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Molecular and Morphological Heterogeneity of Neural
Precursors in the Mouse Neocortical Proliferative Zones
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The proliferative ventricular zone (VZ) is the main source of projection neurons for the overlying cerebral neocortex. The number and
diversity of neocortical neurons is determined, in part, by factors controlling the proliferation and specification of VZ cells during
embryonic development. We used a variety of methods, including in utero electroporation with specific cellular markers, computerassisted serial EM cell reconstruction, and time-lapse multiphoton imaging to characterize the molecular and morphological characteristics of the VZ constituents and to capture their behavior during cell division. Our analyses reveal at least two types of dividing cells in the
VZ: (1) radial glial cells (RGCs) that span the entire neocortical wall and maintain contact both at the ventricular and pial surfaces
throughout mitotic division, and (2) short neural precursors (SNPs) that possess a ventricular endfoot and a basal process of variable
length that is retracted during mitotic division. These two precursor cell classes are present concomitantly in the VZ, but their relative
number changes over the course of cortical neurogenesis. Moreover, the SNPs are morphologically, ultrastructurally and molecularly
distinct from dividing RGCs. For example, SNPs are marked by their preferential expression of the tubulin ␣-1 promoter whereas RGCs
instead express the glutamate–aspartate transporter and brain lipid binding protein promoters. In contrast to recent studies that suggest
that RGCs are the sole type of VZ precursor, the present study indicates that the VZ in murine dorsal telencephalon is similar to that in
human and nonhuman primates, because it contains multiple types of neuronal precursors.
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Introduction
It is well established that neocortical neural precursor cells produce a wide array of neurons and glial cells during embryonic
development (McConnell, 1988; Rakic, 1988). However, little is
known about the cellular and molecular determinants generating
this diversity. Numerous studies have suggested that the ventricular zone (VZ) stem cells generate committed neuronal, glial, and
bipotential progenitors, each restricted to the production of one
or more types of postmitotic cells (Maric et al., 2000; McCarthy et
al., 2001; Piper et al., 2001; Cai et al., 2002b; Liu et al., 2002; Shen
et al., 2002; Maric et al., 2003; Aguirre and Gallo, 2004). Indeed,
multipotent radial glial cells (RGCs) and distinct committed neuronal and glial progenitors have been identified in the human and
monkey VZ (Levitt et al., 1981, 1983; Ostenfeld and Svendsen,
2004; Zecevic, 2004). In contrast, recent reports suggest that the
rodent neocortical VZ is composed primarily of multipotential
RGCs, which generate all of the dorsally derived neocortical cells
(Noctor et al., 2002; Fishell and Kriegstein, 2003; Weissman et al.,
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2003) including cortical astrocytes (Pixley and de Vellis, 1984;
Misson et al., 1988; Takahashi et al., 1990; Hunter and Hatten,
1995; Kamei et al., 1998; deAzevedo et al., 2003).
The basic mechanisms of neocortical development are remarkably similar across mammalian species. For example, neocortical formation proceeds via a conserved sequence: (1) rapid
founder cell expansion, (2) a period of neurogenesis from VZ and
subventricular zone (SVZ) precursors, and (3) a depletion of the
VZ cells as neurogenesis subsides. During this sequence, bipolar
VZ precursors exhibit interkinetic nuclear migration (INM),
where the cell nucleus moves in concert with the cell cycle and
descends to the ventricular surface just before entering metaphase (Sauer and Walker, 1959; Angevine and Sidman, 1961;
Caviness and Sidman, 1973; Rakic, 1974; Shoukimas and Hinds,
1978; Nowakowski and Rakic, 1981; Caviness, 1982; Rakic, 1995).
This INM, considered a hallmark of VZ cells, has been used to
highlight and analyze neocortical precursor cells.
Initially, light and electron micrograph studies demonstrated
completely rounded mitotic forebrain progenitors at the ventricular surface (Sauer, 1935; Stensaas and Stensaas, 1968; Hinds and
Ruffett, 1971) that were morphologically distinct from RGCs,
which span the full thickness of the neocortical wall, even during
mitosis (Kamei et al., 1998; Miyata et al., 2001; Noctor et al., 2001;
Noctor et al., 2002; Zecevic, 2004). Maintenance of the RGC pial
connection is important because immature neurons migrate to
the overlying cortical plate using the RGC ascending fibers as a
substrate (Rakic, 1971, 1972; Sidman and Rakic, 1973; Hatten,
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1993; Nadarajah et al., 2003). Several groups have demonstrated
recently that rodent RGCs directly generate cortical neurons and
have concluded that most, if not all, VZ cells are RGCs (Miyata et
al., 2001; Noctor et al., 2001; Malatesta et al., 2003; Anthony et al.,
2004; Noctor et al., 2004). However, the proposition that RGCs
are the preponderant VZ cell type stands in contrast to the previous identification of shorter neuronal progenitors. These discrepancies justify re-examination of the cytological composition
of the proliferative VZ by combining both modern and classical
methods.

Materials and Methods
This study used a variety of strategies, including organotypic slice preparations, in utero transfection of fluorescent reporter genes, lipophilic
dyes, and time-lapse multiphoton and electron microscopic reconstructions to fully label VZ cells. These diverse and complimentary methods
were used to characterize VZ cells from the ultrastructural level to the
dynamic physiology of living cells as they progressed through mitosis.
Most importantly, this multipronged approach avoided the possible
sampling bias inherent to each of the individual methods when used
alone.
In utero transfection and plasmid vectors. Electroporation was used to
transfect VZ cells in utero with mammalian expression vectors as described previously (Akamatsu et al., 1999; Miyasaka et al., 1999; FukuchiShimogori and Grove, 2001; Tabata and Nakajima, 2001). All animal
procedures conformed to United States Department of Agriculture regulations and were approved by the Children’s National Medical Center
and Yale Institutional Animal Care and Use Committees. Briefly, uterine
horns of timed-pregnant dams were exposed by midline laparotomy
after anesthetization with ketamine and xylazine. One microliter of plasmid DNA (3– 4 g/l) mixed with 0.03% fast green dye in phosphate
buffer was injected intracerebrally using a pulled micropipette through
the uterine muscle and amniotic sac. The anode of a Tweezertrode (Genetronics, San Diego, CA) covered in SignaGel (Parker Laboratories, Fairfield, NJ), was placed outside of the uterine muscle over the dorsal telencephalon of the embryo. Five 33 V pulses (50 ms duration; each separated
by 950 ms) were applied using a BTX ECM830 pulse generator (Genetronics). After electroporation of all embryos in one uterine horn, the
uterus was replaced within the abdomen, the cavity was filled with warm
sterile physiological saline, and the abdominal muscle and skin incisions
were closed with silk sutures. After intraperitoneal injection of yohimbine (0.2 g/gm bodyweight) for xylazine reversal, animals were left to
recover in a clean cage (animals usually recovered within 10 min). Very
little embryo mortality was found after electroporation (4% of total embryos) and no dams died from the surgery. These electroporation conditions yielded very high transfection efficiency; transfected cells were confined to the VZ and were not initially present in the SVZ, intermediate
zone (IZ), or cortical plate (CP).
We used several different plasmid vectors for transfection. General
labeling to elucidate cell morphology was performed with a plasmid
expressing free cytoplasmic EYFP (pEYFP-C2) and a plasmid expressing
farnesylated enhanced green fluorescent protein (pEGFP-F) (Clontech,
Palo Alto, CA). E/nestin:P/hsp68:EGFP (gift from S. Goldman, University of Rochester, Rochester, NY) labeled nestin-expressing precursor
cells, expression of pactin-YFP (Clontech) yielded an actin-YFP fusion
protein, which elucidated the cytoskeleton of VZ cells, and the pT␣1:
hGFP plasmid (gift from S. Goldman) expressed humanized GFP under
the control of the T␣1 promoter in a selected group of VZ progenitors.
For promoter-based assays, promoters for glutamate-aspartate transporter (GLAST) (gift from D. J. Volsky, Columbia University, New York,
NY), brain lipid binding protein (BLBP), and T␣-1 were subcloned into
EGFP or a Discosoma sp. red fluorescent protein variant (DsRed2) promoterless plasmids (pEGFP-1 and pDsRed2–1; Clontech). All cell counting was performed on coded samples so that the experimenter was blind
to the condition. For cotransfection experiments, EGFP- and DsRed2based plasmids were mixed at a 50:50 ratio.
Slice cultures. Organotypic slices were prepared 24 – 48 h after electroporation from embryonic brains as described previously (Haydar et al.,
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1999; Haydar et al., 2000; Haydar et al., 2003). Briefly, 300 m coronal
slices were obtained in ice-cold MEM using a McIlwain tissue chopper
(Mickle Laboratory Engineering, Gromshall, UK) and transferred into
serum-free medium (SFM; neurobasal medium supplemented with B27,
N2, and glutamax; Life Technologies, Gaithersburg, MD). After 4 h of
recovery, slices were embedded in growth factor-reduced Matrigel on a
15 mm coverslip fixed onto a heated open superfusion chamber (RC25F; Warner Instruments, Hamden, CT). Preheated SFM was pumped
over the slices for the length of the imaging experiment (usually 8 –24 h in
duration) and the slice temperature was maintained at 37°C. We used an
infrared pulse laser for two-photon excitation 100 –150 m below the
surface of the tissue to image undamaged portions of the slice.
Multiphoton microscopy and image analysis. All multiphoton imaging
was performed on a Zeiss (Jena, Germany) LSM 510 Meta NLO system
equipped with an Axiovert 200M microscope (Zeiss) direct-coupled to a
Mira 900F laser pumped by an 8 W Verdi laser (Coherent Laser Group,
Santa Clara, CA). EGFP was excited at 850 nm and YFP was excited at 890
nm. Time-series experiments were conducted under oil immersion, either with 25⫻ or 40⫻ objectives, and consisted of 15- to 40-m-thick
z-stacks collected every 6 min. Typical laser throughput was 10 –20%,
which corresponded to 20 – 40 mW at the sample. Time-series experiments were analyzed with LSM 510 software. For the presentation of
movies, each z-stack was projected onto one optical slice per time period,
and the resulting frames were assembled and compressed using Adobe
Premiere (Adobe, San Jose, CA).
Confocal microscopy, DiI labeling, and cell counting. Frozen sections of
40 m thickness were acquired from pEGFP-C2- and pEGFP-Felectroporated brains, which had been fixed in 4% paraformaldehyde
(PFA) overnight and equilibrated in 30% sucrose in 1⫻ PBS. Sections
with transfected VZ cells were stained with propidium iodide to counterstain DNA. Three-dimensional reconstructions of VZ cells were prepared using the LSM 510 imaging program and three-dimensional (3D)
module, by either projecting stacks around the y-axis and/or by surface
rendering. Z-stacks 25– 40 m thick, composed of 1024 by 1024 pixel,
1-m-thick optical sections, were collected using a 40⫻ oil-immersion
lens. For EGFP-C2 studies to count the ratio of ascending fibers and
transfected soma (see Fig. 2), two images were obtained per sample. First,
to highlight and enhance all basal cell processes, a high-gain z-stack was
taken of the superficial neocortical wall from the SVZ to the pia; all
ascending fibers that clearly emanated from VZ cells in the stack and were
observable from the VZ to the CP were counted. Subsequently, the numbers of EGFP ⫹ cells in the underlying VZ were counted in a second
z-stack taken at lower gain but with identical size and mediolateral position of the first z-stack. For EGFP-F studies to reconstruct mitotic VZ
cells, cells in metaphase-to-anaphase were identified based on chromatin
organization (containing a mitotic plate or cleavage plane) and were
scored as either long or short cells, depending on whether they possessed
or lacked basal ascending fibers.
For 1,l’-dioctadecyl-3,3,3⬘,3⬘-tetramethylindocarbocyanine percholate (DiI) labeling, drops of 1 mg/ml DiI dissolved in DMSO were
placed on a plastic weigh boat and allowed to dry as a lawn of small
crystals. The dorsal surface of embryonic brains fixed in 4% PFA was then
rolled onto the crystals to label the pial surface. After 6 weeks of continued immersion in 4% PFA at room temperature to allow for dye diffusion, brains were embedded in 1% low-melting-point agarose and sectioned into 50 m slices with a vibratome. Some vibraslices were then
counterstained with propidium iodide and imaged using a 543 nm HeNe
laser. -Stack images were collected using the Meta detector, and DiI and
propidium iodide emissions were discriminated post hoc using ”spectral
unmixing“ algorithms established with the analysis of slices stained with
DiI or propidium iodide alone. VZ cells in metaphase-to-anaphase were
scored as long or short cells if they were or were not DiI-labeled,
respectively.
DiI-labeled cells in other vibraslices were photoconverted using 1
mg/ml DAB in 1⫻ PBS under illumination by a 100 W mercury arc lamp
through rhodamine filters for 25 min, or until photoconversion was
complete. Photoconverted slices were then postfixed with osmium tetroxide, dehydrated, embedded in Durcupan, cut into ultra-thin sections,
stained, and imaged in an electron microscope as described in detail
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below. For correlative light/electron microscopic analysis, selected DABcontaining cells before ultra-thin sectioning were also photographed
with an Axioplan 2 conventional light microscope (Zeiss).
Electron microscopy and 3D reconstruction. Embryonic day 13.5 (E13.5)
and E16.5 mouse brains (n ⫽ 3 of each age) were removed from the
calvarium and immersed within a fixative containing 4% paraformaldehyde, 0.2% picric acid, and 2% glutaraldehyde in 0.1 M phosphate buffer
overnight at ⫹4°C. They were then embedded in 3% agarose and sectioned at 100 m in the coronal plane on a vibratome. The sections were
postfixed with 1% OsO4, dehydrated, and embedded in Durcupan
(Fluka, Buchs, Switzerland) on microscope slides and coverslipped. Selected areas were re-embedded into Durcupan blocks and cut by a
Reichert ultramicrotome into 70-nm-thick sections. Long series of sections (up to 200) were collected using Domino rack (Rowley and Moran,
1975). These sections were then stained with uranil acetate and lead citrate
and imaged in a JEM 1010 (JEOL, Akishima, Japan) electron microscope
equipped with a Multiscan 792 digital camera (Gatan, Pleasanton, CA). Images of arbitrarily selected cells from every single serial section were made at
10,000⫻ magnification. 3D reconstructions were performed using the Reconstruct software package (Fiala and Harris, 2001), publicly available at
http://synapses.bu.edu/.
For EGFP-F/DAB studies, E13.5 mouse brains were electroporated in
utero (see above). Twenty-four hours later, brains were removed from
the skull and fixed in 4% PFA and 0.5% glutaraldehyde in 0.1 M phosphate buffer overnight at 4°C. Vibratome sections were prepared as
above. The sections were immersed in 30% sucrose solution in phosphate
buffer during 2 h, freeze-thawed over liquid nitrogen and, after extensive
washes, blocked in 5% bovine albumin. The sections were incubated for
48 h at 4°C in rabbit anti-GFP polyclonal antisera (Invitrogen, Leiden,
The Netherlands; dilution 1:2000). Sections were extensively washed in
buffer and immersed in solutions of biotinylated goat anti-rabbit IgGs
(1:300) and developed by the Elite ABC kit (both from Vector Laboratories, Burlingame, CA) following manufacturer instructions with 3,3⬘diaminobenzidine-4HCl as a chromogen. Control sections were processed omitting primary antibodies or by replacing them with normal
rabbit sera (1:100). No specific staining was observed in these sections.
The sections were postfixed, embedded, cut into long series of sections,
stained, and evaluated in an electron microscope for 3D reconstructions
as described in detail above.
BrdU and Ki67 counterstaining. Embryos were electroporated with
pEGFP-F, pT␣1:hGFP, or pEYFP-C2 at time 0 on E14.5. Twenty-four
hours later, BrdU was injected intraperitoneally into the pregnant dams
at 50 mg/kg bodyweight every 2 h for a total of 4 or 6 h of cumulative
labeling. In separate experiments, embryos were collected and fixed for
Ki67 immunohistochemistry at 24 h post electroporation. BrdU immunofluorescence was performed as described previously (Haydar et al.,
1999). Ki67 staining was performed with the rabbit anti-Ki67 primary
antibody (Novo Castra, Newcastle upon Tyne, UK) at 1:250 dilution
followed by a goat anti-rabbit RITC secondary antibody (Jackson ImmunoResearch, West Grove, PA) at 1:200. Short VZ cells and T␣1expressing cells were counted only if they were fully contained within
z-stacks.

Results
We conducted an analysis of the neocortical VZ using a variety of
methods to determine the morphology and the expression patterns of VZ cells, and to follow cells using time-lapse imaging as
they progressed through mitosis. We observed that the VZ contains two molecularly different precursor cell types that transit
through mitosis with markedly different morphology.
Labeling neocortical progenitors via in utero electroporation
We used an in situ transfection technique to assay the morphology and cell division dynamics of neocortical VZ precursors. As
reported previously, in utero electroporation is a rapid and robust
method for labeling cells in situ with mammalian expression vectors (Akamatsu et al., 1999; Miyasaka et al., 1999; Fukuchi-
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Shimogori and Grove, 2001; Saito and Nakatsuji, 2001; Tabata
and Nakajima, 2001; Hatanaka and Murakami, 2002). One major
advantage of electroporation is high transfection efficiency. In
addition, because the plasmid is drawn into the VZ cell somata,
electroporation offers the ability to bypass the ventricular surface
and the potential to equally sample the VZ population.
We first designed a pulse protocol that restricted transfection
to VZ precursors (supplemental Fig. 1, supplemental movie 1,
available at www.jneurosci.org as supplemental material). To
generate large fields of transfected VZ cells, a plasmid concentration of 3– 4 g/l was used, with one microliter of this solution
injected into the lateral ventricle of fetuses aged E12.5 to E16.5.
The hemisphere that received the plasmid was then preferentially
electroporated by placing the anode on the outside of the uterine
musculature above the injection site, and voltage pulses were
then applied. Typically, six to eight fetuses per litter were electroporated, and their position on each uterine horn was recorded
relative to the cervix. All of the 20 min survival surgeries proceeded without maternal mortality, and 96.5% of all fetuses (n ⫽
1015) survived electroporation. The rate of successful electroporation was 76%. Usually, a large swath of the ipsilateral neocortical wall was transfected and only one hemisphere contained
transfected cells. Within the transfected swath, transfection efficiency could be as high as 100%, depending on the concentration
of plasmid DNA and age of the animal. Cells in electroporated
brains began expressing cytomegalovirus (CMV)-driven EGFP as
early as 12 h post surgery (data not shown).
We first characterized the morphology of VZ cells using plasmids encoding EGFP and EYFP under the control of several different promoters on embryonic days spanning the epoch of neocortical neurogenesis (E12.5–E16.5). Care was taken to ensure
that all examined cells were fully contained within each tissue
section and confocal z-stack. Labeled VZ cells typically fell into
two major morphological groups: (1) long bipolar RGCs with a
cell body in the VZ and with endfeet both at the ventricular and
the pial surfaces, and (2) cell bodies contained in the VZ anchored by ventricular endfeet that appeared to lack basal ascending processes passing through the superficial neocortical wall.
Electroporation using the E/nestin:P/hsp68:EGFP plasmid (Roy
et al., 2000) yielded many clear RGCs (which we also refer to as
long VZ cells) as well as cell bodies in the VZ that lacked discernable pial projecting processes (Fig. 1 A). We also noted many
examples of dividing VZ cells rounded at the ventricular surface
that lacked ascending processes, even after transfection with the
pactin-YFP vector encoding an actin-YFP fusion protein, which
labeled the cytoskeleton (Fig. 1 B; supplemental movie 2, available at www.jneurosci.org as supplemental material). We have
termed these latter type short neural precursor cells. The SNPs
were often found immediately next to RGCs. However, in contrast to these mitotic SNPs, RGCs in metaphase were distinguished by clear labeling of the ascending basal process, which
was sometimes punctate in appearance when free cytoplasmic
fluorescent probes were used (Fig. 1C). In fully reconstructed
cells present in areas of low transfection using pEYFP, two types
of short interphase VZ cells were found. Some cells had short
ascending processes that remained within the VZ, the tips of
which were simple and unramified (Fig. 1 D). In contrast, other
interphase cells possessed filopodia and growth cone-like structures at the tips of their ascending processes (Fig. 1 E). The
growth-cone-tipped processes are likely to identify newly generated RGCs, which must then re-establish their pial contact, as
shown previously (Miyata et al., 2001).
This series of experiments strongly suggested that both short
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and long VZ cells are present simultaneously at all prenatal ages examined. In
addition, whereas RGCs divided, maintaining the actin cytoskeleton within their
ascending process (supplemental movie 3,
available at www.jneurosci.org as supplemental material), SNPs appeared to either
retract their process or the actin contained
therein during metaphase. Thus, during
embryonic neocortical development, dividing RGCs may be joined by a markedly
different cell type in the VZ that divides in a
manner that would preclude its use as a migrational substrate. To conclusively demonstrate a diversified VZ population, we conducted three separate experiments using
light microscopy to quantify the cell types in
the neocortical VZ.
Quantification of VZ cell types
Because long and short VZ cells are principally distinguished by the presence or
absence of a pial-contacting process during mitosis, we used DiI staining of the pial
surface to retrogradely label VZ cells in Figure 1. Transfected VZ cells displayed variable morphologies. A, Transfection of E/nestin:P/hsp68:EGFP elucidated nestinfixed E13.5 and E14.5 brains, and then expressing VZ cells. Many long RGCs were evident in the midst of shorter VZ cells (SNPs), which lacked long ascending fibers. B,
counter stained all nuclei with propidium Transfection using a plasmid expressing an actin-EYFP fusion protein (pactin-EYFP) also labeled SNPs (filled arrow) and RGCs
iodide (PI). After 3D confocal imaging and (open arrow) in the VZ. The SNP in this image is mitotic and rounded at the ventricular surface and lacks an ascending process
reconstruction, all cells in metaphase and containing the fusion protein. For 3D reconstruction of this Z-stack, see supplemental movie 2 (available at www.jneurosci.org as
supplemental material). C, Dividing RGCs were also evident after electroporation with pEYFP. This section was counterstained
anaphase at the ventricular surface were with PI (red) to label all cell nuclei. The RGC in this collapsed stack is in anaphase and has a clearly identifiable ascending process
scored as either DiI-labeled or unlabeled. (arrows). D1, D2, SNPs are bipolar during interphase periods and possess unramified short ascending processes, which are often
DiI-labeled mitotic cells were considered contained within the depth of the VZ. E1, E2, Other short VZ cells possessed ascending processes with filopodia or growth cone-like
RGCs, whereas unlabeled mitotic cells tips (arrowheads). The basal process of the cell in E1 did contact the ventricular surface, but appears displaced in the collapsed
were scored as SNPs. Six weeks after DiI stack because of undulation of the ventricular surface. The short VZ cells with growth cone tips are likely long RGCs regrowing the
labeling of the pia (Fig. 2 A–C), 61 ⫾ basal process to the pial surface. Collapsed stacks in D1–E2 fully contained all processes of the imaged VZ cells. The dashed lines
8.34% of mitotic VZ cells were DiI unla- indicate the superficial boundary of the VZ.
beled, whereas 39 ⫾ 10.22% of dividing
VZ cells were DiI labeled (n ⫽ 124 cells;
mean ⫾ SEM) in E13.5 brains. Similarly,
there were more DiI-unlabeled cells (68%;
SEM ⫾ 4.89) than labeled cells (32%;
SEM ⫾ 11.03) at E14.5 (n ⫽ 157 cells) (Fig.
2C). The DiI assay therefore indicated that
the VZ contains more SNPs than RGCs
during corticogenesis. However, in this experiment, newly generated RGCs that had
not yet re-established contact with the pial
surface would be DiI-unlabeled and would
have been counted as short cells. In addition, although it appeared that the pial surface and superficial neocortical wall were
saturated with dye in these experiments, it
is possible that our labeling technique did Figure 2. Quantification of VZ cell types: retrograde DiI labeling. A, The pial surface of the telencephalic hemispheres were
not label all of the pial foot processes made coated with DiI crystals. B, C, Six weeks later, many cells in the CP and IZ were labeled with DiI (red), and mitotic cells (ranging from
by RGCs. Therefore, the RGCs may have metaphase to anaphase) at the ventricular surface were scored as DiI-labeled or -unlabeled (C, arrowheads). PI was used to
been under-sampled in these DiI studies.
counterstain the cell nuclei (blue). D, More short (DiI-unlabeled) than long (DiI-labeled) VZ cells were found at E13.5 (n ⫽ 124
To more precisely separate the SNPs total cells) and E14.5 (n ⫽ 157 total cells). *p ⬍ 0.05, t test. Error bars indicate SE.
from immature RGCs, we compared the
number of ascending fibers to the number
ment (Fig. 3A). Soma contained within the VZ were counted and
of VZ cell bodies in fixed samples. Forty-micrometer-thick
compared with the number of YFP-labeled ascending fibers in
z-stacks of 1-m-thick optical sections were collected from
the deep IZ (Fig. 3 B, C). Because cell bodies expressing EYFP
brains transfected with pEYFP. Brains containing high transfecwere much brighter than the cell processes, each radial section of
tion efficiency in the neocortical VZ were chosen for this experi-
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cells. For these reasons, the ascending fiber
experiment may have under-sampled the
RGCs.
To determine the time-dependent dynamics of even the thinnest cell processes
in VZ cells, we took advantage of the interkinetic VZ cell behavior and assayed VZ
cells at mitosis. Although SNPs do extend
basal processes during interphase, timelapse imaging experiments show that these
fibers are retracted into the cell body as the
cells move to the ventricular surface and
enter metaphase (supplemental movie 4,
available at www.jneurosci.org as supplemental material). Thus, we reasoned that
the best time window during which to
clearly distinguish SNPs from RGCs is
during metaphase and anaphase. In addition, to ensure that all cell processes were
fully labeled, regardless of their diameter,
we transfected VZ cells with an EGFP-F
construct where the farnesylated EGFP
product is tagged to the cell membrane.
High resolution z-stacks were acquired using 1-m-thick optical sections, and mitotic cells in metaphase and anaphase were
scored for the presence or absence of a
basal ascending fiber. Optical sections of
EGFP-F-transfected cells demonstrated
that the EGFP labeling was indeed confined to the plasma membrane. In this
Figure 3. Quantification of VZ cell types: counting ascending fibers. A, In this surface-rendered Z-stack from an E13.5 brain stringent analysis, cells with any detectable
fixed 24 h after electroporation, the density of VZ cells can be compared with the number of ascending radial fibers. B, This basal process were counted as RGCs.
collapsed Z-stack illustrates the VZ cell/ascending process ratio. The boxed area is shown at higher magnification in C, where Twenty-four hours after pEGFP-F electroascending radial fibers are clearly evident emanating into the IZ. The white line demarcates the counting region where ascending poration, EGFP-F-labeled cell bodies were
found in the VZ and SVZ, and ascending
processes were scored.
radial fibers were clearly evident coursing
Table 1. Quantification of VZ cell types: ascending fiber experiment
through the IZ and CP and terminating at
the pial surface (Fig. 4 A). In contrast to the bipolar appearance of
Mean percentage ⫾ SEM
VZ cells, SVZ cells appeared multipolar, as described previously
E14.5
E15.5
E16.5
(Tabata and Nakajima, 2003; Noctor et al., 2004). After 3D reShort
81.1 ⫾ 0.41
92.8 ⫾ 1.22
71.5 ⫾ 3.71
construction, short dividing cells completely lacking basal proLong
18.9 ⫾ 0.38
7.2 ⫾ 1.35
29.5 ⫾ 3.14
cesses were found at the VZ surface (Fig. 4 B), sometimes in close
proximity to long dividing cells (Fig. 4C). Counts of VZ cells in
metaphase-anaphase on each day from E13.5 to E16.5 are presented in Figure 4 D and Table 2. The ratio of SNPs to RGCs was
the neocortical wall was scanned both at low and at high detector
⬃50:50 at all ages examined, except for E14.5 when there were
gain. The high-gain images (Fig. 3C) enhanced the dim elements
significantly more SNPs by t test ( p ⬍ 0.05). Thus, all of our
and were used to count all observable ascending processes emaattempts to quantify cell types in the prenatal neocortical VZ
nating from the VZ. At all ages examined, we counted more cell
detected a significant number of short mitotic neural precurbodies in the VZ than radial fibers ascending through the neocorsors, which progress through mitosis quite differently than
tical wall (Table 1). This experiment, using in situ labeling methlong RGCs. When membrane labeling and the distinct mitotic
ods to discriminate whether VZ cells possessed ascending fibers
behavior of long and short cells are simultaneously assayed
into the SVZ and IZ, again suggested that there were many SNPs
throughout neocortical neurogenesis, we find that there are
in the neocortical VZ. However, RGC fibers are known to fascicroughly equal numbers of RGCs and SNPs in the VZ.
ulate as they ascend through the neocortical wall (Rakic, 1972;
Gadisseux et al., 1989; Takahashi et al., 1990), and so the brighter
Electron microscopic determination of VZ cell morphology
processes counted may have been fascicles of multiple radial fiWe performed a serial section EM analysis of the E13.5 and E14.5
bers not resolvable by light microscopy. In addition, RGC fibers
VZ to determine the ultrastructural characteristics of VZ precurhave been observed to thin considerably during mitosis (Noctor
sors and to convincingly determine the length of dividing cells in
et al., 2001; Miyata et al., 2002). Thus, the free cytoplasmic EYFP
the VZ. Examination of random EM sections indicated that the
expressed by transfected cells may have been largely excluded
majority of cell body profiles with the ultrastructural features of
and/or withdrawn from thin fibers of the mitotically active long
mitotic cells (e.g., chromosomes and centrioles in the cytoplasm,
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or two dark postmitotic nuclei) were
round or ovoid and lacked the initial segments of radial processes. However, the
prevalence of these rounded profiles may
be attributable to the fact that the radial
processes were very thin (⬃1 m diameter) and therefore may have been outside
the plane of the section. To obtain more
conclusive data, we obtained complete 3D
reconstructions of dividing cells from gapless, contiguous series of ultra thin (70 nm
thick) sections. Both short (Fig. 5A) and
long cells (supplementary Fig. 2, available
at www.jneurosci.org as supplemental material) were traced and reconstructed in
unlabeled tissue. Although the cell profiles
in each section of these reconstructions
were unambiguous because of excellent
fixation, it was difficult to prove the absence of the finest curved processes because of the following inherent methodological limitations: (1) cell bodies and
processes are densely packed in the VZ and
have similar cytoplasmic density, and (2)
the cell membrane cannot always be definitively traced when processes are cut tangentially. To overcome these technical
limitations, we performed reconstructions
of DAB-stained tissue after in utero
Figure 4. Quantification of VZ cell types: transfection with membrane-tagged EGFP. A, Twenty-four hours after in utero
EGFP-F electroporation of VZ cells. The electroporation on E13.5 with pEGFP-F, numerous labeled VZ and SVZ cells are found in the neocortical wall. B1, B2, Examples
accumulation of electron-dense DAB pre- from collapsed z-stacks of short metaphase cells that lacked ascending fibers (arrowheads). B3, This inset, extracted from the
cipitation inside transfected cells and its dotted lines in B2, contains an optical section through the middle of the identified SNP and demonstrates the membrane-labeling
absence in adjacent, nontransfected cells profile after transfection with EGFP-F. C, Z-stacks also contained mitotic long RGCs whose radial fibers could be traced to the pial
greatly improved the signal-to-noise ratio surface (arrows). The arrowhead denotes a rounded SNP. D, In 3D z-stack projections, the number of mitotic SNPs (black bars) and
by clearly demarcating the boundaries be- mitotic RGCs (white bars) were counted on E13.5 (n ⫽ 234 cells), E14.5 (189 cells), E15.5 (n ⫽ 153 cells), and E16.5 (n ⫽ 203
tween cells and assured that all extrusions cells). On each day, the ratio of long to short cells was nearly 50% and not statistically significant, although there were more SNPs
of the cell membrane were traced and re- found on E14.5 (*p ⬍ 0.05; t test). Error bars indicate SE.
constructed (Fig. 5B).
Table 2. Quantification of VZ cell types: metaphase/anaphase EGFP-Fⴙ cells
In total, four mitotic SNP cells (two from unlabeled tissue
Mean percentage ⫾ SEM
and two EGFP-F/DAB-stained tissue) completely lacking ascending processes were fully reconstructed (Fig. 5). Two other
E13.5
E14.5
E15.5
E16.5
mitotic RGCs (one from unlabeled and one from EGFP-F/
Short
44.4 ⫾ 12.45
76.3 ⫾ 5.1
41.7 ⫾ 11.4
41.5 ⫾ 12.8
DAB tissue) demonstrated a well established radial process
Long
55.6 ⫾ 4.8
23.7 ⫾ 13.6
58.3 ⫾ 7.4
58.5 ⫾ 5.7
emanating from the basal pole of the cell body. One of these
reconstructed RGCs extended a process that terminated with a
growth cone 50 m from the ventricular surface (supplemental Fig. 2, available at www.jneurosci.org as supplemental mation to confirming the existence of SNPs, the EM experiments
terial). Another dividing RGC could not be traced completely
also identified RGCs, thereby validating the light microscopy
because its process was truncated at the surface of the section
experiments, which suggested that mitotic short and long cells
as it coursed away from the VZ (data not shown), but it was of
coexist in the embryonic telencephalic VZ. Furthermore, the
sufficient length to classify it as a long cell.
morphology and ultrastructural characteristics of the long cell
To resolve the full span of the ascending processes from VZ
in supplemental Figure 2 (available at www.jneurosci.org as
to the pial surface, we analyzed mitotic cells retrogradely lasupplemental material) further confirmed that RGCs mainbeled with DiI placed on the pia and photoconverted in DAB
tain their ascending process during division, even while the
with correlative light/electron microscopy. After initial light
basal process is still regrowing to the pial surface.
micrographs of the labeled cells were acquired (Fig. 6 A), the
cells were serially sectioned and imaged via EM (Fig. 6 B).
Molecular classification of VZ progenitors
Three cells were arbitrarily selected for analysis because they
To investigate possible molecular differences between SNPs and
demonstrated cell bodies rounded at the ventricular surface
RGCs, we first tried to label mitotic VZ cells 24 h after pEGFP-F in
and were not masked by other stained cells. Using the ultrautero electroporation using a battery of antibodies directed
structural criteria of condensed chromatin and centriole pairs,
against neural precursor cells. Not surprisingly, all 3Dall of these three cells were mitotic: one was in metaphase (Fig.
reconstructed dividing VZ cells were immunopositive for nestin,
6) and two were in prometaphase (data not shown). In addiRC2, GLAST, and vimentin, but immunonegative for ␤-3-
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labeling of RGCs homogeneously label the
neocortical VZ. However, promoter expression has been successfully used as a
method to separate cell types (Wang et al.,
2000; Keyoung et al., 2001). In addition,
several reports have demonstrated that
promoter activity can be used to label cells
regardless of the translational state of the
encoded protein (Mallon et al., 2002;
Yuan et al., 2002). We therefore explored
the possibility that differences in expression of exogenous promoters, delivered by
in utero electroporation, could be correlated with each morphologically distinct
VZ cell type.
To determine whether stage-and classspecific DNA promoters may distinguish
SNPs from RGCs, we performed 3D conFigure 5. 3D reconstructions of SNPs by EM. A1, A2, This short cell in telophase was reconstructed from serial sections taken focal microscopy on VZ cells transfected
from unstained tissue from an E13.5 neocortex. The membrane of the cell is indicated with small arrows. The ventricular surface is in utero with constructs in which the prodenoted by a large arrow in the surface rendered image in A2. Adherens junctions are indicated by arrowheads. B1, This E13.5 VZ moters for the tubulin ␣-1 gene ( pT␣1),
cell was first labeled by in utero electroporation with EGFP-F. Subsequent anti-EGFP immunolabeling demarcated the cell border the GLAST glutamate transporter gene
(small arrows) with electron dense immunoperoxidase-DAB reaction end-product. Two centrioles (c) located in controversial poles ( pGlast), or brain lipid binding protein
of the cell body (only one of which is seen in this serial section), chromosomes (chr) in cytoplasm, and fragments of forming nuclear (pBlbp) were driving GFP variants. Fortymembranes (nm) indicate that the cell is in early telophase. The framed area in B1 is enlarged in B2. B3, 3D reconstruction from eight hours after pT␣1:hGFP electropora144 contiguous serial sections demonstrates that the cell is devoid of processes. The ultrathin section in B1 and B2 is indicated by tion on E13.5, GFP-labeled cells were
the dashed line in B3. Scale bars: A1–B3, 1 m.
found in the VZ and SVZ along with a
massive bolus neurons migrating out of
the SVZ, thorough the IZ, and into the CP
(Fig. 7 A, B). In addition, most GFP ⫹ neurons exhibited the classical morphology of
radial migrators with thick leading processes and thin trailing processes (Fig. 7C).
Because very few migrating cells were
found with a leading process extending
fully to the pial surface, these cells appeared to be gliophilic bipolar migrating
neurons (Ramon y Cajal, 1952; Rakic,
1972) and not migrating by “somal translocation” (Morest, 1970; Sidman and Rakic, 1973; Nadarajah and Parnavelas,
2002). Most importantly, GFP ⫹ RGC fibers were largely absent in the IZ and CP
of the pT␣1:hGFP-transfected neocortical
wall, and the majority of mitotic pT␣1hGFP ⫹ VZ cells lacked ascending processes (Fig. 7D–G; supplemental movie 5,
available at www.jneurosci.org as supplemental material). In contrast, the overwhelming majority of mitotic VZ cells
expressing either pGlast-EGFP or pBlbpFigure 6. Light and electron micrographs of a long mitotic RGC from E14.5 dorsal telencephalic VZ. The specimen was prepared EGFP possessed a basal ascending process
by pial placement of DiI crystals and photoconversion of the labeling into electron dense DAB precipitation. A1, Light micrograph (Fig. 7 F, G). Thus, in the prenatal murine
of a long cell with the cell body situated at the ventricular surface. The process (arrows) traverses ventricular VZs and SVZs and VZ, neurogenic SNPs preferentially exreaches the pial surface, as suggested by DiI/DAB labeling. The border between the zones is indicated by the dashed line. A2, press the T␣1 promoter, previously found
Specimen of the cell trimmed for ultrathin sectioning before EM investigation. The cell of interest is the only DAB-containing cell to be expressed by neuronal progenitor
in the region. B, EM image of a profile of the DAB-containing cell with initial fragment of the radial process (arrow). Chromosomes cells (Gloster et al., 1994; Sawamoto et al.,
(chr) and centriole (c) in cytoplasm indicate that the cell is in metaphase. Scale bars: A1, A2, 20 m; B, 2 m.
2001), whereas the Glast and Blbp promoters are specifically expressed by RGCs.
tubulin and microtubule-associated protein 2 (data not shown).
To determine the level of exclusivity of these expression patThis supports previously published reports (Gaiano et al., 2000;
terns, we cotransfected E12 VZ cells in utero with pairs of proHatanaka and Murakami, 2002; Noctor et al., 2002; Malatesta et
moter constructs in which one plasmid encoded EGFP and the
al., 2003; Anthony et al., 2004) that all antigens used for specific
other encoded DsRed2 (Fig. 7H ). We found that very few VZ cells
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simultaneously expressed both the T␣1/
Glast or T␣1/Blbp promoters 24 (Fig. 7F )
or 48 h (Fig. 7G) post electroporation. In
contrast, 90 –95% of the cells expressing
the Glast promoter also expressed the Blbp
promoter. A corresponding analysis on
neocortices electroporated on E14 and allowed to develop in utero for 24 or 48 h
yielded nearly identical results to those
presented in Figure 7F–H (data not
shown). Altogether, based on their promoter activity profiles, these data demonstrate that SNPs and RGCs are molecularly
different and exclusive cell types, and that
the pT␣1-EGFP and pGlast-EGFP/pBlbpEGFP constructs can be used to separate
these two classes of VZ cells in future
studies.
Short VZ cells as a separate
proliferative population
Our electroporation and EM analyses
demonstrate that SNPs are present in the
VZ during M-phase of the cell cycle. In
addition, the T␣1 construct studies demonstrate that this promoter, expressed in
neuronal progenitors and postmitotic
neurons, can be used to separately classify
mitotic SNPs from mitotic RGCs. To determine whether short VZ cells are also
present in other phases of the cell cycle and
are therefore a separate proliferative population, we performed in utero electroporation of a variety of fluorescent constructs
on E14.5, followed by cumulative BrdU la- Figure 7. Electroporation of cell-specific promoters was used to differentially label short and long VZ cells. A–E, The T␣1
beling or Ki67 immunostaining 24 h after promoter construct preferentially labels short VZ cells (supplemental movie 5, available at www.jneurosci.org as supplemental
material). A, Forty-eight hours after in utero electroporation with pT␣1-hGFP, many neurons generated from the VZ and SVZ are
transfection (Fig. 8).
⫹
After 4 h of cumulative BrdU labeling found migrating radially through the IZ into the CP. B, At higher magnification, very few GFP ascending fibers from RGCs were
found in superficial portions of the neocortical wall. C, Most neurons migrating into the CP appeared bipolar, with thin trailing
just before killing (Fig. 8 A), 56% (SEM ⫾ processes and longer, thicker leading processes, and did not appear to be associated with GFP ⫹ RGC fibers. D, E, Reconstructed VZ
5) of the SNPs (bipolar in morphology and cells (arrowheads), depicted here in collapsed stacks within which they were fully contained, had short ascending processes
with basal contacts at the ventricular sur- (double arrowheads) before their entry into metaphase (D), and lacked processes when dividing at the surface of the ventricle (E).
face) were BrdU-unlabeled and therefore 3D-reconstructed mitotic cells were scored as short (black bars) or long cells (white bars) 24 h (F ) or 48 h (G) after in utero
in G1 phase (Fig. 8 B), whereas 44% (⫾4) electroporation with pGlast-EGFP, pBlbp-EGFP, or pT␣1-hGFP. Of the total number of cells expressing each construct, pGlast-EGFP
of the reconstructed bipolar SNPs were and pBlbp-EGFP were primarily expressed by long RGCs. Conversely, short dividing cells preferentially expressed the pT␣1-hGFP
BrdU ⫹ (and were thus in S-phase through construct. The percentage of unclassifiable cells is represented as N.D. (⬎18,000 transfected cells were scored for the experiments
early G1) (Fig. 8 A–C). In sections from in F and G). H, Cotransfection of EGFP/DsRed2 plasmid pairs demonstrated that mitotic VZ cells expressing either pGlast or pBlbp
brains cumulatively labeled with BrdU 6 h did not concurrently express pT␣1, although long cells did coexpress pGlast and pBlbp. *p ⬍ 0.0001. Error bars indicate SE.
before killing (Fig. 8 D), 59% (⫾7) of the
2000; Sawamoto et al., 2001) demonstrating that (1) T␣1:hGFP
reconstructed SNPs were BrdU ⫹, regardless of whether they were
cells are an actively cycling population and not just present in
transfected with pEGFP-F (Fig. 8 E, E1) or the T␣1:hGFP conM-phase, and that (2) T␣1-expression also labels newly genstruct (Fig. 8 F–f2). This change in the BrdU ⫹ cells from 4 to 6 h
erated postmitotic neurons as they exit the germinal zones.
of BrdU labeling demonstrates that the SNP BrdU labeling index
Thus, the SNP cell population is an actively proliferating
increases as expected for a continuously proliferating population
group of progenitors that can undergo at least one full cell
and that they are not just present in M-phase. Specifically, the
cycle while in the VZ.
increase in the number of BrdU ⫹ SNPs most likely represents the
combined effects of SNPs transitioning into G1 phase, as well as
Discussion
the transition of (BrdU-unlabeled) SNPs into S-phase. The BrdU
Using a combination of in utero cell transfection and light and
experiments therefore demonstrate that the SNP population
electron microscopy techniques, we demonstrate that the murine
progresses through the cell cycle. In addition, immunostaining
neocortical VZ contains multiple morphologically and molecufor Ki67 (Fig. 8G), an antigen expressed in proliferating cells
larly distinct types of dividing precursor cells, which are neurothroughout the cell cycle but not in G0 phase, labeled 73% (⫾7)
of T␣1:hGFP cells in the VZ (Fig. 8 H–h2). Altogether, these regenic in nature and which coexist during all stages of prenatal
sults confirm previous reports (Gloster et al., 1994; Wang et al.,
neurogenesis. Thus, our findings support the classical notion that
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Figure 8. SNPs progress through the cell cycle. The denoted plasmid constructs were used for in utero electroporation on E14.5 followed 24 h later by cumulative labeling with BrdU or
immunostaining for Ki67 antigen. A–C, Four hours of BrdU labeling identified bipolar SNPs that were labeled or unlabeled with BrdU. As depicted in A, BrdU ⫹ cells would be present in phases S-early
G1 based on cell cycle parameters specified by Takahashi et al. (1995). Correspondingly, BrdU ⫺ short cells would be in mid to late G1 phase. B, b1– b3, This T␣1:hGFP expressing cell was BrdU ⫺
and therefore in G1 phase, whereas the pEYFP-C2 expressing cell in C and c1– c3 was BrdU ⫹. D, Depiction of the cell-cycle location of BrdU ⫹ and BrdU ⫺ VZ cells after 6 h labeling. E–f2, Examples
of BrdU ⫹ SNPs reconstructed after transfection with pEGFP-F and T␣1:hGFP. More SNPs were BrdU ⫹ after 6 h of cumulative BrdU exposure compared with 4 h BrdU exposure, suggesting that SNPs
progress through the cell cycle (see text for details). G– h2, Ki67 immunostaining also revealed that T␣1-expressing VZ cells are arrayed throughout the cell cycle. The higher magnification insets
in H–H2 demonstrate two T␣1-expressing cells with abventricular somata that are Ki67 ⫹.

the VZ is composed of at least two cell types (His, 1904; Ramon y
Cajal, 1952). These two precursors, SNPs and RGCs, are distinguished by their mitotic morphology using light and electron
microscopy and by their expression of stage- and class-specific
DNA promoters. These data suggest that the composition of the
rodent neocortical VZ is similar to that of the primate neocortical
VZ, in which RGCs and distinct progenitors are contemporaneous throughout neocortical histogenesis (Levitt et al., 1981, 1983;
Saba et al., 2001; Zecevic, 2004). Our ability to discriminate multiple precursor cell types in rodent telencephalon will allow future
studies aimed at identifying the molecular mechanisms underlying stem and progenitor cell expansion and/or lineage restriction
and how those mechanisms cooperate during embryonic development to generate the proper size and cellular diversity in the
neocortex.
Sampling techniques and/or DNA expression differences between VZ cell types are possible explanations for why we observed
SNPs in this study. For example, our in utero transfection data
suggest that DNA promoters may not be constitutively or equally
expressed in all VZ cells. Because most retroviral studies have

relied on the CMV promoter to drive GFP expression in VZ cells,
this may have inadvertently oversampled the RGC population
and preferentially labeled multipotent cells. When cultured at
clonal density after fluorescence-activated cell sorting, we indeed
found that multipotent VZ cells retain expression of CMVEGFP-F, whereas committed neuronal progenitors rapidly
downregulate EGFP-F expression (D. Maric, L. Chakrabarti, J. L.
Barker, and T. F. Haydar, unpublished observations). In addition, electroporation of plasmid DNA into the cell soma may
sample the VZ population differently when compared with retroviral transduction, where infection is presumably influenced
by the surface area, morphology, and membrane components of
the ventricular foot process.
The concept that neocortical neurogenesis proceeds from a
heterogeneous pool of stem cells and committed progenitors,
first suggested by light microscopy, EM, and immuno-EM studies, has been supported more recently by in vitro and in vivo
studies in rodents as well as in primates (Rao, 1999; McCarthy et
al., 2001; Piper et al., 2001; Cai et al., 2002b; Letinic et al., 2002; Liu et
al., 2002; Shen et al., 2002; Aguirre et al., 2004; Maric and Barker,
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2004; Zecevic, 2004). For example, Grove et al. (1993) used retroviral
lineage analysis to identify at least six different types of restricted
progenitors in the rat neocortex. However, studies in rodents using
molecular genetics (Malatesta et al., 2003; Anthony et al., 2004) and
time-lapse imaging of retrovirally transduced VZ cells (Noctor et al.,
2001, 2002, 2004) have suggested that most, if not all, VZ cells are
morphological RGCs and, furthermore, that RGCs directly generate
all of the dorsally derived neocortical neurons. Species divergence
has been proposed to reconcile the primate-rodent disparities in VZ
constituency (Zecevic, 2004). However, the in vitro and in vivo data
thus far published in rodents are only consistent if all VZ cells retain
RGC morphology, even after their lineal potential diverges and/or
becomes restricted. Our data, which demonstrate that short cells are
also present in the rodent VZ, suggest that neither of these explanations is sufficient; rather, all of the methods demonstrate that the
rodent VZ is a heterogeneous pool of long and short cells and that
neocortical neurogenesis is a combined effort of both of these cell
types.
The results that VZ cells differ in the expression of classspecific (radial glia versus neuronal progenitor) promoters indicate that SNPs and RGCs may represent separate stages along the
continuum of cell differentiation, ranging from multipotent stem
cell to postmitotic differentiated neuron. These promoter data
argue against the possibility that VZ cells are simply one cell type
that can assume different shapes. Importantly, there may also be
heterogeneity within each long or short VZ cell group (Fishell and
Kriegstein, 2003) with respect to cell cycle parameters or lineage
potential. For example, in embryonic primate brain, a subclass of
radial glia that form the scaffolding cease proliferation for several
months during mid-gestation and serve as a migrational substrate before reactivating and dividing to produce neocortical
astrocytes (Schmechel and Rakic, 1979; Rakic, 2003). These more
stalwart cells contribute less to cortical expansion compared with
the continuously dividing neurogenic RGCs. Although the lineage potential of neocortical precursors has been correlated with
developmental age, cell cycle parameters, and signaling by exogenous factors, it is also plausible that intrinsic differences
within RGC and SNP cell groups are required for the diversity
of neuronal and glial cells of the neocortex, or for the maintenance and propagation of neural stem cells as they transfer
into the postnatal SVZ.
This study also suggests parallels between the prenatal and
postnatal neurogenesis programs. In postnatal neurogenesis,
slowly dividing SVZ astrocytes (type B cells) are the stem cells
which give rise to rapidly dividing transit amplifying progenitors
(Doetsch et al., 1999; Doetsch, 2003). A recent study has demonstrated that RGCs generate type B stem cells in the postnatal SVZ
(Merkle et al., 2004). Thus, RGCs are posited as neural stem cells
in both prenatal and postnatal telencephalon. The short T␣1expressing VZ cells we have characterized may therefore be the
prenatal correlate to the type C transit-amplifying progenitors
found postnatally. To extend this parallel, future experiments will
determine whether short and long cells differ in cell cycle kinetics
in a manner similar to that found in type B and C cells.
The presence of multiple VZ precursors is compatible with
murine fate mapping studies that have used RGC-specific promoters to assay the lineage of neocortical neurons. In particular,
results from the human GFAP (hGAFP)-cAMP response element
(Cre)/Rosa26R (Malatesta et al., 2003) and BLBP-Cre/R26R (Anthony et al., 2004) transgenic mice, engineered to label RGCs and
their progeny, demonstrate that all dorsal neocortical excitatory
neurons are derived from RGCs. In addition, in vitro data from
precursor cells isolated from T␣1-EYFP transgenic animals dem-

onstrated that the T␣1-expressing cells are restricted neuronal
progenitors (Sawamoto et al., 2001). We found that short but not
long VZ cells express the T␣1-hGFP construct. Therefore, we
hypothesize that SNPs are committed neuronal progenitors,
which are a separate cell class but may indeed be derived from
long RGCs (and thus represent an intermediate member of an
hGFAP- or Blbp-promoter-expressing lineage). The existence of
short cells throughout neurogenesis, the massive neurogenesis
observed with the T␣1-hGFP construct 48 h after transfection,
and the labeling of SNPs by “RGC-specific” antibodies, are all
consistent with this hypothesis.
It is generally accepted that different modes of cell division
influence the expansion of precursor cells and the eventual size
and complexity of the postmitotic cell population (Chenn and
McConnell, 1995; Rakic, 1995; Takahashi et al., 1996; Zhong et
al., 1996; Jan and Jan, 1998). For example, symmetric divisions of
VZ precursor cells cause an exponential expansion in their number during early neurogenesis, whereas subsequent asymmetric
cell divisions generate postmitotic neurons from VZ precursors
(Rakic, 1988). Finally, at the close of neocortical neurogenesis,
VZ cells again divide symmetrically to generate two postmitotic
neuronal daughter cells, thereby depleting the VZ population
(Takahashi et al., 1996; Haydar et al., 2003).
The switch in the general VZ population from symmetricalto-asymmetrical-to-symmetrical divisions during neurogenesis
suggests either that different cell types may be responsible for
each cell division mode or, conversely, that different signaling
pathways operate within the same precursor cell population to
modify mode of division. It has been proposed that VZ stem cells
undergo the early symmetrical divisions and that RGCs perform
all of the subsequent mitoses. However, RGC division has been
shown in time-lapse-imaging experiments to be an inherently
asymmetric enterprise with respect to both morphology and to
fate; only one daughter cell inherits the RGC ascending process
and the other daughter cell migrates away and becomes a neuron.
To date, the symmetrical divisions that predominate during late
neurogenesis have not been ascribed to a particular VZ cell type.
Our results suggest the possibility that the rounded morphology
of dividing SNPs may facilitate the establishment of a nonpolarized intracellular environment and promote symmetric distribution of fate-determining molecules. We speculate, therefore, that
short cells may be responsible for many of the symmetrical divisions occurring throughout (Cai et al., 2002a), but especially at
the end of, neocortical neurogenesis.
Together, our study reveals several classes of neocortical precursor cells that can be distinguished based on morphological
and molecular criteria throughout neurogenesis. This finding is
important both conceptually and practically as the prospect of
using neural stem cells in potential replacement therapies increases. This ability to discriminate VZ cell types will aid in future
experiments to determine the precise lineal relationship between
RGCs and SNPs, as well as the molecular controls for stem cell
and progenitor cell specification during vertebrate neocortical
expansion.
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