Development 129, 455-466 (2002)
Printed in Great Britain © The Company of Biologists Limited 2002
DEV1754

455

Paxé is required to regulate the cell cycle and the rate of progression from

symmetrical to asymmetrical division in mammalian cortical progenitors

Guillermo Estivill-Torrus
and Penny Rashbass 2:3.1

1x Helen Pearson 2*, Veronica van Heyningen 2, David J. Price 1.1

1Department of Biomedical Sciences, University of Edinburgh Medical School, Hugh Robson Building, George Square, Edinburgh

EH8 9XD, UK

2MRC Human Genetics Unit, Western General Hospital, Crewe Road, Edinburgh EH4 2XU, UK
3Centre for Developmental Genetics, Department of Biomedical Science, University of Sheffield, Firth Court, Western Bank,

Sheffield S10 2TN, UK
*These authors contributed equally to the work
TAuthors for correspondence (p.rashbass@sheffield.ac.uk and dprice@ed.ac.uk)

Accepted 24 October 2001

SUMMARY

In the proliferative zone of the developing cerebral
cortex, multipotential progenitors predominate early in
development and divide to increase the progenitor pool.
As corticogenesis progresses, proportionately fewer
progenitors are produced and, instead, cell divisions yield
higher numbers of postmitotic neurones or glial cells. As
the switch from the generation of progenitors to that of
differentiated cells occurs, the orientation of cell division
alters from predominantly symmetrical to predominantly
asymmetrical. It has been hypothesised that symmetrical
divisions expand the progenitor pool, whereas
asymmetrical divisions generate postmitotic cells, although
this remains to be proved. The molecular mechanisms
regulating these processes are poorly understood.

The transcription factor Pax6 is highly expressed in the
cortical proliferative zone and there are morphological
defects in the Pax6°¢Y/SeY(Pax6 null) cortex, but little is
known about the principal cellular functions of Pax6 in
this region. We have analysed the cell-cycle kinetics, the
progenitor cleavage orientation and the onset of expression
of differentiation markers in Pax6>¢Y/SeYcortical cells in
vivo and in vitro. We showed that, early in corticogenesis

at embryonic day (E) 12.5, the absence of Pax6 accelerated
cortical development in vivo, shortening the cell cycle and
the time taken for the onset of expression of neural-specific
markers. This also occurred in dissociated culture of
isolated cortical cells, indicating that the changes were
intrinsic to the cortical cells. From E12.5 to E15.5,
proportions of asymmetrical divisions increased more
rapidly in mutant than in wild-type embryos. By E15.5,
interkinetic nuclear migration during the cell cycle was
disrupted and the length of the cell cycle was significantly
longer than normal in the Pax6°¢Y/S€Ycortex, with a
lengthening of S phase.

Together, these results show that Pax6 is required in
developing cortical progenitors to control the cell-cycle
duration, the rate of progression from symmetrical to
asymmetrical division and the onset of expression of
neural-specific markers.
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INTRODUCTION

nuclear migration. During this process, nuclei move away from

the apical surface during G1, occupy the basal half of the VZ
The adult neocortex (hereafter called the cortex) is composetliring S phase and return apically in G2 so that mitosis occurs
of six radial layers of neurones, each defined by cellulaat the ventricular surface (Sidman et al., 1959; Fujita, 1964).
morphology, cell density and the formation of distinct axonal Retroviral lineage tracing experiments have revealed
connections. During development, cortical cells are generatedultipotent progenitors in the mammalian VZ (Luskin et al.,
in the pseudostratified epithelium that forms the ventriculai988; Price and Thurlow, 1988; Walsh and Cepko, 1992; Grove
zone (VZ), a layer of dividing progenitor cells at the inneret al., 1993). At least some multipotent progenitors are thought
(ventricular) surface of the dorsal telencephalon (Sauer, 1938 be self-renewing stem cells (Temple and Davis, 1994; Reid
Sidman et al., 1959; Bayer and Altman, 1991; Takahashi et akt al., 1995; Williams and Price, 1995; Qian et al., 1998) that
1993; Takahashi et al., 1995a; Takahashi et al. 1995b). Amedominate early in development (Williams and Price, 1995;
progenitor cells progress through the cell cycle their nucleQian et al., 1998). It has been hypothesised that they are
undergo dynamic intracellular migration, termed interkineticproduced by progenitors dividing symmetrically, in a plane
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roughly at right angles to the ventricular surface (also knownapidly than normal from E12.5 to E15.5 and that newborn
as vertical cleavage) to produce two identical daughter cellsells expressed neural-specific markers sooner after their
that remain within the VZ, thus expanding the proliferativegeneration. To assess how these observations relate to
population. As cortical neurogenesis progresses, asymmetrigalogression through the cell cycle, we performed cumulative
division, which occurs in a plane roughly parallel to theBrdU labelling. At E12.5 the length of the cell cycle in the
ventricular surface (also known as horizontal cleavage), startsutant was approximately 60% of that in wild-type littermates.
to predominate. It has been hypothesised that asymmetricib test whether this was an intrinsic property of mutant cortical
division produces two different daughter cells, one that remainsells, we cultured E12.5 dissociateax6>eY/Setortical cells in
within the VZ as a progenitor and one that migrates away fronsolation. These cells displayed increased proliferation rates
the VZ to differentiate (Kornack and Rakic, 1995; Chenn and¢ompared with wild-type cells and an accumulation of the
McConnell, 1995; Doe, 1996; Mione et al., 1997; Lu et al.cyclin-dependent kinase inhibitor protein §®¥. This protein
2000; Matsuzaki, 2000). Although these hypotheses argas been shown to be necessary for the timing of cell-cycle
attractive, there is no direct proof that the symmetry of divisiomwithdrawal that precedes terminal differentiation (Casaccia-
predicts the fates of the daughter cells in this way. Bonnefil et al., 1997; Durand et al., 1997; Durand et al., 1998;
In the mouse cortex, neurones are generated betwe&orriello et al., 2000; Levine et al., 2000; Miyazawa et al.,
embryonic day (E) 12.5 and E17.5 (Gillies and Price, 19932000; Sasaki et al., 2000). However, although the cell cycle
and the VZ is eventually lost at around birth. Corticalwas shortened early in corticogenesifax6>¢¥/S&%embryos,
progenitors undergo a maximum of 11 cell cycles duringve found that, later in development, proliferation was slowed.
neurogenesis (Takahashi et al., 1995b) and the laminar identiynalysis of progenitors in older cortex (E15.5) showed that the
of cortical neurones is closely correlated to the cell cycle itength of the cell cycle increased to over 140% of that in wild-
which the cell is born. Thus, neurones of layers 6 and 5 ariggpe littermates, with a large increase in the length of S phase
from cycles 1-8 in mice, whereas neurones destined for layens the mutant cortex.
4 and 3/2 are born in cycles 9-11 (Takahashi et al., 1996). The
layers of the cortex are, therefore, formed in an inside-first,
outside-last sequence by migration of neurones from the VZ\iaATERIALS AND METHODS
The mechanisms that regulate the cell cycle of cortical
progenitors and the transition from predominantly symmetricaljice

to predominantly asymmetrical divisions in the VZ as corticaly| mouse embryos were derived frdPaxe>e/Etheterozygote crosses

ne_U"OgeneSiS proceeds are poorly UnderStOQd- We Presepfferred to a®ax6> also calledSefd) (Roberts, 1967) maintained
evidence that the transcription factor Pax6 is involved in then an outbred CD1 background. The mutatioRdr6>¢YEdis G194X,

regulation of this progressioRax6encodes two DNA-binding which is predicted to result in a truncated nonfunctional protein
motifs, a paired domain (Bopp et al., 1986; Treisman et allacking the homeodomain and C-terminal sequences (Hill et al.,
1991) and a paired-like homeodomain (Frigerio et al., 1986}.991). The day of the vaginal plug following mating was designated
Pax6 expression in the mouse embryo begins at E8.0 in thg0-5. Pregnant females were killed by cervical dislocation.
anterior surface ectoderm and neuroepithelium of the Closmlgistological analysis of cell division

R?lfjrt?l .tUb?letr;[he prgs%mptlve lgg'{‘_alsforl?’ foreb(rjalg anclio obtain a complete representation of cell division patterns
Indbrain (Walther an russ, » >loyxova an rus?hroughout the developing cortex, a comprehensive count of cells in
1994; Grindley et al., 1995). As the forebrain devel®laxX6  (e|ophase was undertaken. Experiments were performed at three ages:
expression becomes restricted to specific telencephalic regions,0.5, E12.5 and E15.5. Whole embryos at E10.5 and E12.5 and
including the VZ of the developing cortex, where it persistdrains at E15.5 were dissected into cold phosphate buffer, fixed in 4%
throughout corticogenesis, and specific diencephalic regionmraformaldehyde in phosphate-buffered saline (PBS) overnight and
(Walther and Gruss, 1991; Stoykova and Gruss, 1994; Grindlgyashed 85 minutes in 4% sucrose in PBS at room temperature.
et al., 1995; Grindley et al., 1997; Stoykova et al., 1996; Cari¢issues were embedded in melted 1.5% agar, 5% sucrose in PBS,
et al., 1997; Mastick et al., 1997; Warren and Price, 1997§ransferred to 30% sucrose in PBS and left°at antil the blocks
HomozygouPaxe>®/Seembryos, lacking any funcional Pau ~ark (1sualy 2 days). Blooks were apidy fozen on dy ce and 10
protein, f‘r.‘“.l to deve_lop eyes and nasal cavities, exhibit t_)ra.'Evr at least 30 minutes and processed for immunohistochemistry as
abnormalities and die soon after birth (Hogan et al., 1986; Hi escribed in Zhong et al. (Zhong et al., 1996). Antibodies used were
etal., 1991; Schmahl et al., 1993; Stoykova et al., 1996; Warrey»inst Numblike (zhong et al., 1997) (rabbit polyclonal, 1:1000
and Price, 1997; Grindley et al., 1997; Mastick et al., 1997)gjlution; generous gifts from W. Zhong and Y. N. Jan), phosphorylated
Abnormalities of the forebrain arise as early as E9.5 when theistone H3 (Hendzel et al., 1997) (rabbit polyclonal, 1:2000 dilution,
region of the prosencephalon giving rise to the cerebral vesicléfpstate Biotechnology, NY) and Pax6 (Kawakami et al., 1997)
shows altered morphology (Mastick et al., 1997). Previougmouse monoclonal, 1:100, Developmental Studies Hybridoma Bank
single-pulse bromodeoxyuridine (BrdU) labelling studies havéDSHB), University of lowa). After secondary labelling with

suggested that defects in the cell cycIePakéey’s%ortical fluorescent conjugated antibodies (Jackson Laboratories, PA), slides

; ; ; ; ; ere washed three times in PBS and mounted in Vectashield (Vector
and diencephalic progenitors might underlie some of thes\gaboratories, UK) containing fig/ml 4,6-diamidino-2-phenylindole

wnormalgtlels fggagren and Price, 1997; Gotz et al., 199 DAPI, Molecular Probes, Eugene). Images were taken with a Xillix
arren €t al., )- icroimager 1400 CCD camera on a Zeiss Axioplan Il microscope

We analysed the distribution and cleavage orientation Qising |PLab (Scanalytics). For the analysis of cell division patterns,
mitotic cells and the production of postmitotic cells in thewwo wild-type and twoPax65¢¥/SeYembryos for each age were

Pax6>¢¥/Sey cortex during neurogenesis. We found thatsectioned. At least 180 cells in the proliferative zones in each brain
proportions of asymmetrically dividing cells increased morewere assessed as shown in Fig. 1; numbers of cells undergoing ectopic
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division, symmetrical division, asymmetrical division or intermediatemarker RC2 (mouse monoclonal, 1:50, DSHB, University of lowa);
division were counted. Each data set was shown to comply with thenti-nestin rat 401 (mouse monoclonal, 1:100, DSHB, University of

assumptions necessary for ANOVA. lowa); anti-GFAP (glial fibrillary acidic protein; mouse monoclonal,
o o 1:400, Sigma, UK); and anti-CNPase '(2-cyclic nucleotide-
Determination of cell-cycle kinetics in vivo 3-phosphodiesterase; mouse monoclonal, 1:500, Sigma, UK).

Analysis of cell-cycle kinetics in the cortex of E12.5 and E15.5 wild-Subsequent processing was with biotin conjugated rabbit anti-mouse
type and Pax6>®¥/S&embryos was performed as described bylg (IgM for RC2) (1:400, both from Dako, UK) for 2 hours and
Nowakowski et al. (Nowakowski et al., 1989). In brief, BrdU pulsesExtrAvidin[I-peroxidase (1:500 in PBS, Sigma, UK) for 20 minutes.
(70pg/g body weight, i.p.) were given to pregnant dams every 2 hourShe reactions were developed with '3,8iaminobenzidine (DAB,
for up to 8 hours (at E12.5) or for up to 12 hours (at E15.5). Dams &igma, UK). All antibodies were diluted in blocking solution.
age E12.5 were killed 0.5, 2.5, 4.5 and 8.5 hours after the fir®dmission of the primary antibody resulted in no detectable staining.
injection. Dams at E15.5 were killed 0.5, 4.5, 8.5 and 12.5 hours after For dual-labelling experiments, after developing in DAB, cultures
the first injection. The embryos were fixed for 3 hours in 4%were washed and exposed to 90% methanol to inhibit the peroxidase
paraformaldehyde, wax-embedded and processed to reveal Brdidtivity due to the first immunostaining. Wells were washed and
immunoreactivity as described elsewhere (Gillies and Price, 1993processed for the second staining using the procedure described
Parasagittal sections, L0n, were cut. The proportions of cells in the above. However, to distinguish the brown product from first reaction,
proliferative zone that were BrdU labelled were counted iniii0  the second staining was visualised with a blue reaction product using
wide strips through the depth of the cortex at the rostral pole, thietramethylbenzidine as substrate (HistoMark TrueB|u€irkegaard
caudal pole and centrally in three nonadjacent sections that cahd Perry Laboratories, UK).
through the full rostrocaudal extent of the cortex. We found no )
consistent differences in the proportions of labelled cells (termed th@tatistical analysis
labelling index, LI) rostrally, caudally and centrally and so data fromFor both sectioned material and cell culture experiments, data sets
the three sampling points were combined to give mean LIs andere compared by ANOVA (statistical significance between data sets
standard errors. For each age, we obtained data from two embryos feas assigned wheP<0.05).
each timepoint and plotted data for each animal separately against the
length of exposure to BrdU.
For double-labelling studies, after BrdU detection the sections werRESULTS
washed in PBS and incubated overnight in neurone-specififd anti-
The. second antibody was detected using an alkaiine phosphaigiCriinetic nuclear migration and cleavage
i i i Sey/Se

conjugated rabbit mouse 1gG (Sigma) and 4-nitro blue tetrazoliu flentations are disrupted inthe  Pax6>%">% cerebral
chloride/5-bromo-4-chloro-3-indolyl-phosphate  (Roche). Fivecortex
hundred rostral, 500 caudal and 500 centrally positioned cells (1500 vivo analyses were performed at E10.5, E12.5 and E15.5,
in total) from nonadjacent sections were counted. Again, we found nehich correlate with the onset of cortical neurogenesis, early
consistent differences in the counts from each location and data froneurogenesis and mid-neurogenesis (Gillies and Price, 1993;
the three regions in each animal were combined. Caviness et al., 1995; Price et al., 1997). Cells in metaphase
were visualized wusing an antibody directed against

. . . . . hosphorylated histone H3. This antibody binds weakly within
Cells from E12.5 cortices were dissociated by incubation for 4 . . : :
minutes at 37C in Earle’s buffered salts solution containing papain: ericentromeric heterochromatin during G2 and then spreads

(20 units/ml; Papain Dissociation System, Worthington Biochemical !n an ordered fashion coincident with mitotic chromosome

UK). Cells in suspension were plated onto poly-L-lysine-coated well§ondensation, becoming strongest during metaphase (Hendzel
(LabTek II0; Nunc Life Technologies, UK) at a density of 1165 €t al., 1997). In wild-type cortex at all three ages metaphase
cells/cn? and cultured in defined serum-free medium (Romijn et al.cells were largely restricted to the ventricular surface, as
1994) at 37°C and 5% GOCultures were analysed at various times expected (Fig. 1C). This was also the cadeaixc>eY/Sexortex
after plating (12.75-24 hours, see below) and each time-point wast E10.5 and E12.5, but at E15.5 there appeared to be a
repeated in three separate experiments. Viable cells were identified §iynificant proportion of metaphase cells located ectopically,
the basis of morphology and exclusion of Trypan Blue. For celpyway from the ventricular edge (Fig. 1D).
_co:‘J_nts, between d800| andl 1502 viable cells ICf>_ef| dculture were assessedyantification gave a more comprehensive representation of
in five or six randomly selected microscope fields. L ;

Twelve hours after plating, BrdU was added to the culture mediu eII-Q|V|S|on pattgrns throughout Fhe develqplng_ . cortex.

ections were stained with DAPI, which clearly identifies cells

(final concentration 1QM) and, after 45 minutes, BrdU was removed ;
and fresh culture medium was added. Cells were fixed in 4o late anaphase and telophase when condensed chromosomes

paraformaldehyde either immediately after the pulse of BrdU, i.edr€ separating, and the number of cells in these stages were
12.75 hours after plating, or at 15, 18, 21 and 24 hours after platingounted. In each section{15 per brain), cells throughout the
washed in PBS, and processed for BrdU incorporation as describelgpth of the cortical proliferative zone were simultaneously
previously (Shetty and Turner, 1998). Monoclonal anti-BrdU (cloneclassified by position, either at the ventricular surface or
BU 33, Sigma, UK) was used at 1:1000 dilution. ectopic (within the proliferative zone but more than three cell
Other immunocytochemical reactions were carried out as followsgigmeters from the ventricular surface) (Fig. 1C,D); or by

All steps were at room temperature. Cultures were treated with 90%jentation of division, either symmetrical (plane of division at
methanol prior to incubation in blocking solution (PBS containing

0.5% Triton X-100 and 2.5% normal rabbit serum). Cells were the gégo@tto th? _velntrlcul?r Surfa?et)' aS)émTetgg?é@(fggallel,
exposed to one of the following monoclonal antibodies for 18 hours; 2~ * 0 ventricular sur ch) orintermediate ( ) -
anti-p27P1 (mouse monoclonal, 1:1000, Transduction Laboratories:5%°) (Fig. 1E-G). The spindles of cortical progenitors rotate

hl

NJ); anti-cyclin A (mouse monoclonal, 1:1000, Sigma, UK); anti-throughout metaphase but stop at the start of anaphase (Adams,

MAP2 (microtubule associated protein 2; mouse monoclonal, 1:40d,996) and so this method provides an accurate measure of the
Sigma, UK); TuJ1 (mouse monoclonal, 1:400, Sigma, UK); glial celplane of division. It has been shown that the distributions of

Culture experiments
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cleavage orientations observed by staining fixed sections aagljacent sections at three different anterior-posterior positions
identical to those observed by following living cells in corticalin the cortex: 25%, 50% and 75% through the telencephalon
slices (Chenn and McConnell, 1995). The cortex exhibit§where 0% is the most rostral part and 100% is the most caudal:
temporal gradients of development; for example, anterioFig. 1A,B). Position was found to have no significant effect on
cortex is more mature than posterior cortex at any given stadgiee incidence of either ectopic or asymmetrical division and
of corticogenesis (Bayer and Altman, 1991). To test whethettata from the different regions were combined in the final
cell division patterns were influenced by the anterior-postericanalyses.

gradient of development, counts were carried out on five ANOVA revealed that the proportions of dividing cells
located ectopically was significantly higher Paxe>eY/Sey
cortex than in wild-type cortex specifically at E15.5 (Fig. 2A).
At E10.5, 3% of wild-type and 7% &ax6>¢Y/Sedivisions were
ectopic. This proportion rose slightly at E12.5 to 12% in wild-
type and 17% irPax6>eY/Seortex. At E15.5, only 13% of
divisions occurred ectopically in wild-type compared with 47%
in Pax6>®Y/Seembryos P<0.005). These data strongly suggest
that interkinetic nuclear migration is disrupted by mid-
neurogenesis, perhaps because cells enter mitosis before or
after their nuclei undergo apical relocation to the ventricular
surface.

The analysis of cleavage orientations revealed that the
proportions of cells undergoing asymmetrical division in the
Pax6°¢y/Setortex progressed to higher levels more rapidly than
in wild-type cortex (Fig. 2B,C). In the E10.5 and E12.5 wild-
type cortex (Fig. 2B), the majority of divisions (almost 80%)
were symmetrical; the rest were almost equally divided
between asymmetrical and intermediate. By E15.5, the
proportion of symmetrical divisions had fallen by about 10%,
whereas the proportion of asymmetrical divisions had risen by
a similar amount (Fig. 2B). These data are consistent with a
predicted increase in proportions of asymmetrical divisions as
neurogenesis progresses (Chenn and McConnell, 1995). In the
Pax6>¢¥/Seycortex at E10.5, the distribution of cleavage
orientations was close to that observed in wild-type littermates,
although the proportion of symmetrical divisions was slightly
lower and that of asymmetrical divisions was correspondingly
higher than in wild-types (Fig. 2C). This difference from wild-
type cortex became progressively more pronounced with age.
By E12.5 the proportion of asymmetrical divisions was up to
17+2% (compared with 8+2% in wild-type£<0.05); by
E15.5, 3&2% of divisions occurred asymmetrically
(compared with 17+2% in wild-typed$®<0.0005) and only
Fig. 1. Counting parameters used for in vivo analysis. 48+2% were dividing symmetrically (Fig. 2C). The
(A) Parasagittal view of an E12.5 wild-type forebrain showing the  proportions of intermediate cells remained at similar levels
planes of section in which cell divisions were counted. Cells were  throughout in both genotypes (Fig. 2B,C). These data indicate

counted in five sections at 25%, 50% and 75% through the that the change towards asymmetrical division is accelerated in
telencephalon (broken lines). (B) Coronal section through an E12.5 the Pax&eY/Setortex as compared with wild-type cortex.
wild-type embryo at a position 50% through the telencephalon

Wore made i the ventricuiar z0ne of e cortex between the two . CCIl-Cycle kinetics are distupted during

arrows. (C,D) Mitotic cells in (C) wild-type and (BPax6¢Y/SeE15.5 dev'elopm.ent of the PaXGSe)_//Se)T cortex i

cortex identified with an antibody against phosphorylated histone TO investigate further the kinetics of the cell cycle in the
H3, which labels metaphase chromosomes. In the wild-type cortex ventricular zone of mutant and wild-type embryos, E12.5 and
the majority of dividing cells are located at the ventricular surface; inE15.5 pregnant dams were given repeated injections of BrdU
the Pax6¢¥/Se¢ortex some dividing cells are located ectopically to label cumulatively the proliferating population. The
(away from the ventricular surface, arrows). (E) Late anaphase and proportions of BrdU-labelled cells in the proliferating zone
telophasg cells were classified by their plane ofdiyision.rglative 0 after different times of exposure to BrdU are plotted in Fig.
e venviculr suiace (0" -30"lo 501 aSynmetia Ao " 5,8, Using the model described by Nowakowsk e al
(F,G) DAPI-labelled chromosomes showing (F) symmetrical and (G)(NOWEiKOWSI_(I etal., 198.9)' and used s.lnce by oth_ers (Takahashl.
asymmetrical cell divisions. Broken line indicates plane of etal, 1993' Takahashi et al., 1995a; Takahashllet al., 1995b;
ventricular surface and arrow indicates plane of cell division. cP, 1akahashi et al., 1996), these data can be interpreted as
cortical plate; 1Z, intermediate zone; VZ, ventricular zone. Scale ~ summarised in Fig. 3C to give the proportion of cells in the
bars: 10Qum in B; 20pm in C,D; 5pum in F,G. proliferative zone that are actually proliferating (i.e. the growth
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Fig. 2. Analysis of ectopic cell division and distribution of cleavage orientation in wild-typ@ax@#ey/'Setortex at E10.5, E12.5 and E15.5.

(A) Histogram showing the mean percentated.m.) of late anaphase and telophase cells that are dividing in an ectopic postion (away from
the ventricular surface) in wild-type cortex aPak6>¢¥/Se¢ortex. There is an increase in ectopic division at E15.5 in the miRafi8005).

(B,C) Graphs comparing the mean percentages of dividing cells undergoing symmetrical, asymmetrical and intermediate(Bivigitoh in

type and (CPax&>e¥/Setortex. All data points are +2%.
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Fig. 3.Analysis of cell-cycle kinetics. (A,B) Graphs show results of cumulative labelling with BrdU at (A) E12.5 and (B) ER&xERi/Sey
and wild-type embryos, following the approach described by Nowakowski et al. (Nowakowski et al., 1989). Data points areemeariste
proportions of BrdU-labelled cells in the cortex of each embryo. The proportions increased over 4.5 hoursHaxEYSPembryos (broken
line in A) and over 8-8.5 hours in all other cases. Least squares fit analysis of these rising phases (i.e. excludingidaiz &fanours of
BrdU to Pax6>¢Y/Seeémbryos aged E12.5 and after giving 12.5 hours of BrdU to embryos of both genotypes aged E15.5) yielded the trendlines
and ¢ values shown. (C) The growth fraction (GF), the length of S phase (Ts) and the length of the cell cycle (Tc) are calegltiied usi
equations of Nowakowski et al. (Nowakowski et al., 1989). The intercept gratkis=GF<(Ts/Tc); the time where the GF is maximal
(Tm)=Tc-Ts; the rate of increase (i.e. the slope) of the proportion of labelled cells=GF/Tc. (D) Cell-cycle kinetics ipendidetynutant
telencephalon at E12.5 and E15.5. The circumference of each circle is proportional to the overall length of the cefilecddferatt stages.
The wild-type cell cycle lengthens slightly between E12.5 and E15.5. In the mutant, overall cell-cycle length is signiifaréentithan
normal at E12.5 and longer than normal at E15.5. The proportion of time that the cells spend in S phase is not sigrfgiearithyedifeen
mutant cortex and wild-type cortex at E12.5. However, by E15.5 the proportion of time in S phase is markedly increasathint.the m
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fraction, GF), the length of the cell cycle (Tc¢) and the lengtt
of S phase (Ts).
Growth fractions were almost 1.0 at E125 and &

-
B L
-

3A,B). The length of the cell cycle in E12.5 mutants was 60% 3
that of wild-type littermates (7.5 hours f@axeey/Sey 12.5 1'%
hours for wild-type). The length of S-phase was approximatel . " |
3 hours in mutants and approximately 4.5 hours in wild-types i
these values represent 40% and 36% of the lengths of the 57 ©
respective cell cycles. Our values for Tc and Ts in E12.5 wild AL M ne |
type telenlencephalon were very close to those found before B} 4 '?3_.‘5 L SR
E12-E13 mouse cortex (Takahashi et al., 1995b). In E15. SRSl
wild-type cortex, the length of the cell cycle had increased, &
described previously (Takahashi et al., 1995b). HoweveFig. 4.Expression of BrdU and TuJ1 in wild-type apakesey/Sey

although the cell cycle was around 14 hours in wild-typee12.5 cortex. Parasagittal sections through cortex of (A) wild-type
embryos, it had increased to over 20 hours in mutant brainand (B)Pax6>¢Y/S&E12.5 telencephalon. Dams were injected at 0 and
Even more surprisingly, we found that, although Ts in the wild2 hours and embryos collected at 2.5 hours after initial injection.

type cortex remained almost constant (4.5 hours at E12.5 afdioken line indicates boundary of VZ. There is a qlear increase in

5 hours at E15.5, i.e. constantly 36% of the total cell cycle)double-labelled cells (BrdU, brown; TuJ1, purple) in the mutant (B)

Ts in the mutant increased dramatically from 3 hours (40% diompared with the wild-type (A) littermate. Scale barpéa

the total cell cycle) at E12.5 to 11.5 hours (58% of the total

cell cycle) at E15.5. Thus, although at E12.5 mutant cell cycles

are much shorter, both wild-type and mutant cells spend similalouble labelled in the wild-type VZ, compared with
proportions of time in S phase. By contrast, by E15.5 mutar§1.2+9.3% in the mutant VZ. These data indicate that the time
cell cycles are longer and mutant cells spend a much greataetween S phase and the onset of expression of neural specific

proportion of time in S phase (summarized in Fig. 3D). markers is significantly shorter than normal in Bax6>¢y/Sey
cortex.

The expression gat/tserns of TuJ1 and Numblike are We also tested the possibility that the expression of other cell

altered in  Pax6°>¢/>¢ cortex fate determinants normally associated with postmitotic

The cell-division analysis described above revealed that theeurones might be increasedPax6>¢Y/Setortex. In wild-type
proportion of cells undergoing asymmetrical division in themice, Numblike (Nbl) is expressed in postmitotic cortical
Pax6>eY/Seycortex progressed to higher levels more rapidlyneurones but not in progenitors in the ventricular zone (Zhong
than their wild-type littermates. It has been suggested that al., 1997). We examined the expression of NBire>ey/Sey
asymmetrical divisions generate postmitotic neurones (Cheroortex at E10.5-E15.5 (Fig. 5).

and McConnell, 1995), although this hypothesis has not been At E10.5 the developing telencephalic wall consists almost
proved directly. We tested whether cells switch on neuralentirely of proliferating neuroepithelial cells, and nuclear
specific markers earlier in the mutant cortex than in the wildstaining with Pax6 antibody was evident in the majority of
type cortex. We performed double labelling for BrdU and TuJthese cells in wild-type embryos (Fig. 5B). The antibody did
expression in sections from pregnant dams aged E12.5 andt detect Pax6 protein iRax6>®Y/S®¥mutant embryos (Fig.
E15.5 that had been injected with BrdU at two hourly interval&E,K). Cytoplasmic Nbl expression was detected in the
for up to 8 and 12 hours, respectively. These animals wermmerging preplate, or primordial plexiform layer, of the cortex
killed at 2.5 hours (E12.5 dams only), 4.5 hours (E12.5 anoh both E10.5 wild-type and E10Bax6>¢Y/Setelencephalon
E15.5 dams), 8.5 hours (E12.5 and E15.5 dams) and 12(big. 5C,F). The preplate is formed by the first postmitotic cells
(E15.5 dams only) after the initial administration of BrdU.migrating from the VZ (Marin-Padilla, 1998). More Nbl-
The percentages of the BrdU-labelled cells that were alspositive cells were apparent in tRax6>Y/Sepreplate (Fig. 5F)
labelled for TuJ1 were counted in the VZ. Within each of thehan in the wild-type preplate (Fig. 5C). By E15.5 the
four groups of animals defined according to age and genotymeveloping wild-type cortex has a well-defined laminar
(E12.5 wild-type; E12.5 mutant; E15.5 wild-type; E15.5structure comprising proliferative layers (ventricular zone, VZ
mutant), the proportions of BrdU-labelled cells within the VZand subventricular zone, SVZ), an intermediate layer (1Z) of
that were also TuJ1 positive remained comparatively constaradially migrating neurones, and differentiating neurones and
with increasing length of exposure to BrdU. This wasafferent and efferent axons in the cortical plate (CP).
presumably because the generation of new TuJ1-positive cepression of Pax6 was detected in the VZ and SVZ of the
would be counterbalanced by the migration of older TuJlwild-type cortex (Fig. 5H). Intense Nbl immunoreactivity was
positive cells out of the VZ, as it has previously been observeseen in the nonproliferative layers of the cortex of both wild-
that migration from the mutant VZ occurs at a normal rate aiype andPax6>®¥/Seembryos (Fig. 51,L). Unlike earlier ages, it
the ages studied here (Caric et al.,, 1997). There werejas hard to assess numbers of labelled cells at E15.5, but in
however, major differences between the groups such that onllge Pax6>¢Y/Setortex there was an overall upregulation of Nbl
2.5+0.6% of BrdU-labelled cells within E12.5 wild-type VZ immunostaining in the cortical plate relative to that in the 1Z
were double-labelled cells (Fig. 4A), whereas 21.2+2.7% ofFig. 5L). These findings support the notion that neurogenesis
BrdU-positive VZ cells were double labelled in the mutantis more advanced in the mutants at both early and intermediate
(Fig. 4B). At E15.5, 6.4+3.9% of BrdU-labelled cells were stages of corticogenesis.
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at a series of times after administration of BrdU, the
proportions of BrdU-positive cells, the overall densities of cells
in the culture, the proportions of cells containing the nuclear

Because th@ax6>¢¥Y/Seembryo has numerous

abnormalities of tissues surrounding
interacting with cortex, we tested whet
alterations of the cell cycle and rates
differentiation in the cortex are an intrin
property of mutant cortical cells by growi
these cells in isolation in culture. Dissocie
E12.5 cortical cells were plated and, 12 h
later, a pulse of BrdU was added for
minutes. Cultures were studied 12.75, 15
21 and 24 hours after plating. '
characterised the behaviour of cells and
expression of molecular markers in
cultures after staining with a range
antibodies. We did not observe any signifir
level of cell death in either wild-type
Pax6>®y/Sey cultures at any time-poit
Although the two genotypes were plated a
same density, the mutant cells bec
increasingly clustered together compared
the wild-type cells (Fig. 6A,B). Cells labell
with BrdU were found in all cultures at
time-points. Fig. 6A-D shows BrdU labelli
24 hours after plating (i.e. 11.25 hours ¢
the end of the BrdU pulse). At this stage,
latest that we studied, the wild-type Brc
labelled cells remained either single ol
small clusters containing less than 12 ¢
connected by a network of cellular proce:
(Fig. 6A,C). By contrasPax6>¥/Se¢ells wert
clustered into much larger groups of up tc
cells (Fig. 6B,D) and their nuclei oft
displayed a chain-like morphology (Fig. 6
similar to that described previously (Got:
al., 1998).

To characterise further the cells in
cultures, we used antibodies against spe
cell markers including TuJ1 (Lee et al., 1¢
Easter et al., 1993) and MAP2 (Matus, 1¢
for neurones, GFAP for astrocytes (D.
1981), CNPase for oligodendrocytes (Spril
et al., 1987), RC2 for radial glia (Misson
al., 1988) and nestin for undifferentia
neural precursors (Lendahl et al., 19
Throughout the culture period, we deter
predominantly neuronal cell markers (ne:
TuJl and MAP2) in both mutant and w
type cells (Fig. 6A,B,E-H). The marker R
was also detected in cells of both genot
(Fig. 61,J), but very few mutant or wild-ty
cells were positive for GFAP or CNPase ({
not shown). Many of the RC2-positive c
co-expressed MAP2 (Fig. 61,J), in line w
recent findings that radial glial cells n
generate neurones (Barres, 1999; Malate:
al., 2000).

We followed the proliferative behaviour
the cultured cells quantitatively by measur

Fig. 5. Expression of Pax6 and Numblike (Nbl) in wild-type dak6eY/Setortex. In all
sections dorsal is upwards and in colour images nuclei are counterstained with DAPI
(blue). (A-F) Coronal sections through (A-C) E10.5 wild-type and (D-F) E10.5
Pax6>®Y/Seprains. (G-L) Parasagittal sections through (G-1) E15.5 wild-type and (J-L)
E15.5Pax6>®Y/Seprains. (A,D,G,J) Low-magnification images of (A,G) wild-type and
(D,J) Pax6>e¥/Seprain sections stained with DAPI. Boxes show areas in the cortex in
which images to right were taken. (B,E,H,K) Nuclear Pax6 expression (green) is detected
in wild-type ventricular zone (B,H) but not in the mutant (E,K). (C,F,I,L) Weak
cytoplasmic Nbl expression (green) is detected in a few cells in E10.5 wild-type preplate
(PP) (C). The Nbl expression domain has expanded in the wild-type cortex by E15.5 (I):
expression is observed in both the wild-type intermediate zone (1Z) and cortical plate
(CP), although expression levels appear to be much stronger in the 1Z compared with the
CP. (F.L) In the mutant, more Nbl-positive cells are detected in the preplate at E10.5 (F)
compared with wild type (C). Nbl is highly expressed by cells irPthe>eY/SeYZ and
CP at E15.5 (L). The Nbl expression appears higher in the mutant CP compared with
wild-type levels. c, cerebral vesicle; d, diencephalon; SVZ, subventricular zone, VZ,
_ventricular zone. Scale bars: 10 in A,D; 10pm in B,C,E,F,H,I,K,L; 20Qum in G,J.
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protein, cyclin A, which is expressed selectively during theal., 1997; Durand et al., 1997; Durand et al., 1998; Borriello et
S/G2/M phases of the cell cycle (Darzynkiewicz et al., 1996)al., 2000; Levine et al., 2000; Miyazawa et al., 2000; Sasaki et
and the proportions of cells expressing 257 a cyclin- al., 2000). Results are shown in Fig. 7. Immediately after the
dependent kinase inhibitor that is required for neuronal cells tpulse of BrdU, the proportion of BrdU-labelled mutant cells
exit the cell cycle and start terminal differentiation (Sherr andvas approximately twice that of the wild-type cells (Fig. 7A),
Roberts, 1995; Sherr and Roberts, 1999; Casaccia-Bonnefiliatlicating that proliferation rates are increasedPaxe>ey/Sey
cortical cells in vitro as well as in vivo. In wild-type cultures,
the proportions of BrdU-labelled cells increased over the
following 8.25 hours, as the cells that had been in S-phase
during the pulse of BrdU underwent division, and fell again
over the next 3 hours, presumably as proliferating cells that had
not been labelled by the BrdU pulse divided to dilute the BrdU-
labelled population (Fig. 7A). The schematic in Fig. 8A
illustrates this course of events. In stark contrast, the
proportions of BrdU-labelled mutant cells increased steadily
throughout culture (Fig. 7A). This observation, together with
our finding that overall cell density increased more rapidly in
the cultures of mutant cells than in the cultures of wild-type
cells (Fig. 7B), suggests that mutant cells continued to
proliferate more rapidly than wild-type cells for up to 24 hours
in culture (Fig. 8B).

In the cultures of wild-type cells, there were no significant
changes in the percentages of cells expressing cyclin A (~20%)
or p2Kirl (~55%) between 12.75 and 24 hours after plating
(Fig. 7C,D). In the cultures dfax6>eY/Sexells, the proportion
of cells expressing cyclin A immediately after the pulse of
BrdU was higher than in wild-type cultures (Fig. 7C), which
is compatible with them having a higher proportion of BrdU-
labelled cells at this time (Fig. 7A). Over the following 11.25
hours, the proportion of mutant cells expressing cyclin A
decreased (Fig. 7®<0.01), whereas the proportion of mutant
cells expressing p&P! increased (Fig. 7DP<0.01). This
indicates that, unlike the wild-type cells, whose division
maintains stable proportions of proliferating and postmitotic
cells, division of the mutant cells is biased towards production
of an ever-increasing proportion of postmitotic cells. This
interpretation is illustrated in the schematic in Fig. 8.

DISCUSSION

Our main conclusions from in vivo work are that Pax6 is
required in cortical development to regulate the rate of
progression of progenitors through the cell cycle, the rate of
progression from symmetrical to asymmetrical division and the
onset of expression of neural-specific markers. In the absence
" of Pax6, the cell cycle and the onset of expression of neural-
specific markers are both accelerated at the start of cortical
Fig. 6.Immunocytochemical analysis of dissociated cortical cells in N€urogenesis. As neurogenesis progresses, the increase in the
culture. (A,C,E,G,1) Wild-type and (B,D,F,H,BPax6ey/Sey proportion of asymmetrical divisions occurs more rapidly than
dissociated cortical cells after 12.75 hours (E-J) and 24 hours (A-D)normal, and increasing proportions of progenitors divide
in culture. (A-D) BrdU labelling in cultures 24 hours after plating  in ectopic positions, suggesting that interkinetic nuclear
(11.25 hours after the end of the BrdU pulse). (A,B) Double migration becomes defective. By mid-neurogenesis, progenitor
immunostaining for BrdU (brown) and MAP2 (blue). In contrastto  ce|| cycles in the mutant slow below the rate observed in wild-

the wild-type BrdU-labelled cellfaxe>V'S®labelled cells were type embryos. We found that dissociated mutant cortical cells
mainly in large clusters. (C,D) Many mutant BrdU-labelled cells isolated in culture at E12.5 also showed more rapid

were grouped as to suggest cell-chain migration. Inset in D shows a_ " . . . o g
panoramic view of mutant cortical cell-chain formation in culture. proliferation and production of postmitotic cells than wild-type

(E-J) Immunodetection of (E,F) neuronal antigen clas@ tiibulin cells, suggesting that the changgs seen in vivo are intrinsic to
(Tud1), (G,H) nestin and (1,J) MAP2 (blue) and RC2 (brown). the cortical cells, rather than being secondary to one or more
Arrowheads in 1,J show cells expressing both markers. Scale bars: 2f the numerous extracortical defectsPax6>¢y/>¢embryos.

um in A,B,E-J; 16um in C,D. The differentiation of multipotential progenitor cells into
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Fig. 7. Proliferation and differentiation in E12.5
wild-type and mutant dissociated cortical cell
_sof  Evildtype cultures between 12.75 and 24 hours after
Eoo] MSey/Sey plating (all values are meanszs.e.m.).
(A) Percentages of BrdU-positive cells after a
45 minute pulse given 12 hours after plating.
Significant differences?<0.01) were observed
between cultures of wild-type and mutant cells
at all time-points from 12.75 hours after plating.
20 0 (B) Cell density in cultures. Significant
" differences P<0.01) were observed between
cultures of wild-type and mutant cells at all
1275 15 18 21 24 12.75 15 18 n 24 i - I i

Tim st paing () Tim st (o) Regrbssion analysis showed hat the rate o
C D o increase for the mutant cells was just over twice
that for the wild-type cellsr=0.88 for

>
w

o
=
© & o
=1 E=] =]

|
Cell density (x10%cm?)
]
=

]

S = Pax6>eY/Seand 0.99 for wild type).
%m ) (C,D) Percentages of cells expressing cyclin A
260 %o (C) and p2%P1(D). Wild-type cells show no
!ésn N significant change in the number of cells
S0 2 expressing cyclin A and p®#7! over the culture
£ h period ¢2=0.07 for wild-type data in C and 0.22
S0 3 30 . . . . g
Sw 8, for wild-type data in D). There is a significant
decrease in the percentage of mutant cells
° 1 expressing cyclin A in culture3=0.84). The
1275 15 18 21 24 1275 15 18 21 24 percentages Faxeey/Segells expressing
Time after plating (hrs) Time after plating (hrs) p27#irlincrease with timerf=0.99).
o o Fig. 8. Explanation of the most probable cause of the differences
° ° observed in the cultures (Fig. 7). (A) In wild-type cells, the data are
compatible with cells having a cell-cycle time of around 12 hours, as
o has been shown previously in vivo (Takahashi et al., 1995b) (present
— study). Some cells are in S-phase during the 45 minute BrdU pulse
and incorporate BrdU (filled circle); others will enter S-phase after
e I the BrdU pulse or are postmitotic and will not label with BrdU (open
g g circles). One in five cells are BrdU labelled following the pulse (i.e.
" " 20%; compare with wild-type data at 12.75 hours in Fig. 7A). As the
Brdu 18h 24h Brdu 18h 24h

cells containing BrdU divide (thick lines), the proportion of BrdU-
labelled cells in the culture increases. Once the nonlabelled cells
divide (thin lines), the proportion of BrdU-labelled cells will decrease again. This trend is seen for wild-type dataAnBiigkéh lines
indicate cells that are postmitotic. Three in five cells are postmitotic at the time of the BrdU pulse (i.e. 60%); compécetyypih data at
12.75 hours in Fig. 7D) and if half the divisions that occur in culture produce postmitotic neurones (shown as a brokgmaliimg drom the
nonlabelled cell, although it could originate from the labelled cell), then roughly the same number will be postmitoticiest @dur in seven
cells, i.e. 57%; compare with wild-type data at 24 hours in Fig. 7D). The proportions of postmitotic cells and progenititirz#lishange
greatly during culture in the scheme illustrated. (B) An interpretation of events in cultir@sse®/Setells is shown, using the same
conventions as in A. A shorter cell cycle produces an initially higher proportion of BrdU-labelled cells (filled circlesjvergétis, or 40%;
compare with data from mutants in Fig. 7A) and a subsequent steady increase in these proportions (four in seven ceaks sitx1if tesu
cells at 24 hours). This models the steady increase seen for mutant cells in Fig. 7A. The scheme illustrated, in whichrdidisierone
progenitor and one postmitotic cell, will lead to an abnormally rapid decrease in the proportions of progenitors andeaim itiereas
proportions of postmitotic cells (from 40% at the time of the BrdU pulse to 70% at 24 hours; comparable with data fronmrRigaiiis).

specific classes of postmitotic neurones or glial cells occurs &ttle is known about the molecular mechanism that may govern
characteristic times during neural development and appears ach a clock. The results we present suggest that Pax6 may be
be accompanied by a progressive restriction of potential cedin essential component.

fate within the progenitors (Frantz and McConnell, 1996; During cortical neurogenesis in the wild-type telencephalon,
Desai and McConnell, 2000). The regulation of this diversitythe founder progenitor population undergoes a set number of
requires a complex interaction between intracellularll cell divisions (Takahashi et al., 1995b), during which there
mechanisms and environmental cues. Clonal analysis das a gradual switch from proliferative to neurogenic division
oligodendrocyte precursor cells suggests that an intrinsic cloddakahashi et al., 1996). Coincident with this conversion is a
operates within each cell to help control when it stops dividinglecrease in the proportion of cells undergoing symmetrical
and differentiates (Temple and Raff, 1986). It is probable thalivisions and an increase in the proportion undergoing
a similar internal clock, whose mechanism may be influencedsymmetrical divisions (Chenn and McConnnell, 1995). In this
by extracellular signals, acts to determine the rate of divisiostudy, by comparing the orientations of mitotic spindles in
and differentiation of neural progenitors. To date, howeverPax6>®Y/SeYand wild-type cortex in vivo, we demonstrated a
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more rapid progression to higher proportions of asymmetricalifferentiation of the cortex. It is possible, therefore, tPeat6
divisions in the absence of Pax6. This more rapid progressioegulates rates of proliferation and differentiation
to asymmetrical division correlates with an acceleratedndependently from any subsequent effects on the region-
production of cells expressing the markers Nbl and TuJ1. Botspecific nature of the differentiation.

in wild-type andPax6°¢Y/Sexortex, therefore, circumstantial ~ Although it is tempting to speculate on a single primary
evidence suggests a link between the symmetry of cleavage afuthction for Pax6 in the cortex that can account for all the
the production of postmitotic versus proliferative cells. Our inPax6>¥/Se cortical defects, in all probability Pax6 plays
vitro work indicated that E12.Bax6>®Y/Sexortical cells retain  multiple roles. As a transcription factor, Pax6 may have distinct
the ability to proliferate more rapidly than normal and tofunctions in different cells and at different times during
generate increasing proportions of postmitotic cells even whettevelopment. Our data strongly suggest a cell cycle-related
dissociated and isolated in culture. This suggests that alteréahction, but it remains feasible that Pax6 has separate roles in
proliferation and differentiation in mutant cortical cells are notregulating the cell cycle, cell differentiation and fate, cell
dependent on division taking place at an altered angle witadhesion and possibly other processes.

respect to the ventricular surface, nor on the disruption to the

interkinetic movement, neither of which would occur under We thank K. Gillies, G. Grant and V. Allison for their technical help
these culture conditions. However, it cannot be ruled out thdf this study, A.Carruthers and P. Teugue for help with statistics and
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any intracellular reorganisation of cell fate determinants. Y
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