shown in panel A. VZ, ventricular zone; IZ, intermediate zone.
A magenta-green version of this ﬁgure can be viewed online as Supplementary Figure 4.

that migrated out of the VZ. Because the daughter cell
that remained in the VZ retained RG morphology, resumed IKM, and divided at the ventricular surface, we
identiﬁed these daughter cells as self-renewed RG cells.
Nine additional RG divisions produced one daughter cell
that inherited the pial process after division, detached
from the ventricle, and migrated toward the cortical plate
through translocation along the inherited pial ﬁber. In
these cases the second daughter cell migrated in the same
direction through locomotion. In these cases the daughter
cells that inherited the pial ﬁber and translocated toward
the pia often remained proliferative as they migrated
away from the ventricle, in one case dividing two additional times during translocation (Suppl. Movies 5, 6). We
tested the identity of daughter cells produced by translocating cells and found that they were not neuronal based
on the lack of inward voltage gated currents (see Suppl.
Movie 5). This physiological proﬁle suggests an astroglial
fate for the translocating cells, and is consistent with

previous ﬁndings that during late stages of neurogenesis
translocating cells in rodent and human developing neocortex do not express neuronal markers (deAzevedo et al.,
2003; Noctor et al., 2004), and transform into astrocytes
(Schmechel and Rakic, 1979). However, our results suggest that neuronal and glial producing RG cells are not
restricted to separate lineages. We observed individual
RG cells that generated IP cells or neurons ﬁrst, followed
by a translocating daughter that remained proliferative
and generated nonneuronal daughter cells (Fig. 4). Together, these data demonstrate that in addition to undergoing self-renewing divisions, individual RG cells also produce multiple cell types, including additional RG cells,
neurons, IP cells, and astroglial cells.
The length of the RG cell cycle was slightly shorter
during time-lapse recording at earlier stages of development, as previously reported for VZ precursor cells (Takahashi et al., 1995b). Within the RG cell population there
may be a correlation between cell cycle time and mode of
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Fig. 5. Nissl analysis demonstrates that in vivo the majority of
ventricular zone (VZ) surface divisions occur with a vertical cleavage
plane orientation (A–C), and that the majority of abventricular divisions in the subventricular zone occur with a horizontal orientation
(D–F). A: Nissl-stained tissue prepared from the neocortex of an
embryonic day (E)17 rat. B: Higher power image showing a dividing
precursor cell at the surface of the VZ. C: The percentage of ventricular surface divisions with vertical cleavage plane (black bars),
oblique (gray bars), or horizontal (white bars) orientation did not
change during cortical development. D: Nissl-stained tissue prepared
from an E15 rat showing two examples of abventricular progenitor

cells undergoing division away from the ventricle (arrow). E: Higherpower magniﬁcation of the boxed region in (D). F: The percentage of
abventricular mitoses with vertical cleavage plane (black bars),
oblique (gray bars), or horizontal (white bars) orientation changed
across the period of cortical neurogenesis. Signiﬁcantly more abventricular cells divided with a horizontal orientation at E15 and E17
(asterisk, P ⬍ 0.01), compared to either horizontal or oblique divisions. But the orientation of the abventricular mitoses was random at
the end of neurogenesis at E20. Error bars depict the standard error
of the mean. IZ, intermediate zone; CP, cortical plate.

division since early RG cell cycle time was shorter, and
these divisions were more likely to be symmetric. However, there does not appear to be a relationship between
cell cycle length and mode of division within the IP cell
population. The IP cell divisions we recorded were symmetric regardless of cell cycle length (ranging from 19 to
48 hours). This evidence suggests that progenitor cell type
must be factored into correlations between mitotic behaviors and mode of division.
Previous studies have reported a transient increase in
the proportion of horizontal divisions at the surface of the
lateral ventricle around mid-neurogenesis (Chenn and
McConnell, 1995; Haydar et al., 2003; Sanada and Tsai,
2005). However, we observed only one horizontal division
during time-lapse imaging of surface dividing VZ cells
(1/36 RG cell divisions). We tested whether our in situ
time-lapse results reﬂect precursor cell behavior in vivo.
We quantiﬁed the proportion of surface dividing precursor
cells that divided with vertical, horizontal, or oblique orientations in ﬁxed coronal sections of embryonic rat neocortex. Vertical divisions were predominant at the VZ
surface at each stage of development we examined (n ⫽
1592 cells; see Fig. 5A–C). The proportion of vertical divisions did not change, remaining at ⬇90% throughout development (analysis of variance [ANOVA], P ⬍ 0.001;
Table 3). These results are consistent with previous exam-

inations of neuroepithelial cell mitoses (Sauer, 1935; Fujita, 1960; Langman et al., 1966; Hinds and Ruffett, 1971;
Smart, 1973; Zamenhof, 1987; Bayer and Altman, 1991;
Adams, 1996; Reznikov et al., 1997; Kamei et al., 1998;
LoTurco et al., 2003; Weissman et al., 2003; Kosodo et al.,
2004), and in particular with those studies that found no
change in cleavage plane angle of surface dividing precursor cells during cortical development (see Landrieu and
Gofﬁnet, 1979).

Horizontal IP cell divisions are symmetric
between E16 –E19
We found very few horizontal divisions at the ventricle
throughout cortical development. During time-lapse imaging of slices prepared from embryonic rats after E15/16
retroviral injections, 15/34 eGFP labeled cells divided
away from the ventricle. Abventricular mitoses in the
embryonic neocortex have been described in previous
studies (e.g., Hamilton, 1901; Smart, 1961), but have received more attention recently following the demonstration that they produce neurons (Tarabykin et al., 2001;
Smart et al., 2002; Haubensak et al., 2004; Miyata et al.,
2004; Noctor et al., 2004). None of the abventricular cells
exhibited IKM, and each cell retracted all visible processes
prior to division (Fig. 2B, Suppl. Movie 7), matching IP cell
behavior (Noctor et al., 2004). In some experiments (n ⫽ 9)
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TABLE 3. Proportion of Mitotic Cells That Divide with Vertical, Oblique, or Horizontal Cleavage Plane
Orientations at the Ventricular Surface and Away from the Ventricle In Vivo
Ventricular Surface Divisions In Vivo

Vertical
Oblique
Horizontal
Number of cells counted
Number of animals

E12

E15

E17

E20

86.15% (224)
7.69% (20)
6.16% (16)
n ⫽ 260
8

92.87% (456)
5.50% (27)
1.63% (8)
n ⫽ 491
3

89.94% (572)
6.13% (39)
3.93% (25)
n ⫽ 636
3

92.20% (189)
3.90% (8)
3.90% (8)
n ⫽ 205
3

Abventricular Divisions In Vivo

Vertical
Oblique
Horizontal
Number of cells counted
Number of animals

E12

E15

E17

E20

P7

6.25% (1)
31.25% (5)
62.50% (10)
n ⫽ 16
8

11.17% (22)
19.29% (38)
69.54% (137)
n ⫽ 197
3

21.80% (75)
27.62% (95)
50.58% (174)
n ⫽ 344
3

30.68% (54)
37.50% (66)
31.82% (56)
n ⫽ 176
3

31.51% (46)
39.73% (58)
28.76% (42)
n ⫽ 146
3

The proportion of ventricular surface and abventricular mitoses with vertical, oblique, or horizontal cleavage plane orientation was
recorded in Nissl-stained tissue prepared from rats at embryonic day (E)12, E15, E17, E20 and postnatal day 7 (P7). Only mitotic
cells in anaphase or telophase were included for analysis. The number of progenitor cells that divided at each orientation is included
in parentheses. The total number of mitoses counted, and the number of animals analyzed at each age is indicated in the bottom
rows.

we observed RG divisions that produced IP cells (see Fig.
4A). In these cases the newborn IP cells migrated radially
away from the ventricle along the parental pial ﬁber,
detached from the ventricle and divided at a distance from
the ventricular margin (15–165 m). Notably we found
that most IP cells divided with a horizontal cleavage plane
(average angle 8.9° ⫾ 6.8°STD). Finally, in each time-lapse
observation, IP divisions produced daughter cells that exhibited similar morphologies and behaviors after division
(n ⫽ 15 divisions). In addition, whole-cell patch-clamp
recordings from both daughter cells after two IP divisions
provided further evidence that IP divisions produce symmetric daughter cells: in each case both daughter cells
possessed the inward voltage-gated currents that are
characteristic of immature neurons (Fig. 4A,B). We compared the orientation of dividing cells in our time-lapse
movies with that of IP cells in vivo and found that in vivo
the majority of abventricular cells also divided with a
horizontal cleavage plane, especially during peak periods
of neurogenesis. But that after cortical neurogenesis was
complete, and after RG cells had exited the VZ and transformed into astroglial cells, the orientation of IP cells was
random (n ⫽ 541 cells, Fig. 5D–F).

Embryonic SVZ is a neurogenic
compartment
The embryonic SVZ was long thought to be a gliogenic
compartment (e.g., Privat, 1975). But since we observed
neurogenic divisions during time-lapse imaging we asked
what proportion of embryonic SVZ mitoses were neurogenic by costaining tissue with antibodies directed against
doublecortin (DC) protein and for Nissl substance. DC
antibodies are widely used to label immature and migrating neurons, but DC also labels proliferating neural precursor cells in the subgranular zone of the adult hippocampus (Brown et al., 2003; Kempermann et al., 2004).
DC antibodies densely label the embryonic cortical plate
and IZ (Fig. 6A), but we also observed numerous DC⫹
cells undergoing division at a distance from the ventricular surface (Fig. 6C– 6F). We quantiﬁed the percent of
abventricular dividing cells that expressed DC and found
that during embryonic ages the vast majority of abven-

tricular dividing cells expressed DC (602/710 mitoses). At
E12 93% of abventricular mitoses were DC⫹, and the
percent of DC⫹ abventricular mitoses fell slightly to 83%
by E20 (Fig. 6B). As a control we preadsorbed DC antibodies with a DC protein peptide sequence and found this
abolished immunoreactivity (Fig. 6H). We also costained
one set of slices with antibodies directed against the mature neuronal marker NeuN and found that mitotic SVZ
cells were not labeled with NeuN antibody (0/123 cells at
E17, data not shown). The expression of DC by most
embryonic abventricular mitotic cells suggests that the
eGFP⫹ SVZ progenitor cells in our time-lapse experiments represented neuronal progenitor cells, an interpretation supported by the electrophysiological recordings we
obtained from some IP daughter cells. DC expression by
IP cells may simply reﬂect commitment to a neuronal
lineage. But DC is essential for neuronal migration (des
Portes et al., 1998; Gleeson et al., 1998), and plays a
crucial role in movement of the nucleus (Tanaka et al.,
2004), and leading process extension (Schaar et al., 2004).
Since IP cells extend a leading process and migrate radially toward the cortical plate, the expression of DC suggests that this protein may also be involved with the
migration of IP cells.

IP cell distribution changes during cortical
development
Previous studies have shown that some abventricular
cells divide very close to the ventricle (Takahashi et al.,
1993), and that RG cells and IP cells intermingle in the VZ
(Takahashi et al., 1995a). Because IP cells can divide near
the site of RG cell division, and because we ﬁnd that they
are more likely to divide with a horizontal orientation
than RG cells, we examined the distribution of IP cells
during development to determine if this might contribute
to perceived changes in the patterns of cleavage plane
orientation.
We used an antibody directed against the transcription
factor Tbr2 that is expressed by cortical IP cells (Englund
et al., 2005), and at E12 found that a small number of
Tbr2⫹ cells were present in the neocortex. At this stage of
development the cortex is only 60 –70 m thick and most
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Fig. 6. The embryonic subventricular zone (SVZ) is a neurogenic
compartment. A: Nissl-stained tissue costained with doublecortin
(DC) antibodies shows the pattern of DC-immunoreactivity in a coronal section of E17 rat cortex. The cortical plate (CP) is densely labeled
while the ventricular zone (VZ) is lightly stained. B: Histogram showing the proportion of mitotic abventricular cells that express DC
during embryonic cortical development. At E12 93% of SVZ mitoses
are DC⫹. The proportion of DC⫹ mitoses decreased slightly to 83% at
E20. By P7 the proportion of DC⫹ mitoses has fallen to less than 40%.

Error bars depict the standard error of the mean. C–F: DC antibodies
label abventricular mitoses. DC⫹ abventricular cells are shown in
prophase, early anaphase, late anaphase, and telophase. G: Not all
abventricular mitotic cells expressed DC. A telophase abventricular
mitosis that does not express DC is shown. Brown DCimmunoreactive product can be seen in neighboring cells. H: Preadsorption of the doublecortin (DC) antibody with DC protein eliminated
immunostaining. IZ, intermediate zone; SVZ, subventricular zone.

Tbr2⫹ cells were located in the upper portion of the VZ at
an average distance of 57.1 ⫾ 3.4 m from the lumen
surface (n ⫽ 89 cells, four animals, Fig. 7A,E).
E15 corresponds to the stage of cortical development
when the SVZ begins to form (Bayer and Altman, 1991),
and at this stage the number of Tbr2⫹ cells signiﬁcantly
increased. The Tbr2⫹ cells were more evenly distributed
throughout the VZ than they were at E12. Many Tbr2⫹
cells were located very close to the ventricle (Fig. 7B,F,J),
and greater than 25% of all Tbr2⫹ cells were located
within 40 m of the ventricle at E15 (n ⫽ 655 cells, three
animals). We examined ventricular mitoses with Syto-11
counterstaining and found that Tbr2⫹ cells accounted for
nearly 7% of the mitotic ﬁgures at the ventricular margin
at E15 (n ⫽ 21/304 cells). In some cases we observed
Tbr2-positive and -negative mitotic cells adjacent to one
another at the margin of the ventricle (Fig. 7L).
By E17 in the rat neocortex the SVZ can be clearly
distinguished from the VZ and we found that the Tbr2⫹
population of cells had shifted away from the ventricle to
reside within this newly formed compartment. Only 1.2%
of Tbr2⫹ cells were located within 40 m of the surface
(Fig. 7C,G; n ⫽ 1267 cells, three animals). In addition, we

examined the ventricular surface mitoses with Syto-11
staining and found that only 2/543 expressed Tbr2.
At the end of cortical neurogenesis, E20, Tbr2⫹ cells
were concentrated within the SVZ (Fig. 7D,H), and we did
not observe any Tbr2⫹ cells at or near the ventricle (n ⫽
1298 cells, three animals).
RG cells do not express Tbr2. Since we observed
some Tbr2-positive cells at the ventricular margin where
RG cells divide, we asked whether a subset of RG cells
might express Tbr2. We labeled precursor cells with the
eGFP-expressing retrovirus at E15 and counterstained
ﬁxed tissue with Tbr2 antibodies. We noted intense Tbr2
expression in IP cells as expected, but did not observe
Tbr2 expression in any RG cells (n ⫽ 48 radial clones, Fig.
8).
Tbr2ⴙ cells divide with a horizontal orientation.
Since we found that most IP cells divided horizontally, and
that during SVZ formation many Tbr2⫹ cells are found
close to the ventricle, we asked whether the appearance of
IP cells in the neocortex at E15 could produce an apparent
increase in the proportion of horizontal divisions near the
ventricle. We measured cleavage plane orientation of
Tbr2⫹ cells that were in anaphase or telophase and found
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Fig. 7. Tbr2⫹ intermediate progenitor (IP) cells are located in the
ventricular zone (VZ) before the subventricular zone (SVZ) forms.
A: The nuclear transcription factor Tbr2 (red) is detected in a few cells
at embryonic day (E)12. Syto-11 (green) labels the chromatin of all
cells. Interphase IP cells with dispersed chromatin that express Tbr2
appear yellow. B: At E15 the number of Tbr2⫹ cells increases dramatically throughout the VZ. Many Tbr2⫹ cells are close to the
ventricle and some Tbr2⫹ mitoses can be seen at the VZ surface.
C: By E17 the SVZ has fully formed and the majority of Tbr2⫹ cells
are concentrated in the SVZ. Mitotic Tbr2⫹ cells are no longer present
at or near the ventricle. D: The VZ has shrunk considerably by the end
of cortical neurogenesis at E20. Tbr2⫹ cells are detected in the SVZ,
but not in the VZ. E–H: The position of Tbr2⫹ cells in the proliferative
zones of embryonic neocortex is plotted in these graphs. The distance
of Tbr2⫹ cells was measured in a series of 10-m bins from the VZ
surface to the pia. The Y-axis depicts distance from the ventricle, the
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X-axis depicts the proportion of Tbr2⫹ cells that were present in each
10 m bin. Error bars represent the standard error of the mean. The
proportion of Tbr2⫹ cells undergoing division at the ventricle or near
the surface of the ventricle is much higher at E15 (F), in comparison
to the proportion earlier at E12 (E), or later at E17 (G). I: Examples
of Tbr2⫹ cells are shown in the embryonic SVZ. J: A Tbr2-positive cell
in the SVZ in telophase. Tbr2-immunoreactivity (red) is present between the sister chromatids. K–M: Examples of Tbr2⫹ cells undergoing division at the ventricle in the E15 rat. K: A Tbr2⫹ cell in
prophase entering mitosis in near the VZ surface. L: A Tbr2⫹ cell in
prophase at the surface of the VZ. The white arrowhead points to an
adjacent Tbr2–negative cells undergoing division at the VZ surface.
M, A Tbr2⫹ cell is at the margin of the ventricle undergoing division
with an oblique orientation. A magenta-green version of this ﬁgure
can be viewed online as Supplementary Figure 5. Scale bar in B refers
to A–D; scale bar in M refers to I–L.
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Fig. 8. Radial glial (RG) cells do not express Tbr2. A–C: GFPlabeled RG cells (green) in the embryonic ventricular zone (VZ) do not
express Tbr2 (red). RG cells in interphase (A), G-2 phase (B), and
prophase (C). Only RG daughter cells that are intermediate progenitor (IP) cells express Tbr2. The Tbr2 negative daughter cells (white
arrowheads) may represent daughter neurons that are produced by

RG divisions. D: A GFP-labeled IP cell in the subventricular zone
migrating along its parental RG ﬁber (white arrows). E: The same cell
shown in panel D expresses Tbr2 (red, F). G: Merged image showing
colocalization. A magenta-green version of this ﬁgure can be viewed
online as Supplementary Figure 6.

that the majority divided with a horizontal orientation,
speciﬁcally during peak stages of neurogenesis. At E15,
75.0 ⫾ 7.2% of Tbr2⫹ cells divided horizontally (n ⫽ 55
cells, three animals), and at E17 58.5 ⫾ 5.9% of Tbr2⫹
cells divided horizontally (n ⫽ 174 cells, three animals).

determinants, rather than apico-basal segregation, plays
a deciding role in sensory organ precursor cell divisions.
Our ﬁnding that vertical RG divisions produce asymmetric daughter cells suggests that this may also be true in
the mammalian VZ. Our results do not preclude the asymmetric segregation of fate determinants along the apicobasal axis in horizontally dividing RG cells. But since
vertical divisions outnumber horizontal divisions by
⬇18:1, even during stages of cortical development when
nearly 50% of RG divisions are asymmetric (Mione et al.,
1997; Cai et al., 2002), we propose that planar segregation
of fate determinants represents a more common mechanism for producing asymmetric RG divisions in the embryonic neocortex. Our ﬁnding that vertical cleavage
plane divisions at the ventricular surface produce asymmetric daughter cells in the developing cerebral cortex is
consistent with studies performed in developing rat and
chick retina (Tibber et al., 2004), zebraﬁsh retina (Das et
al., 2003; Poggi et al., 2005; Zolessi et al., 2006), and
zebraﬁsh hindbrain (Lyons et al., 2003), showing that
vertical divisions produce asymmetric daughter cells.
Those results together with our ﬁndings demonstrate that
cell fate symmetry in the vertebrate central nervous system cannot be strictly predicted based solely on the orientation of the mitotic cleavage plane.
Orientation of the mitotic spindle plays a crucial role in
determining which cellular components will be inherited
by nascent daughter cells, especially in invertebrate systems (see Wodarz, 2005). Previous studies have shown
that the spindle in mammalian neocortex rotates prior to
division, as if ‘searching’ for proper alignment prior to
division (Adams, 1996; Haydar et al., 2003). Regulation of
the mitotic spindle is commonly understood to signify
vertical versus horizontal orientations in dividing cells.
However, we ﬁnd that vertically oriented divisions can
produce either symmetric or asymmetric daughter cells,
and that both vertically and horizontally oriented divisions can produce symmetric daughters. The consistent,

DISCUSSION
RG cleavage plane is not associated with
mode of division
We show here that the vast majority of RG cells divide
with a vertical cleavage plane orientation throughout cortical development, and that vertical RG divisions produce
symmetric daughter cells during early stages of cortical
development and asymmetric daughter cells during later
stages. Thus, the RG cell mode of division changes from
symmetric to asymmetric at the start of neurogenesis, but
this is not correlated with a switch in cleavage plane
orientation as commonly thought. Changes in cleavage
plane play a prominent role in daughter cell fate in some
invertebrate systems such as the Drosophila neuroblast
cell, and a similar model has been proposed for predicting
daughter cell fate in the developing neocortex (Langman
et al., 1966; Martin, 1967; Chenn and McConnell, 1995;
Haydar et al., 2003). However, Drosophila neuroblast cells
delaminate from the neuroectoderm before dividing horizontally, have an asymmetrically positioned mitotic spindle, and produce unequally sized daughter cells (Betschinger and Knoblich, 2004). RG cells do not share these
characteristics; they remain embedded in the neuroepithelium throughout the cell cycle, divide vertically, have a
centrally positioned mitotic spindle, and produce daughter
cells that are of equal size. The behavior of Drosophila
sensory organ precursor cells, which divide vertically
while producing asymmetric daughter cells, may provide a
better match for RG behavior and may serve as better
models for understanding mechanisms that promote
asymmetric division in RG cells. Planar segregation of fate

The Journal of Comparative Neurology

40

S.C. NOCTOR ET AL.

Fig. 9. The location, cleavage plane orientation, and mode of neural stem and progenitor cell divisions in the dorsal telencephalon
during cortical development. Radial glial (RG) cells divide vertically
at the surface of the ventricular zone (VZ) throughout cortical development. Before neurogenesis begins most RG divisions are symmetric
self-renewing (red), expanding the founder population of VZ progenitor cells. At the onset of neurogenesis RG cells undergo asymmetric
self-renewing divisions (dark blue) that produce either neurons or
intermediate progenitor (IP) cells. Daughter neurons produced di-

rectly by RG cells may form the lower cortical layers. RG cells produce
IP cells throughout the remainder of cortical neurogenesis. Daughter
IP cells (light blue) divide close the ventricle during early stages of
neurogenesis, but their location shifts away from the ventricle and the
IP cells divide in the subventricular zone (SVZ) once that structure
has formed. Most IP cells divide horizontally and produce symmetric
pairs of neurons that form the upper cortical layers. After producing
neurons RG cells translocate away from the ventricle and produce
glial progeny (green). IZ, intermediate zone; MZ, marginal zone.

high proportion of radial glial cells that divide with a
vertical orientation indicates that spindle orientation is
uniformly regulated in mitotic RG cells throughout cortical development. A recent study has reported that mammalian G-protein subunits regulate spindle orientation in
the developing neocortex and alter the symmetry of precursor cell divisions (Sanada and Tsai, 2005), but this
study did not distinguish between RG and IP cells, and
may have missed the important differences exhibited by
these two cell types. We distinguished the behaviors of RG
and IP cells, and include an analysis of neurogenic IP cells
that were not considered in previous studies of fate determination. We show that RG and IP cells divide with cleavage plane orientations that are largely perpendicular with
respect to one another, and exhibit different modes of
division. Furthermore, we demonstrate that IP cells intermingle with RG cells in the VZ at early stages of development, but that IP cells become concentrated away from
the ventricle in the SVZ as this structure forms. We propose that the appearance of IP cells in the VZ at early
stages of neurogenesis may account for the temporary
increase in horizontal divisions that have been reported in
some studies (Chenn and McConnell, 1995; Haydar et al.,
2003; Sanada and Tsai, 2005). The increase in the number
of IP cells that divide close the ventricle was not sufﬁcient
to signiﬁcantly increase the number of horizontal divi-

sions at the ventricular margin, but produces a signiﬁcant
increase in horizontal divisions when surveying the region
of the VZ within 40 microns of the surface. Mitotic IP cells
are largely found in the SVZ, but also undergo division in
the VZ and the IZ. This has been noted in previous publications (e.g., Takahashi et al., 1993), and was also highlighted in a recent publication (Carney et al., 2007). Thus,
the mingling of IP and RG cells in the VZ, each with its
own mode of division, and the changing distribution of IP
cells explains the shifting patterns of division and cleavage plane orientation that was previously attributed to a
single precursor cell type (Fig. 9).
Our results are potentially consistent with a model proposed by Huttner and colleagues (Kosodo et al., 2004),
which predicts that inheritance of apical plasma membrane dictates symmetric or asymmetric daughter cell
fate. In this model vertically oriented divisions are predicted to equally split the apical plasma membrane of the
mitotic cell and produce symmetrically fated daughter
cells, whereas a minor change in cleavage plane angle is
predicted to produce unequal inheritance of apical plasma
membrane, and hence asymmetrically fated daughter
cells. In our time-lapse experiments most RG cells divided
with an orientation slightly off vertical (average 82.9°),
which would be predicted to be asymmetric if cleavage
plane angle inﬂuenced the inheritance of apical plasma.
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However, some of these divisions were symmetric, particularly during earlier stages of cortical development. In
addition, we observed a rare horizontal division at the
ventricular surface in which only the apical daughter cell
appeared to contact the ventricle, yet this division produced symmetric daughter cells. In this case, both apical
and basal daughter cells may have maintained contact
with the ventricular surface after division, indicating that
maintenance of contact with the ventricle, and perhaps
inheritance of apical plasma, may not be determined in a
strict apico-basal fashion that can be predicted by measuring the apparent cleavage plane orientation of surface
dividing precursor cells. Future studies should determine
whether, and for how long, newborn daughter cells maintain contact with the ventricle after divisions, and how
this inﬂuences their ultimate fate.
The mode of division in the SVZ is likely regulated
through distinct mechanisms. IP cells appear to retract
the process that contacts the ventricle prior to division,
suggesting perhaps that these cells may not inherit or
parse apical plasma. While the IP cells mostly undergo
symmetric divisions, we observed both symmetric terminal and symmetric proliferative IP cell divisions. Our results show that the cleavage plane orientation of IP cells is
largely horizontal with respect to the ventricular surface,
but perhaps more interestingly, is perpendicular to the
trajectory of the pial ﬁber upon which they migrate. This
suggests the possibility that afﬁliation with the parental
RG ﬁber may inﬂuence cleavage plane orientation of IP
cells. This idea is further supported by our observation
that IP cell cleavage orientation is horizontal during embryonic neurogenesis when RG pial ﬁbers are present, but
becomes random after cortical neurogenesis is complete,
and RG pial ﬁbers are no longer present in the neocortex.
Our data suggest that the cleavage plane orientation of IP
cell division is not an important feature in determining
daughter cell fate. Finally, we observed IP cells with short
leading processes that migrated radially toward the cortical plate along pial ﬁbers, and found that IP cells express
the neuronal lineage marker doublecortin. This indicates
that the classiﬁcation of embryonic cortical cells as neurons based on their morphology, afﬁliation with RG pial
ﬁbers, or expression characteristics is not sufﬁcient.

Precursor cell morphology and mode of
division
The striking difference in the morphology and behavior
of RG and IP cells suggests that RG cell morphological
features could play an important role in signaling pathways involved in regulating the mode of division and
daughter cell fate. RG cells maintain attachments to both
the ventricular and pial surfaces, but IP cells do not. The
ventricular and pial processes may provide RG cells with
access to intercellular signals that are not available to IP
cells, and could be an important factor in maintaining a
self-renewing ‘stem-cell’ population. For example,
␤-catenin, which is associated with RG ventricular endfeet, appears to prevent cell cycle exit and maintains VZ
cells in a proliferative state (Chenn and Walsh, 2002). The
RG ventricular endfeet also express proteins, channels,
and receptors that are important for intercellular communication (LoTurco and Kriegstein, 1991; Aaku-Saraste et
al., 1997), and proliferation (Weissman et al., 2004). The
pial ﬁber of RG cells may also play a role in daughter cell
fate determination. Pial ﬁbers make contact with multiple
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elements in the developing neocortex, including cells in
the marginal zone and cortical plate, blood vessels, and
migrating neurons, each of which may convey potentially
important signaling factors. For example, the association
of neural stem cells in the adult hippocampus with blood
vessels has led to the suggestion that circulating factors
could inﬂuence neurogenesis (Palmer et al., 2000; Seri et
al., 2004; Shen et al., 2004). The unique morphology of RG
cells may permit continuous bidirectional signaling between RG and neighboring VZ cells, migrating daughter
cells, and more distant cortical structures. Our demonstration that RG association with migrating daughter
cells is uninterrupted by cell cycle dynamics has potential
implications not just for migration, but also for fate determination of the dividing RG cell. For example, Notch
ligand expression by migrating neurons or migrating IP
cells, could activate Notch receptors (Gaiano et al., 2000;
Campos et al., 2001), and signal RG cell fate to RG daughter cells. We observed varicosities that travel down the
pial ﬁber and enter the RG soma just before the onset of
cytokinesis (see Suppl. Movies 8 –10), raising the intriguing possibility that the varicosities represent the transit of
signaling information to the RG cell. In this way inheritance of the pial ﬁber may directly impart an astroglial
fate on nascent daughter cells that inherit the pial process.
We ﬁnd that the only mitotic cells that undergo IKM
have bipolar RG cell morphology. We did not observe short
VZ progenitor cells (VZ neuroepithelial cells that lack the
pial ﬁber) undergoing IKM, as has been reported (Gal et
al., 2006). Our time-lapse studies show that the RG pial
ﬁber is maintained throughout the cell cycle, but becomes
very thin during M-phase. In some cases increased laser
power or increased image contrast was required to detect
this ﬁne process (see Suppl. Movies 2, 8, 9, and 10). Mitotic
RG markers such as 4A4 also show that M-phase RG often
have very ﬁne, wispy membranes that bridge the radial
ﬁber with the cell body (Noctor et al., 2002). The ﬁne pial
processes do not always follow a direct course to the pial
surface. They can follow a curving trajectory not restrained to a single plane (see Fig. 3 in Noctor et al., 2007;
see Fig. 4 in Weissman et al., 2003), and would be difﬁcult
to trace in ultrathin slice preparations. The retrovirus we
use should have allowed us to visualize short VZ progenitor cells if they were present. Furthermore, we used low
retroviral titers, which labeled single eGFP⫹ cells in the
proliferative zones that were not obscured by adjacent,
similarly labeled cells. This approach should allow for a
more complete determination of single cell morphology
than would be possible using methods that produce dense
ﬁelds of similarly labeled cells.
We ﬁnd that RG divisions at the ventricle produce IP
cells and that the IP daughter cells maintain contact with
the ventricle for several hours after being generated. During peak periods of neurogenesis (e.g., E15 in the rat) IP
cells constitute a sizable proportion of mitotic cells within
the VZ (see Fig. 7B). IP cells possess a short leading
process rather than a pial ﬁber (see Fig. 4), suggesting
that they could potentially be identiﬁed as short progenitor cells in the VZ in the absence of labeling techniques
that distinguish RG and IP cells. However, a distinguishing feature of IP cells is that they do not exhibit IKM,
which is perhaps the deﬁnitive hallmark of neuroepithelial cells (Sauer, 1935; Boulder Committee, 1970; Takahashi et al., 1993). During early stages of cortical devel-
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opment we observed symmetric proliferative RG divisions
that apparently produced two RG daughter cells. Since
one daughter cell inherits the RG pial process during
division, it follows that the second RG cell produced by
symmetric divisions must grow a new ﬁber, and could
therefore appear to be a short progenitor cell until the new
pial process has reached the pia. Future studies should
examine the dynamics of symmetric RG cell divisions,
particularly during early stages of cortical development,
to understand how and when these cells acquire RG cell
morphology, the degree to which these symmetric daughter cells share each other’s characteristics, and how this
impacts their generative potential.

Radial glia are neural stem cells
We provide evidence in situ that RG cells possess key
characteristics of neural stem cells, including the capacity
for self-renewing divisions and the production of multiple
cell types. Our classiﬁcation of RG cell divisions as selfrenewing is based on the maintenance of unique identifying characteristics by the RG daughter cells, including
bipolar morphology, maintenance of the pial ﬁber, IKM,
and division at the ventricular surface (Misson et al.,
1988; Noctor et al., 2001). We ﬁnd that these features are
maintained through multiple divisions within a single RG
cell lineage. Recent observations of ES-derived neural
stem cells in vitro show that they bear a striking resemblance to RG cells, including spindle-shaped morphology,
the potential for self-renewing divisions, expression of RG
markers, and interkinetic nuclear movements (Perrier et
al., 2004; Conti et al., 2005), suggesting that these properties may be essential, or closely associated with stem
cells.
The RG divisions that we classify as self-renewing could
actually represent the progression of cortical RG cells
along a differentiation pathway, rather than strictly deﬁned self-renewing divisions that produce identical RG
daughter cells. For example, sequential RG divisions may
produce daughter cells that retain RG morphology, but
could differ in the expression of transcription factors associated with different laminar fates (reviewed in Kriegstein et al., 2006). Previous work has identiﬁed transcription factors, such as Otx1, that are temporarily expressed
in the VZ during the production of speciﬁc populations of
cortical neurons (Frantz et al., 1994), and heterochronic
transplant experiments suggest that commitment to laminar fate may be determined by cell cycle events (McConnell, 1988). In this way the sequential expression of transcription factors by precursor cells in the mammalian
neocortex might be analogous to the sequential expression
of different genes by Drosophila precursor cells during the
production of distinct neuroblasts (Brody and Odenwald,
2005; Kriegstein et al., 2006). We also demonstrate that
RG cells are multipotential, generating at least four distinct cell types that include additional RG cells, IP cells,
neurons, and astroglial cells. The demonstration that RG
cells undergo self-renewing divisions while generating
multiple cell types in situ indicates that RG cells are likely
the neural stem cells that have been described in dissociated cell culture experiments (e.g., Shen et al., 2004).
Furthermore, these observations support the notion that
the embryonic VZ is largely a niche for self-renewing stem
cell divisions, and that the embryonic SVZ is a niche for
restricted progenitor cell divisions that amplify speciﬁc
cortical cell populations (Noctor et al., 2004). Thus, RG

and IP cells are analogous to the neurogenic astrocytes
and transit amplifying cells that reside in the postnatal
and adult SVZ (Alvarez-Buylla and Lim, 2004). The identiﬁcation and localization of embryonic neural stem cells
in situ should advance our understanding of the factors
that regulate stem cell behavior, and has potential implications for the application of stem cell biology to disease
treatment.
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