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The present report is an analysis
of the proliferative
behavior of the secondary
proliferative
population
(SPP) of
the dorsomedial
region of the embryonic
mouse cerebral
wall. It is based upon experiments
undertaken
on embryonic days 14-16 (E14-E16)
and exploits
methods in which
proliferative
cells are labeled in S phase with either or both
bromodeoxyuridine
and tritiated
thymidine.
The SPP,
which arises from the PVE by E13, is principally
the progenitor population
to the neuroglial
population
of the mature neocortex
and subjacent
cerebral wall. By the end of
El4 the SPP comes to be distributed
diffusely from the outer margin of the ventricular
zone throughout
subventricular
zone and intermediate
zone. The length of the cell cycle of
the SPP is constant at approximately
15 hr throughout
this
interval; thus, this population
undergoes
1.6 cell cycles/24
hr or 3.2 cycles in the course of the 48 hr period, E14-E16.
Over this 48 hr period, the SPP increases
from 11% to 35%
of the total proliferative
population
of the dorsomedial
cerebral wall. The absolute
size of the SPP increases
nearly
sixfold. With these values taken together
it may be estimated that approximately
87% of postmitotic
cells of the
SPP reenter S phase after each cell division in this interval
which means that only approximately
13% of the proliferative population
exits the cycle. These findings
illustrate
the massive expansion
of the SPP antecedent
to the explosive diffusion of glial cells through the neocortex
and subjacent cerebral wall as neuronal
migration
comes to completion and neocortical
growth and differentiation
accelerate.
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The neurons and glial cells that form the neocortex and underlying cerebral wall arise from two distinct proliferative
populations which lie deep within the cerebral hemisphere of the developing brain (Schaper, 1897; His, 1889, 1904; Boulder Committee, 1970; Schmechel and Rakic, 1979a; Sidman and Rakic,
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1982; Levinson and Goldman,
1993; Takahashi et al., 1993,
1994). These two populations differ in their distributions within
the cerebral wall, in the range of cell classes which they produce,
and in their proliferative
behavior. We have referred to these
populations as the pseudostratified ventricular epithelium (PVE)
and the secondary proliferative
population
(SPP), designations
which have their origins in terminology
originally employed by
Sauer and the Boulder committee (Sauer, 1936, 1937; Boulder
Committee, 1970; Takahashi et al., 1993).
The PVE lies immediately
adjacent to the ventricle and is
present from the outset of evagination
of the cerebral hemispheres. Its distribution
corresponds closely to a compact architectonic stratum which has been designated the ventricular zone
(VZ, Boulder Committee, 1970). It gives rise to the majority of
neurons of the neocortex, but it is also a proliferative
zone for
the radial glial cells of the astroglial class (Levitt et al., 1981;
Misson et al., 1988). In the course of the cell cycle this population undergoes “interkinetic
nuclear migration”
(Sauer, 1936,
1937; Sidman et al., 1959; Fujita, 1963). The cardinal feature of
this interkinetic
nuclear migration is the cyclical movement of
the nuclei of the PVE cells beginning at the end of the M phase
at the ventricular surface and rising through the PVE during Gl.
This cyclic movement is dependent upon the common attachment of all PVE cells to each other at the margin of the ventricle
(Sauer, 1935, 1936; Fujita, 1960; Stensaas and Stensaas, 1968;
Hinds and Ruffett, 1971; Levitt et al., 1981). Upon entry into S
phase, the nuclei reverse direction and begin to move back toward the ventricular surface (Takahashi et al., 1992). The proliferative kinetics (Fujita, 1963; Shimada and Langman, 1970;
Waechter and Jaensch, 1972; Hoshino et al., 1973; Schultz et
al., 1974; Takahashi et al., 1993, 1994) and patterns of cell production (Angevine and Sidman, 1961; Berry and Rogers, 1965;
Shimada and Langman, 1970; Sidman and Rakic, 1973; Fernandez and Bravo, 1974; Rakic, 1974; Caviness, 1982; Jackson and
Hickey, 1985; Luskin and Shatz, 1985; McConnell,
1988; Bayer
and Altman, 1991) have been characterized
experimentally
in
diverse mammalian species.
The SPP arises from the primordial
PVE (Smart, 1972; Altman and Bayer, 1990a; Halliday and Cepko, 1992; Takahashi et
al., 1993) but comes to have a more diffuse and widespread
distribution,
extending from the interface of VZ and subventricular zone (SVZ), where proliferative
cells of the SPP and PVE
actually intermingle,
outward across the full width of the intermediate zone (IZ) to the base of the developing cortical strata
(Takahashi et al., 1993). The distribution of SPP to the architectonically defined SVZ, in the depths of the IZ abutting the VZ,
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Figure 1. Relative magnitudes of proliferative populations (PVE and
SPP) in relation to strata of the embryonic cerebral wall. The relative
extent and sizes of the PVE and SPP are represented schematically with
respect to the architectonically defined ventricular (Vz), subventricular
(SW), and intermediate (12) zones. The values for the PVE are assigned
100% on the ordinate, which indicates that the PVE has a GF of 1.0
and which ignores the small number of cells of the Q fraction arising
from the PVE (Q,,) that may be migrating through the VZ. The assigned values on the ordinate for the SVZ and 12 are lower so as to
indicate that many cells in these zones are “non-proliferative,”
either
migrating neurons or glial cells in GO and not part of the SPP. Cells of
the PVE, but not those of the SPP. undergo interkinetic nuclear micration in the course of the cell cycle’; the niclei of those of the PVE,-but
not those of the SPP, shift inward toward the ventricular surface as they
progress from S to M phase. Qsrp, Q fraction cells of the SPP; LV,
lateral ventricle; CP, cortical plate.
was originally emphasized by the Boulder Committee. The SPP
is a principal spawning ground for neuroglial cells (Smart, 1961;
Smart and Leblond, 1961; Patterson et al., 1973; Privat, 1975;
Mares and Bruckner, 1978; Todd and Smart, 1982; Levine and
Goldman, 1988a,b; Levinson and Goldman, 1993). Neurons of
the olfactory bulb (Hinds, 1968; Luskin et al., 1992; Luskin,
1993; Lois and Alvarez-Buylla,
1994) and, possibly, also a small
number of neurons destined for the neocortex (Reynolds and
Weiss, 1992; Levinson and Goldman, 1993) may also undergo
their terminal divisions in this proliferative
population. Perhaps
reflecting the fact that cells of the SPP, in contrast to those of
the PVE, are not attached to each other as a pseudostratified
epithelium, this population does not undergo interkinetic nuclear
migration in the course of the cell cycle (Boulder Committee,
1970; Smart, 1972; Altman and Bayer, 1990a).
The shared histogenetic roles of the SPP and PVE have been
emphasized in modern studies of cerebral development (Boulder
Committee, 1970; Schmechel and Rakic, 1979b; Levinson and
Goldman, 1993), but relatively little is known about the proliferative behavior and patterns of cell output of the SPP (Morshead and van der Kooy, 1992). In particular, the fundamental
characteristics of the early proliferative
behavior of the SPP have
not been investigated experimentally.
The relatively slow advance of analyses of the proliferative
behavior of the SPP may
be attributed at least in part to difficulties in distinguishing
the
SPP from other populations of cells, both proliferative
and nonproliferative,
with which the SPP is intermixed in the cerebral
wall (Fig. 1). The critical fact that proliferative
cells of the SPP
and PVE actually intermingle
at the interface of VZ and SVZ
was emphasized in the prior paragraph. The fact that cells of the
SPP are also distributed throughout
the full width of the IZ
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means that these proliferating
cells also are intermingled
with
the nonproliferative
postmitotic
neurons which arise from the
PVE and migrate across the cerebral wall to reach the cortex.
The proliferative
cells of the SPP are also intermixed within the
IZ with the somata of nonproliferating
radial glial cells and probably other cells of glial lineage which have left the cell cycle
during the epoch of neuronal migration but which may reenter
the cycle in the course of subsequent development of the cerebral wall (Schmechel and Rakic, 1979a,b).
The present report is an analysis of the proliferative
behavior
of the SPP in the dorsomedial
region of the embryonic mouse
cerebral wall. It is based upon experiments undertaken on em:
bryonic days 14-16 (E14-E16).
Central to the analysis are experiments which distinguish the SPP from the other proliferative
cells (i.e., the PVE) and from the nonproliferative
cells with
which the SPP is intermixed. The analysis provides estimates of
both the proliferative kinetics of the SPP and of the fraction of
cells that leaves this proliferative population during this interval.
It also provides estimates of the fractional contribution
of the
SPP to the total cell population
[i.e., the growth fraction (GF)
in the zone of the SPP] as the cerebral wall changes drastically
in width and composition
during this dynamic period of early
cerebral development. The embryonic dates surveyed here represent a critical histogenetic period which begins at the origin
of the SPP from the PVE and continues to the final hours of
neuronogenesis
in the PVE. It ends before the massive ascent
of glial cells into the neocortical zone, a phenomenon
which
occurs, for the most part, after the end of the period of neuronogenesis (Levine
and Goldman,
1988b; Altman and Bayer,
1990b; Bayer and Altman, 1991; Misson et al., 1991; Takahashi
et al., 1991; Levinson and Goldman, 1993). Thus, these experiments are concerned with the earliest, formative phase of the
progenitor
population
of the glial populations
of the cerebral
wall.

Materials and Methods
CD1 mice, used for these studies, were maintained on a 12 hr
(7:00 A.M. to 7:00 F!M.) light/dark schedule. Conception was ascertained 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. There were two labeling paradigms (see Results):
(1) 1 hr cohorts of cellslabeled only with tritiated thymidine (‘H-TdR,
5 kCi/kg body weight) were established by an initial intraperitoneal
injection of ?H-TdR at 9:00 A.M. followed at 10:00 A.M. by injection
of bromodeoxyuridine (BUdR, 50 mg/kg body weight). Embryos were
harvested 30 min later at lo:30 A.M. (2) For the percent labeled mitosis
method, a single intraperitoneal injection of BUdR (50 mg/kg body
weight) was made at 9:00 A.M. with embryos harvested at increasing
intervals throughout the total elapsed time longer than the length of the
cell cycle (Tc). The number of animals used was 4 animals from each
of 2 litters (total of 8 animals) for the 1 hr cohort labeling and 6 animals
from each of 2 litters (total of 12) for each of the time points for the
percent labeled mitosis method.
Histology.
Embryos were removed by hysterotomy from dams deeply
anesthetized by an intraperitoneal injection of a mixture of ketamine
(50 mg/kg body weightj and xylazine (10 mg/kg body weight). The
El4 embryos were decapitated, and the whole heads were fixed in 70%
ethanol. Ei5 and El6 embryos were perfused via the left ventricle with
70% ethanol. The brains (the whole head from El4 embryos or brains
dissected from the skull of El5 and El6 embryos) were postfixed overnight by immersion in 70% ethanol, dehydrated in graded ethanol soluGons,- embedded in paraffin, and sectioned at 4 irn in the coronal
olane. The sections were stained immunohistochemicallv for BUdR and
counterstained with basic fuchsin as previously described (Takahashi et
al., 1992, 1993). Procedures for the autoradiography following BUdR
immunohistochemistry have been previously described (Takahashi et
al., 1994).

Animals.
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Figure 2. The changing pattern of cerebral stratification for the interval El l-El8

(modified from Takahashi et al., 1995). Only the 3 d interval
beginning at 9:00 A.M. on El4 and continuing through El6 (shaded) is included in the present analysis of proliferative behavior of the SPP. Early
on El4 the cerebral wall has only two strata, the primitive plexiform zone (PPZ) and the ventricular zone (Vz). The width of the VZ approaches
its maximum by El5 and then declines approximately 50% by the end of E16. The cortical strata (ML, molecular layer; CP, cortical plate; SP,
subplate) and the intermediate zone (19, including the subventricular zone (SE), by contrast progressively increase in width.

Analvsis.Analvsis of the develoDment of the hemisnheric wall. in
genera<, and of thk SPP, in particular: is undertaken in a standard coronal
sector of the dorsomedial cerebral wall (Takahashi et al., 1992, 1993,
1994). The sector is 100 pm in its medial-to-lateral dimension and 4
p,rn (corresponding to section thickness) in its rostral-caudal dimension.
The sector is divided in its radial dimension into bins 10 p,m in height
and numbered 1, 2, 3, and so on from the ventricular margin for purposes of mapping
the location
of cell nuclei. The number of labeled
and unlabeled cells were counted in each bin as previously described
(Takahashi et al., 1992). A labeling index (LI) was calculated as the
ratio of labeled to total cells.
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Figure 3. The density of cell nuclei in the successive bins of the
cerebral wall for the interval El&E16. The densities for corresponding
depths in the cerebral wall are invariant at the three ages. The densities
are maximum in the ventricular zone (VZ) where they decline by approximately 20% from the ventricular margin to the interface with the
subventricular zone (SE’). With progression across the intermediate
zone (IZ) the density drops progressively to values at the outer IZ which
are less than 50% those at the SVZ-VZ margin. The SEM is less than
10% of the mean value at El4 (n = 12) and less than 5% at El5 and
El6

(n = 20 for each age).

Results
Cerebral stratijcation
The proliferative
population of the E14-El6
dorsomedial
cerebral wall is constituted of cells of the SPP and PVE, exclusive
of a few readily recognizable endothelial cells (Fig. 1, Takahashi
et al., 1992). Mitotic figures of cells of the PVE are limited to
the ventricular surface. Abventricular
mitoses (cell divisions occurring at a distance from the ventricular surface), signaling the
emergence of the SPP, are initially recognized
on El3 at the
outer margin of the VZ of the dorsomedial cerebral wall.
On El3 and continuing through 9:00 A.M. on E14, when this
series of experiments is initiated, the cerebral wall is bilaminate
with the VZ and overlying primitive plexiform zone comprising
approximately
70% and 30%, respectively, of the total width of
the cerebral wall on early El4 (Fig. 2, Takahashi et al., 1992,
1993). Within the next 24 hr the full stratification of the embryonic cerebral wall emerges. The VZ approaches its maximum
width by El5 and then declines approximately
50% by the end
of E16. The cortical strata (molecular layer, cortical plate and
subplate) and the IZ including the SVZ , by contrast, progressively increase in width through E16. Concomitant
with this
change in the stratification of the cerebral wall, mitotic figures
become dispersed through a wide field continuing from the outer

VZ acrossthe SVZ to the upper IZ. The cell packing density
through the VZ and SVZ is approximately 20/bin in El&16
(Fig. 3). The density through the IZ is substantiallyless,declining from approximately 15 cells/bin in the lower IZ to approximately 10 at the level of the external sagittal stratum.
Distribution of cells in S phase in the cerebral wall
The distribution of cells in S phaseof the collective SPP and
PVE is estimated by immunohistological
staining for BUdR, 0.5
hr following exposureto the tracer (Fig. 4). The distribution of
BUdR labeled cells is expressed as an LI (LI profile), that is,

labeledcells asa fraction of total cellsin eachradial 10 pm bin.
Thus, the analysisalso provides the distribution of nuclei which
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Figure 4. Labeling indices (JJ) with respect to depth in the cerebral
wall 0.5 hr following a single injection of BUdR. The LI in each bin
corresponds to the number of cell nuclei in S phase as a fraction of the
total number of cell nuclei in that bin. Large LI peaks are observed
within the ventricular zone (VZ, S-phase zone). In the subventricular
(SVZ) and intermediate (Iz) zones, by contrast, the concentration of
labeled cells is relatively flat reflecting the fact that cells of the SPP do
not undergo interkinetic nuclear migration. The LIs in the IZ are much
lower than those of the VZ, because the SPP is intermixed with nonproliferative cells, that is, migrating neurons and glial cells in GO phase.
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
8.01.

do not incorporate BUdR. Some of the unlabelednuclei represent cycling cells not in S phaseat the time of exposureto BUdR
while the others are nuclei of nonproliferative cells of the cerebral wall.
The LI profile has a distinct peak in the outer half of the VZ
(S-phasezone of the VZ, Takahashiet al., 1992) becausePVE
cells undergointerkinetic nuclear migration and S phaseof PVE
cells occurs in the outer half of the VZ (Takahashiet al., 1992,
1993, 1995). In the IZ, by contrast, the concentrationof labeled
cells is relatively flat, and no peak in the distribution of labeled
cells is evident (Fig. 4). This is consistent with the generally
held belief that the nuclei of the SPP cells do not undergo systematic interkinetic movement, and furthermore, it indicatesthat
their distribution is relatively uniform throughout the subcortical
cerebral wall. The average LI in the IZ is approximately 0.05 at
El5 and 0.1 at El6 (Fig. 4). Becausethe SPP,a small proliferative populationn relative to the PVE, is intermingled with the
PVE at the interface of SVZ and VZ, the LI attributable to the
SPP in the SVZ cannot be estimatedby a simple S-phaselabeling experiments.
For the reasonsstated above, the distribution of cells in S
phasewithin the VZ and the SVZ-IZ (Fig. 4) definesonly approximately the differential distribution and relative sizesof the
PVE and SPP populationsin the cerebral wall. A small fraction
of S-phasecells in the outer fringe of the VZ, and most but not
all of the cells in the SVZ and all in the IZ will belong to the
SPP whereasmost in the VZ will belong to the PVE. Due to
the overlap between the PVE and SPP at the interface of the VZ
and SVZ (Fig. l), a precisepartition of the SPP and PVE populations requires a different strategy which is describedin the
following section.
SPP-PVE partition
The proliferative population at the interface of the VZ and SVZ
includescells of both SPPand PVE (Fig. 1). The nuclei of those
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of the PVE, but not those of the SPP,shift inward toward the
ventricular surface as they progressfrom S to M phase.This
difference in proliferative behavior provides a meansof distinguishing the distributions of the two populations.This is done
as follows.
Cells in S phase,belonging to both the SPP and PVE, were
initially labeled by a single injection of “H-TdR, given at 9:00
A.M. on each of E14-E16. The 3H-TdR was followed in 1 hr
by a single injection of BUdR. As a result of exposureto the 2
tracers in succession,a cohort of SPP and PVE cells which
leavesS phaseto enter G2 phasein synchrony (a synchronous
1 hr cohort) is labeled only with 3H-TdR (Takahashi et al.,
1994). After an additional 0.5 hr, that is, 1.5 hr after exposure
to 3H-TdR (to assurethat the entire populationof cells in S phase
is labeled with BUdR), the embryos were sacrificed.The 1.5 hr
survival time is shorter than the combinedlength of G2 and M
phasesand, thus, at the time of sacrifice all cells of the cohort,
whether belonging to the PVE or SPP,would be in either G2
phaseor prophase.The “II-TdR-only labeled cells are readily
distinguishedfrom cells labeled with both “H-TdR and BUdR
or with BUdR alone (Fig. 5, Takahashiet al., 1994).
The G2-prophasedistributions of the nuclei of cells of the
synchronous1 hr cohort, in relation to depth in the cerebral wall
are illustrated in Figure 6. Due to the movement of the nuclei
of the PVE cells, asexpected, the total cohort of labelednuclei
has become sorted into two subpopulationsduring the 1.5 hr
elapsedafter exposureto ‘H-TdR. The more compactof the two
subpopulations,correspondingto G2-prophasenuclei of cells of
the PVE, is concentratedin the bins adjacent to the ventricle.
The secondsubset,correspondingto G2-prophasenuclei of cells
of the SPP lie further out in the cerebral wall with a wide distribution spanningthe outer VZ and the overlying SVZ and IZ
of the cerebral wall.
Becausenuclei of cells of the SPPexecute the complete cell
cycle without moving, the spatial distribution of the SPP 1 hr
cohort illustrated in Figure 6 may be taken to representthe distribution of the entire SPP in the cerebral wall. The numbersof
cells of the 1 hr cohortsbelonging to the PVE and the SPP and
their totals are enteredin Table 1, column 2.
Cell cycle length of SPP (T,o,J and PVE (T,(,&
TC(PVE)
was estimatedelsewhereby the method of cumulative
labeling with BUdR (Takahashiet al., 1993, 1995). For three
reasons,this methodof estimatingT, is inapplicableto the SPP:
(1) a large and unknown proportion of labeled cells within the
SVZ-IZ will be migrating neuronsarising from the PVE; (2) an
unknown proportion of unlabelednuclei in the SVZ-IZ will belong to radial glia which are “out of cycle,” that is, in GO phase;
and (3) cells of the SPPwhich have left the cell division cycle
do not leave the zone where the SPP is distributed. Thus, it is
not possibleto determinethe true LI of the SPPin a cumulative
S-phaselabeling sequence.
The “percent labeledmitosis” methodof determiningthe rate
of change in the LI among mitotic figures following exposure
to an S-phasemarker (Sidman, 1970) is, however, suitable for
an estimate of T,,,,,,. (Note that this method estimatesthe Tc
for the most rapidly cycling cells and is insensitiveto the range
of Tc among the total population of proliferative cells. That is,
the presenceof subpopulationswhich differ in termsof T, would
not be recognized by this method. This approach is, in part,
justified by the finding that the range of Tc for cells of the PVE
is small; Cai et al., 1993). Cells of the SPP,like those of the
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Figure 5. The dorsomedial region of the murine cerebral wall double labeled with BUdR and ?H-TdR. 3H-TdR, given by intraperitoneal injection
at 9:00 A.M. on El4 (left) and El6 (n’ght) was followed by an injection of BUdR at IO:00 A.M. and animal sacrifice at lo:30 A.M. Coronal 4
km sections were stained immunohistochemically
for BUdR then developed as autoradiograms for detection of ‘H-TdR. In the PVE, a cohort of
cells labeled only with ?H-TdR (arrows) has separated from the S-phase zone (*) as interkinetic migration displaces their nuclei toward the ventricular
margin. The cohort of SPP cells identified in this wav (arrowheads). bv contrast, do not undergo interkinetic nuclear migration. Scale bar: 40 pm
for bvoth El4 and E16. Broken lines indicate VZ-SVi horder.
” ’

PVE, are assumed to proliferate asynchronously.
Pregnant animals were injected with BUdR at 9:00 A.M. on each of the days
E14-El6
and sacrificed after 0.5 hr 1.0, 1.5, 2.0, 12.5 (E14),
13.0 (E15, E16), 15.5, 17.0 hr. The abventricular mitotic figures
(therefore, belonging to the SPP) are readily visible within the
sector across the subcortical strata of the cerebral wall (Takahashi et al., 1992). Each abventricular
mitotic figure is scored
as BUdR positive or BUdR negative. Then the proportion
of
abventricular mitotic figures labeled with BUdR (percent labeled
mitosis of the SPP) was determined
at each time point in the
100 pm wide dorsomedial
cerebral sector. Tc(spp) estimated in
this way is found to remain unchanged at around 15 hr over the
E14-El6
interval (Fig. 7, Table 1, column 3). TccPvE), unlike
T c(spp), rather than remaining
constant increases to 18.4 hr by
El6 (Table 1, column 3, Takahashi et al., 1995). The combined
length of G2 and M phases of the SPP, corresponding
to the
interval between injection and 100% labeling of abventricular
mitotic figures in the first cycle after the injections is invariant
at 2 hr for E14-El6
(Fig. 7).
If the BUdR injection were strictly a “pulse” exposure, providing S-phase labeling for only a matter of minutes following

injection, the percent labeled mitosis method would also allow
an estimate of the length of S phase (T,), corresponding
to the
interval between the 50% labeling levels on the upward and
downward
mitotic labeling slope for the initial cycle (Sidman,
1970). Because the BUdR injected intraperitoneally
has a prolonged effective labeling time of at least 2 hr (Takahashi et al.,
1992), this method is inapplicable
here for the direct estimation
(and,
therefore,
the
direct
estimation of the length of
of Tsww
Gl phase of the SPP).
The sizes of the SPP (N,,,)

and PVE (N,,,)

For any asynchronously
proliferating
population, the proportion
of its cells that would be labeled in an X hr cohort is equal to
x/T,; the magnitude of the population (N> may be estimated. as
Nx = Nx * T,lx,

(1)

where Nx is the number of cells in a given cohort defined in
any interval of x hr. Thus, the magnitudes of the SPP and PVE
populations can be derived from the size of their respective 1
hr cohorts, but only if the T, of each population is known. NFpp
and NpVE will be estimated from the numbers of each population
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Figure 6. The number of cells of the lhr cohort as a function of depth
in the cerebral wall (bin). G2-prophase nuclei of cells belonging to the
PVE, because of interkinetic nuclear migration form a substantial peak,
inclined away from the S-phase zone of the PVE toward the ventricular
margin. Those belonging to the SPP form the second peak further out
in the cerebral wall with a wide distribution. The SEM is less than 10%
of the mean value (n = 8) where the mean value is greater than 1.0.
For bins with the mean value of less than 1.O the SEM is less than 0. I.
in the 1 hr cohort

(N, hr)and T, for the respective populations.
That is, where x = 1 hr, Equation 1 becomes
N = N,,, * TJ1.

(2)
N, hrand T,. for each of the two populationshave already been
estimated

by the 1 hr cohort method using double

S-phase mak-

ers (see “SPP-PVE partition,” Table 1, column 2) and percent
labeled mitosis method (see “Cell cycle length of SPP (TccsppJ
and PVE (T,,,,,,),”
Table 1, column 3), respectively.
Under suitable circumstancesboth BUdR and ‘H-TdR may
provide up to 100% sensitivity for detecting S-phasecells (Waechter and Jaensch,1972;Takahashiet al., 1993). However, under
the specific experimental conditions usedhere to estimateN, hr,
that is, an autoradiographicdeterminationfollowing only a relTable 1. Cell cycle parameters

5

10

atively brief exposureto ‘H-TdR, we expect N, hrto be underestimated.The magnitude of the underestimatewill correspond
to the fraction of the hour after injection required for initial “HTdR incorporation. This error would not affect the estimatesof
growth and cell output rate of the SPP becauseonly the relative
size changebut not the actual size of the population is usedfor
the estimation.Therefore, we will come back to this issuelater
when we estimatethe GF in the zone of the SPP The estimates
of f’JsmNm and N for the total proliferative population (i.e.,
NSW+ N,,,), estimatedby Equation 2 above, are entered in
Table 1, column 4, and Figure 8.
Relative

sizes

of the

SPP and PVE

From Nsp,,and N,,vEthe proportion of the SPP and PVE as a
function of the total proliferative population was calculated and

and sizes of the SPP and PVE

El5

El6

Number of I
hr-cohort
cells per unit
of cerebral
wall
PVE
SPP
Total
PVE
SPP
Total
PVE
SPP
Total

20
hr

Figure
7. The percent labeled mitosis method of determining the cell
cycle length of the SPP As the nuclei labeled in S phase move through
G2 and M phases, the proportion of labeled mitotic figures is observed
to rise sharply to 100%. It then declines as cells which entered S phase
at some time beyond the labeling effectiveness of the single injection
entered M phase. Eventually, the proportion of labeled mitotic figures
is seen to rise again as the postmitotic daughter cells, labeled by the
injection, complete another G2 phase and enter M phase. We have plotted only the ascending phase of labeling. The cell cycle length of the
SPP (T,,,,,) is estimated as the length of the interval between the 50%
mitotic labeling percentage in the two successive cycles (arrows).
Each
time point plotted here represents the mean value of 12 animals from
two separate litters. Vertical bars = SEM.

(2)

(1)
Age
El4

I5

6.98
0.85
7.45
6.00
1.10
7.10
3.66
2.39
6.05

(6)

(3)
Cell cycle
length (hr)
15.1
15
17.5
I5
18.4
15

(4)
Number of
proliferative
cells
(2).(3)

(5)
Relative
size (%)

Number of
proliferative
cells corrected
by the factor
of 1lO.75

105
12.8
118
105
16.5
122
67.3
35.9
103

89
II
100
86
14
100
65
35
100

140
17.1
140
22.0
163
89.7
47.9
137

Column (2): The number at I hr-cohort cells in the umt ot cerebral wall which is 400 pm* at its base at the ventricular
margin assigned to the PVE, SPP, and
SPP + PVE (Total) for E14, El5, and El6. Column (4): The total number of cells of PVE, SPP, and PVE + SPP as computed from Equation 2 in the text “The
vzes of the SPP (N,,,,,) and PVE (N,,,).”
Column (5): The magnitudes of the PVE and SPP as a percentage of the total prohferative
population at each embryomc
age. Column (6): The value\ ot Column (4) are corrected by the cahbration factor, described in the text “GF in the SVZ and IZ.”
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Figure 8. The sizes of the SPP and PVE. The numbers of cells of the

PVE and SPP in the standard sector were estimated for E14-El6 from
Equation 2 in text section entitled “The sizes of the SPP (N,,,) and
PVE (N,,,).”

entered in Table 1, column 5 and Figure 9. When the SPP initially becomesrecognizableasabventricular mitosesat the outer
margin of the VZ at E13, it comprisesonly a small percentage
of the total proliferative population. Even 24 hr later on E14,
the SPPcomprisesonly about 11% of the total proliferative population of the cerebral wall. The numbersof cells of the two
populations per sector and, therefore, their relative proportions,
change relatively little between E14-El5 by which time the
number of PVE cells per sector has approachedits maximum
value (Fig. 8). There follows in the interval El5-El6 a dramatic
reciprocal change in the relative abundanceof cells of the SPP
and PVE. The number per sector of the former increasesmore
than twice while that of the latter becomesreduced by nearly
40%. Thus, on El6 the SPP hasbecome 35% of the total proliferative population of the cerebral wall (Table 1, column 5,
Fig. 9), correspondingto about a 300% relative increasein a 48
hr period. Over the subsequent48 hr, that is, during the E16El 8 interval, this trend continues(Fig. 9). Thus, the PVE ceases
to exist on El7 (Takahashiet al., 1995) while the proliferative
activity of the SPPcontinuespostnatally and eventually becomes
confined to the subependymallayer.
GF in the SVZ and IZ
While the SPP is increasing as a proportion of the proliferative
population over the interval E14-El6 (Table 1, column 5, Fig.
9) it is not clear whether the SPP is increasingas a proportion
of the total cell population of the SVZ-IZ. This is becausethe
zone of the SPP containsnonproliferative populations(i.e., glial
cells in GO and postmitotic migrating neuronsarising from the
PVE, Fig. 1). Thus, simple S-phaselabeling does not provide
an estimatefor the sizesof the proliferative and nonproliferative
populations in the zone where the SPP spreads.We have estimated here the actual number of SPP cells in each of the bins
in the SVZ and IZ. This was done from (1) the number of lhr
cohort of cells belonging to the SPP (i.e., N, h,(SPPJ
in each of
the bins (Fig. 6), (2) Z’c(spp)
(Table 1, column 3), and (3) a correction factor for the sensitivity of the 1 hr cohort methodwhich
is describedin the following section.
As mentioned in the previous section the number of the SPP
cells basedon the 1 hr cohort method may be underestimated.
In order to increasethe accuracy of the estimateof number of
the SPP cells in each bin, we “calibrate” the sensitivity of the
1 hr cohort method againstthat of S-phaselabeling with BUdR.
Under the presentexperimental conditions, the sensitivity of the

0%

beforeE13
El4
El5
El6
after El8
Figure 9. Relative sizes of the SPP and PVE. The PVE represents a
declining percentage while the SPP represents an increasing percentage
of the total proliferative population of the cerebral wall with advance

from El3 throughE18.
latter method is probably closeto 100% (Takahashiet al., 1992,
1993). Calibration may-be done by comparing the sizes of the
total proliferative population (N,) estimatedby the two independent methodson El4 when Tc values happento be virtually the
samefor the PVE and SPP We assumefor this purposethat T,
is also the sameon El4 for both proliferative populations.For
the calculation based upon S-phase labeling with 0.5 hr survival,
Equation 1 becomes
N, = Ns+o, * T&T, = 0.5).

(3)

Ns+05is the number of BUdR labeledcells counted after 0.5 hr
BUdR exposure. This is becausethe effective labeling time of
the injected BUdR with the methodswe have usedhere is greater than 0.5 hr (Takahashiet al., 1992). We ignore a delay of
approximately 10 min before 100% S-phaselabeling is established (Takahashiet al., 1992). The value for N7 obtainedby the
S-phaselabeling with BUdR (from Equation 3 is 157 proliferative cells/sector (N,,,, = 44.6, T, = 3.8 hr, Tc = 15.1 hr;
Takahashiet al., 1993) whereasthe value for Nr. obtained by the
1 hr cohort method (from Equation 2, N7 = NPvh+ NspF)is only
118 proliferative cells/sector(Table 1, column 4). Therefore, the
calibration factor would be 118/157 = 0.75. It thus appearsthat
with the “H-TdR-defined 1 hr cohort we fail systematically to
detect the first quarter or so of cells to leave S phaseafter the
tracer injection is given. The GF in the zone wherethe SPPcells
are distributedcan be calculatedas GF = numberof 1 hr cohort
SPPcells in each bin*(1/0.75)/total number of cells in the bin.
The GF profile in “the SPPzone” for El5 and El6 is plotted
in Figure 10. The averageGF for the entire SPPzone increases
from 0.15 on El5 to 0.25 on E16. An estimate of the GF of the

SPP at El4 is not attempted here becauseof its small size at
this earlier date.We have alsocorrected all valuesof N estimated
by the 1 hr cohort method by the factor of l/O.75 (Table 1,
column 6).
Discussion
Absolute growth in the size of the SPP
The measuresthat have detectedthe increasein numbersof cells
of the SPP (Table I, column 4, Fig. 8) and the increasein the
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of the cerebral wall

(1)
Age
PVE expansion
I2 expansion relative
to PVE
Absolute IZ expansion

Overall GF at El5 = 0 15

05 i
I

of Neuroscience,

(2)

E14-El5

(3)
El5-El6

(4)
Total
(E14-E16)

1.35

0

1.35

1.38
1.86

1.11
1.11

I .53
2.06

epithehum;

IZ, rntermediate

n
1

5

10

Bin

I5

20

25

Figure 10. Schematic representation of the growth fractions (GFs, ordinate) with respect to depth in the cerebral wall (bin) at El5 and E16.
The number of proliferative cells as a fraction of the total number of
cells (= GF) of the PVE is constant at 1.0, represented as a shaded
block within the bins corresponding to the ventricular zone (VS. GF is
plotted for each bin for the cerebral wall where the SPP is distributed.
The SPP on El6 has extended more superficially with continued growth
of the cerebral wall. The overall GF of the subventricular (SW) and
intermediate (IZ) zones, that is of the SPP, is higher (0.25) at El6 than
at El5 (0.15) but for both days these values are much lower than the
GF of the PVE (= 1.0).

PVE, Pseudostratified

of the total proliferative

population

of the

1, column 5, Fig. 9) have been undertaken
in a standardcoronal sector which is 400 pm* at its baseat the
ventricular margin (100 km medial to lateral in coronal plane
X 4 p,m correspondingto section thickness). With increasein
the radial dimensionof the cerebral wall from 100 km at El4
to almost 400 pm at El6 (Fig. 2), the volume of the sector
increasesfrom 4* 1O4p,rn”(4 p,m * 100 p,rn * 100 pm) to 16” 1O4
pm3 (4 p,rn * 100 km * 400 km).
Given that T, for the SPP holds steady at about 15 hr during
the 48 hr interval E14-E16, this would correspondto 3.2 SPP
cell division cycles. Had the P fraction of the SPP (the fraction
of daughter cells returning to S phaseafter mitosis, Takahashi
et al., 1994) remained 1.0 throughout this seriesof cycles and
had all SPP progeny remainedconfined to the sector of cerebral
wall having a baseof 400 p,m*,the size of the SPP would have
doubled with each cycle. This would have had the result that
the size of the SPP population would have increased2”.2= 9.2fold. An increaseof only 2.8 (35.902.8 or 47.9D7.1, Table 1,
column 4 or 6) fold was actually observed within the standard
coronal sector. We attribute this disparity to two considerations.
First, cells produced within the sector with base of 400 pm*
would have beendisplacedwith growth in the tangential dimensionsof the cerebral wall. Secondly, the value of P for the SPP
may be lessthan 1.0. We are able to estimatethe contribution
of tangential expansion to the disparity by first estimating the
tangential expansion of the PVE and then that of the overlying
cerebral wall relative to the PVE. From the residual disparity,
we then may estimatethe actual value of P for the SPP during
the E14-El6 interval.
Expansion of the cerebral wall. Tangentialgrowth of the PVE
between El4 and El5 must occur becausethe P fraction for the
PVE at El4 is greater than 0.5 (Takahashiet al., 1994)requiring
that there is a net increase

in the number

of proliferating

cells

in the epithelium in this interval. We estimate the tangential
expansion of the PVE from the following: (1) The expansionof
a proliferating population after n cell cycles is (P*2p, where P
is the fraction of daughter cells that remainsin the cell cycle
after each cell cycle and n is the number of cell cycles. The P
fraction of the PVE at this age is 0.62-0.66 (median = 0.64,

zone.

Takahashi et al., 1994), and there are approximately 1.6 cell
division cycles in the PVE in 24 hr in the interval E14-15 (Takahashiet al., 1993). (2) There is an approximately 10% increase
in the height of the PVE betweenEl4 and El5 (Fig. 2). (3) The
cell packing density within the PVE remainsconstantat different
embryonic ages(Fig. 3). Therefore, the tangentialexpansionof
the PVE in the 24 hr interval, E14-15, is estimatedto be approximately

SPP as a proportion
cerebral wall (Table

ventrudar

(0.64*2)‘“/1.1

= 1.35 (Table 2, column 2).

As the cerebral wall grows, the IZ expandstangentially more
than the VZ. The tangential expansionof the IZ relative to the
ventricular surface of the dorsomedialmurine cerebral wall has
been previously estimated by measuringthe divergence of ascending radial glial fibers in their ascentacrossthe cerebralwall
(Gadisseuxet al., 1992). Between El4 and El5 the tangential
expansion of the IZ, thus estimated,is approximately 1.38 for
the E14-El5 interval and the value is 1.11 for E15-El6 so that
the total proportionate expansion for E14-El6 is 1.53 (i.e.,
1.38*1.11, Table 2, column 4).
The estimate

of the expansion

of the PVE

based upon its

values of P, taken together with the estimatedexpansionof the
IZ relative to the PVE, indicate that the absolutetangential expansionof the IZ would be 1.35*1.38 = 1.86 (Table 2, column
2) between El4 and E15. Beyond E15, P for the PVE has become lessthan 0.5 (Cavinesset al., 1994; Takahashiet al., unpublished observations)so that tangential growth of the PVE
may be assumedto have ceased.The expansionfactor of only
1.l l-fold for the IZ, basedupon radial glial fiber divergence, is
acceptedhere as approximately accuratefor the El 5-El6 interval. Thus, the total estimatedexpansion of the IZ is then estimated at 2.06 (i.e., 1.86*1.11).
An estimateof P fraction ,for the SPP. As noted above the
expansion of a proliferating population after IZ cell cycles is
(P*2)“. For the SPP,the average value of P for the E14-El5
interval and the E15-El6 interval can now be calculated from
the above equation and (1) the number of cell cycles in 24 hr
(= 1.6) and (2) the expansionof the SPPin 24 hr (2.40 for E14El5 and 2.42 for E15-E16, Table 3, column 3). The P fraction
for the SPP is 0.86, 0.87, and 0.87 for E14-15, E15-16, and
E14-16, respectively (Table 3, column 5). Q (=l - P) is 0.14,
0.13, and 0.13 for each of theseintervals. It follows, therefore,
that 87% of postmitotic cells of the SPP reenter S phaseafter
eachcell division in the E14-El6 interval and that only 13% of
the proliferative population exits the cycle. To the extent that
cell death, although not recognizedhere, is occurring in the SPP
(Acklin and van der Kooy, 1993), it would further reduce the
apparentvalue of Q. In that Q is estimatedhere to be approximately 0.13 over the E14-16 interval, the rate of cell deathmust
be no ereaterthan this fraction.
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Table 3. Estimate of P fraction for the SPP

(2)

SPP in relation

to PVE and general

(3)
Corrected
estimated

with

tangential

(1)
Age

Observed
expansion
of the SPP

tissue
expansion

(4)
Number
of
cell cycles

E14-El5
El5-El6
El4-El6

1.29 (16.5/l 2.8)
2.18 (35.9/16.5)
2.81

2.40 (1.29.1.86)
2.42 (2.18.1.11)
5.81

1.6 (24/15
1.6
3.2

histogenetic

sign$cance

The P fraction of the SPP remains high through El6 so that the
proliferative
potential of this population
is being continuously
augmented in this interval. By contrast the population
size of
the PVE increases until El5 then declines rapidly. It is only in
the terminal 48 hr of gestation in the mouse and the early postnatal period, that the cell output of the SPP appears to accelerate
(Misson et al., 1991; Takahashi et al., 1991). Subsequently there
will be a corresponding
reduction in the size of its proliferative
pool of glial cells of the cerebral wall (Schmechel and Rakic,
1979a; Gressens et al., 1992a,b).
The proliferative
behavior of the SPP differs fundamentally
from that of the PVE although it arises from that population and
coexists with it throughout a sustained period of the cytogenetic
epoch. Differences in the properties and proliferative
behaviors
of the SPP and PVE must reflect the fundamentally
different
histogenetic roles of the two populations. The PVE is the source
of most if not all neocortical neurons (Sidman and Rakic, 1973)
although it also includes proliferative
radial glial cells which are
members of the astroglial lineage (Levitt and Rakic, 1980; Levitt
et al., 1981; Misson et al., 1988, 1991).
The compact architecture of the PVE with its closely regulated schedule of cell production reflects the precision and specificity of the cytogenetic agenda of the epithelium. There is an
orderly flow of cells through the cycle with mitosis occurring at
the ventricular margin and postmitotic cells ascending the same
path as Gl cells toward the outer margin of the epithelium where
their paths then diverge (Sauer, 193.5; Sauer and Walker, 1959;
Boulder Committee, 1970; Waechter and Jaensch, 1972; Sidman
and Rakic, 1973; Takahashi et al., 1993, 1994). All cells in this
epithelium
are pursuing their roles in the overall histogenetic
agenda in “real time.” None of those which are neuronal progenitors appear to “idle”
in GO state, perhaps facultatively in
readiness to respond to histogenetic signals that might or might
not eventually come, although some radial glial cells arising in
the PVE probably do eventually enter the GO state (Waechter
and Jaensch, 1972; Takahashi et al., 1993). Neurons which arise
in the PVE and which will form the neocortex are terminally
differentiated
cells. Once they have undergone their terminal
divisions before exit from the PVE and migrate to the neocortex,
they do not return to the proliferative
state again (Sidman and
Rakic, 1982; Rakic, 1985). The neuronal output of the PVE
comprises a richly varied set of projection and interneuronal
cell
classes and these are formed systematically in an inside-out sequence with respect to their destinations in the neocortex (Sidman and Rakic, 1973; Rakic, 1974; Caviness, 1982; McConnell
and Kaznowski,
1991). That is, the neuronal population at any
given depth of the cortex will have undergone their terminal
divisions in a predictable set of the full succession of cell divi-

(5)
Estimated
P fraction
of the SPP
hr)

0.86
0.87
0.87

sions: for example, the large pyramids of layer V arise in the
mouse from the early integer cycles but the small and medium
pyramids of neocortical layers II/III from the terminal cycles of
the sequence (Caviness, 1982).
The SPP, by contrast, though probably arising from the PVE
(Smart, 1972; Altman and Bayer, 1990a), is principally a source
of glial cells (Smart and Leblond, 1961; Lewis, 1968; Privat,
1975; Todd and Smart, 1982; Levine and Goldman,
1988a,b;
Levinson and Goldman, 1993). Rarely, neurons have been included with glial cells among clones of cells arising in the cerebral wall (Levinson and Goldman, 1993) and it has been possible in vitro to derive neurons from lineages derived from the
SPP (Reynolds and Weiss, 1992; Davis and Temple, 1994). As
an example of what may be an unusual histogenetic
pattern,
large numbers of neurons of the olfactory bulb arise in the SPP
of the cerebral wall (Luskin, 1993).
The present observations support the impression that neurons
arising from the SPP could be only a small proportion
of the
number of neurons destined for the neocortex. With respect to
the E14-El6
interval of neocortical cytogenesis considered here,
both the value of Q for the SPP (i.e., about 0.13) and the size
of the SPP population relative to the size of the total proliferative
population (i.e., 1 l-35%) are small so that the potential neuronal
output must be small relative to that of the PVE during this
interval. Neocortical neuronal cytogenesis is completed on El7
(Caviness and Sidman, 1973) at about the same time that proliferative activity in the PVE is concluded (Takahashi et al.,
1995). Thus, with respect to the terminal hours of neocortical
cytogenesis continuing
after El6 and not considered here, at
most only a relatively small complement of neurons destined for
the neocortex or, possibly, for other neuronal populations of the
cerebral hemisphere might arise in the SPP
The dispersion of cells of the SPP appears, to follow more
heterogeneous patterns than that of the neurons generated nearby
in the PVE. In the course of SPP expansion through the interval
E14-E16, the density of these cells remains relatively uniform
across the width of the subcortical cerebral wall even as the
width of the wall expands. This expansion reflects principally
the accommodation
of axonal systems arising in the same and
opposite hemisphere, both from cortical and subcortical sources.
In the rodent optic nerve, axonal activity has been demonstrated
to play a role in regulation of glial cell proliferation,
survival
and distribution
(Barres et al., 1992; Barres and Raff, 1993). A
similar regulatory relationship between axon and glial cell number may operate to maintain cell density constant in the developing murine cerebral wall. The mechanism of such regulation,
for example, in terms of cell cycle length or Q fraction modulation, is unknown.
A second pattern of dispersion of the cellular issue of the SPP

The Journal

is delayed beyond the completion
of neuronogenesis.
In the
mouse this phenomenon
is initiated explosively
over the final
days of gestation with dispersion of glial cells through the neocortex, the underlying
cerebral wall and, possibly other more
remote destinations in the cerebrum. This pattern continues vigorously through the early postnatal days but slows in the course
of the first few postnatal weeks. It i% likely that at least some of
the cells arising in the embryonic SPP and participating
in the
secondary dispersal retain their proliferative
capacities as stem
cells (Reynolds and Wise, 1992; Davis and Temple, 1994).
This second pattern of deployment of glial cells must reflect,
to some extent, migration of cells from the proliferative
pool of
SPP cells but these probably contribute only in part. Thus, the
SPP is maximally
no more than 30% of cells of the cerebral
wall (Fig. 10). Whereas a portion, at least, of the nonproliferative
cells must correspond to the massive flux of neurons migrating
between PVE and neocortex, others must be the somata of radial
glial cells, frozen in the GO state at least for a time in support
of neuronal migration (Schmechel and Rakic, 1979a,b). The radial glial cells whose soma persist in this way in the cerebral
wall in the GO state may represent the apparent Q fraction of
either or both the PVE and the SPP.
Both of these early and later patterns of dispersion of the cells
of the SPP match the multiple physiologic
and structural roles
of the astroglial and oligodendroglial
cells which stem from this
proliferative
population
of the developing cerebral wall. These
roles include regulation of the ionic, transmitter and general metabolic environment of synaptic interaction within the cortex and
the formation and maintenance
of myelin sheaths as well as
other compartmental
barriers (Hatten, 1987; Vernadakis,
1988;
Tolbert and Oland, 1989; Goffinet, 1990; Barres, 1991; Dermietzel and Krause, 1991; Steindler, 1993). In contrast to the neocortical neurons, population renewal and maintenance functions
are sustained by the issue of the SPl? At least certain of these
either Lontinue to proliferate slowly as a residual stem cell population or facultatively
enter the GO state over the life of the
animal (Smart, 1961; Levine and Goldman,
1988b; Cameron
and Rakic, 1991; Goldman and Vaysse, 1991; Skoff and Knapp,
1991; Levinson and Goldman, 1993).
In conclusion, we have shown that the production of cells by
the SPP of the cerebral neocortex is minimal during the period
of neuronogenesis.
This is consistent with the generally held
view that the main functional role of the SPP in the developing
neocortex is to produce glial cells. It should be noted that this
specialization
of a proliferative
population does not occur in all
regions of the CNS; notably even in the developing archicortex
(i.e., subiculum, hippocampus,
and dentate gyrus) which apparently lacks an SPP (Nowakowski
and Rakic, 1981). In other
words, the distinction of cortical areas on a developmental
basis
is an early occurring phenomenon, and the functional role of the
SPP is probably an important one in generating the non-neuronal
cells of the areas that have an SPl?
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