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Neurons destined for the cerebral neocortex are formed in 
the pseudostratified ventricular epithelium (PVE) lining the 
ventricular cavity of the developing cerebral wall. The pres- 
ent study, based upon cumulative S-phase labeling with 
bromodeoxyuridine, is an analysis of cell cycle parameters 
of the PVE. It is undertaken in the dorsomedial cerebral 
wall of mouse embryos from the eleventh to the seven- 
teenth gestational day (Ell-E17, day of conception = EO) 
corresponding to the complete period of neuronogenesis. 
The growth fraction (fraction of cells in the population 
which is proliferating) is virtually 1 .O from El 1 through El 6. 
The length of the cell cycle increases from 8.1 to 18.4 hr, 
which corresponds to a sequence of 11 integer cell cycles 
over the course of neuronal cytogenesis in mice. The in- 
crease in the length of the cell cycle is due essentially to 
a fourfold increase in the length of Gl phase which is the 
only phase of the cell cycle which varies systematically. 
Thus, the Gl phase is most likely to be the phase of the 
cell cycle which is modulated by extrinsically and intrinsi- 
cally acting mechanisms involved in the regulation of neu- 
ronal cytogenesis. 
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The neurons of the neocortex arise within a proliferative pseu- 
dostratified ventricular epithelium (PVE) which forms the lining 
of the ventricular cavities of the developing cerebral wall (His, 
1889; Schaper, 1897; Sauer, 1935; Sauer and Walker, 1959; Fu- 

jita, 1963; Stensaas, 1967; Hinds and Ruffett, 1971; Sidman and 
Rakic, 1982; Takahashi et al., 1992, 1994). The period of neu- 
ronogenesis within this proliferative population is discrete in on- 
set and termination (Sidman et al., 1959; Berry and Rogers, 
1965; Rakic, 1974; Caviness, 1982; Bayer and Altman, 1991). 
Cells of glial lineage, by contrast, proliferate throughout a much 
wider zone of the subcortical cerebral wall (Takahashi et al., 
1995) and through a much more extended interval which prob- 
ably begins before and continues beyond the neuronogenetic ep- 
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och (Smart, 196 1; Smart and Leblond, 196 1; Boulder Commit- 
tee, 1970; Patterson et al., 1973; Privat, 1975; Mares and Bruck- 
ner, 1978; Levine and Goldman, 1988; Altman and Bayer, 1990; 
Levinson and Goldman, 1993). 

The neuronal classes which arise within the PVE are unique 
in the CNS for their variety and their great numbers (Ramon y  
Cajal, 1952; Lorente de No, 1938; Jones, 1984). The succession 
of cell classes formed in the cerebral PVE and the rate at which 
the specific classes are formed must reflect the combinatorial 
actions of a host of regulatory mechanisms acting both extrin- 
sically and intrinsically to the cells of the proliferative popula- 
tion. The unfolding of the overall regulatory program will be 
reflected in the kinetics of the proliferative behavior of the cells 
of the epithelium. Characterization of the proliferative behavior 
in terms of its kinetics is viewed as an early step indispensable 
to later investigations into cell and molecular biological regu- 
latory mechanisms themselves. 

The present report is an analysis of the cell cycle kinetics of 
the PVE of the dorsomedial cerebral wall of the mouse. The 
scope of the study is the full sweep of the neocortical cytoge- 
netic epoch, initiated at embryonic day 11 (El 1) and terminated 
on early El7 (Sidman et al., 1959; Caviness and Sidman, 1973; 
Shoukimas and Hinds, 1978; Caviness, 1982). The analysis is 
based upon cumulative labeling with bromodeoxyuridine 
(BUdR) of nuclei of the PVE as they cycle through S phase. An 
earlier report from these investigations considered the prolifer- 
ative behavior of the PVE limited to El4 (Takahashi et al., 1992, 
1993). It provided the general conceptual framework and a de- 
tailed presentation of methodology for the present more com- 
prehensive analysis. In part this analysis retraces experiments in 
the rat of Waechter and Jaensch (Waechter and Jaensch, 1972; 
Schultz et al., 1974) executed two decades ago. The present 
initiative is justified, however, by substantial advances in tech- 
nology which will increase both the sensitivity and the specific- 
ity of the observations themselves (Nowakowski et al., 1989). 
It is additionally justified by intervening advances in the cell 
and molecular biology of cell cycle regulation and the potential 
for their application to the study of neocortical histogenesis 
(Hunt, 1991; Matsushime et al., 1992; Richardson et al., 1993; 
Sherr, 1993; Tsai et al., 1993, 1994). 

Materials and Methods 

Animals. CD1 mice, used for these studies, were maintained on a 12 hr 
(7:00 A.M. to 7:00 PM.) light-dark schedule. Conception was ascer- 
tained by the presence of a vaginal plug with the day of conception 
considered to be EO. Plug-checks were conducted at 9:00 A.M. 

S-Phase labeling with BlJdR. A succession of BUdR injections ad- 
ministered intraperitoneally into the pregnant dam is initiated at 9:00 
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Figure 1. Cerebral stratification from 
El l-El& The changing pattern of ce- 
rebral stratification throughout the full 
cytogenetic interval, El l-E18 where 
the abscissa represents this interval in 
terms of hours elapsed after 9:00 A.M. 
on El 1. At each time point, the aver- 
aged value for the upper border of each 
of the layers is plotted on the ordinate 
as the distance in micrometers from the 
ventricular surface. Until early El4 the 
cerebral wall has only two strata, the 
primitive plexiform zone (PPZ) and the 
ventricular zone (VZ, A). The VZ ap- 
proaches its maximum width on El5 
and then declines rapidly through E16. 
The cortical strata‘ [&olecular layer 
(ML), cortical plate (CP, 0), and sub- 
plate (SP, 0)l and the intermediate 

48 
El3 

144 168 hr 
El7 El8 

zone (IZ, +), including the subventri- 
cular zone (SVZ, A), by contrast pro- 
gressivelv increase in width through 

9:OOam k16. 0, Pia. 

A.M. on each of El I-E17. On each day the injections are repeated at 
3 hr intervals until the proportion of labeled nuclei (labeling index, LI) 
in the ventricular zone (VZ) is maximum (Takahashi et al., 1992, 1993). 
Survival times were spaced at 1.5 hr intervals at El l-El4 and at 3.0 
hr at E15-E17. On El8 BUdR was injected only once at 9:00 A.M. 
and the animals were sacrificed 30 min after the injection. The dose 
employed here, established previously to be effective in labeling 100% 
of cells in S phase, appears not to be cytotoxic over intervals corre- 
sponding to the duration of these experiments (Nowakowski et al., 
1989; Takahashi et al., 1992). 

Histology. Embryos were removed by hysterotomy from dams deeply 
anesthetized by an intraperitoneal injection of a mixture of ketamine 
(50 mg/kg body weight) and xylazine (10 mg/kg body weight). El I- 
El4 embryos were decapitated, and the whole heads were fixed in 70% 
ethanol. E15-El8 embryos were perfused via the left ventricle with 
70% ethanol and the brains were dissected from the skull. The brains 
were postfixed overnight by immersion in 70% ethanol, dehydrated in 
graded ethanol solutions, embedded in paraffin, and sectioned at 4 km 
in the coronal plane. The sections were stained immunohistochemically 
for BUdR and counterstained with basic fuchsin as previously described 
(Takahashi et al., 1992, 1993). 

Analysis. Analysis of the development of the hemispheric wall is 
undertaken in a standard coronal sector of the dorsomedial cerebral wall 
(Takahashi et al., 1992, 1993). The sector is 100 km in its medial- 
lateral dimension and 4 km (corresponding to section thickness) in its 
rostral-caudal dimension. The sector is divided in its radial dimension 
into bins 10 )*rn in height, and the bins are numbered 1, 2, 3, and so 
on from the ventricular margin for purposes of mapping the location of 
cell nuclei (Takahashi et al., 1992, 1993). The number of labeled and 
unlabeled cells were counted in each bin as previously described (Tak- 
ahashi et al., 1992). An LI was calculated as the ratio of labeled to total 
cells (i.e., the sum of the number of labeled and unlabeled cells). 

Results 

The architectonically defined VZ (Boulder Committee, 1970) is 
approximately coextensive with the PVE (Takahashi et al., 1992, 
1993). There is, however, not a perfect correspondence between 
the extent of the cells of the PVE and the borders of the VZ. 
Thus, a relatively small proportion of cells of the VZ are not 
part of the PVE. Some of these are postmitotic young neurons 
in the course of exit from the VZ and while others are prolif- 
erative cells of the secondary proliferative population (SPP, Tak- 
ahashi et al., 1992, 1993, 1994, 1995). In addition, some cells 
of the PVE extend beyond the borders of the VZ into what is 
architectonically called the subventricular zone (SVZ, Takahashi 
et al., 1993, 1994, 1995). The height of the VZ on El I at the 
outset of cortical neuronogenesis is about 40 km (Figs. I, 2). 

The height of this stratum increases to 70 km by El.5 but de- 
clines precipitously through El6 and early E17. After the com- 
pletion of neuronogenesis on El 7, the VZ is replaced by the 
simple cuboidal ependymal lining of the ventricular cavity. 

The cycle of expansion and regression of the VZ occurs con- 
currently with dramatic architectonic changes in the overlying 
cerebral wall (Figs. 1, 2). Prior to E14, the VZ occupies most 
of the width of the cerebral wall with only the narrow primitive 
plexiform zone (PPZ) lying between this stratum and the pia. In 
the course of El4 the strata which constitute the cortical anlagen 
(molecular layer, cortical plate and subplate) and the subcortical 
intermediate zone and SVZ emerge within the PPZ (Takahashi 
et al., 1993). The height of the collective cortical anlagen in- 
creases continuously through El8 as that of the VZ regresses. 

The number and distribution of the nuclei of cells in S phase 
were estimated by “pulse labeling” with BUdR (Figs. 2, 3). The 
labeled nuclei are distributed to bins in the outer half of the VZ, 
referred to here as the “S-phase zone” of the VZ (Takahashi et 
al., 1992). The distribution profile of nuclei in S phase (S-phase 
profile of the VZ) during the interval El l-El8 illustrates the 
cycle of expansion and regression of the PVE in parallel with 
that of the VZ. The S-phase profile for each of days El I-El& 
marked by a 30 min exposure to BUdR, is plotted in Figure 3. 
The labeled nuclei which will have progressed to G2 phase dur- 
ing 30 min elapsed between injection of BUdR and animal sac- 
rifice will have moved to the inner shoulder of the distribution 
of labeled nuclei (the shoulder closer to the ventricular surface 
or bin 1 as plotted in Figure 3, Takahashi et al., 1992, 1993). 

The base of the outer shoulder of the S-phase profile for each 
day corresponds approximately to the boundary between VZ and 
overlying stratum, that is, the PPZ on El l-early El4 and the 
SVZ after E14. Over the El l-El3 interval cells in S phase pre- 
dominate within the VZ. The cells in S phase remain prominent 
through E1.5, but their proportion becomes diminished through 
El6 and early El7 as the neuronogenetic cycle is completed. A 
discrete S phase zone within the VZ is identified at the latest by 
the BUdR injection at 9:00 A.M. on E17. By early El8 prolif- 
erating cells of the SPP (Takahashi et al., 1995) are widely dis- 
tributed from the ventricular surface to the overlying cerebral 
strata (Figs. 2, 3). The PVE has been replaced by the nonpro- 





liferative cuboidal ependyma at the margin of the ventricular 
cavity. 

The growth fruction (GF) qf the PVE 

The PVE, which can not be strictly delimited by architectonic 
criteria, is approximately coextensive with the VZ, which can 
be delimited by architectonic criteria (Takahashi et al., 1992, 
1993). For this reason the GF for the PVE is taken to correspond 
to the maximum LI achieved in the VZ. Cumulative exposure 
to BUdR over the first 2 hr is associated with spread of the 
population of labeled nuclei from the S phase zone, that is, the 
outer VZ, toward the ventricular margin (Fig. 4). The pattern of 
spread of labeled nuclei during the first 2 hr of exposure to the 
tracer is essentially the same on each day of the El l-El7 in- 
terval. As cumulative exposure to BUdR continues for longer 
than 2 hr, the LI progressively increases throughout the full 
width of the VZ. The pattern of accumulation of labeled nuclei 
within the VZ differs principally in that accumulation develops 
more slowly on successive days of the El l-El6 interval (Fig. 
4). The LI becomes 1.0 first in bin 1 and then in the bins suc- 
cessively distant from the ventricular margin including, finally, 
those bins corresponding to the S-phase zone itself. On days 
El l-El 3 the LIs for the bins within the VZ ultimately become 
virtually 1 .O. That is, on El l-El3 nearly 100% of nuclei are 
eventually labeled which indicates that GFs for the VZ are uni- 
formly near 1.0. On E14-El6 the LIs for the bins in the outer 
margin of the VZ reaches the maximum value which is less than 
1.0 corresponding to a slight lowering of the GF of the VZ 
which is probably only apparent. It is likely that this apparent 
slight drop in the GF reflects the presence at the interface of VZ 
and SVZ of unlabeled nuclei of two different nonproliferative 
cell types: postmitotic young neurons which exited S phase just 
before the initial injection of BUdR and nuclei of radial glial 
cells in GO phase (Takahashi et al., 1993). Therefore, the actual 
GF of the PVE, although not of the entire VZ, probably holds 
constant at 1 .O through E 16. 

Proliferative activity of the PVE is essentially concluded on 
E17. An initial injection of BUdR at 9:00 A.M. does identify a 
distribution of S phase nuclei in the outer half of the much 
attenuated VZ (Figs. 2, 3A, 4&C). Over the following 2 hr the 
labeled nuclei progress toward the ventricular margin with the 
appearance of labeled mitotic figures just as in the El l-El6 
interval. However, in contrast to the labeling patterns during 
these earlier days, the LI in the VZ reaches its maximum value 
which is much less than I.0 as early as 9.5 hr after the initial 
injection at 9:00 A.M. This is because, at this point, essentially 
all daughter cells belonging to the PVE are leaving the epithe- 
hum, most presumably, as migrating young neurons. Because 

t 
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cytogenesis in the PVE is concluded, the parameters of the cell 
cycle can not be estimated directly by cumulative labeling. 

Cell cycle parumeters c?f’ the PVE 

The length of the cell cycle (T,) and S phase (TJ of the PVE 
are estimated from the LIs for the PVE with cumulative expo- 
sure to BUdR beginning at 9:00 A.M. on El I-El6 (Figs. 4, 5; 
Takahashi et al., 1993). On El l-El3, the PVE and VZ are close- 
ly coextensive so that the architectonically delimited height of 
the VZ during these 3 d is taken to define the height of the 
proliferative PVE population in estimating the LI for the PVE. 

On E14-E16, however, the height of the VZ is an underesti- 
mate of that of the PVE (Takahashi et al., 1993). This is because 
a fringe of nuclei belonging to the longest cells of the PVE 
extends into the SVZ above the architectonically evident outer 
margin of the VZ. These nuclei belong to cells which are in late 
Gl and early S phases. Computations of T, and T,Y must include 
these longest cells extending beyond the apparent limits of the 
VZ. Otherwise, the estimate of values for T, and rs would be 
shortened. In an earlier analysis limited to El4 (Takahashi et al., 
1993), we made the adjustment of assigning to the PVE a full 
bin in height in excess of the apparent height of the VZ, and 
this adjustment is observed here for the later days (see Fig. 5 
caption for detail). Computations of T, and T, were not under- 
taken directly on El7 but were estimated indirectly by extrap- 
olation from the patterns of progression of values on the earlier 
days. 

The LIs for the set of bins corresponding to the PVE deter- 
mined as described above for each of the days E I I-E 16 form a 
family of approximately linear curves (Fig. 5). T, - T,s corre- 
sponds to the cumulative labeling time required to achieve the 
maximum LI (Nowakowski et al., 1989; Takahashi et al., 1993). 
T,IT, corresponds to the LI where the slope is extrapolated to 
the y-axis (Takahashi et al., 1993). For each date El I-E16, the 
two equations are solved simultaneously to give the correspond- 
ing values for T, and T,. The length of G2 phase (T,,) corre- 
sponding to the labeling time required to label the first mitotic 
figures at the ventricular margin was invariant at 1 hr for each 
of the days El 1-E16. The combined length of G2 and M phases 
(T,,.,) corresponding to the cumulative labeling time required 
to label all mitotic figures at the ventricular margin, had an iden- 
tical value of 2.0 hr. The values for the lengths of Gl phase 
(TG,) for each day are obtained as Tc - (T, + T,,,,). 

The value for T, increases from 8.1 to 18.4 hr between El 1 
and El6 (Table 1, Fig. 6). The values for T, varies unsystemat- 
ically at around 4 hr through the interval El I-E16. As described 
above, T,,,, is invariant at 2 hr. In contrast to the values of T, 

Figure 2. The dorsomedial region of the murine cerebral wall at El 1, 13, 15, 17, and 18. Photomicrographs of coronal 4 km sections stained 
immunohistochemically for BUdR and weakly counterstained with basic fuchsin. BUdR was given by intraperitoneal injection into the pregnant 
dam 0.5 hr before the embryos were removed by hysterotomy. The distribution of the labeled nuclei (stained black) corresponds to the distribution 
of nuclei in S phase. Labeled cells are concentrated at high density in the outer half of the ventricular zone (VZ) corresponding to the S phase zone 
of the VZ. By El5 the strata of the developing cortex (ML, molecular layer; CP, cortical plate; SP, subplate) have emerged and the cortex is 
delimited from the underlying intermediate zone (ZZ) by the external sag&al stratum (ESS). The subventricular zone (SVZ) can be distinguished in 
the depths of the IZ, at its interface with the VZ. At El5 the S phase zone of the PVE is prominent in the outer half of the VZ. Labeled cells 
representing distribution of cells in S phase of the secondary proliferative population (SPP) are distributed through the SVZ and overlying regions 
of IZ (arrowheads). Through El 7-El8 there is an additional modest increase in the width of the IZ and cortical strata but a sharp decline in that 
of the VZ which is replaced by the simple cuboidal ependyma at the margin of the ventricle by El8. At 9:30 A.M. on E17, there is only a vestige 
of an S-phase zone in the VZ (*). The population of S-phase cells of the SPP, by contrast, has increased, and there are S-phase cells within the 
cuboidal ependyma at El 8 (an arrow). Scale bar in El8, 50 km for El l-El 8. PPZ, primitive plexiform zone. open arrowheads, Pia. Broken lines, 
VZ-SVZ border. 
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Figure 3. Two-dimensional (A) and three-dimensional (B) plots of la- 
beling indices (W) after a single exposure to BUdR. The animals are 
sacrificed at each of the days El l-E18, 30 min following a single ex- 
posure to BUdR. A, Two-dimensional representation of the LI plotted 
as a function of depth in the cerebral wall. By convention the cerebral 
wall is divided into bins 10 km in height from the ventricular surface 
outward. The distribution of labeled nuclei approximates the distribution 
of nuclei in S phase. These are most concentrated in the outer half of 
the ventricular zone at all ages, corresponding to cells in S phase in the 
PVE. Cells in S phase at lower density throughout the overlying cere- 
bral wall represent the secondary proliferative population. Within the 
PVE, the S-phase zone shifts outward from El 1 to a maximum distance 
from the ventricular surface at El5 and then shifts back toward the 
ventricular surface on E16. This movement of the S phase zone reflects 
the progressive increase followed by decrease in the width of the PVE 
over this interval. The SEM is less than 10% of the mean LI (n = 6) 
where the LI is greater than 0.1. For bins with LI of less than 0.1 the 
SEM is less than 0.0 1. B, Three-dimensional representation of the LI 
(z-axis) plotted as a function of bins (x-axis) and embryonic days (y- 
axis). As in A, the dominant representation at the time of the initial 
BUdR injection at each age is the cells in S phase, with the nuclei in 
S phase distributed in the outer half of the VZ (z-x plane). With this 
plot one visualizes in a single image the progressive outward expansion 
and then inward contraction of the PVE as reflected in the shift in the 
S-phase zone over the interval. 

and T,,+,, T,, increases fourfold between El I-El 6 from 3.2 hr 
to 12.4 hr. 

Discussion 

The values for cell cycle parameters for the embryonic cerebral 
wall of the mouse, obtained here with the method of cumulative 
labeling with BUdR, accord closely with those of prior deter- 
minations in the rodent cerebrum. Thus, the present and prior 
studies indicate that T, increases as development proceeds in the 

rodent cerebral wall. An analysis in the rat, based upon cumu- 
lative labeling with ‘H-thymidine (IH-TdR, Waechter and 
Jaensch, 1972) found that T, increased from 11 to 19 hr over 
the full cytogenetic epoch extending from El2-E19. As in the 
present analysis, the principal determinant of the increase in T, 
was an increasing T,,. Other estimates following the onset of 
neuronogenesis have been 11 hr at El 1 (Atlas and Bond, 1965) 
and 15 hr at El3 (Hoshino et al., 1973). Values of Tc for the 
PVE of the neural tube of the mouse at ages earlier than the 
onset of cerebral neuronogenesis have been as low as 8.5 hr 
(Kauffman, 1966) and 8.0 hr (Hoshino et al., 1973). Values fo.r 
T GZ+,,,,, though somewhat more variable, have also been of a 
range of durations similar to the values obtain here (Atlas and 
Bond, 1965; Kauffman, 1966; Shimada and Langman, 1970; 
Waechter and Jaensch, 1972; Hoshino et al., 1973). 

Cell cycle evolution seen as a continuous progression 

The values for the cell cycle parameters for El l-E16, obtained 
experimentally, represent average values taken stepwise from a 
limited time of sampling for each of the respective days. T, - 
T,, the experimental interval for each day, lengthens between 
El1 and E16. Thus, the time of sampling represents a progres- 
sively larger fraction of the respective embryonic day with pro- 
gression from El l-E16. These values provide a stepwise view 
of change in cycle kinetics (Fig. 6). 

Here we characterize progression of T, as one of continuous 
change, continuing through 6 (24 hr) d, or a total of 144 hr, 
beginning with the initial BUdR injection at 9:00 A.M. on El 1 
and continuing through 9:00 A.M. on El7 (Fig. 7A). We have 
computed separate regressions for the assumptions of linear 
(T,(t) = 8.315 + 1.98*t/24) and sigmoidal (T,(t) = 8.567 + 
12.125(t/24)2~o’5/15.380 (t/24)2h’5) progression of Tc. The two in- 
terpretations indicated that a total of 11 integer cycles will be 
executed by the lineages initiated at 9:00 A.M. on El 1 and con- 
tinuing through the termination of neuronogenesis on E17. 

We plot as functions of hours elapsed from 9:00 A.M. on El 1 
the rate of traverse of the cytogenetic period in cycles/hr (Fig. 
7B). With the sigmoidal to a somewhat greater degree than with 
the linear regression fit, these plots illustrate the progressive de- 
cline in the velocity of cycling with integer cycle progression 
from early to late in the cytogenetic interval. 

As would be expected from the advance in T, (Fig. 7A) and 
reciprocal decline in cycle velocity (Fig. 7B) with cytogenetic 
time, well over half of the cycles have been traversed well before 
the half-way mark in the neuronogenetic period (Fig. 7C). Thus, 
6 of the total 11 integer cycles are traversed at about the mid- 
point of the 3rd of the 6 total 24 hr periods of cytogenesis. This 
corresponds to E13; neurons destined for the relatively cell- 
sparse infragranular layers are being generated. The remaining 
five integer cycles are completed in the remaining 3.5 of the 24 
hr periods to be completed. The majority of neurons destined 
for the densely cellular granular and supragranular layers are 
generated after El3 (Caviness, 1982), that is, in the course of 
execution of these final “sluggishly” proceeding cell cycles. 

The neuronogenetic interval viewed as a succession of 11 
integer cell cycles is a fundamental revision of perspective from 
the classic view based upon neuronogenetic days, for example 
El l-El7 for the mouse neocortex. The El I-El 7 perspective 
does, of course, localize the proliferative process in develop- 
mental time. However, it carries no information about the pro- 
liferative process itself. With the perspective based upon integer 
cycle, by contrast, one comes directly to two parameters which 
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Figure 4. Two-dimensional (A, B) and three-dimensional (C) plots of labeling indices (LI) with cumulative BUdR labeling. A and B, The succession 
of labeling stages is represented by curves which indicate a progressive saturation of the proliferative population in the ventricular zone (VZ). This 
advances from the S-phase zone, illustrated after single injections in Figure 3, toward the ventricular surface and then through the intervening 
depth. With progression from early to late in neuronogenesis the S-phase zone becomes a smaller proportion of the total area of the VZ and 
proliferative activity of the PVE is essentially terminated with the plot at E17. The SEM is less than 10% of the mean LI (n = 6) where the LI is 
greater than 0.1. For bins with LI of less than 0.1 the SEM is less than 0.01. The legend in A applies to the graphs for Ell-El4 and that in B to 
the graphs for E15-El7. C, The temporal sequence with cumulative labeling is expanded graphically along a third time axis. The LI (z-axis) is 
plotted as a function of bins (x-axis) and time elapsed in hours (y-axis). With repeated injections of BUdR through E16, there is augmentation of 
the LI, with expansion of the distribution of labeled nuclei, first toward the ventricular margin (z-y plane) then radially outward again through the 
VZ and into the subventricular and intermediate zones. On El l-E13, the LI within the PVE reaches 1.0 (growth fraction = 1.0) in a time 
corresponding to Tc - TY. With progression from El 1 to E16, there is decrease in the S-phase population relative to the total cell population of 
the PVE and increase in time required to label the whole proliferative population, that is, the length of T, - T,. The labeled population of the 
intermediate zone, lying above the VZ, becomes progressively more prominent (arrowheads). This represents the secondary proliferative population 
and postmitotic migrating neurons. At E17, the S-phase population of the PVE is greatly reduced (*). The entire PVE is contracting after El4 while 
the labeled cell populations of the cerebral wail overlying the PVE are expanding. 

are the elementary determinants of neuronal cytogenesis. This 
is readily visualized when the values of T, and T,, are plotted 
as functions of both elapsed time and integer cycle (Fig. 8). 
Where the abscissa is time (Fig. 8A), the progression of values 
of T, and T,, are seen as related to time and are, hence, ab- 
stracted from the proliferative process and its pattern of cell 
production. Where the abscissa is integer cycle (Fig. 8B), by 
contrast, it is the proliferative process itself that is salient. It is 
reasonable to expect that the total number of integer cycles will 
be a determinant of the total number of neurons to be generated 
over the total cytogenetic interval. This is because the integer 

cell cycle is the natural or biological denominator for the rate 
of cell production, and the total number of cells formed will be 
the sum of those produced with each of the integer cycles. 

Whereas the progression through the series of integer cycles 
shows a clear increase in the values of T, and TG, over the period 
of neuronogenesis, the nature of this increase indicates that the 
values of T, and TG, are not determined directly by a clocklike, 
linear working of the cycling mechanism. Thus, the plots for Tc 
and TG, as functions of integer cycle are nonlinear with relatively 
steep upward inclinations, in parallel, between the third and the 
sixth cycles (Fig. 8B). Said differently, the rate of advance in 
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these cytokinetic parameters is nonequivalent for each cycle 
through the succession of cycles. This implies that other deter- 
minants not counted by a “cycle number clock” are driving the 
cycle process with rapidly accelerating effect between the third 
and the sixth cycles. These determinants may be cell-external 

/ 

10 15 20 

Bin 

and fundamental to regulation of the overall cytogenetic phase 
of cerebral histogenesis (Caviness et al., 1994). 

We also emphasize here that a characterization of the neuron- 
ogenetic interval in terms of the progression of integer cycles, 
is still not sufficient to serve as a model which predicts the total 



C Eli 

El2 

El6 

El3 

El7 

The Journal of Neuroscience, September 1995, X(9) 6053 

El5 

Figure 4. Continued 



6054 .Takahashi et al. * Cerebral Cell Cycle 

Table 1. Summary of PVE cell cycle phase durations (hr) Ell- 
El6 

T, T, T lX+-M T CI 

El1 8.1 2.8 2.0 3.2 

El2 10.2 4.9 2.0 3.3 

El3 11.4 3.9 2.0 5.5 

El4 15.1 3.8 2.0 9.3 
El5 17.5 3.7 2.0 11.8 

El6 18.4 4.0 2.0 12.4 

0.0 - .-. .~ _._ )_ 

0.0 3.0 6.0 9.0 12.0 15.0 18.0 hr 

Figure 5. The progression of the LI of the PVE with cumulative la- 
beling with BUdR. Cumulative exposure to BUdR was initiated at 9:00 
A.M. on each of the days El l-E16. With each plot, the maximum LI 
provides an estimate of the growth fraction. The time at which the 
maximum LI is reached is equal to the length of the cell cycle minus 
the length of S phase (T, - Tr), and the y-intercept is equal to TJT,. 
On E14-E16, the height of the VZ is an underestimate of that of the 
PVE. Thus, on El4 the height of the PVE was taken to be 7 bins when 
that of the VZ was 6 bins. On early E15, when the height of the VZ 
was maximum at 7 bins, the PVE was taken to be 8 bins in height. 
Later on El.5 through E16, the height of the VZ declines. Late on E15, 
the height of the PVE was taken to be 7-6 bins (VZ 6-5 bins), early on 
El6 the height of the PVE was taken to be 6 bins and late on El6 this 
value was 5 bins. Although the slope of LI progression was obtained 
by a least squares fit considering all of the data for each of the time 
points (Takahashi et al., 1993), only the mean values are shown here 
for simple presentation’s sake. The SEM is less than 10% of the mean 
value (n = 6) for all of the time points. 

number of neurons which will be produced and the rate at which 
they will be produced. It must incorporate the fractional output 
parameter, Q (the quiescent or quitting fraction, the fraction of 
cells which leaves the cycle at any moment, Takahashi et al., 
1994), as Q progresses through the succession of cell cycles. We 
have preliminarily considered the behavior of Q over a part of 
the neuronogenetic interval in the dorsomedial PVE (Caviness 
et al., 1994). The estimated total output through the complete 
series of 11 cycles is estimated to correspond to something less 
than lo6 cells under a 1 mm2 surface area of the mature dorso- 
medial cortex. Given that the rate of programmed cell death may 
be at least as high as 50%, this estimate is within an order of 
magnitude of the known value of lo5 (Schuz and Palm, 1989). 
Completion of the analysis of the behavior of Q fraction 
throughout the 11 cycle sequence will enable a full model of the 
neuronogenetic process for the dorsomedial murine neocortex 
(Takahashi et al., unpublished observations). 

Regulation of Tc, and implications for neuronogenesis 

The PVE, as with proliferative populations elsewhere in the de- 
veloping organism, has two principal agenda: the creation of 
cellular diversity and the production of the organ-appropriate 
total numbers of cells and at an appropriately regulated rate (Pot- 
ten and Lajtha, 1982; Hall and Watt, 1989; Potten and Loeffler, 
1990). Might the progressive lengthening of TG, be regulatory 
for these two agenda as they advance in the PVE? The cell 
population arising from the PVE will include diverse cell lin- 
eages. Thus, the population formed at any moment includes mul- 
tiple projection and interneuronal classes and the profile of pro- 
jection neuronal subclasses, at least, changes continuously 
through the course of cytogenesis (Rakic, 1974; Caviness, 1982; 

Miller, 1986; Mione et al., 1994). In general, with respect to 
laminar position, the neurons are formed in an “inside-out” se- 
quence. Thus, the majority of polymorphic neurons of layer VI 
will arise before the majority of large pyramidal neurons of layer 
V, and these before the medium sized and smaller pyramidal 
neurons of layers III and II. However, the neurons of two to 
three adjacent layers are in general formed concurrently (Sidman 
et al., 1959; Berry and Rogers, 196.5; Hicks and D’Amato, 1968; 
Sidman and Rakic, 1973; Fernandez and Bravo, 1974; Rakic, 
1974; Bisconte and Marty, 1975; Caviness, 1982; Luskin and 
Shatz, 1985; Bayer and Altman, 1991) so that even in larger 
gyrencephalic mammals the inside-out sequence of cortical neu- 
ron classes and subclasses are not formed in rigorous succession. 
Concurrently with neuronogenesis, radial glial cells, cells of the 
astroglial lineage, are also proliferating within the PVE (Levitt 
et al., 1981; Misson et al., 1988, 1991). 

From these observations we arrive at two principal inferences 
relating neuronogenesis of multiple cell lineages in the PVE to 
the kinetics of the proliferative behavior. First, for the progeni- 
tors of cells of the same lineage but dividing at different times 
during the neuronogenetic period, T, and TG, will be different 
and the degree of difference will be a direct consequence of the 
interval (and number of integer cell cycles) separating the two 
divisions. This means that T, is not specific to a restricted lin- 
eage of cells. Second, for the aggregate population of the PVE 
dividing at an given moment and representing the progenitors 

hr 
20 1 

El1 El2 El3 El4 El5 El6 

Figure 6. The progression in the lengths of the cell cycle phases of 
the PVE. The values for lengths of the cell cycle phases (Table 1) for 
each embryonic date Ell-El6 are plotted as though the estimate is 
applied to the cell cycle initiated at 9:00 A.M. on the respective day. 
The length of overall cell cycle (TJ is approximately doubled over the 
interval El l-El6 with this increase due to increase in the length of Gl 
phase. There is no systematic change in either the length of S phase or 
combined G2 and M phases (G2 +M) over the same interval. 
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Figcrre 7. Cell cycle parameters plotted as continuous functions of 
time elapsed in hours or of the corresponding embryonic day El l-E17. 
The function is represented as a broken line where based upon a linear 
model of parameter progression but as a continuous line where based 
upon a sigmoidal model. The functions represented by the individual 
plots are the length of the cell cycle in A; the rate in cycles/hr that the 
cytogenetic epoch is being traversed in B and the cumulative integer 
cycles traversed in C. The values for El7 (144 hr) are extrapolated. 

of multiple heterogeneous lineages, Tc and TG, will be the same. 
This means that TG,, and therefore T,, are not likely to be suf- 
ficient to distinguish the classes of cells being formed in the 
PVE at any given moment, and it follows, therefore, that it is 
doubtful that these parameters are predictors of cell class or, 
indeed, that those mechanisms which determine cell class di- 

hr 
Tc 

0 ’ I 

0 24 48 72 96 120 144 hr 
El1 El2 El3 El4 El5 El6 El1 
9:OOam 

Figure 8. Progression in the length of the cell cycle (r,) and of the 
G 1 phase (T,;,) plotted as functions of elapsed time (A) and the sequence 
of integer cell cycles (B). The function is represented as a broken line 
where based upon a linear model of parameter progression but as a 
continuous line where based upon a sigmoidal model. Values for T, (0) 
and TG, (0) obtained by the experiments are also plotted. The two 
curves advance in parallel in both plots because the increase in T,, is 
apparently the determinant of the increase in T,.. The plot as a function 
of integer cycles (B) is the more informative with respect to the prolif- 
erative process itself because the duration of the cell cycle is the de- 
nominator for the rate of cell production as this changes through the 
complete sequence of cycles. In both plots a sigmoidal model (i.e., a 
nonlinear function) provides the better fit implying that the rate of ad- 
vance of T,. and T,, is not determined in a direct linear way by either 
a direct timing or an integer cycle clocking mechanism. 

rectly effect T,,. I f  not directly correlated with class, might var- 
ations in this parameter be correlated with and involved in the 
rate of cell production? The Q fraction, rather than TG,, is the 
principal determinant of the rate of neuronal formation and the 
total number of cells eventually formed in the PVE (Takahashi 
et al., 1994). Might Q vary in some systematic way as the cy- 
togenetic epoch proceeds? If so, might this pattern of variation 
correlate directly with the progression of T;, observed here? 
Analyses in progress suggest that values of T,, and Q do in fact 
covary and may be interdependent as the period of neocortical 
cytogenesis advances (Miyama et al., 1993, unpublished obser- 
vations). It is apparent, for example that values of Q in both the 
PVE (Takahashi et al., 1994) and SPP (Takahashi et al., 1995) 
are less than 0.5 on E14. On El4 the value of T,, is probably 
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approximately the same in the two populations, and the rate of 
neuronal output as well as T,;, are comparably low in the two 
overlapping but greatly different proliferative populations (Tak- 
ahashi et al., 1995). T,;, for the PVE, and with it the value of Q 
for this population, advance rapidly beyond El4 (this article and 
Takahashi et al., unpublished obsrvations) whereas the values of 
TG, and Q for the SPP do not change significantly over the fol- 
lowing 48 hr (Takahashi et al., 1995). More observations (in 
progress) will be required to establish the validity of this cor- 
relation which may be critical to our understanding of the de- 
velopmental regulation of cell number arising from the cerebral 
PVE and, indeed, other proliferative populations in the embryo. 
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