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dial plexiform layer (PPL),’ where the younger cells in
neocortical layers II-VI accumulate. Although the initial observations using [3H]thymidine autoradiography
(3) were concerned only with the remarkable deep/older
to superficial/younger neurogenetic gradient between
cells in the cortical plate, subsequent [3H]thymidine autoradiographic studies (8, 9, 20-22, 26, 39, 43, 49) supported Marin-Padilla’s
developmental observations.
The general consensus now is that the younger neurons
of the cortical plate accumulate within a “cocoon” of
older neurons in the PPL. There is evidence that the
pioneer cell populations of the PPL differentiate early
and have the first mature synaptic contacts (19, 20, 25,
32-34, 36, 41, 43, 47). The finding that monoamine
afferents (14, 17, 18, 35, 37) and thalamic afferents (9,
14,42,44) are primarily confined to either layer I or the
subplate during early cortical development and grow
into the cortical plate later (usually postnatally in rats)
has led to the hypothesis that the pioneer neuronal populations represent a primordial neocortical system that
either has an organizational role or functions prominently during embryonic life.
The aim of this paper is threefold: First, we quantify
the time of origin of neurons in layer I and the subplate
using the L3H]thymidine autoradiographic comprehensive labeling method (4). The results show that the cells
of layer I and the subplate have a neurogenetic gradient
exactly opposite to that found within the cortical plate.
Second, we follow the migration and settling patterns
of the PPL and CP neurons using embryos sequentially
killed after flash labeling with [3H]thymidine. These observations suggest a novel hypothesis about the role of
the subplate in shaping the cortical plate. Third, we find
that in normative histological material the partitioning

Development
of layer I and the subplate
of the rat
neocortex
was examined
with [%H]thymidine
autoradiography.
The experimental
animals
used for neurogenesis were the offspring
of pregnant
females
injected
with [8H]thymidine
on 2 consecutive
days: Embryonic
Day (E) 13-E14,
E14-El&
. . . E21-E22,
respectively. On Postnatal
Day 6, the proportion
of layer I and
subplate
cells originating
during
24-h periods
were
quantilled
at three anteroposterior
levels. Presumptive
Cajal-Retzius
cells (large horizontal
cells) are generated mainly
on E 14 and subplate
cells on E 14 and E 15
(“outside-in”
gradient).
Both populations
are generated earlier
than cells in the cortical
plate, which
has
an “inside-out”
gradient.
The subplate
also has a ventrolateral/older
to dorsomedial/younger
neurogenetic
gradient.
The small- to medium-sized
horizontal
cells in
layer I have an extensive
period
of neurogenesis
with
“outside-in”
gradient.
To study morphogenesis,
ifegnant
females were given single injections
of [‘HIthymidine
during
gestation
and embryos
were removed
in successive
24-h intervals
(sequential-survival).
On
El5 and El6
cells accumulate
outside
the neuroepithelium
in the primordial
plexiform
layer with older
presumptive
Cajal-Retzius
cells superficial
and younger presumptive
subplate
cells deep. The Cajal-Retzius
cells permanently
settle superficially
among a first system of extracettutar channels that appears on E14. Before reaching
their final settling
sites, subplate
cells
form the incipient
cortical
plate in the ventrolateral
neocortex
on E 16. On E 17, a second system of extracetWar channels appears below the cortical
plate. On El8
and E 19, subplate
cells leave the cortical
plate and permanently
settle among the deep extracellular
channels
in a separate
layer.
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i Abbreviations
used: BT, basal telencephalon;
Chl, superficial
system of extracellular
channels;
Ch2, deep system of extracellular
channels; CP, cortical
plate; (CP), incipient
cortical
plate; E, embryonic
day; GU, subplate
underlying
gustatory
cortex; HP, hippocampus;
iz,
intermediate
zone; LV, lateral ventricle;
MO, subplate underlying
motor cortex; ne, neuroepithelium;
OB, olfactory
bulb; P, postnatal
day;
PPL, primordial
plexiform
layer; SL, subplate
underlying
lateral somatosensory
cortex;
SM, subplate
underlying
medial somatosensory
cortex;
SP, subplate;
sv, subventricular
zone; vz, ventricular
zone
(containing
the neuroepithelium);
WM, white matter,
I-VI, layers of
the neocortex.

INTRODUCTION

Since Cajal’s (7) early work, it has been known that
the pioneer cell populations of the neocortex are the Cajal-Retzius cells in layer I and the polymorph cells in the
deepest layer, variably called layer VIb, VII, or, more recently, the subplate. On the basis of Golgi studies, Marin-Padilla (27-31) proposed that these pioneer cells and
early incoming fibers provide a framework, the primor0014-4&36/90
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TABLE1

of layer I and the subplate cells is associated with two
systems of extracellular
channels that may be related to

Neurogenesisof the Cajal-Retzius Cells”

the arrival of different systemsof afferents.
Injection
MATERIALS

Long-Survival

t3H]Thymidine

AND

METHODS

Autoradiography

The experimental animals were the offspring of
Purdue-Wistar
timed-pregnant rats. The day the females were sperm positive was designated Embryonic
Day 1 (El). Normally, births occur on E23, which was
also designated as Postnatal Day 0 (PO). Two or more
pregnant females were given two subcutaneous injections of [3H]thymidine (Schwarz-Mann; sp act, 6.0 Ci/
mM; 5 pCi/g body wt) to ensure comprehensive cell labeling. The injections (given between 9 and 11 AM) to an
individual animal were separated by 24 hr. The onset of
the [3H]thymidine injections was progressively delayed
by 1 day between groups (E13-E14, E14-E15, . . . E21E22). All animals were perfused through the heart with
10% neutral formalin on P5. The brains in the intact
skulls were kept for 24 h in Bouin’s fixative and then
were transferred to 10% neutral formalin. The heads
were decalcified for 3 h in a chelating agent containing
dilute HCl (Scientific Products No. D1209-1). At least
six animals from each injection group (including males
and females) were blocked coronally perpendicular to
the anterior-posterior axis. All blocks were embedded in
paraffin. Every 15th section (6 pm) through the neocortex was saved. Slides were coated with Kodak NTB-3
emulsion, exposed for 12 weeks, developed in Kodak D19, and poststained with hematoxylin and eosin.
Sections were selected for quantitative
analysis at
three anteroposterior
levels (Fig. 2A). Cells were
counted microscopically at X312.5 in unit areas set off
by an ocular grid (0.085 mm*). For quantification, all
neurons within a designated area were assigned to one of
two groups, labeled or unlabeled. Cells with silver grains
overlying the nucleus in densities above background levels were considered labeled; obvious endothelial and glial
cells were excluded. The proportion of labeled cells (percentage labeled cells/total cells) was then calculated
from these data.
The determination of the proportion of cells arising
(ceasing to divide) on a particular day used a modification of the progressively delayed comprehensive labeling
procedure (4) and is described in detail elsewhere (5).
Briefly, a progressive drop in the proportion of labeled
neurons from a maximal level (>95%) in a specific population indicates that the precursor cells are producing
nonmitotic neurons. By analyzing the rate of decline in
labeled neurons, one can determine the proportion of
neurons originating over blocks of days (or single days)
during development. As an illustration of the procedure,
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%Labeledcells

group

N

E13-El4
E14-El5
E15-El6
E16-El7
E17-El8
E18-El9

8
7
7
7
7
6

(A)
(B)
(‘2)
(D)
(E)
(F)

Dayof

+ SD)

origin

100~0
94.39 -+ 3.23
30.89 + 5.77
16.16 + 8.57
4.50 + 1.45
Ok0

El3
El4
El5
El6
El7
El8

(Mean

% Cells
originatingb
5.61
63.50
14.72
11.67
4.50
0

(A-B)
(B-C)
(C-D)
(D-E)
(E-F)

a Top graph, Fig. 2A.
b The data for the Cajal-Retzius
cells are given as an example
of how
they are derived
for presentation
in the bar graphs used throughout
the paper. N refers to the number
of animals
analyzed
in each injection
group. The % labeled celki for each injection
group gives the group
means +- the standard
deviation
for the raw data counts (% of labeled
cells to total cells in individual
animals).
The standard
deviations
are
typical of the variability
seen throughout
data collection.
The % cells
originating
column lists the data that are presented
in the bar graph
(Fig. 2A, top). To get the height of the bar on E14, for example,
the
proportion
of labeled cells in injection
group E15-El6
(entry
C, column 3) is subtracted
from the % labeled cells in injection
groupE14El5 (entry
B, column 3) to get the proportion
of cells originating
during the day on El4 (63.5%).

Table 1 shows the data and calculations for the large
horizontal neurons in the outer half of layer I.
Throughout the quantitative analysis, it was noted
that trends in cell labeling within animals were very consistent. However, variability between animals in an injection group were large enough to mask this trend.
Therefore, cell labeling patterns were analyzed with the
sign test (13), a nonparametric statistic designed for this
type of data. The sign test determines the consistency of
sequential neuron production between paired locations
within individual animals. The comparisons are grouped
into three categories: first, X > Y, “-” comparison; second, X > Y, “+” comparison; third, X = Y, “0” comparison. The zero comparisons are discarded and, depending
on the total number of remaining + and - comparisons,
either a binomial distribution or a normal approximation is used to calculate probabilities (P). The graphs
throughout this report show the variable group data
rather than the more consistent trends within individual
animals. Consequently, some of the statistically significant neurogenetic gradients (between superficial and
deep parts of layer I, for example) are not conspicuous.

Short and Sequential
Autoradiography

Survival

[3H] Thymidine

The experimental animals were the embryos from
Purdue-Wistar timed-pregnant rats given a single subcutaneous injection of [3H]thymidine (Schwarz-Mann;
sp act, 6.0 Ci/mM; 5 &Ji/g body wt) between 9 and 11
AM. The day of sperm positivity is designated as Gesta-

WM

FIG.
1. The neocortex
in an animal exposed to [3H]thymidine
on E15-El6
and killed on P5. (A) Low magnification
view showing
all the
layers of the neocortex
from the most superficial
(I) to the deep white matter
(WM).
The subplate (SP) forms a separate layer beneath
layer VI
(6-pm paraffin
section, hematoxylin
stain). (B, C) High magnification
views of the large horizontal
cells, presumptive
Cajal-Retzius
cells (arrows), in layer I. Most of these are unlabeled
when injections
begin on E15. (D, E) High magnification
views of the polymorphic
cells in
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tion (embryonic) Day 1 (El). Several dams were injected
for each day between El3 and E21. Survival times in
each injection group varied from 2 h (short survival series) to several days (sequential survival series). For example, one dam in the El5 injection group was killed 2
h after the injection, another was killed 1 day later on
E16, another 2 days later on E17, and so on until the last
dam was killed on E22. All groups were treated as the
El5 group. The dams were anesthetized with pentobarbital before the embryos were removed and killed by immersion in Bouin’s fixative. After 24 h the embryos were
transferred to 10% neutral formalin until the time of embedding in either paraffin or methacrylate. The blocks
were serially sectioned (every 10th section was saved) at
6 pm (paraffin) or at 3 pm (methacrylate) in the coronal,
sagittal, and horizontal planes. For [3H]thymidine autoradiography, the slides were coated with Kodak NTB-3
emulsion, exposed for 6 weeks (paraffin sections) or 1218 weeks (methacrylate sections), developed in Kodak
D- 19, and poststained with hematoxylin and eosin.
RESULTS
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E17) nearly equal proportions of cells (CR, 16.17%; SP,
11.53%) are generated in each population.
Qualitative observations in the subplate indicated
that equal proportions of cells were labeled throughout
medial and lateral parts for all except one injection
group. Animals exposed to [3H]thymidine on El5 + 16
showed significantly fewer labeled cells ventrolaterally
(Fig. 1D) than dorsomedially (Fig. 1E). That labeling
pattern indicates a brief but pronounced lateral (older)
to medial (younger) neurogenetic gradient at the time
when the majority of the cells are generated. Figure 2B
illustrates the data for the intermediate level. Subplate
cells underlying the gustatory cortex (GU, bottom
graph) have prominent neurogenesis on El4 (53% originate) that declines on El5 (28% originate). The reverse
pattern (P < 0.0001, sign test on El5 + 16 only) is shown
in the subplate cells underlying the motor cortex (MO,
top graph) where 24% originate on El4 and 51% on E15.
The neurogenetic patterns in intervening subplate areas
beneath lateral and medial parts of the somatosensory
cortex (SL and SM, respectively) show a gradual shift in
the gradient. On and after E16, similar proportions of
cells are generated throughout the subplate.

Neurogenesis of the Cajal-Retzius and Subplate Cells
On P5, each coronal section (6 pm) of the neocortex
contains approximately 20-40 large horizontal cells in
layer I (I, Fig. 1A). These are presumed to be Cajal-Retzius cells (Figs. lB-1C). Anterior, intermediate, and posterior levels (drawings, Fig. 2A) were chosen for analysis
and large horizontal cells were counted in the outer half
of layer I from the rhinal sulcus to the cingulate gyrus
(superficial shaded area in drawings, Fig. 2A). Due to the
small number of large cells per section, medial/lateral
subdivisions were not made. On P5, the subplate is a distinct layer below layer VI (SP, Fig. 1A). In the same sections, counts were done in three to four areas of the subplate (Figs. 1D and 1E) from lateral to medial. The sign
test indicated that neurogenesis is simultaneous within
both populations along the anterior-posterior plane (all
P > 0.05). In the subplate there is simultaneous neurogenesis along the lateral-medial plane when the entire
developmental span is considered (all P > 0.05). Consequently, the data in Fig. 2A were combined across subdivisions within each population. The presumptive CajalRetzius cells originate mainly on El4 (63.5%) significantly earlier (P < 0.0001, sign test) than cells in the
subplate which are generated on both El4 (41%) and
El5 (45%). That pattern is a typical noncortical neurogenetic gradient: superficial cells are older than deep
cells (arrows, Fig. 2A). In later development (El6 and

ventrolateral
they originate
ventrolaterally

(D) and dorsomedial
(E) areas in the subplate.
Many
later than the Cajal-Retzius
population.
In addition,
(D).

Neurogenesis of Small- to Medium-Sized Horizontal
Cells in Layer I
Some small- to medium-sized horizontal cells were
unlabeled after an El5 injection (arrows, Fig. 3A), indicating neurogenesis concurrent with the Cajal-Retzius
population. The examination of injection groups with
onsets later than El5 confirmed that these unlabeled
cells were not artifacts of label dilution. Consequently,
anterior and posterior levels (drawings, Fig. 3B) were
chosen for further analysis. The molecular layer was divided into quadrants (superficial lateral, deep lateral, superficial medial, and deep medial) and small- to mediumsized horizontal cells were counted throughout; large
horizontal cells were excluded. The sign test indicated
no differences along the anterior-posterior and mediallateral planes (all P > 0.05), and the data in Fig. 3B were
combined. Throughout layer I there is a significant superficial/older to deep/younger neurogenetic gradient
(P < 0.0001, sign test; arrows in drawings, Fig. 3B). Over
50% of the superficial horizontal cells originate on E14,
while only 22% of the deep horizontal cells are generated
on that day. Deep cells continue to be generated up to
the time of birth, while superficial cells are essentially
finished on El8 These results indicate an “outside-in”
gradient within layer I.

subplate
cells are labeled when injections
begin
the proportion
of labeled subplate
cells is greater

on El& indicating
that
dorsomedially
(E) than
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FIG. 2.
(A) Neurogenesis
of the presumptive
Cajal-Retzius
cells in layer I (top graph) and the polymorphic
cells in the subplate
(bottom
graph).
Bar graphs are the proportion
of cells originating
on a single embryonic
day; the calculations
for the top graph are given in Table 1.
Most of the Cajal-Retzius
cells originate
on E14, while a substantial
number
of subplate
cells are still generated
on E15, indicating
an older
superficial/younger
deep neurogenetic
gradient
between
the two populations
(arrows
in drawings).
(B) Neurogenesis
of the polymorphic
cells
in the subplate
underlying
the neocortex
in four separate
locations:
gustatory
cortex
(GU, bottom
graph),
lateral and medial parts of the
somatosensory
cortex (SL and SM, respectively,
two center graphs),
and motor cortex (MO, top graph).
All bar graphs are the proportion
of
cells originating
on single embryonic
days. Most subplate cells originate
on El4 and E15, but there is a gradual shift in peak production
from
El4 in the ventrolateral
subplate
(GU) to El5 in the dorsomedial
subplate
(MO).

Partitioning

of the Primordial

Plexiform

Layer

Superficial to deep neurogenetic gradient in the unpartitioned PPL.
Since Cajal-Ret&s
neurons are generated predominantly
on El4 (Fig. 2A), most of them
should be unlabeled by a [3H]thymidine
injection on the
morning of El5 (Fig. lB-C), while many subplate neurons should be labeled (Figs. 1D and 1E) since substantial neurogenesis
continues
on El5 (Fig. 2). Consequently, we examined the neocortex of El6 embryos that
received an El5 [3H]thymidine
injection (Figs. 4 and 5).
First, we will describe the less developed dorsal and medial parts of the neocortex in the coronal plane (Fig. 4B)
and in a sagittal section through the dorsomedial
neocortex (Fig. 5). Neurons are aggregating just outside the
neuroepithelium
in the unsegregated PPL in two bands
based on the proportion
of cells labeled with [3H]thymidine: first, a thin superficial band of predominantly
unla’ beled cells (arrows, Figs. 4B, 5A, and 5B) and, second, a
thicker deep band of predominantly
heavily labeled and
some unlabeled cells. We presume the unlabeled superficial cells (El4 birthdays)
are those of Cajal-Retzius,

while the deep unlabeled cells (El4 birthdays)
and
heavily labeled cells (El5 birthdays)
are those of the subplate. For the most part, the PPL neurons are horizontally oriented. Thus, the neocortical primordium
on El6
consists mainly of an unsegregated
PPL with older superficial cells and younger deep cells.

Early events in PPLpartioning.
The more developed
lateral neocortex indicates what happens as the PPL begins to segregate into superficial and deep populations of
cells. Although
the cortical plate is not definite until
E17, already by El6 a few young neurons accumulate
ventrolaterally
in the incipient cortical plate ((CP), Figs.
4A and 4C). A high magnification
view of this area (Fig.
4A) shows a band of unlabeled large horizontal cells (arrows), the presumptive
Cajal-Retzius
neurons in layer I,
above a band of radially oriented labeled and unlabeled
cells in the incipient cortical plate. The unlabeled radial
cells originated on E14, while the labeled radial cells
most likely originated early after the El5 [3H]thymidine
injection, matching the neurogenetic pattern for subplute
cells. The intermediate
zone beneath the incipient corti-
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FIG. 3. (A) Photomicrograph
of the small- to medium-sized
horizontal
cells in layer I (arrows)
that are unlabeled
in an animal exposed to
[3H]thymidine
on El&E16
and killed on P5 (6-pm paraffin
section, hematoxylin
stain). (B) Neurogenesis
of the small to medium sized horizontal cells throughout
superficial
(top graph)
and deep (bottom
graph) parts of layer I. Data were combined
for anterior
and posterior
levels
(drawings).
Bar graphs are the proportion
of cells originating
on single embryonic
days. In both the superficial
and deep parts, some neurogenesis
occurs on E14, concurrent
with peak production
of the large horizontal
cells in layer I (top graph, Fig. 2A). Between
El5 and E18, neurons
continue
to be generated
in superficial
layer I, while the neurons in deep layer I are generated
between
El7 and E21. These patterns
indicate
an
overall superficial/older
to deep/younger
neurogenetic
gradient
(arrows
in drawings)
within layer I.

cal plate (iz, Fig. 4A) is filled with labeled cells of variable
orientations that may have originated late on El5 or
very early on E16.
Changing position of subplate neurons and the final
segregation of the PPL. Since final segregation of the
PPL involves morphogenesis of the cortical plate and

the subplate, our aim was to find a [3H]thymidine injection series that would isolate subplate cells from those
destined to reside in layer VI of the neocortex. Approximately half of the subplate neurons are generated on El4
in lateral parts of the neocortex (Fig. ZB) so at least that
portion should be heavily labeled by an El4 [3H]thymi-
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FIG.
4.
(A-C)
Photomicrographs
of the coronally
sectioned
neocortex
(NC, 3 wrn, methacrylate
embedded,
hematoxylin
stain) in an El6
embryo
that was exposed to a single injection
of 13H]thymidine
on El5 (24-hr
survival).
(A, B) High magnification
views of the superficial
layers in the lateral (A) and medial (B) locations
indicated
in the low magnification
view in C. (A) The more developed
ventrolateral
neocortex:
Outside the columnar
cells of the neuroepithelium
(ne), there is a thin subventricular
zone (sv) with a few mitotic
figures, an intermediate
zone
(iz) containing
variably
oriented
cells most of which are labeled (generation
on or after E15), an incipient
cortical
plate (CP) with radially
aligned labeled and unlabeled
cells, and the superficial
layer I with unlabeled
large horizontal
cells (arrows,
birthdays
before E15). (B) The less
developed
dorsomedial
neocortex:
Outside
the neuroepithelium
there is a primordial
plexiform
layer (PPL)
where superficial
horizontal
cells
are unlabeled
(arrows,
birthdays
before E15) and deep cells of variable orientation
are mostly labeled (birthdays
on or after E15).

dine injection. On the other hand, layer VI cortical cells
have minimal neurogenesis on El4 (2-8% (6)) and most
are not likely to be heavily labeled by a single injection

on E14. Consequently, we tracked the changing position
of the heavily labeled subplate neurons from the onset
of cortical plate development to the definite appearance
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FIG. 5. The same as in Fig. 4 for a sag&tally
sectioned El6 embryo
killed 24 h after a [3H]thymidine
injection
on E15. The low magnification
view in C indicates
the locations
of the high magnification
views in A and B. The unsegregated
PPL, with unlabeled
superficial
horizontal
cells
(arrows)
and labeled deep cells, is found both anteriorly
(A) and posteriorly
(B) outside the neuroepithelium,
since this section is cut through
the less developed
dorsomedial
neocortex.

of the subplate (Figs. 6 and 7) in embryos that were flash
labeled with [3H]thymidine
on E14. On E16, intensely
labeled cells (presumably
with birthdays on E14) are distributed throughout
the depth of the incipient cortical
plate in the most ventrolateral
neocortex (Fig. 7A). The
cortical plate thickens on E17, but now the intensely labeled cells are distributed
at its base (Figs. 6A and 7B).
The cortical plate continues to thicken on El8 and few
heavily labeled cells are found within it. Instead, the intensely labeled cells aggregate beneath the cortical plate
in a separate layer, the subplate (SP, Figs. 6B and 7C).
The subplate cells have a polymorphic
shape and some
appear to spread horizontally
rather than radially (Fig.
7C). On E19, only an occasional heavily labeled cell is
found in the cortical plate, but a distinct
subplate is
found throughout
the entire extent of the cortex filled

with intensely labeled cells (Fig. 6C). These observations indicate that in spite of the early neurogenesis of
subplate cells (E14-15, Figs. 2A and 2B), morphogenesis
of the subplate is delayed until the cortical plate (which
contains younger neurons) has formed.
The Embryonic

Extracellular

Channel System

The examination
of the neocortex in normal methacrylate-embedded
embryonic
brains revealed the presence of two sets of extracellular channels each associated
with a specific cell population in the PPL. Methacrylate
embedding
allows superior
histological
preservation,
and delicate structural
features, such as extracellular
channels, are well preserved and obvious in all embryos
at specific stages of neocortical
development.
On El2

56

FIG. 6. The lateral neocortical
wall in the brains of El7
low magnification
views show the positions
of the heavily
methacrylate
sections, hematoxylin
stain. (C) 6-pm paraffin
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(A), El8 (B), and El9
labeled cells (intense
section, hematoxylin

(C) rats after a single [3H]thymidine
injection
on El4. These
black dots) with presumed birthdays on El4 (A, B) 3-Mm
stain. A superficial group of heavily labeled cells remains
in
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(not shown) and El3 (Fig. 8A), the neocortical primordium consists only of a neuroepithelium.
By El4 (Fig.
8B), spaces (Chl) appear just beneath the most superficial margin of the brain, the first channel system. The
channels are interspersed
with a few small horizontal
cells (arrow, Fig. 8B). More horizontal cells accumulate
among the superficial
channels by El5 (Fig. 8C), and
other cells are piling up beneath them just outside of the
neuroepithelium.
By El6 (Fig. 8D), many of the superficial horizontal
cells have enlarged nuclei and appear
more differentiated.
Presumably,
these are the CajalRetzius neurons that were unlabeled in the El5 sequential survival autoradiograms
(arrows, Figs. 4A, 4B, 5A,
and 5B). A prominent
cell sparse zone appears just beneath the cortical plate on El7 (Ch2, Fig. 8E) that signals the presence of a second system of extracellular
channels. On El8 (Fig. 8F) and later, subplate cells accumulate within and among the deep channels. The subplate “stands out” as a morphological
entity as the extracellular
channels surround
its cells both above and
below.
DISCUSSION
Neurogenetic

Patterns

in Layer I and the Subplate

The early neurogenesis
of the Cajal-Retzius
and subplate neurons reported here confirms previous [3H]thymidine autoradiographic
studies (8,9, 20-22,26,39,43,
49). Although two of these studies (21,26) provided evidence that subplate neurons are generated later than Cajal-Retzius
cells, the early cogeneration of PPL neurons
was stressed. What is emphasized in this paper and in
the report by Raedler and Raedler (39) is that the PPL
has an “outside-in”
neurogenetic
gradient, older superficial to younger deep, that is opposite to an “inside-out”
neurogenetic
gradient in the cortical plate, younger superficial to older deep, that was first reported by Angevine and Sidman (3) and has been confirmed in every
subsequent thymidine autoradiographic
study of neocortical development. Arrows in Fig. 9 indicate the opposing
directions of the two respective neurogenetic
gradients.
The shift in neurogenetic
gradients between neurons in
the PPL and CP provides support for Marin-Padilla’s
hypothesis
(27,29) that the mammalian neocortex has a
dual origin. The “primordial”
neurons destined to reside
in layers I and VII (subplate) are the first to differentiate
in the mammalian neocortex and resemble the primitive
cortical organization
found in amphibian and reptilian
brains. We add to this the finding that the PPL populations have a unique neurogenetic gradient which further
distinguishes
them from cells in the cortical plate.
It is unusual that the small- to medium-sized
horizon-
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tal cells in layer I should have a “remnant”
of the “outside-in” neurogenetic
gradient found in the PPL (Fig.
3B). That gradient was also noted by Rickmann
et al.
(43). Another remarkable
feature is that these cells have
a biphasic period of neurogenesis,
suggesting the presence of two different cell populations.
An early peak occurs on El4 (phase l), indicating that some small- to
medium-sized
horizontal
cells are generated concurrently with the Cajal-Retzius
cells (Fig. 2A). These data
support Parnavelas
and Edmunds’
(38) [3H] thymidine
autoradiographic
evidence that some Cajal-Retzius
neurons become transformed
into smaller cells postnatally.
Developmental
Golgi studies have described postnatal
morphological
transformations
of these cells (7, 28). Indeed, Cajal-Retzius
cells are frequently
observed in the
brains of human neonates (7,ll)
but are only rarely observed in the brains of the young child (7,12). The younger small- to medium-sized
horizontal cells in layer I are
generated during phase 2, between El5 and El8 superficially and in the few days before birth deeply. Neurons
generated during phase 2 probably comprise a different
population of cells.
Extracellular

Channels

and Neuron&

Settling

Sites

The question as to what mechanisms
enable growing
axons to find their cellular targets in the central nervous
system is a fundamental
issue in neuroembryology.
It is
widely assumed that not one but many mechanisms
are
involved, and one of these appears to be the presence of
extracellular
channels prior to the ingrowth
of fasciculating axons. Such channels have been described in the
incipient optic tract (45), the optic tectum (23), the retina (24), the corpus callosum (46), and the dorsal column
of the spinal cord (1). In this study, we find the embryonic neocortex has two sets of extracellular
channels
that appear sequentially,
channel 1 on El4 and channel
2 on El7 (Figs. 8 and 9). Each set of channels can be
related to the settling sites of either the Cajal-Retzius
or
subplate cells.
Early superficial channel system.
The Cajal-Retzius
cells (striped ovals in Fig. 9) are the first to be generated
(Fig. 2A) and quickly settle amidst the early developing
superficial extracellular
channels (Fig. 8B). Derer and
Nakanishi
(15) have also described a subpial channel
network
in the embryonic mouse neocortex. That gridwork is probably related to the ingrowth of the first cortical afferents, which characteristically
remain superficial (7,28,48).
Several studies indicate that these fibers
come from brain stem monoamine nuclei (14,18,35,37).
Correlating
with the early ingrowth
of these fibers, the
first synapses appear superficially
on the dendrites of

layer I at all three ages but becomes more sparse with increasing
age. A deep group of heavily labeled cells appears to take a temporary
position
in the cortical
plate. On El7 (A), heavily labeled cells are located in the base of the cortical
plate (CP). On El8 (B), the heavily
labeled cells are
found in the subplate
(SP) and scattered
in the cell sparse zone just beneath
the cortical
plate. On El9 (C), the heavily
labeled cells are found
predominantly
in the subplate.
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Cajal-Retzius
cells (19, 25, 32, 34, 36, 41, 43, 47). Early
synapse formation
may be responsible
for the fact that
Cajal-Retzius
cells remain in a superficial
position
throughout
the rest of neocortical
development
(7,
27,29).
Late deep channel system.
Unlike the Cajal-Retzius
cells that settle immediately in their final locations, our
autoradiographic
evidence indicates that the subplate
cells (dotted ovals in Fig. 9) occupy two temporary positions before settling in the morphological
subplate that
is surrounded
by the later developing deep extracellular
channels. Subplate cells are generated on E14-15 (Figs.
2A and 2B), rapidly move out from the ventricular
zone
by El6 (Figs. 4 and 5), and accumulate in temporary position 1: beneath the Cajal-Retzius
cells. During all of
El7 and early E18, subplate cells translocate
to temporary position 2: the cortical plate (to be discussed below).
The deep extracellular
channels appear on El7 (Fig.
8E), and subplate cells settle permanently
in a separate
lamina below the cortical plate on El8 and El9 (Figs. 79), presumably
among fibers that fill in the deep extracellular channels (Figs. 7-9). Chun and Shatz (10) describe a similar type of deep channel system among the
subplate cells in the embryonic cat neocortex.
The ingrowth
of a second afferent system below the
cortical plate has been described in several previous
studies (7,14,X$28,43,48).
Some of the fibers arborizing in the subplate contain monoamines
(14), specifically dopamine (18) and serotonin
(17), while other fibers are known to come from thalamic relay centers (14,
42,44). Like the Cajal-Retzius
cells, subplate cells (dotted ovals, Fig. 9) also have early synaptic contacts (19,
20, 25, 33, 34, 36, 43). Since specific thalamic afferents
form a dense plexus in the subplate before invading the
cortical plate, it has been proposed that the subplate acts
as a temporary
target for afferents ultimately destined
to contact pyramidal cells (9,14,42,44).
However, a substantial number of dopamine fibers are found in the
deepest layers of the adult rat neocortex that appears
to link the more extensive dopamine innervation
of the
cingulate and insular cortical areas (16), indicating that
the early monoamine projection to the subplate is permanent.
Presumably
responding
to the altered milieu in the
deep fiber plexus, subplate cells change their orientation
from radial (pyramidal-like)
to horizontal
(polymorphic) (Figs. 7-9). The developmental
Golgi studies of
Cajal(7), Stensaas (47), and Marin-Padilla
(27) indicate
FIG.
7. High magnification
views of the ventrolateral
neocortex
on El6 (A), El7 (B), andEl8
(C) in embryos
whose dams were injected
with [sH]thymidine
on El4 (3-pm methacrylate
sections, hematoxylin
stain). Large arrows in each photo indicate
the predominant
position
of the deep group of intensely
labeled cells (presumed
birthdays
on
E14). There is a progressive
shift in the heavily
labeled cells outside
layer I from the incipient
cortical
plate on El6 (A) to the base of the
cortical plate on El7 (B) to the subplate on El8 (C).

FIG. 8.
Photomicrographs
of the entire depth of the dorsal neocortex
in methacrylate-embedded
embryos
on El3 (A), El4 (B), El5 (C),
EI6, (D), El7 (E), and El8 (F) to show the appearance
of the extracellular
channels
(Chl and Ch2) that can be related to the final settling
sites
of cells in layer I and the suhplate (3-pm sections, toluidine
blue stain). Chl is superficial,
appears on El4 (B), and is associated
with the settling
of large horizontal
cells in the superficial
PPL on El6 (D). Ch2 appears below the cortical
plate on El7 (E) and subplate cells settle in its midst
on El8 (F).
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FIG. 9. Summary
diagram
of the main points made in this paper. The layers of the ventrolateral
day from El5 (left) to El9 (right).
The first cell populations
to accumulate
outside the neuroepithelium
with older cells superficial,
younger
cells deep (arrow
outside El6 strip). From El7 to E19, the PPL is
(Cajal-Retzius,
striped ovals) and deep (subplate,
dotted ovals) populations
as cortical
plate cells (solid
older cells deep, younger
cells superficial
(arrow outside El8 strip). The Cajal-Retzius
cells settle early
extracellular
channels.
In contrast,
subplate cells temporarily
reside in the cortical
plate before settling
deep extracellular
channels.

that subplate cells have axons in layer I. The cells may
be extruding their axons in a superficial direction during
the radial shape phase when they are in the incipient
cortical plate. Once they are couched in the subplate,
dendritic growth within the plexus of afferent fibers
gives the subplate cells a characteristic polymorphic
shape. By P5, subplate cells are still polymorphic (Figs.
1D and 1E). In the adult rat brain (P60), sparsely distributed early generated polymorphic cells are commonly
seen in the deepest layers (VIb or VII) of the neocortex (6).
Transient Positions of the Subplate Cells and
Morphogenesis of the Cortical Plate
It is widely accepted that the cortical plate splits the
PPL into superficial layer I with its Cajal-Retzius cells
and a deep subplate with its polymorph cells (29,40,49).
Two assumptions are implicit in the current view. First,
the subplate cells settle immediately and permanently in
the upper intermediate zone before neurons in the cortical plate settle above them. Second, all cells settling in
the cortical plate are destined to remain there. Our auto-

neocortex
are represented
in strips each
reside in the primordial
plexiform
layer
progressively
segregated
into superficial
black ovals) settle in between them with
and permanently
among the superficial
permanently
in the subplate
among the

radiographic evidence questions these assumptions because we cannot find subplate cells in the intermediate
zone. Below the radially oriented pioneer cortical plate
cells on E16, virtually every cell is labeled by an El5 injection in the ventrolateral intermediate zone (Fig. 4A),
indicating generation on or after El5 Since substantial
subplate neurogenesis occurs on El4 (over 50% in ventrolateral areas, bottom graph, Fig. 2B), many unlabeled
cells should be found in the intermediate zone if subplate
cells are there.
We offer the hypothesis that the subplate cells temporarily reside in the cortical plate (E16-El7 strips, Fig. 9).
In fact, Luskin and Shatz (26) hinted at that in their
work on the cat neocortex but called the accumulation
of radially aligned cells the “upper subplate.” There are
two observations that support the hypothesis. First, the
young neurons settling in the incipient cortical plate on
El6 (Figs. 4A and 7A) have labeling patterns that are
consistent with cell origin on El4 and E15, exactly
matching the neurogenetic patterns found in the subplate
(Fig. 2). Second, we do not think these pioneer cells are
permanent residents of the cortical plate because of the

LAYER

I AND SUBPLATE

neurogenetic and migratory patterns of cells destined to
reside in neocortical layers II-VI. At most, only 10% of
layer VI neurons are generated in the ventrolateral neocortex on El4 (6). Although El5 is a peak day for neurogenesis in layer VI of the ventrolateral neocortex (6), our
recent findings with sequential-survival thymidine autoradiography indicate that neocortical neurons that will
reside in layers II-VI pause for approximately 24 h in a
band just outside of the neuroepithelium (Figs. 1 and 2
in Ref. (2)) before continuing their migration through
the intermediate zone, which takes a minimum of another 24 h (2). Thus, layer VI cells generated on El5
could not reach the cortical plate until late on El7 or
early on El&
We concur with Luskin and Shatz (26) that the subplate may provide the “morphogenetic foundation” for
the cortical plate. Two observations in this paper support that suggestion. First, subplate cells do not leave
the cortical plate until EM, after substantial numbers
of permanent resident neurons have arrived and settled
(Figs. 7 and 8). Second, the pronounced ventrolateral/
oldest to dorsomedial/youngest neurogenetic gradient
found in the subplate on E14-15 (Fig. 2B) correlates
with similar neurogenetic and morphogenetic gradients
in the cortical plate (6).
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