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Summary

Mature neocortical layers all derive from the cortical plate by collapse of the ventricular process of the cell,
(CP), a transient zone in the dorsal telencephalon into followed by its NS division. Neurogenin2 (Ngn2) was
which young neurons are continuously delivered. To immunohistochemically detected in a certain cycling
understand cytogenetic and histogenetic events that trigger population during G1 phase and was further restricted
the emergence of the CP, we have used a slice culture during G2-M phases to the SVZ-directed population. Its
technique. Most divisions at the ventricular surface retroviral introduction converted surface divisions to NS
generated paired cycling daughters (P/P divisions) and the divisions. The asymmetric P/P division may therefore
majority of the P/P divisions were asymmetric in daughter contribute to efficient neuron/progenitor segregation
cell behavior; they frequently sent one daughter cell to a required for CP initiation through cell cycle-dependent and
non-surface (NS) position, the subventricular zone (SVZ), lineage-restricted expression of Ngn2.

within a single cell-cycle length while keeping the other

mitotic daughter for division at the surface. The NS- Supplemental data available online

dividing cells were mostly HU and their daughters were

also Hu", suggesting their commitment to the neuronal ey words: Cerebral cortex, Cortical plate, Neuroepithelium,
lineage and supply of early neurons at a position much sybventricular zone, Asymmetric cell division, Cell migration, Cell
closer to their destiny than from the ventricular surface. cycle, Cell fate determination, Layer formation, Neurogenin2, Slice
The release of a cycling daughter cell to SVZ was achieved culture, Mouse

Introduction Therefore, we sought to determine whether the cerebral wall

Asymmetric cell division events are important for the Might also undergo similar asymmetric P/P divisions, chusmg
generation of cellular diversity in the mammalian cortexOn the stage of development just before and during the
Recent lineage tracing studies have revealed cogeneration of@ergence of the cortical plate (CP) (Fig. 1A). This stage is
neuron and a mitotic daughter from a single progenitor ceffharacterized by a shift in the productivity in the dorsal
(N/P division) in the ventricular zone (VZ) of the mid- telencephalon fro'm proliferation mthout@ffergnﬂaﬂon (‘stage
embryonic cerebral wall (Chenn and McConnell, 1995; Miyatal) to differentiation balanced with proliferation (‘stage 2')
et al., 2001; Noctor et al., 2001) (reviewed by Fishell andSmart, 1973), as well as a transition from ‘symmetric’ to
Kriegstein, 2003). Although this is amongst the simplestasymmetric’ divisions in the entire cycling population
examples of asymmetry in cell output, mechanisms that afdakahashi et al., 1996b). We therefore asked whether the shift
thought to be important for generating cellular asymmetryn the behavior of the entire population of cells could be
(Knoblich, 2001) might function in broader forms of division, €xplained by possible asymmetric P/P divisions at the single
including division that gives rise to two mitotic daughter cellscell level.
(P/P division) (Qian et al., 1998). For the assessment of asymmetry in a pair of mitotic
We have recently observed the formation of four-cell clonegaughter cells, it is essential to monitor cellular movement
from single Dil-labeled progenitor cells in retinal slicesprior to division and identify the type of granddaughter cells.
prepared from embryonic day (E) 17 mice (Saito et al., 2003Fpmart (Smart, 1973) confirmed the presence of mitotic figures
Strikingly, the majority of the P/P divisions that formed theaway from the ventricular surface of the developing cerebral
retinal four-cell clones were found to be asymmetric, withwall, observations originally made in 19th century, and
paired mitotic daughters differing in the trajectory of suggested that the earliest formed cells of the CP may originate
interkinetic nuclear movement, cell cycle length, and thdrom non-surface (NS) mitoses. However, the more widely
composition of their daughter cells (i.e. granddaughter cellspccepted view for the role of the NS-dividing or subventricular
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zone (SVZ) progenitor cells in the rodent has been gliogenesisist recently, neuron production by NS-dividing cells was most
(Altman and Bayer, 1990; Takahashi et al., 1995b). This viewonvincingly proved in slice culture of late-embryonic rat
has lead to the recent claim that the human neocortical SVZ ¢erebral walls (Noctor et al., 2004). These reports suggest that
evolutionally specialized, that is, massive neuronogeneses least some neurons may arise from the NS divisions in the
occurs in this zone (Letinic et al., 2002). The contribution ofodent, although the degree of their contribution to the total
NS mitoses to the production of neurons in earlier stages wheruronal output is unclear and should be understood stage by
the preplate is formed was suggested by studies on the cerelstlge.

wall of E12-13 rats (Valverde et al., 1995), E10-12 mice (Ishii The origin of the NS-dividing progenitor population is also
et al., 2000), and E9-12 mice (Haubensak et al., 2004unclear. Although NS-dividing cells seen in the pallium can
Furthermore, the expression of Svetl was used to link dividingrise from the ganglionic eminence (He et al., 2001), the VZ
cells in the SVZ of the late embryonic mouse cerebral wall andf the pallium is thought to be their primary origin (Altman
generation of upper-layer CP neurons (Tarabykin et al., 2001and Bayer, 1990; Takahashi et al., 1995b). A leading
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Fig. 1. P/P divisions predominate during cytogenesis in the pre-  Also, the NS mitoses were mostly positive for Hu and
cortical plate (CP) stage. (A) Toluidine blue-stained cerebral wall of generated a pair of Fluneuron-like cells. Neurogenin2 (Ngn2),

a B6C3 mouse at E13 depicting the region in question. The presenta basic helix-loop-helix-loop (bHLH) transcription factor
study focuses on cytogenesis in the ventricular zone (VZ) and known to regulate neuronogenesis in the dorsal telencephalon
subventricular zone (SVZ) just before and during the emergence of (sgmmer et al., 1996; Fode et al., 2000; Nieto et al., 2001)
the CP (pink). Cerebral walls at E14 are also composed of sections iﬂeviewed by Ross et al., 2003), was detected in a cell cycle-

a pre-CP stage, mainly in the dorsal region. Smart (Smart, 1973) : / .
suggested that a transition from the proliferation-dominant ‘stage 1,dependent manner, with the highest and broadest expression

to ‘stage 2’ which balances proliferation and differentiation (see textdu”r?g G1 phase and a weaker an_d more NS_ populatlpn-
for detail) occurs in the region that we targeted for the analysis of restricted pattern towards M _pha_se. Flnal_ly, cells infected with
division patterns. IZ, intermediate zone; PP, preplate. (B) Frozen ~Ngn2 retrovirus showed a significantly higher percentage for
section of an E14 dorsal region, doubly stained with anti-Ki67 and NS mitoses compared with those infected with control virus.
NeuroTrace (for ‘fluorescent Nissl stain’). We counted Ki67-positive Accordingly, we propose that commitment to the neuronal
and Ki67-negative (outlined) cells in the VZ+SVZ at E13, E14 and lineage, accompanied by the loss of the ventricular process,
E15 to obtain percentage Ki67-positive/Nissl-positive (see Table 1). occurs in a mitotic cell prior to the completion of G2 phase,

(C) Slice culture showing a Dil-labeled progenitor that divided at thegnd the asymmetric P/P division that generates such a NS-
ventricular surface to give rise to two daughter cells both of which dividing mitotic cell, as well as a S-dividing mitotic cell

were positive for Ki67 (G merged image from photographs using a - — . .
40x objective; C, observation using a 18@bjective with optical contributes to the eﬁ'.C'ent. segregation of neurons and cycling
cells, a process required in the pre-CP stage.

slice of 1.2um). (D) Some forms of P/P division give rise to two
daughter cells that divide at the ventricular surface

(Ps-div— Ps-divtPs-div). Daughter cell ‘a’ inherited the parent cell’s IXIateriaIs and methods

basal process, whereas the cell ‘b’ extended a new process (arrowe ?

to the pial surface (asterisk). The trajectory of the interkinetic nuclea®lice culture

movement often differed between such paired surface-dividing Coronal slices were prepared from B6C3 mice at E13 and E14 (plug
(S-div) cells, with quicker and greater ascent by the inheritor of the day=EO0), and cultured in collagen gel as previously described (Miyata
basal process. (E) Another type of P/P division produces a daughteet al., 2001). Modifications in oxygen concentration (40%, instead of
cell that divides at the surface and another that does not. One of the20%) (Miyata et al., 2002) and Dil-labeling (gentler labeling in
mitotic daughters born at the surface divided away from the surface culture medium with smaller Dil crystal) (Saito et al., 2003) were
(cell 'b"), whereas its sister cell (‘b’) divided at the surface [entrance effective for extended culture. Time-lapse recording was performed
into M phase was confirmed by immunostaining with anti- manually as used previously (Miyata et al., 2001; Miyata et al., 2002).
phosphohistoneH3 (pH3),JEPs.div— Ps-divtPns-div). Note that the

cell ‘b’ did not inherit the parent’s radial process (arrowhead). The Immunohistochemistry

thickness of the cerebral wall when the first mitosis had (or would Cultured slices were fixed in 4% paraformaldehyde for 10 minutes,

have) occurred was measured (approximatelyd60n D; vibratome-sectioned, treated with antibodies, and subjected to
approximately 21@m in E) to examine the relationship between the confocal microscopy, as described (Miyata et al., 2001). For in vivo
frequency of occurrence of each P/P-division pattern and analyses, mice [E13-PO (PO=day of birth)] were transcardially
developmental stage (Table 2). Scale bars: fo0n A; 10um in perfused with PLP fixative (McLean and Nakane, 1974), postfixed in
B,C,C,CE. the same fixative for 30-60 minutes on ice, immersed in 20% sucrose,

embedded in O.C.T. compound (Miles), and then frozen and coronally
sectioned (15um). Primary antibodies used: Ki67 (mouse IgG,
. . s . . Novocastra); pH3 (rabbit, UpDate Technology); p-vimentin [mouse
hypothesis predicts that the NS-dividing population arises fronyg (4a4), MBL]: GFP (rat IgG, Nakarai; rabbit, MBL), Hu [mouse
the VZ by E13 in mice and by E15 in rats and stays mainly ilyG (16A11), Molecular Probes]; p27 (mouse IgG, Transduction
the SVZ without exhibiting interkinetic nuclear movement and_aboratories); Ngn2 [rabbit, gift from Masato Nakafuku (Cincinnati
without receiving a further supply of cycling cells from the Children’s Hospital Research Foundation)]; BrdU (mouse IgG,
VZ (Altman and Bayer, 1990; Takahashi et al., 1995bSigma); Nestin [mouse IgG (Rat401), Hybridoma Bank]; anti-
Nowakowski et al., 2002); this has yet to be rigorouslyendothelial cell [mouse 1gG (#16985), Chemicon]. Some sections
demonstrated. In this study, therefore, we asked whether Pyf&re treated ywth NeuroTrace 500/525 (Molecular Probes) for green
divisions at the ventricular surface provide these NS-dividindtuorescent Nissl staining.
cells. Studying the cellular and molecular mechanisms ofjirus generation and infection
normal NS mitoses should also facilitate the analyses Qfonirol-GFP retrovirus, made by inserting IRES-EGFP from pIRES2-
abnormal NS-divisions in mutant animals (Estivill-Torrus eteGFp (Clontech) into pLNCX2 (Clontech), and Ngn2/GFP
al., 2002; Ferguson et al., 2002). retrovirus, made by inserting ngn2 from pCS2-ngn2 (gift from
We used a slice culture system (Miyata et al., 2001Jacqueline E. Lee, University of Colorado at Boulder, CO, USA) or
Miyata et al.,, 2002; Saito et al., 2003) combined withpCLIG-ngn2 (gift from Ryoichiro Kageyama, Kyoto University,
immunohistochemistry and in vivo experiments to monitorJapan) vectors into control-GFP, were individually transfected into
progenitor cells in the cerebral wall. We directly observed tha’2MP34, an ecotropic packaging cell line (Yoshimatsu et al., 1998),
P/P divisions were the dominant form of division taking placé'Sing LiPofeCtAMINE (Invitrogen). Supernatant was collected and
at the ventricular surface of the cerebral wall around th oncentrated, according to Nanmoku et al. (Nanmoku et al., 2003),

. L nd injected, through in utero surgery, into lateral ventricles of E12
emergence of the CP. The majority of the P/P d'V'S'On%GCS mice. Prior to the retrovirus experiments, we used in utero

supplied one mitotic daughter cell from the ventricular surfac@jectroporation (Tabata and Nakajima, 2003) to examine the effect of
to a NS position within a single cell cycle, and the S-to-NSxpression of pCLIG-ngn2 and pCS2-ngn2 on mitosis position, and
supply of a mitotic daughter was achieved by the loss of @e found that the total number of NS mitoses [both those expressing
ventricular process by the daughter cell by the end of G2 phaseplasmid marker (myc or GFP) as well as those not expressing] was
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significantly increased (T. Miyata, unpublished). Because*noyc Table 1. Assessment of the frequency of P/P divisions

GFP" cells were diffusely found in the VZ at 24 hours after

electroporation and all were found to be neurons at 48-72 hours, we

considered that Ngn2, through its neuron-inducing activity, may have E13 El4 EI3+El4 EI1S

changed the overall neuroepithelial structure in the VZ, leading to th@ vivo*

reporter-negative NS mitoses. To avoid such a technical problem, Ki67-positive/Nissl-positive 90% 83% 87% 56%

Ngn2/GFP virus was used at a lower titer (3@ cfu/ml) compared

with control-GFP (3-410° cfu/ml). GFP adenovirus, of which GFP Surface divisions in slicés

expression is driven by the CAG promoter (T. Muto, unpublished), Sh'l(')cl)’it;a(ilf[\llt\llé)riell clones 15 4 19 6

Vontrcles of EL3 BOC3 mice according (o previously described KISTPOSINEKIST-posiive 11 (73%) 3(75%) 14 (74%) 2 33%)
- - . : . Ki67-positive:Ki67-negative 4 (27%) 1 (25%) 5 (26%) 2 (33%)

methods (Tamamaki et al., 2001; Hashimoto and Mikoshiba, 2004).  je7-negative:Ki67-negative 0 (0%) 0(0%) 0 (0%) 2 (33%)

Age

Analysis Extended culture
Region and stage Total clones (2~4 cells) 70

. . I . P/P 57 (81%)
Immunohistochemical quantifications were performed using coronal PIN 11 (16%)
sections lying between the anterior margin of the foramen of Monro N/N 2 (3%)

and the anterior tip of the hippocampal formation proper. Because CP

formation (Fig. 1) is initiated rostrolaterally at E13 and proceeds *Fluorescent Nissl stain was used to visualize all cells in the cerebral walll.
dorsomedially by the end of E14 (Smart, 1973; Smart and McSherryhe proportion of Nissl-positive cells in the VZ and SVZ of the dorsal pallial
1982), we mainly examined dorsolateral and dorsal areas in EI8gion (photographed using ax4@bjective lens) that were Ki67 positive
sections and dorsal and dorsomedial areas in E14 sectioffg9- 1B) was calculated546 cells at E13, 612 cells at E14, and 681 cells
(‘dorsomedial’ was defined as an area medial to the greatest curvat Dauaht I ted at th ricul ‘ haracterized b
of the ventricular roof, presumably corresponding to the Iocatio% aughter ce’s generated at fhe ventricuiar surlace were characterized by

g 2 , taining with anti-Ki67 within 4-7 hours from their birth (short culture, Fig.
of future primary somatosensory representation; ‘dorsal’ an C) or by keeping them much longer (extended culture, Fig. 1D,E).

‘dorsolateral’ were defined by dividing the remaining pallium into two  payghter cells that did not divide beyond the time that many other daughter
parts — ‘dorsal’ may correspond to future parietal areas). In vivo daiglls had divided were judged as neurons (N) in the extended culture.

obtained at E13 and those from E14 mice were very similar, probabty
reflecting that despite the gradient in the initiation of neuronogenesis,

the proliferative processes associated with cortical neuronogenesigaple 2. Thickness of the cerebral wall at which each P/P-

proceed essenti_a_lly identi(_:ally across t_he Iate_ral to medial axis of division type was observed

the pseudostratified ventricular epithelium (Miyama et al., 1999; .
Takahashi et al., 1999), and in some parts of the present study they n Cerebral wall thickness
are presented together. Quantification in sections at E15 and older P/P total 57

were performed in the dorsal region. For time-lapse recording of Dil- Type | 13 (23%) 142+%m
labeled cells in slices, singly and moderately labeled cells were Type Il total 44 (77%) 169+fim
randomly chosen in dorsolateral and dorsal areas in E13 slices and Type lla 23 142+3um
dorsal and dorsomedial areas in E14 slices. Type llb 21 197+8m

Statistics Fifty-seven P/P divisions (Table 1) were classified according to the

| . f NS-dividi S-dividi behavior of daughter cells (Figs 1 and 2). All values shown are meants.e.m.
n a comparison of two groups (e.g. NS-dividing vs. S-dividing), pitterences between type I and typekQ.05), type lla and type Iib

statistical significance was assessed by chi-square test or Many= 0001), and type I and IIP€0.0001) were significant (Mann-Whitney
Whitney test. The numbers of samples, as well as the number of celit), but those between between type | and type Ila were not significant.
scored in each sample, are indicated in the figure legends and tables:

Results examined by keeping them for 20 to 30 hours. Of the 70 two-
cell clones formed at the ventricular surface of E13-E14 slices,
P/P divisions predominate during the pre-CP stage 81% (57 clones) were composed of two mitotic daughters that
To examine whether P/P divisions are occurring in the VZ o$ubsequently divided to form four-cell clones. These results
the cerebral wall before the CP appears (Fig. 1A), and if sindicate that the P/P division is very common in the pre-CP
how frequently, we used two different approaches (Fig. 1B-Estage, consistent with previous reports (Chenn and McConnell,
Table 1). Reactivity with the monoclonal antibody Ki67 1995; Takahashi et al., 1996b; Cai et al., 2002).
(Gerdes et al., 1984) was used as a marker of cycling cells. In o
frozen sections of freshly prepared cerebral walls (Fig. 1B), th&wo patterns of P/P division
overwhelming majority of VZ and SVZ cells (90% at E13; The 57 P/P divisions observed in extended slice culture were
84% at E14) were positive for Ki67, but at E15 only 56%categorized into two distinct types. Type |: Both daughter cells
stained positive for Ki67. We next immunostained daughtedivided at the ventricular surface (Fig. 1D), designated as
cells generated in slice culture with Ki67 (Fig. 1§,0Of the  Ps.div— Ps-divtPs-div. In this type of division, a daughter cell
19 clones generated from a single Dil-labeled progenitor cethat inherited its parent’s pial process ascended more quickly
at the ventricular surface of E13-E14 slices (4-7 hours aftéhan its sister cell which extended a new process (Miyata et al.,
their generation), 74% were composed of two Ki67-positive2001; Miyata et al., 2002), showing a different trajectory
cells, but only 33% of the clones labeled in E15 slices weref interkinetic nuclear movement as seen in the retinal
such Ki67-positive pairs. We further monitored cellularPs.giv— Ps-divtPs-div clones (Saito et al., 2003). Cell cycle
behavior as an independent means to assess daughter cell typagth was similar in these paired mitotic daughters. Type Il
whether daughter cells born in slices subsequently divide wa@ne of the mitotic daughter cells divided at a non-surface
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Fig. 2. Two types of NS-dividing cells and two types of
Ps_divtPns-div divisions. (A) Type lla division gives the
parent’s basal process (BP) to a NS-dividing daughter
cell. Daughter cell ‘a’ generated in an E13 slice
inherited the BP (solid arrow) from the original
progenitor cell and divided away from the ventricular
surface (designated B8Pns-di) giving rise to two
daughter cells (solid arrowheads). Daughter cell ‘b’
(designated asdRiiv) extended a new radial process
(open arrow) to the pial surface and may have divided at
the ventricular surface to generate daughter cells in the
ventricular zone (VZ) (open arrowheads). (B) A singly
Dil-labeledBPPys.qiv cell viewed in greater detail in an
E13 slice. Bipolar-to-unipolar transition was evident
before NS division (confirmed by pH3 expressiol), B

(C) Type lIb division gives the parent’'s BP to a S-
dividing daughter cell. The process-inheriting daughter
cell (‘&) divided at the ventricular surfacePs.di,
daughter cells are indicated by open arrowheads),
whereas its sister cell (‘b’) that did not inherit the
process (magnified in'@nd C) divided abventricularly
(Pns-div, daughter cells are indicated by solid
arrowheads). Of the four granddaughter cells, only one
of the daughters generated by ‘a’ was labeled with BrdU
added into culture from 28.5 hours to 34.5 hours
(immunostained at 34.5 hours, not shown). See also Fig.
1E for type llb cellular behaviors. (D) AB-div cell

singly labeled with Dil on the ventricular surface
underwent ventricular process collapse (4.1 to 10.0
hours).

dependent increase in the percentage of NS
divisions: 17+1% at 12 hours (meanzs.e.nx3);
20+4% at 24 hoursnE6); and 31+1% at 36 hours
(n=8). Nevertheless, the mechanism that facilitates
daughter cell choice of an NS or an S division must
exist in slices because the majority of daughter cells
generated by the 57 cases of P/P division divided
at the surface [also notably, all P/N divisions (11
cases) were judged ass-f#*+N]. There was a
correlation between the frequency of division
type and the thickness of the cerebral wall in
which the original Dil-labeled progenitor divided
(Fig. 1D,E; Table 2; see Fig. S1 at http:/

position, usually in the SVZ and sometimes in the intermediatdev.biologists.org/supplemental/). The averaged thickness of
zone (1Z) (cellular movements that lead to the NS-division willslices where type Il divisions were observed (169#8,
be described later), whereas the other divided at the surfaogeants.e.m.) was significantl{P<0.05, Mann-Whitney test)

(designated as Riv—Ps-divtPns-ai) (Fig. 1E,E). Clear

differences in cell cycle length were not detected between the
Origin and morphological changes of NS-dividing

The type Il pattern of division was more frequently (44/57 daughter cells

daughter cells.

greater than that for type | (14248n).

77%) observed than type | (13/57, 23%). Given the obtainede further found that the type Il P/P divisions can be classified
frequencies, 100 P/P divisions at the surface would result imto two subgroups according to the pattern of the inheritance of
123 S divisions (23+23+77) and 77 NS divisions, and expectetie pial process. Type lla: A daughter cell that inherited its
percentage NS-division arising from the P/P surface divisiongarent's basal process (BP) initially adopted a bipolar
should be 39% (77/200). However, this figure is greater thamorphology, collapsed the ventricular process transforming into
the percentage of NS-divisions that we observed by unipolar shape, and finally divided at a NS position just
immunostaining with phosphohistone3 (pH3) in vivo (20+1%beneath the preplate or immature CP; the other daughter cell
at E13,n=3; 15+1% at E14pn=3) as well as values obtained extended a new pial process to obtain a bipolar morphology, and
by others (Smart, 1973; Takahashi et al., 1993), and we fedéscended to divide at the surface.di— Ps-div+BPPns-div)

that the division patterns in slice culture are biased from typérig. 2A,B, also shown later in Fig. 3A, Fig. 4A,B, Fig. 5A, Fig.

| divisions towards type Il divisions. Anti-pH3 immunostaining 6A-C). Type llb: A daughter cell that did not inherit the parent’s
on sections made from E13-derived slices revealed timegpial process initially adopted a marking pin-like morphology,
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= ] In order to further examine these phenomena in vivo, we

. H3 i - - . ; . '
gy ‘ GFP-adenovirus (E13 — 19 hr) ‘ injected GFP-adenoviruses into the lateral ventricles of E13
E13, Dorsal GFP GFP pH3 embryos and examined fluorescence 18-19 hours later. As

shown in Fig. 3B,C, numerous GFRS mitoses, along with
GFP" S mitoses, were observed in the dorsal and dorsolateral
regions (in 5 embryos from 3 independent experiments).
Because adenovirus infection occurs at the ventricular surface
within 4 hours after injection (Hashimoto and Mikoshiba,
2004), the supply of NS-dividing cells from the surface to the
SVZ was confirmed. Cell cycle length in the dorsomedial
region is reported to be approximately 11.4 hours at E13
(Takahashi et al., 1995a), and it is expected to be longer at the
thicker (thus developmentally more advanced) (Smart and
McSherry, 1982) regions. Therefore, the detection of the*GFP
NS-dividing cells at 18-19 hours suggests that the S-to-NS
supply of the mitotic daughters in vivo may have occurred
within a single cell cycle.

M~
©o
L4
o
w
o

NS mitoses at E13 and E14 are committed to the
neuronal lineage and may generate neuron pairs

. . o In the slice culture system, successful immunohistochemical
Fig. 3.Morphology and origin of NS-divisions in vivo. (A) Double  examination of daughter cells generated by NS-dividing cells
Immunostaining of an E13 cerebral wall section with phosphorylatedy a5 possible in 14 cases; these included three type-lla four-
vimentin (p-vim) and pH3, showing two pia-connected, unipolar- cell clones, five singly IaBeIeBPPNs.diV cells, two type-lib

shaped dividing cells (one of them is magnified fp M) A serial ) )
section (2Qum thick) from an E14 cerebral hemisphere subjected to four-cell clones, and four singly labelegisRiy cells. Twelve

GFP-adenovirus injection into the lateral ventricle 19 hours earlier €X@mples were subjected to immunostaining with anti-Hu
visualized under a fluorescent microscope. Anti-GFP antibody (16A11) (Marusich et al., 1994); Hu, an RNA-binding protein,
detected only the indicated mitosis (telophase, strongly positive for has been used as a neuronal marker in the developing cerebral
Ki67; B') in three serial sections. (C) Visualization of cerebral wall wall (Okano and Darnell, 1997; Miyata et al., 2001). In 11
sections from embryos infected with GFP-adenovirus demonstratessamples (92%), Hu was detected in both of the NS-derived
GFP* cells in both S and NS positions. Scale bargarhlin A,C; daughter cells (Fig. 4). Upon division of tR&Pns.giv cell, its
100pmin B. bp was inherited by one of the Hualaughter cells. Some
(though not all) of such process-inherited *Heells were
quickly inserted into the CP (Fig. 4B). In one caseN&d&®
ascending its cell body by the extension of a ventricular procesell in an E14 slice), both daughter cells were negative for Hu
(Ps-div— BPPs.divtPns-div) (Fig. 1E, Fig. 2C,D, also shown later (not shown). One pair of daughter cells from an Ef4-&®
in Fig. 3C, Fig. 4C, Fig. 6L-O). After the loss of the ventricularcell stained with p27, a cell cycle arrest marker (cyclin kinase
process, it divided in the SVZ or lower half of the IZ. The otheiinhibitor), and both daughter cells were positive (data not
daughter cell, which was bipolar-shaped from the beginning cfhown). One type-IIb clone (case shown in Fig. 2C) was treated
its life, divided at the surface. These two subtypes were observedth BrdU for 6 hours before fixation and stained for BrdU;
at similar frequencies [type lla, 23/57 (40%); type llb, 21/57only one granddaughter cell born at the surface was positive,
(37%)]. Cycling of the time-lapse recorded cells in slices was whereas the remaining three granddaughters (including those
little slower (approximately 15-18 hours in type | and lla;generated by the NS mitosis) were negative (data not shown).
approximately 20-24 hours in type Ilb) compared with thafThese Hd, p27, or BrdU  daughter cells showed
estimated in vivo (11.4 hours at E13 and 15.1 hours at El14yorphologies (translocating- or locomoting-like multipolar)
(Takahashi et al., 1995a). Notably, type llb divisions wergNadarajah et al., 2001; Tamamaki et al., 2001; Tabata and
observed in significantlyp<0.0001, Mann-Whitney test) thicker Nakajima, 2003) reported for neurons. During the extended
portions (197+39um) compared with type lla (142+38n). observation of daughter cells generated fEPNs-div Or Ps-
Importantly, each of the NS-dividing cells in slices was borriv cells (over 30 hours, without immunostainimg:6 at E13
at the ventricular surface and moved to the SVZ within andn=8 at E14), only one NS-derived daughter cell divided
single cell-cycle length by losing its apical (ventricular)but all others (13 cells) did not. These results strongly suggest
attachment. The collapse of the ventricular process seemedttmt most of the NS mitoses observed in E13-E14 slices may
have started 2-7 hours before M phase and finished 1-5 hourave generated paired neurons (N/N division).
before M phase. Although tH&Pns.giv cell (type lla) after We next sought to determine whether N/N divisions at the
bipolar-to-unipolar change resembles a translocating neurddS position also occur frequently in vivo, but the direct lineage
(Nadarajah et al., 2001), the existence of the unipolar-shapégcing was technically very difficult. We therefore took
dividing cells was confirmed in vivo by the use of anti-advantage of the observation that Hu is expressed in the
phosphorylated vimentin (p-vimentin) antibody (Fig. 3A). peripheral nervous system in some dividing cells that are
The p-vimentin antibody also stained isolated NS mitoses inommitted to the neuronal lineage (Marusich et al., 1994).
vivo (not shown); these may correspond to tke-& cell of  Frozen sections of E13 and E14 cerebral walls were doubly
type Ilb divisions. stained with Hu and pH3 (Fig. 5A). Separate immunostaining
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Fig. 4. Immunohistochemical and behavioral characterization of daughter cells generated from NS-dividing cefER&)# cell observed
in an E13 slice adopted a unipolar shape and subsequently divided to producé tetisione of which inherited the pia-connected process.
Panels Aand A show merged views of confocal images taken using<g4Q or 100 (A") objective lens. (B) After undergoing bipolar-to-
unipolar change, 8Pys.div cell captured in an E13 slice generated twd eklls (B, 100x), one of which (cell ‘a’) ascended more quickly
than its sister (cell ‘b’), having entered the immature cortical plate (CP) by 20.4 hours. (gxid@ll observed in an E14 slice. Division
may have occurred by 5.0 hours. Both daughter cells initially had two or three non-radially oriented processes in theutaibzen&i(SVZ)

(10.0-21.0 hours) and later became more radially oriented ahfOHu0x; C", photographed at three different planes €D the lower
intermediate zone (28.6 hours), resembling locomotion neurons (Nadarajah et al., 2001). Scalguimairs AL&',B',C,C'.

revealed that NS-dividing cells at E13 and E14 were mostl{z€ll cycle-dependent and lineage-restricted

(85-95%) Nestih and were rarely stained with an endothelialexpression of Ngn2

cell marker (5-6%). Remarkably, most of the & mitoses In order to identify the molecular mechanisms that allow a
(93% at E13; 81% at E14) were Huwhereas the S mitoses mitotic daughter cell to undergo NS division, we focused on
were completely negative (Fig. 5B). The *Himdex for NS  Ngn2, a bHLH transcription factor known to be important for
mitoses at E14 was significantly high€x(0.0001, chi-square commitment to the neuronal lineage (Sommer et al., 1996;
test) than those obtained for NS mitoses in sections at EFbde et al., 2000; Nieto et al., 2001) (reviewed by Ross et al.,
(38%) and PO (22%) when gliogenesis predominates oveX003). We first compared the expression of Ngn2 protein
neuronogenesis (LeVine and Goldman, 1988). These resulbbgtween S and NS mitoses by using antibodies against Ngn2
indicate that nearly all of the NS-dividing cells that posseg¢Mizuguchi et al., 2001) and p-vimentin (Fig. 6A-D, Table 3).
Nestirt neuroepithelial-like character at E13 and E14 weréNgn2 was sporadically detected in the VZ and SVZ with
committed to the neuronal lineage. varying intensity (Fig. 6A), but Nestin, RC2 and Pax6 were all
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Table 4. Proportions of Ngn2-positive cells out of the total

n
A cycling cells and the cells in particular cell cycle phases
o ’ Ngn2 and Ki67
Total Ki67-positive cells 1623
Ngn2-positive/Ki67-positive 28%
Ngn2-positive/Ki6 7+++ 7%
Ngn2-positive/Ki67++ 21%
= Ngn2-positive/Ki6 7+ 32%
T Total Ngn2-positive cells 575
. Ki67-positive/Ngn2-positive 78%
» <
o

B %Hu+/pH3+

Ngn2 and BrdU

%  (NS-div) Total BrdU-positive cells 555
100- Ngn2-positive/BrdU-positive 21%
80 - Total Ngn2-positive cells 288
BrdU-positive/Ngn2-positive 42%
60 -
40 - Sections collected from eight E13 or E14 embryos were examined for
Ngn2 and Ki67 colocalization using a confocal microscope ¢tjective),
20 - and sections from five embryos were similarly examined for Ngn2 and BrdU
0 - . colocalization. Results were for assessment of cell cycle phases, Ki67

E13 E14 E17 PO immunoreactivity was graded as presented in Fig. 6F. Ngn2 immunoreactivity
was not graded [taking all of the +++ to + (Fig. 6E,G,l) as ‘positive’] here.

Fig. 5.NS-dividing cells in E13-E14 cerebral walls are mostly Hu
(A-A") Hu and pH3 double staining allows for the identification of

cells undergoing division in E13 cerebral wall section. Two NS standard immunostaining protocol (Fig. 6F, see also Fig. 1B,C)
mitoses were clearly HYA" shows magnified images of arrowed ~ but a decreased antibody concentration gave background-like
cell, two different confocal planes at 2Q0S-dividing cells (A) staining (Fig. 6H), which may represent cycling cells in the
were completely negative for Hu. (B) Quantification of the stage-  remaining (G1 and S) phases. We also divided Ngn2-positive
dependent changes in the proportion of the*phS-dividing cells cells into three subgroups according to their reactivity [most
that were Hl demonstrates decreased anti-Hu reactivity with intense ‘+++', moderate ‘++, and weakest ‘+' (Fig. 6E)]. The

developmentr=332 cells at E13, 267 cells at E14, 221 cells at E17,

and 246 cells at P0). Scale bar-1, proportion of the total Ki67-positive (+++~+) cells that expressed

Ngn2 at any level was 28%, whereas the proportion of the total
Ngn2-positive (+++~+) cells that expressed Ki67 at any level was
diffusely positive throughout the same area (not shown). Th#9% (Table 3), indicating that only a portion of the total cycling
proportion of Ngn2-positive cells out of the total p-vimehtin cell population expresses Ngn2, and Ngn2 is expressed primarily
cells (mitoses) at the NS position (32%) was significantlyin the cycling population but also in some neurons.
(P<0.0001, chi-square test) greater than that observed for thelnterestingly, the frequency of observation of Ngn2-positive
S mitoses (4%). cells inversely related to Ki67 staining intensity: 32% in Kij67

To explain how this striking difference between NS-dividing21% in Ki67*; and 7% in Ki67** (Table 4). In separate
and S-dividing cells was generated by M phase and why Ngriuantification, the proportion of S-phase cells (labeled with
immunoreactivity was sporadic and non-diffuse, we next useBrdU, survival time=30 minutes) that were positive for Ngn2
anti-Ki67 antibody (Fig. 6E-K, Table 4). Ki67 expression is(not shown) was 21% (Table 3). Comparison of percentage
graded in a cell cycle-dependent manner: (i) +++, strongest amt¢gn2-positive between the S mitoses and NS mitoses {Ki67
most diffuse in the largest and round cell bodies in M phase (Figells) revealed, as assessed by p-vimentin staining, that Ngn2
6F,H) [separate double staining with anti-pH3 revealed aexpression was significantl{?€0.0001, chi-square test) more
absolute correlation of the +++ cells with pHB8ells (not frequentin the NS mitoses (44%) than in S mitoses (5%) (Table
shown)]; (i) ++, weaker staining but still very intense in large2). In Fig. 6G, the relationship between the intensity of Ki67
and triangular cells, these may represent cells around G2 phas®d that of Ngn2 is fully presented, showing the proportions
(Fig. 6F,H); (iii) +, readily detectable in a punctate pattern byof the total Ngn2 and Ki67 double positive cells that were
scored for any of thex® fractions. Ngn2+* cells were almost

Table 3. Proportion of Ngn2-positive cells out of the total  limited to the Ki67 fraction; these cells represent cells early

surface mitoses or non-surface mitoses in the cell cycle.

We used slice culture to further examine the relationship
between Ngn2 expression and cell cycle progression. Ngn2
immunostaining of Dil-labeled daughter cells within 4-8 hours
of their generationn=7) revealed that some daughter cells

Sections collected from six embryos at E13 or E14 were examined using avere Ngn2*+ but others were Ngriar negative (Fig. 6L,M).
confocal microscope (40or 100x objective). In addition, moderate Ngn2 immunoreactivity was detected

Total numb_er_ Qf p-vim-positive cells counted: 406 cells for S division, 234 in the marking pin-Iike cells (Fig. 6N,O’,l=3/3) and pia—
cells for NS division. -

Total number of Ki67+++ cells counted: 205 cells for S division, 143 cells connected, blpolar-_shaped. cells (not shom#g/2) tha_t _Were
for NS division. about to lose their ventricular attachment, a critical step

Differences between the S and NS groups were signifiest@001, chi- ~ preceding or during G2 phase in cells undergoing NS-division
square test) in both detection methods. (Figs 2-4). In contrast, Ngn2 immunoreactivity was not

Surface division Non-surface division

Ngn2-positive/p-vim-positive 4% 32%
Ngn2-positive/Ki67 (+++) 5% 44%
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Fig. 6.Ngn2 is expressed in p-vim
subset of cycling cells.
(A,B) Ngn2 and
phosphorylated vimentin
(p-vim) double staining at E1 . el
to compare percentage Ngn: : NS-div
between S- and NS-dividing ]
cells. Two NS mitoses (arron
in B, merged image
photographed with a 180dens
is shown in C) were weakly
positive for Ngn2, whereas S
mitoses in this field were all
Ngn2-negative (some are
magnified in D). See Table 3§ ¥ REAENFA
for quantification. Pial surfaci orae
is indicated with asterisk.
(E,F) Ngn2 and Ki67 double
staining to examine Ngn2
expression in relation to cell
cycling. Our grading of Ngn2
and Ki67 intensity is
exemplified using a picture
taken at the ventricular zone [ IEETIETE
(VZ)/subventricular zone (SV
border of an E14 section. Th
presented 7 cells included
a NgnZ+*Ki67-cell, a
Ngn2+Ki67+* cell, Ki67 (mild)  Ngn2
a NgnZKi67+** cell, a
Ngn2'Ki67+* cell, and three NgnKi67* cells. In separate staining of equivalent sections, Ki6@ells were nearly always pH8not shown).
(G) There was an observed relationship between the intensity of Ki67 immunoreactivity and that of Ngn2 immunoreactiviijo@sabie
proportion of cells in each of the3 fractions (0~43%) out of the total cells that were simultaneously positive (+~+++) for Ki67 and Ngn2
(100%); indicated values are obtained from 458 cells examined using a confocal microscope (see also Table 4). (H-K)tMédemntitba
anti-Ki67 visualizes cells during or just prior to division. By using diluted anti-Ki67 antibody (5-10 times lower in cdfarentempared with
one used for Fig. 1B,C, Fig. 6F,G), Ki67 or Ki67+* cells were more clearly discriminated from Kf&lls which were only faintly
visualized. Under these conditions, the proportion of Ngn2-positive cells out of the Ki@lls was obtained for either of the S-dividing and
NS-dividing populations (Table 3). In this field, one NS-dividing cell was Ngm2 S-dividing cells were all Ngn20f the two Ki67* cells
(outlined), the upper cell was Ngh2vhereas the lower, triangular-shaped cell was Ngih2Q) Anti-Ngn2 staining on time-lapse monitored
cells to examine cell cycle-dependent and lineage-restricted expression of Ngn2. Strongest immunoreactivity was obsex\edtinsoatl)
of the cells 4-8 hours after generation [L,M: the indicated daughter cell wag™Ngwhereas the other was Ngr(®ot shown); cerebral wall
thickness at 0 hour was approximately 18d]. (N,O) Pin-like cells losing the ventricular process (arrowheads in N) showed a moderate level
of Ngn2 expression (O, photographed at two different planes). (P,Q) We could not detect Ngn2 expression in cells quickbwaasrige
ventricular surface. Scale bars: 1@ in A-F,H-K,M,0,Q.

Ngn2

VZ/SVZ border G

% of the Ngn2
and Ki67 double
positive cells

in each fraction

Ngn2

1.9 59hr Dil 0 15 3.7hr Dil 0 s.8hr Dil
Ngn2 Ngn2 Ngn2

detected in Dil-labeled cells that were captured during theiand examinations to identify the position of GFP and pH3
G2-like movement towards the ventricular surface2() (Fig.  double positive cells were mostly performed 48 hours later
6P,Q). These data obtained through combined approach@ésl4) (Fig. 7B-l). In the control treated group (7 embryos from
indicate that Ngn2 expression is limited to a certain cyclin® independent experiments), the majority of GERiding
population from as early as G1 phase and further restricted aells (45 cells per embryo on average) were found at the
a lineage-dependent fashion consistent with a bias towards thentricular surface (Fig. 7B-D), providing a percentage NS-
NS-dividing population, and that Ngn2 expression in cyclingdivision of 26+3% (meanzs.e.m.) (Fig. 7I). In contrast,
cells is strongest in G1 phase and subsequently declines. embryos injected with Ngn2 virus£9 from 3 independent

) . . experiments) showed a reversed S:NS ratio (Fig. 7E-I). The
Conversion of S division to NS division by Ngn2 proportion of GFP dividing cells (10 cells per embryo on
retrovirus average) that were found at the NS position (73£3%) was
The above results prompted us to hypothesize that Ngn2 migsignificantly higher P<0.001, Mann-Whitney test) than that
be involved in the morphological changes that cause a cyclirggen in control treated samples. We confirmed the expression
daughter cell to lose its ventricular attachment and migrate tof Ngn2 in GFP NS dividing cells (2/2) (Fig. 7H), although
the SVZ or 1Z for NS division. To test this possibility, we all cells were not stained to determine precise Ngn2 expression
injected a retrovirus containing ngn2 and GFP genes, alomrgtes. A similar predominance of NS divisions was detected at
with injecting a control GFP virus, into lateral ventricles of24 hours (=3, 75-90%) and 36 hours%{4, 75-85%) after
mouse embryos (Fig. 7A). Considering the delayed onset @fjection of Ngn2 virus at E12. These results, together with the
expression of introduced genes, injections were made at E¥patiotemporal pattern of Ngn2 expression (Fig. 6), strongly
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Fig. 7.NS-divisions induced by retrovirus-mediated Ngn2
expression. (A) Retroviral vectors used in this study. (B-D) Section
of an E14 cerebral wall infected with the control-GFP virus 48 hours
earlier, doubly stained with anti-GFP and anti-pH3 showing two
GFP" mitoses at the ventricular surface (arrows). (E-G) Section of an
E14 cerebral wall infected with the ngn2/GFP virus 48 hours earlier
showing two GFPmitoses in the NS position (arrows). (H)

Retroviral infection leads to expression of Ngn2 by a GfiRosis at
the NS position of a ngn2-introduced cerebral wall. (I) NS mitoses
are significantly increase®<€0.001 compared with control) in ngn2
retrovirus-treated samples=7 for control-GFPn=9 for ngn2/GFP;
meants.e.m.). Scale bars: 1 in B,C,E,F,H. CMV,

cytomegalovirus promoter; IRES, internal ribosomal entry site; GFP,
green fluorescent protein; LTR, long terminal repeat.

multipolar) (Nadarajah et al., 2001; Tamamaki et al., 2001;

Tabata and Nakajima, 2003), and movements typical of young
neurons (Fig. 4). Therefore, we believe that these NS divisions
produced pairs of neurons in slice culture.

In vivo, Hu immunoreactivity in almost all the Nestin
mitoses indicated the complete commitment of this secondary
mitotic population to the neuronal lineage during E13-E14 (Fig.
5). This means, however, that detection of Hu alone cannot be
considered as proof in identifying a cell as a neuron; one extreme
interpretation of our observation that NS mitoses produced
paired HJ cells in slices would be that many of the*HUS-
derived daughter cells were neuronal progenitor. Nevertheless,
we still consider that the most likely mitosis pattern taken by
these NS-dividing cells in vivo must b&d24iv— N+N.

The number of NS mitoses is limited to 10-20% of the total
mitoses during this stage, this means that only a few, if any, of
the NS-derived Hudaughter cells as observed in slices can
divide in vivo. A previous study by Takahashi and colleague
(Takahashi et al., 1995b) reported an increase in the relative
size of the ‘secondary proliferative population’, which
corresponds to the NS-dividing population, during E14-E15
(approximately 2.4 times expansion) and concluded that only
14% of the NS-derived daughter cells could be neurons (thus
the division pattern should primarily be non-terminal). This
study did not take into account the possibility that mitotic cells
are continuously supplied from the ventricular surface to the
NS position (to allow most of the preexisting NS cells to
undergo terminal N/N divisions while allowing the overall NS-
dividing population to expand); we demonstrated that this is,
in fact, the case at E14 (Figs 1-3, Table 4). These lines of
evidence suggest that most *Hiaughter cells that would be
generated from HUNS mitoses in vivo may not subsequently
divide. In addition, the frequency of N/N division at the
ventricular surface (i.e. production of two daughter cells that
did not divide beyond the time that many other daughter cells

suggest that Ngn2 is involved in the choice of mitosis positioinad divided to form 3- or 4-cell clones) was low (3%, Table 1)

during E13-E14.

Discussion

NS mitoses in the pre-CP stage favor N/N division

in the present study. This rate would not sufficiently explain
the existence of N/N divisions during early corticogenesis in
vivo that has been evidenced in mice (Cai et al., 2002) and
suggested in rats (Noctor et al.,, 2001). We must therefore
conclude that the mode of division most heavily favored by the

The present study strongly supports the hypothesis that NB vivo NS mitoses during the pre-CP stage is N/N (Fig. 8A).
mitoses produce CP neurons (Smart, 1973). We directly

observed that E13-14 mitoses in the SVZ or lower 1Z producelS mitoses as the major source of the deep CP

pairs of daughter cells that showed immunoreactivity (Hueurons

or p27), morphologies (translocating- or locomoting-like; The idea of N/N-dominant divisions by&adivcells can be used
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Fig. 8. Asymmetric P/P
division for preparation of
efficient neuron release. (A)
Schematic illustration showin

division patterns that we Ngn2 protein

observed in the pre-cortical s Yo B T s _

plate (CP) stage. SP, subplat = =p2 / p.~ g Nl '

(B,C) Morphological changes ¢ P <p. \[ Pe<up, vz T . .
observed in S-dividing (B) an e _ , + P
NS-dividing (C) cells during Pe<pr ::N? ' o il
the progression of their cell - Surface Division Non-surface Division

cycle. In the upper panels,
mitotic daughter cells that inherited the basal prod&%s(iiv andBPPys.-di) are shown; the lower panels depict non-inheritogsafRand
Pns-div)- (D) Ngn2 expression is lineage restricted and varies with the cell cycle.

to estimate the degree of contribution of NS mitoses to the totakpansion of the progenitor pool (Fig. 8A). During the next
output of early CP neurons, with the help of Takahashi andevelopmental phase, one can expect some degree of neuron
colleague (Takahashi et al., 1996b) who performed rigidelease, for example, production of 2 neurons and 2 mitotic
quantification on the proportions of daughter cells that exit thdaughters (2N+2P) after two rounds of cell cycling, which
cell cycle (‘Q fraction’) or not (‘P fraction’) from the overall could be obtained by asymmetric division at either of the
mitotic population (not the S-dividing or NS-dividing populationsfirst or second rounds of division: two N/P divisions after
alone) at E13 and E14. Provided 100 daughter cells are to bgmmetric P/P division [RP (- N/P) + P (- N/P), model 1]
generated from 50 divisions, the number of neurons (‘Qpr asymmetric P/P division followed by N/N and P/P division
generated from the overall mitotic population is expected to b - P (- N/N) +P (- P/P), model 2]. From our observation of
19 at E13 and 34 at E14 (Takahashi et al., 1996b). Alternativelthe type Il P/P divisions (Fig. 1E, Fig. 2A,C, Table 2), it is
the number of NS mitoses is approximately 10 (out of 5Guggested that the cerebral wall at E13, just before the
divisions) at E13 (Smart, 1973) (present study); it ranges froramergence of the CP, favors the latter, often launching one
approximately 5.5 (Takahashi et al., 1993) to approximately 7.Bitotic daughter to the SVZ for subsequent production of the
(present study) at E14. By multiplying these numbers for the N8arliest CP neurons, with much less frequent N/P divisions
division (10 and 5.5-7.5 mitoses at the SVZ) by 2 (for the mogfTable 1). Although direct observation has not been possible
extreme example of N/N dominance), the numbers of neurors® far, there may be lineage continuity from type lla to type
generated from the NS-dividing population at E13 and E14lb, making one mitotic daughter {Pgenerated in a type lla
obtained are 20 and 11-15, respectively, showing the contributiativision behave as a parent cell in type IIb (Fig. 8A). Given the
of NS-derived neurons to the total neuronal output as almosbserved mitotic positions, model 1 can be regarded-a$¥®
100% (20/19) and 32-44% (11/34-15/34), respectively. Althougli— N/P)+Rs (- N/P) and model 2 assP.Pns (- N/N)+Ps
the division pattern of the NS mitoses needs to be examindd. P/P). The most important difference between these two
further, we agree with Smart (Smart, 1973) in that the NSmodels is the rate of the segregation of neurons and mitotic
dividing cells are the most important source of E13-generated Gells.
neurons [which correspond to the majority of the deep (layer VI Model 1 requires neurons to evacuate from the ventricular
and V) CP neurons] (Caviness, 1982; Takahashi et al., 1999).surface to prepare a vacant space for descending G2-phase
Because the E13-born CP neurons are the first to split tleells, and it further requires cycling cells to stay in a limited
preexisiting preplate, we were curious as to how they behawpace until new-born neurons exit the VZ, which takes up to
in reeler mice which do not show such splitting (Caviness,10 hours (Takahashi et al., 1996a). Model 2 does not have these
1982). Our pH3 immunostaining of frozen sections and use afonstraints. Considering the high productivity of the VZ during
slice culture to monitor single cells revealed that NS-directethe period of CP emergence (Smart, 1973; Takahashi et al.,
progenitors at E13BFPns-div cells) are normal in both their 1996b), model 1 would not be the best way to avoid cellular
mitosis position and preceding morphological changes (nucleaongestion (Smart, 1973) in the VZ. Therefore, the asymmetric
movements and bipolar-to-unipolar change as shown in Figs B/P division that we observed can be considered to be a means

4) (T. Miyata, unpublished). for the cerebral wall to combine most efficiently the supply of

_ o - early CP neurons and the expansion of the cycling cell
Asymmetric P/P division for efficient population. The contribution of NS-divisions to the production
neuron/progenitor segregation of late-born (upper-layer) CP neurons has just been

The most effective means to expand the mitotic population idemonstrated most convincingly in the rat (Noctor et al., 2004).
through paired daughter cells generated from a progenitdr seems appropriate to consider the NS neuronogenic division
cell individually giving rise to paired mitotic daughters as a histogenetic tool that has already evolved in the rodent
(P-2P-4P). The type | P/P division that we observed in thgSmart, 1973; Haubensak et al., 2004) and may have eventually
pre-CP stage (Fig. 1A,D, Table 2) may account for such aallowed primates to develop unique morphological features,
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such as the ‘outer subventricular zone’ (Smart et al., 2002)emains to be determined regarding the nature of the Ngn2
rather than taking it as a primate-specific system (Letinic et aldividing cells.

2002). At E15 in Ngn2/Mash1 double knock-out mice (Nieto et al.,

) ] . ) 2001), the position of S-phase cells is abnormally high
Morphological signs of fate commitment during cell (scattered throughout the cerebral wall). This could be a
cycle progression paradox between their findings and our demonstration of

Figures 8B,C summarize the changes in the morphology of $acreased NS divisions by Ngn2 expression. One plausible
and NS-dividing progenitor cells observed in E13-14 slicesexplanation would be that the extra VZ S-phase cells found in
The proportions of individual cell cycle phases indicated at thélgn2--/Masht/~ mice may be of the glial lineage (Nieto et
top are principally based on the findings of Takahashi et ahl., 2001). Another possibility predicts that Ngn2 might have
(Takahashi et al., 1995a). For example, bipolar-to-unipolaa negative effect on the elongation of the ventricular process
changes that are specific tBPPns.giv cells, observed (ascent of the nucleus) late in G1 phase, the absence of which
approximately 2-5 hours before M-phase (Fig. 2B, Fig. 4A,B)should result in the extra VZ S-phase cells regardless of a role
are illustrated below S- and G2-phases (Fig. 8C, upper panét) S-G2 phases for NS-division that we propose. Because Ngn2
considering time for G2+M (2 hours) and S (approximately 4s expressed in the mouse retina where no NS divisions are
hours) in vivo. Similarly, the collapse of a ventricular processeen, it is likely that the NS-directing effect of Ngn2 may be
in the marking pin-like Rs-divcells (Fig. 2C, Fig. 4C) is shown exhibited in the context of region-specific histogenesis.
during S-G2 phases (Fig. 8C, lower panel). This irreversible
transformation prior to a NS-division may always be We thank Ryoichiro Kageyama, Jacqueline E. Lee and Masato
accompanied by commitment to the neuronal lineage and aldpkafuku for plasmids and antibodies; Mitsuhiro Hashimoto for
in most cases by a decision for a N/N division. Previou@StL“Ct!on Oqlsac;ir(;c,\i/rll"slirsm\:/;lig:]k; SK?JZ;JcT:irOHilgn?:t?nifngrgtt;ﬂ\ggliis

- - ackaging ce ; - , ,
transplantgtlon experiments on ferrets (McConnell an ideyl?ki gOkano, Noriko Osumi, S%in-ichi Nakagawa and Takashi
Kaznowski, 1991) indicated that commitment of a neuron tG4, c\ichi for helpful discussions
take a deep-layer (layer VI) fate occurs in its parent cell late '
in S-phase or at the S-to-G2 transition. Although we
are currently not sure whether our observation can directiReferences
explam_ the.se results, th.e .dete(.:tlon Of. |rreve_rS|bIe cell fatﬁltma\n, J. and Bayer, S. A.(1990). Vertical compartmentation and cellular
determination at very similar time points with these tWo yansformations in the germinal matrices of the embryonic rat cerebral
completely different approaches is remarkable. cortex.Exp. Neurol.107, 23-35.

Another sign for intracellular events that might becCai, L., Hayes, N. L., Takahashi, T., Caviness, V. S., Jr and Nowakowski,
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