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This chapter provides an overview of the major mor
phological and histological changes that occur during 
the formation of the cortical neuroepithelium and the 
production of the cellular layers of the embryonic neo
cortex. We trace these changes from the first appear
ance of the prosencephalon on Ell until E22, the day 
before birth. Our descriptions are based on the ex
amination of a large collection of embryos embedded 
in either paraffin or methacrylate (see Appendix 1). 

First, we describe the transformation of the tubular 
prosencephalon into the paired telencephalic vesicles 
and the diencephalon between Ell and E14 (Figs. 2
1 to 2-6). Second, we will provide qualitative and 
quantitative descriptions of the gross morphological 
development of the neocortex from E15 through E21. 
The growth of the embryonic neocortex is illustrated 
in relation to other large forebrain structures, such as 
the basal ganglia, in selected coronal sections (Figs. 
2-7 to 2-10). This atlas is supplemented by computer 
determinations of the absolute and relative volumes of 
selected components of the neocortex (Fig. 2-11). 
Using Skandha (a three-dimensional computer recon
struction software package developed by J. Prothero 
and his associates at the University of Washington, 
Seattle), we show layer-by-Iayer reconstructions of the 
embryonic neocortex from E15 to E21 (Color Figs. 1 
to 5; see Appendix 4). Third, we present highlights of 
the histogenesis and changing laminar organization in 
the developing neocortex between E14 and E22 (Figs. 

2.2.2	 Layer-by-Layer Three-Dimensional
 
Reconstructions of the Neocortex, 23
 

2.3 Histogenesis of the Neocortex, 2S 

2-12 to 2-15). The major theme that emerges from this 
analysis is that gradients of growth in the cortical neu
roepithelium (neurogenesis) precede gradients of cell 
accumulation (morphogenesis) in the various layers of 
the developing cerebral cortex. 

2.1 THE FORMATION OF THE PAIRED 
TELENCEPHALIC VESICLES 

Day E11.0 (Fig. 2-1) 

As late as EIO.5, the prosencephalon that will form the 
diencephalon and telencephalon is still in the neural 
plate/neural groove stage. Within the next 12 hours, 
the prosencephalic portion of the neural tube is com
pletely fused (fu in B), producing the prosencephalic 
neuroepithelium (prv in A-C), an intensely active ger
minal matrix with abundant mitotic cells (mc) near the 
ventricular lumen. At this stage of development, the 
anterior portion of the prosencephalon is a tube en
closing the prosencephalic central canal (pre in B), 
which ends in a single pole rostrally (prv in A). The 
anterior prosencephalon is embedded in two crescent
shaped mesenchymal bodies that are linked in the mid
line both dorsally and ventrally and are surrounded 
laterally by the paired ectodermal olfactory placodes 
(olp in A and B). Moving posteriorly, the prosence
phalic central canal expands considerably and contains 
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FIG. 2-1. The prosencephalon in coronal sections on 
E11.0, from rostral (A) to caudal (C). Rostrally there is a 
single vesicle present (prv), surrounded laterally by the 
paired olfactory placodes (olp). Caudally, the paired optic 
recesses (or) are surrounded by the primordia of the ret
ina, the optic vesicles (ov). (3 fJ-m methacrylate sections, 
toluidine blue stain.) 

three prominent recesses: (1) the infundibular recess 
in the midline floor (inr), and (2 and 3) the paired optic 
recesses (or in C) surrounded by the optic vesicles ven
trolaterally (ov in C). 

Day Ell.5 (Fig. 2-2) 

Within the next 12 hours, the prosencephalic central 
canal (prc in B and C) and the surrounding neuroepi
thelium (prv in A-C) has expanded appreciably, as 
does the epithelium in the olfactory placode (olp in A 
and B). The previous site of fusion of the prosenceph
alon (fu, Fig. 2-1B) is marked by a dorsal evagination, 
which we call the superior bridge (sb in B). Ventrally, 
Rathke's pouch (Rp in C), the primordium of the an
terior pituitary gland, is clearly recognizable beneath 
the infundibular recess (inr). The superior bridge dor-

FIG. 2-2. The prosencephalon in coronal sections on 
E11.5, from rostral (A) to caudal (C). The olfactory pla
codes (olp in A and B) have grown appreciably and the 
optic vesicle (ov in C) has expanded laterally. (3 fJ-m meth
acrylate sections, toluidine blue stain.) 

sally and the pituitary recess ventrally delineate the 
axial portion of the prosencephalic central canal, 
which will eventually become the third ventricle. 

Day E12.0 (Fig. 2-3) 

This day marks the first appearance of the telence
phalic vesicles. The anterior pole of the forebrain (A) 
now contains a midline cleft (arrow in A) and two sep
arate bodies, the telencephalic vesicles (tlv) , instead 
of the single mass that was seen on E 11.5 (prv, Fig. 
2-2A). This partition may be due to the influence ex
erted on the growing neuroepithelium by the paired 
olfactory placodes (olp), an idea that has been previ
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ously entertained in relation to the evolution of the 
paired telencephalon in lower vertebrates (Ariens Kap
pers et aI., 1936; p. 1244). The prosencephalic central 
canal is heart shaped posteriorly because of paired dor
solateral expansions (arrows in B and C), the future 
sites of the paired lateral ventricles. The neuroepi
thelium surrounding the dorsolateral expansions rep
resents the future telencephalon (Iv and tlv in brackets 
in B and C). 

Day £13 (Fig. 2-4) 

The separation of the paired telencephalic vesicles pro
gresses as a result of two concurrent events: (1) the 
infolding of the superior bridge dorsomedially (sb and 
center arrows in B and C), and (2) the continuing ex
pansion of the telencephalic vesicles anteriorly, dor
solaterally, and posteriorly (tlv, lv, and oblique arrows 
in A-D). Those changes are beginning to delineate the 
neuroepithelium that will form the cerebral cortex in 
the dorsolateral portion of the expanding telencephalic 
vesicles (cc in B-D). The future location of the fora
men of Monro, together with the approximate bound
aries of the future lateral and third ventricles are in

dicated (FM, lv, and v3 in C). The telencephalic 
neuroepithelium is continuous with the diencephalic 
neuroepithelium posteriorly (asterisks in D). The ol
factory placodes are transformed into the olfactory ep
ithelium (ole in A and B) as they invaginate at the ol
factory pit (op in A and B). 

Day £14 (Figs. 2-5 and 2-6) 

This day is marked by an accelerated expansion of the 
lateral ventricles and the telencephalic vesicles. Ros
trally, these come to be situated above the more deeply 
invaginated olfactory epithelium (ole and lv, Fig. 2
5A). The infolding of the superior bridge continues an
teriorly where it forms the roof of the foramen of 
Monro (sb and FM, Fig. 2-5B). The superior bridge 
is outfolded posteriorly as the third ventricle and thal
amus expand dorsally (v3d and th, Fig. 2-6A,B). The 
evaginated dorsolateral portion of the telencephalic 
vesicles is now recognizable as the primordium of the 
cerebral cortex (cc, Figs. 2-5 and 2-6). That primor
dium is now clearly distinguishable from the ventro
lateral invaginations of the neuroepithelium that will 
produce the basal ganglia (bg, Figs. 2-5B and 2-6A). 

FIG. 2-3. The prosencephalon in coronal sections on 
E12.0, from rostral (A) to caudal (C). Arrow in A indicates 
the partitioning of the single prosencephalic vesicle an
teriorly into the paired telencephalic vesicles (tlv). Arrows 
in Band C indicate the dorsolateral expansion of the fu
ture telencephalon (tlv in brackets). (3 f.Lm methacrylate 
sections, toluidine blue stain.) 
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Summary rat cerebral cortex. The first stage is the formation of 
a single chambered prosencephalic vesicle caused by 

Three stages may be distinguished between days Ell fusion of the neural tube. The second stage is the par
and E14 in the development of the primordium of the titioning of the prosencephalon into a three-chambered 
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FIG. 2-4. The formative telenceph
alon in coronal sections on E13, from 
rostral (A) to caudal (0). The olfac
tory placode has become trans
formed into the olfactory epithelium 
(ole) around the olfactory pit (op). 
The infolding on the superior bridge 
(sb) medially is indicated by the cen
tral downward arrows in Band C. The 
dorsolateral expansion of the lateral 
ventricles (IV) and of the formative te
lecephalic vesicles (tlv) are indicated 
by the oblique arrows in Band C. 
Broken lines outline the approximate 
boundaries of the future third. ventri
cle (v3) and lateral ventricles (IV). The 
posterior expansion of the lateral 
ventricles and the telencephalic ves
icles are indicated by the oblique 
arrow in D. Asterisks indicate the ap
parent fusion sites of the telence
phalic and diencephalic neuroepi
thelia. (3 fLm methacrylate sections, 
tOluidine blue stain.) 
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structure (the paired telencephalic vesicles and the di
encephalon) that is brought about by two concurrent 
processes, the infolding of the superior bridge and the 
outward ballooning of the lateral ventricles from the 
prosencephalic central canal, later called the third ven
tricle. The third stage is the clear morphological de
marcation of each telencephalic vesicle into a "roof," 
the rudiment of the cerebral cortex, and a "floor," the, 
rudiment of the basal ganglia and other basal telen

cephalic structures. All of these changes are brought 
about by focal expansions of the ventricular system of 
the brain and the surrounding neuroepithelium. These 
changes may be partly due to peripheral influences, 
such as those exerted by the olfactory placode. An 
important point to emphasize is that the germinal neu
roepithelium is the sole component of the prosence
phalic wall and the emerging cerebral cortex during 
this formative period. 

FIG. 2-5. The expanding telence
phalic vesicles and the growing cer
ebral cortex (cc) in coronal sections 
on E14. (A) Anterior section through 
the completely separated telence
phalic vesicles surrounding the lat
eral ventricles (Iv) on either side of 
the midline. (B) Slightly more pos
terior section through the foramen of 
Monro (FM) where the third ventricle 
(v3) and lateral ventricles join. The 
telencephalic vesicles are separated 
by the infolding of the superior 
bridge (sb). (3 f.l.m methacrylate sec
tions, toluidine blue stain.) 
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FIG. 2-6. A continuation of Fig. 2-5. (A) Still more posterior section showing the evaginating 
thalamic neuroepithelium (th) under the superior bridge, around the dorsal portion of the third 
ventricle (v3d). The foramen of Monro is still prominent. (B) Most posterior section showing the 
separated telencephalic vesicles dorsolateral to the diencephalon and third ventricle. (3 fJ-m meth
acrylate sections, toluidine blue stain.) 
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2.2 MORPHOGENESIS OF THE NEOCORTEX volumetric data about the changing composition of 
major components of the developing neocortex (Fig. 

2.2.1 The Developing Cerebral Cortex in Low 2-11). 
Magnification Coronal Sections 

Day £15 (Fig. 2-7) 
The morphogenesis of the neocortex is illustrated in 
coronal sections on alternate days between days E15 At this stage of development, the germinal cells in the 
and E21 in Figs. 2-7 to 2-10. In addition, we provide cortical neuroepithelium (ne) are still the principal 
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FIG. 2-7. Low-power photomicrographs of the coronally sectioned rat forebrain on E15 from 
rostral (A) to caudal (C). (10 fLm paraffin sections, hematoxylin stain.) 
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components of the cerebral cortex (cc), accounting for 
71% of the total volume (Fig. 2-11B). That layer of 
darkly staining cells forms the roof of the very large 
lateral ventricle (Iv). The neuroepithelium is somewhat 
thicker anteriorly (cc in A) than posteriorly (cc in C). 
There is also a slight indication, within each level, of 
a gradient in the thickness of the neuroepithelium from 
ventrolateral (the region abutting the basal telenceph
alon; abt in A and pbt in C) to dorsomedial (the region 
contiguous with the primordium of the hippocampus; 
hi in B). These differences, in conjunction with neu
rogenetic data described in Chapter 3, are taken to 
indicate that there are two neurogenetic gradients in 
the developing neocortex, one from anterior to pos
terior and the other from ventrolateral to dorsomedial. 
At this low magnification, differentiating cells outside 
of the neuroepithelium are discernible only in the early 
developing ventrolateral edge of the cortex (CC in A 
and B), but there is also a very thin band of differ
entiating cells just beneath the pial membrane, the pri
mordial plexiform layer (see Section 2.3). These dif
ferentiating regions account for only 29% of the total 
neocortical volume on this day (Fig. 2-11B). The rela
tively late onset of neurogenesis in the cerebral cortex, 
as judged by the small differentiating fields, stands in 
contrast to the earlier onset of neurogenesis in the 
basal telencephalon, as judged by the presence of 
larger differentiating fields (ABT, IBT, and PBT) 
around the various invaginated components of the 
basal telencephalic neuroepithelium (abt, ibt, and pbt). 

Day E17 (Fig. 2-8) 

Even though the neuroepithelium (ne) constitutes only 
28% of the total cortical volume by this day (Fig. 2
11 B), its volumetric total (0.5 mm3

) is over twice that 
on E15 (0.22 mm3

). The lateral ventricle (Iv) is shrink
ing as the telencephalic walls thicken on all sides. The 
major new feature on E 17 is the prominent differen
tiating fields outside of the neuroepithelium (ne). One 
is the cortical plate (CP, 15% of the total volume, Fig. 
2-11B), which contains young neurons of the future 
cortical gray. The occupants on this day are mainly 
the older cells in the subplate and layer VI. As we will 
show in the three-dimensional atlas, the cortical plate 
actually appears on E 16 in the ventrolateral part of the 
cortical primordium. Between the inferior border of 
the cortical plate and the superficial border of the neu
roepithelium are several layers, grouped together as 
the transitional field (tf, which makes up 48% of the 
total volume). The transitional field contains the sub
ventricular and intermediate zones, which are either 
present only embryonically or are substantially trans
formed in the adult cortex. 

Both the transitional field and the cortical plate are 
thicker ventrolaterally than dorsomedially at all levels 
(A-C). These layers are also thicker at corresponding 
points anteriorly than they are posteriorly (compare, 
for instance, the points marked as CP in A, B, and C). 
At the most anterior level (A), a very thin cortical plate 
nearly reaches the dorsomedial edge of the cortex but 
is progressively farther from that point at more pos
terior levels (B and C). These patterns indicate that 
the combined anterior-to-posterior and ventrolateral
to-dorsomedial gradients that were seen on E 15 in the 
neuroepithelium are now reflected in the emerging cor
tical differentiating layers. 

Two other developmental features on E 17 deserve 
mention. First, at anterior (A) and intermediate (B) 
levels, the lateral ventricle and the cortical neuroepi
thelium are beginning to shrink dorsomedially with re
spect to the ventrolateral extent of the cortical plate. 
That is caused by the expansion of the basal telen
cephalon dorsally (BT in A and B). Second, a system 
of extracellular channels appears as a cell-sparse zone 
just beneath the cortical plate (ch2 in A), which will 
later be filled by afferents to the cortex. Significant 
also from the perspective of the afferentation of the 
neocortex is the large bundle of fibers forming the in
ternal capsule. On this day the internal capsule is most 
prominent at the boundary of the diencephalon and 
basal telencephalon (IC in B), but it also extends into 
the anterior level (IC in A) where it is quite close to 
the ventrolateral part of the cortex. 

Day E19 (Fig. 2-9) 

The thickness of the neuroepithelium (ne) has de
creased by this day, and it is no longer a dominant 
feature of the developing neocortex, accounting for 

,~ 

only 6% of the total neocortical volume (Fig. 2-11 B). 
The lateral ventricle (Iv) also continues to shrink. In 
contrast, the width of the differentiating cell layers has 
increased appreciably, a change attributable to the 
growth of the transitional field (tf, 56% of the total 
volume, Fig. 2-11B) and the cortical plate (CP, 30% 
of the total volume, Fig. 2-11 B). The cortical plate has 
now spread all the way medially, but it is thicker ven
trolaterally than dorsomedially; there is also a slight 
gradient in thickness from anterior to posterior. Thus 
the combined ventrolateral-to-dorsomedial and ante
rior-to-posterior morphogenetic gradients are still ev
ident on E 19. The anterior (A) and intermediate (B) 
levels show the progressive dorsomedial displacement 
of the neocortical neuroepithelium with respect to the 
cortical plate as the basal ganglia fills up most of the 
lateral wall of the lateral ventricle. The upper part of 
the transitional field shows some changes that are eas
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FIG. 2-8. Low-power photomicrograph~of the coronally sectioned rat forebrain on E17 from 
rostral (A) to caudal (C). (10 ,....,m paraffin sections, hematoxylin stain.) 

ily seen at low magnification. Beneath the cortical Day £21 (Fig. 2-10)� 
plate, a thin band of cells is present laterally and dor�
sally, the subplate (SP). The subplate first appears on By this late embryonic stage, the neuroepithelium (ne)� 
£18 as we will show in Figure 2-12£. The fibrous zone has become much thinner and constitutes only 1% of� 
below the subplate is the incipient white matter (WH). the total neocortical volume (Fig. 2-11B). Likewise,� 
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E19� 

FIG. 2-9. Low-power photomicrographs of the coronally sectioned rat forebrain on E19 from 
rostral (A) to caudal (C). (10 iJ-m paraffin sections, hematoxylin stain.) 
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E21 

FIG. 2-10. Low-power photomicrographs of the coronally sectioned rat forebrain on E21 from 
rostral (A) to caudal (C). (10 f-lm paraffin sections, hematoxylin stain.) 



Figure 2-10: Bayer and Altman, NEOCORTICAL DEVELOPMENT, 1991, Raven Press
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the lateral ventricle (Iv) continues to shrink. The an
terior (A) and intermediate (B) levels show that the 
dorsomedial displacement of the neocortical neuroe
pithelium (which is much more pronounced than it was 
on E 19) is caused by the continual expansion of the 
basal ganglia (BG). The transitional field (tf) now ac
counts for 41 % of the total neocortical volume, while 
the cortical plate itself takes up 49% of the total neo
cortical volume (Fig. 2-IIB). One of the more prom
inent parts of the transitional field is the white matter 
(WH). An important morphogenetic event on this day 
is the decussatiJn of the corpus callosum anteriorly 
(CL in A). The corpus callosum expands posteriorly 
on En and after birth, showing the same anterior-to
posterior morphogenetic gradient that we first saw in 
the neuroepithelium and later saw in the differentiating 
layers. By E2I, the morphogenetically younger areas 
of the neocortex have nearly their full complement of 
cells and are now beginning to differentiate into their 
adult forms. Consequently, the ventrolateral-to-dor
somedial and anterior-to-posterior gradients are no 
longer seen in the cortical plate and the transitional 
field. 
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FIG. 2-11. Volumetric changes in the embry

80 
onic cortex from E15 through E21 measured 
in coronally sectioned brains preserved in 
Bouin's fixative and 10% neutral formalin and 
embedded in paraffin. These are the same 

60 brains used in the section atlas (Figs. 2-7 to 
2-10) and in the three-dimensional recon
struction atlas (Color Figs. 1 to 5). Since these 
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data were collected strictly for comparisons 
between ages, there was no correction. ap
plied for shrinkage due to fixation and embed
ding; consequently, these values are possibly 
40% lower than those in the living brain. (A) 
Absolute volume (mm3 

) of the lateral and dor
sal parts of the cortex (including all areas of 
the neocortex and all of the lateral limbic cor

E21 tex; the medial wall (the dorsal peduncular, 
infralimbic, cingulate, and retrosplenial areas) 
was not included. (B) Relative volumes of 
various layers. 

Summary 

The neocortex increases in volume nearly 24 times be
tween E15 (0.311 mm3

) and E21 (7.39 mm3
; Fig. 2

IIA). Its development is characterized by sharp re
gressions in the size of the lateral ventricle and in the 
thickness, extent, and relative volume of the neuroe
pithelium (ventricular zone) corresponding to dramatic 
increases in relative volumes of the differentiating lay
ers. These changes are not uniform throughout the de
veloping cerebral cortex. Ventrolateral and anterior 
parts develop earlier than do dorsomedial and poste
rior parts. That change is seen first in the neuroepi
thelium, then in the transitional field and the cortical 
plate, and finally in the growth of the corpus callosum. 
Another aspect of nonuniform development is that the 
ventrolateral edge of the neuroepithelium shrinks in 
the dorsomedial direction as the basal ganglia expands 
dorsally. That causes the neuroepithelium to become 
progressively displaced dorsomedially, away from the 
ventrolateral and lateral parts of the cortical plate. 
These changes are more easily seen in the computer
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generated three-dimensional reconstructions of the 
neocortex (Color Figs. I to 5). 

2.2.2 Layer-by-Layer Three-Dimensional 
Reconstructions of the Neocortex 

Three parts of the developing cerebral cortex were re
constructed: the ventricular zone I (VZ, white struc
ture, Color Figs. I to 5), the cortical plate2 {CP, green 
structure, Color Figs. 2 to 5), and the transitional field 3 

(TF, blue structure, Color Figs. I to 5). In order to 
visualize the stratification of the developing cortex, the 
medial wall (containing the future dorsal peduncular, 
infralimbic, cingulate, and retrosplenial areas) was cut 
away. Thus, the reconstruction contains the dorsal 
and lateral walls (all areas of the neocortex and the 
lateral limbic cortex). 

All images in Color Figs. I through 5 are of the right 
hemisphere. 4 Because the layers of the embryonic cer
ebral cortex are stacked one upon the other in an 
"onion-skin" arrangement, they are shown succes
sively. First, the most internal layer (the ventricular 
zone) is reconstructed along with all other more su
perficiallayers. Next, the most internal layer is made 
transparent and the adjacent layer is reconstructed 
along with the most superficial layer, showing how the 
two layers fit, one inside the other. Finally, by making 
all the internal layers transparent, the most superficial 
layer (the cortical plate) is shown by itself. The overall 
purpose is to represent developmental changes in two 

I The base of VZ is sharply defined by the lumen of the lateral 
ventricle. Since the VZ always contains predominantly densely 
staining columnar cells adjacent to the subventricular z.one where 
cells are variably oriented (Chapter 8), its superficial boundary can 
be easily delineated as the upper limit of the columar cells. 

2 The section atlas shows that, although there are many bands of 
differentiating cells outside of the neuroepithelium, only one of them, 
the cortical plate, has a definite boundary. That layer contains cells 
that will later occupy layers II to VI in the adult cerebral cortex. 

3 Between the superficial border of the ventricular zone and either 
the pial membrane (EI5) or the inferior border of the cortical plate 
(EJ6 on), what we call the cortical transitional field was recon
structed. The title is appropriate since that field contains layers that 
either are present only during the development of the cortex (pri
mordial plexiform layer, subventricular and lower intermediate 
zones) or are transformed in the adult neocortex (the upper inter
mediate zone becomes the deep white matter; the subplate becomes 
layer VII). 

4 SKANDHA'S default presentation was to reconstruct each 
structure in a front view, with the most anterior section (lowest Z 
coordinate) closest to the observer and the most posterior section 
(highest Z coordinate) farthest away. Thus, to have a medial view 
of the layers, most of the images are rotated + 90° in the Y axis. We 
chose to represent each of the layers in the "smooth" format instead 
of as contours (a series of separated curved lines). In smooth format, 
the computer draws polygons connecting corresponding points be
tween adjacent contours and fills them in with the selected color. 
The result is that the images are shown as solid-surface objects (ras
ter displays), which are more realistic representations of their natural 
state. 

ways: (1) the linear expansion and thickness within 
each layer and (2) spatial relationships between layers. 

Day £15 (Color Fig. 1)* 

The entire cortical primordium is dominated by the 
thick ventricular zone (white structure in A), which 
extends from ventrolateral (VL) to dorsomedial (DM) 
where the medial wall was cut away. The dome-shaped 
ventricular zone predicts the future dome shape of the 
cerebral cortex. (Slight undulations of the dosal sur
face are artifacts of sectioning and computer recon
struction.) Shadows on the inside dorsal and lateral 
walls are caused by the overhang of the dorsal surface. 
The brighter white band at the most dorsomedial edge 
indicates the thickness of the ventricular zone. In 
Color Fig. IB, the ventricular zone is made completely 
transparent so that one can see the thin layer of the 
earliest differentiating cells (TF, blue) that accumulate 
outside of the ventricular zone. At this stage of de
velopment, the transitional field is composed mainly 
of the primordial plexiform layer (pI, Fig. 2-12B), but 
it also contains the subventricular and intermediate 
zones in the ventrolateral part. The cap-like structure 
of the transitional field is more obvious in C, where 
the image has been rotated - 30° in the Y axis so that 
the anterior pole (A in C) is farther away from the 
observer than the posterior pole '(P in C). Only the 
extreme ventrolateral edge of the transitional field 
shows a slight thickening, while the dorsomedial edge 
is very thin (compare the distance between the white 
bars in B and C). The transitional field is the most 
superficial layer in the neocortex at this stage of cor
tical development. 

Day £16 (Color Fig. 2) 

The ventricular zone (VZ in A) no longer reaches all 
the way to the ventrolateral edge of the cortical pri
mordium. The wide blue border beneath the ventric
ular zone is the thick ventrolateral part of the transi
tional field (TF in A), while the thin green line 
ventrolateral to the transitional field is the cortical 
plate (CP in A). The transitional field (TF in B) is 
thicker ventrolaterally than dorsomedially (compare 
the distances between the white bars). (Note that the 
wide bright blue line in the dorsomedial part is not 
caused by thickness at the medial edge, but by light 
reflected from the dorsal surface of the layer.) The 
cortical plate (green structure in C) is located in the 

* All color figures appear in the color plates following page 64. 
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ventrolateral part of the cortical primordium at the 
middle anteroposterior part. 5 

Day £17 (Color Fig. 3) 

The ventricular zone (VZ in A) continues as a prom
inent layer in the neocortical primordium, but its ven
trolateral (VL) edge has receded farther from the ven
trolateral transitional field (TF) and cortical plate (CP 
in A). The thick dorsomedial edge of the ventricular 
zone can be seen as the bright white band above the 
shadow cast by the dorsal surface on the interior VZ 
wall. The transitional field (TF in B) reaches all the 
way dorsomedially, where it is still quite thin (upper 
white bar). In contrast, the ventrolateral edge is much 
broader (lower white bar) and curves downward, con
necting the most lateral extent of the ventricular zone 
with the most ventrolateral extent of the cortical plate 
(CP, thin green line below TF in B). The cortical plate 
itself (pictured in C, with the VZ and TF transparent) 
is still relatively thin, but has expanded greatly in the 
anterior, posterior, and dorsomedial directions from 
its limits on E16. (The bright green band in the anteri.or 
half of the dorsomedial cortex is caused by light re
flecting off the dorsal surface and does not indicate 
thickness of the cortical plate.) However, the dorso
medial edge of the posterior half of the cortical plate 
does not reach all the way to the cut edges of the ven
tricular zone or the transitional field (see VZ in A and 
TF in B), giving a three-dimensional indication of the 
anterior-to-posterior morphogenetic gradient. In the 
posterior half of the neocortical primordium, nearly 
adjacent sections often show great variability in the 
locations of the most medial extent of the cortical 
plate, indicating uneven growth. That causes jagged 
edges to appear in the reconstructions (similar to what 
is seen on E16, Color Fig. 2C), which are real rather 
than processing artifacts. 

5 It is no surprise that the cortical plate shows up first ventrola
terally since there is an overall ventrolateral-to-dorsomedial gradient 
in the neuroepithelium (EI5, Fig. 2-7) and cortical plate (EI7, Fig. 
2-8). What is surprising is its appearance at a middle anteroposterior 
location, because the cortical plate shows an overall anterior-to-pos
terior morphogenetic gradient (EI7, Fig. 2-8). That reflects the neu
rogenetic gradients in the lateral limbic cortex, which is the fate of 
the extreme ventrolateral part of the cortical plate (ventral and dorsa' 
agranular insular areas and the gustatory area). As we will show in 
Chapter IS, the lateral limbic cortex has a "sandwich" neurogenetic 
gradient where the oldest cells settle at a mid-anteroposterior level, 
and progressively younger cells settle in front and back. 

Day £19 (Color Fig. 4) 

By this time, the shrinkage of the ventrolateral edge 
of the ventricular zone (VZ in A) is pronounced, es
pecially in the anterior part of the neocortex. The layer 
is also considerably thinner than it was on E17 (com
pare the thicknesses of the bright white bands at the 
cut dorsomedial edges in Color ....Figs. 3A and 4A). 
When the ventricular zone is made transparent, its out
line can still be seen in the shadowed depression in the 
transitional field (TF in B). There is a thick ventrolat
eral edge (lower white bar) to the transitional field that 
fills up the gap created by the shrinking ventricular 
zone. The dorsomedial edge has also thickened con
siderably since E17 (upper white bar). The cortical 
plate (CP in C) now extends throughout the entire 
length and breadth of the developing neocortex and is 
also beginning to thicken. (Note that the bright green 
band is not due to thickness of the cortical plate, but 
to the reflection of light from the dorsal surface.) 

Day £21 (Color Fig. 5) 

The ventricular zone (VZ in A) is reduced to a very 
thin layer, as shown by the depth of the bright white 
band that runs along the cut dorsomedial edge. The 
anterior part of the ventricular zone does not even ex
tend into the lateral part of the developing neocortex, 
while the most posterior part is coextensive with the 
spans of the transitional field and the cortical plate. 
The large transitional field (TF in B) fills up the gap 
created by the shrinking ventricular zone, and curves 
downward (lower white bar) to reach the ventrolateral 
border of the cortical plate. It has considerably thick
ened in the dorsomedial edge as well (upper white bar). 
Between E19 and E21, the biggest change in the cor
tical plate (CP in C) is its increased thickness, now 
slightly larger than the transitional field in relative vol
ume (49% CP, 41% TF, Fig. 2-11B). 

Summary 

Taken as a whole, the three-dimensional images show 
several morphogenetic changes in cortical develop
ment. The dome shape of the late embryonic cortex 
on E21, which is mostly composed of differentiating 
cell layers, is quite similar to the cap-like structure that 
is seen on E15, which is composed mostly of the neu
roepithelium. Thus, the overall shape of the cortical 
ventricular zone predicts the shape of the structure 
that will contain its cellular progeny. The ventricular 























NEOCORTICAL MORPHOGENESIS AND HISTOGENESIS / 25 

zone is most conspicuous on EI5 and E16, becomes 
less prominent by E17, and shrinks dramatically after 
that. As the ventricular zone wanes, prominence 
passes to the transitional field, where incoming axons 
from subcortical centers mix with waves of migrating 
and sojourning young neurons and glial cells. It is only 
during the late embryonic stage (E2I) that the cortical 
plate, the chief component of the adult cerebral cortex, 
surpasses the size of the transitional field. Finally, it 
is important to note that the shrinkage of the ventric
ular zone is much more pronounced anteriorly than 
posteriorly. The displacement of the ventricular zone 
has an important bearing on the migration and distri
bution of cortical neurons (Chapter 9). 

2.3 HISTOGENESIS OF THE NEOCORTEX 

Concurrent with the morphological changes, the neo
cortex undergoes profound histological changes, spe
cifically in the laminar organization of the transitional 
field during the embryonic period. Because only the 
dorsomedial cortex contains a ventricular zone at all 
embryonic ages, sagittal sections through the dorso
medial cortex were chosen for analysis at daily inter
vals between E 14 and E22 (Figs. 2-12 to 2-15). It must 
be remembered that the dorsomedial parts of the neo
cortex develop later than ventrolateral parts. Conse
quently, the first appearance of cell layers in dorso
medial areas is delayed by about one day relative to 
their emergence ventrolaterall y. 

Day E14 (Fig. 2-12A) 

The formative cortex is divisible into two components 
on this day, the neuroepithelium (ne) with its densely 
packed cells, and a small differentiating zone above it. 
On this day, the differentiating zone consists of a hor
izontal extracellular gridwork (designated as channel 
I; chI) and a few differentiating cells embedded in it. 
The latter must be the earliest generated Cajal-Retzius 
cells of the primordial plexiform layer (pI, Chapters 3 
and 5). The primordial plexiform layer is unique be
cause it is the only differentiating zone that appears 
simultaneously throughout all parts of the developing 
neocortical primordium. 

Day E15 (Fig. 2-12B) 

The thickness of the neuroepithelium (ne) has in
creased with respect to the previous day, and mitotic 
cells near the lumen of the ventricle are particularly 
abundant on this day. There is also an increase in the 

width of channel I (chI) as more Cajal-Retzius cells, 
and some subplate cells, are moving into the enlarging 
primordial plexiform layer (pI, Chapter 5). 

Day E16 (Fig. 2-12C) 

The major event on this day in the dorsomedial cortex 
is the emergence of the subventricular and interme
diate zones (sv + iz) above the neuroepithelium and 
below the primordial plexiform layer. Mitotic cells 
may be seen in the subventricular zone even at this 
low magnification (opaque black dots in the lower part 
of sv + iz). 

Day E17 (Fig. 2-12D) 

At least three new layers emerge in the dorsomedial 
neocortex on E 17. These are, from top to bottom, (i) 
the cortical plate (CP),6 (ii) a second extracellular grid
work situated beneath the cortical plate, channel 2 
(ch2), and (iii) a more clearly segregated intermediate 
zone (iz) and subventricular zone (sv). 

Day E18 (Fig. 2-12E) 

The major developmental events on this day are: (i) a 
reduction in the thickness of the neuroepithelium (ne); 
(ii) a continuing increase in the thickness of the sub
ventricular zone (sv), the intermediate zone (iz), and 
the cortical plate (CP); and (iii) the appearance of a 
new layer, the subplate (SP). The latter consists of a 
thin band of variably oriented cells embedded in chan
nel 2 (ch2). 

Day E19 (Fig. 2-13A) 

The thinning of the neuroepithelium and the thickening 
of the cortical plate continues on day E19. A new event 
is the partitioning of the intermediate zone into an 
upper band (izu) and a lower band (izl). The upper 
intermediate zone is contiguous with the lower fibrous 
component of the subplate (SP), and the lower inter
mediate zone is contiguous with the subventricular 
zone (sv). Cell packing density is much lower in the 
upper band than in the lower band (quantified in Chap
ter 8). 

6 The cortical plate appears in the ventrolateral neocortex on E16, 
as shown in the three-dimensional reconstruction (Color Fig. 2). 
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FIG. 2-12. Intermediate-power photomicrographs of the sagittally sectioned dorsal neocortex 
on E14 (A), E15 (B), E16 (C), E17 (0), and E18 (E). (3 f.Lm methacrylate sections, toluidine blue 
stain.) 
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FIGURE 2-12 Bayer and Altman, NEOCORTICAL DEVELOPMENT, 1991, RAVEN PRESS
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100 pm 

FIG. 2-13. Intermediate-power photomicrographs of the sagittally sectioned dorsal neocortex 
on E19 (A) and E20 (B). (3 fLm methacrylate sections, toluidine blue stain.) 

Day £20 (Fig. 2-f3B)� mediate zone is more pronounced. The upper part 
(izu) contains mostly radially oriented, spindle-shaped 
cells; the more tightly packed lower part (izl) contains 

The thickness of the subventricular zone (sv) has de mostly horizontally oriented, spindle-shaped cells. 
creased with respect to the previous day. The distinct (The latter appear in the sagittal sections as small 
ness between the upper and lower parts of the inter- round cells; see Chapter 8.) 
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FIGURE 2-13 Bayer and Altman, NEOCORTICAL DEVELOPMENT, 1991, RAVEN PRESS
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FIG. 2-14. Intermediate-power photomicrograph of the sagittally sectioned dorsal neocortex on 
E21. (3 J.Lm methacrylate sections, toluidine blue stain.) 

Day £21 (Fig. 2-14)� ventricular zone that can be traced to the corpus cal
losum, designated as the callosal zone (caz). The third 
feature is the reduction of cell packing density in the 

Three new features are evident on this day. The first lower portion of the cortical plate. This region is des
is a transient growth in the thickness of the subven ignated as layer VI of the cerebral cortex (VI), which 
tricular zone (sv). The second is the appearance of a contains the earliest-generated, and apparently earli
new zone of less densely packed cells above the sub- est-differentiating, cortical plate neurons (Chapter 6). 
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FIGURE 2-14 Bayer and Altman, NEOCORTICAL DEVELOPMENT, 1991, RAVEN PRESS
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FIG. 2-15. Intermediate-power photomicrograph of the sagittally sectioned dorsal neocortex on 
E22. (3 f.lm methacrylate sections, toluidine blue stain.) 

Day £22 (Fig. 2-15)� large spaces devoid of cell bodies appear in its midst. 
In contrast to these regressive events in the germinal 
matrices, the intermediate zone as well as the cortical 

On this day, the day before birth, the bulk of the neu plate have greatly expanded. This growth is attribut
roepithelium (ne) has greatly dimioished. The depth of able partly to the expansion of layer VI and partly to 
the subventricular zone (sv) is also decreasing and the arrival of new waves of young neurons. 
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FIGURE 2-15 Bayer and Altman, NEOCORTICAL DEVELOPMENT, 1991, RAVEN PRESS
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