
Recent Literature Related to the organization of the 
Neocortical Germinal Matrix 
Since our observations in Chapter 4 were published, many laboratories have used 
molecular probes to determine the spatio-temporal expression patterns of various genes   
and proteins in the embryonic telencephalon.  An amazing array of diversity exists in the 
germinal zones of the telencephalon that gives us a more complete picture of the 
processes that we could only postulate to occur during cortical development.  We are 
adding notes that review the new literature throughout this chapter, generally before 
figures that illustrate our speculations in 1991.  New references are listed at the end of the 
Chapter 4 pages. 



NEW LITERATURE RELATED TO MOSAICISM IN THE TELENCEPHALIC 
NEUROEPITHELIUM AND LINKS BETWEEN THE CORTEX AND BASAL 
GANGLIA—RELATES TO ALL FIGURES IN CHAPTER 4. 
At the time we wrote Neocortical Development in the late 80s/early 90s for final 
publication in 1991, the prevailing opinion was that there was little to no exchange of 
cells between the basal ganglia and the cortex (see the review in De Carlos et al., 1996; 
Neyt et al., 1997). It had long been known that the GABAergic interneurons had nearly 
the same time of origin as the pyramidal cells in each layer (literature reviewed in 
Chapter 3, p. 36), and that close relationship made it seem even more likely that the two 
classes of progenitors would be located in the cortical germinal zones.  We assumed that 
all neocortical neurons, including the GABAergic interneurons, were generated in the 
neocortex.  As we have mentioned above, there is no boundary between the early 
primordia of the basal ganglia and the cortex (see Fig. 4-3).  The neuroepithelia in the 
ventrolateral neocortex and the lateral basal ganglia are continuous in the striato-pallidal 
angle and have unique properties (Bayer and Altman, 1991).  Dense cell layers in the 
basal ganglia form a continuous loop with cell layers in the lateral cortex, and axons in 
the internal capsule traverse this area (Fig. 4-13A).  It is now well known that the cortical 
neuroepithelium is the sole source of its glutamatergic output neurons, while the basal 
ganglia neuroepithelium is a major source of cortical GABAergic interneurons that 
migrate tangentially into the neocortex (especially in rodents: Anderson et al., 2002; 
Gorski et al., 2002; Schuurmans et al., 2004; Hevner et al., 2006; Corbin et al., 2008; 
Druga, 2009; Sansom et al., 2009).  In humans, however, a significant proportion of the 
GABAergic interneuronal population develops within the neocortex (Letinic et al., 2002; 
Petanjek et al., 2009).  We will deal with the migratory pathways in Chapters 7 and 9.  
Here, we are concerned with the basal ganglia germinal zones that express different genes 
than the cortical germinal zones (Anderson et al., 1999; Lavdas et al., 1999; Anderson et 
al., 2001; Bulchand et al., 2001; Gorski et al., 2002; Letinic et al., 2002; Nery et al., 
2002; Xu et al., 2004; Zimmer et al., 2004; Bellion and Métin, 2005; Butt et al., 2005; 
Corbin et al., 2008; López-Bendito et al., 2008), and the overall take-home message from 
these many studies is that neurons with different neurotransmitters are generated in 
distinct neuroepithelia.  Since GABAergic neurons for a specific layer are generated in 
the basal ganglionic neuroepithelium at about the same time as their neighboring 
glutamatergic neurons are generated in the cortical neuroepithelium, there must be a 
means by which neurogenetic events in different germinal zones are temporally 
coordinated.  Studies based on transplants of basal ganglia into cortical slices indicate 
that inhibitory neuronal subtype fate and connectivity are specified locally in the 
progenitor zones of the basal ganglia rather than in the cortical milieu; the medial 
ganglionic eminence is a major source of cortical interneurons, but the caudal ganglionic 
eminence also contributes (Nery et al., 2002; Xu et al., 2004; Butt et al., 2005; Corbin et 
al., 2008).  All parts of the ganglionic germinal zones express Dlx2, but other genes, such 
as Mash1, Strp2, Titfl, and Lhx6 have diverse expression patterns (Nery et al., 2002). 



CHAPTER 4 

The Germinal Matrix 
of the Developing Rat Neocortex 

4.1 Evidence for Stratification and Cellular 
Heterogeneity in the Germinal Matrix, 50 

4.1.1	 Variable Positions and Cleavage Planes of 
Mitotic Figures, 50 

4.1.2	 The Changing Positions of Heavily Labeled 
Proliferating Cells, 53 

This chapter is concerned with the structure and prop
erties of the neocortical germinal matrix from the ear
liest phases of embryonic development through the late 
fetal period. The germinal matrix contains two com
pact zones, the neuroepithelium and the subventricular 
zone. There is also a diffuse array of mitotic cells that 
appear outside of the germinal matrix during late em
bryonic development. Other than Sauer's (1935, 1936) 
early work on the neuroepithelium, there are few stud
ies available on the cellular organization in the ger
minal matrix. Smart (1972; Smart and McSherry, 1982) 
attempted to relate the position and orientation of mi
totic figures throughout the neuroepithelium and sub
ventricular zone to cortical developmental changes. 
But to our knowledge, there has not been a thorough 
(3H]thymidine autoradiographic analysis of labeling 
patterns in the cortical germinal matrix. It is reason
able to assume that the neuroepithelium contains a va
riety of stem cells because it is the source of all the 
cortical neurons, neuroglia, and the ependyma of the 
lateral ventricle. Some of the best evidence for het
erogeneity in the neuroepithelium comes from studies 
with immunocytochemical markers for glial fibrillary 
acidic protein in primates (Levitt and Rakic, 1980; 
Levitt et aI., 1981, 1983) and for RCl/RC2 in mice (Mis
son et aI., 1988a, 1988b). That work has indicated that 

4.1.3 Changing Stratification	 of Heavily and 
Lightly Labeled Cells in the Neuroepithelium, 
57 

4.2 Stratification and Heterogeneity in the Germinal 
Matrix Related to the Generation of Neurons, 
Glia, and Ependymal Cells, 62 

the radial glial cells can be distinguished as a distinct 
subpopulation from the precursors of neurons. How
ever, the dynamics of neuronal precursors, glial pre
cursors, and ependymal precursors, and their changes 
with time remain to be determined. 

In the first part of this chapter, cytological changes 
are examined at daily intervals in methacrylate-embed
ded, Nissl-stained sections of the developing dorsal 
cortex in normal embryos; differences in the position 
and orientation of mitotic figures are emphasized. For 
that analysis, we used our large collection of normal 
rat embryos (details in Appendix 1). Then we analyze 
autoradiograms from embryos that survived for 2 
hours (short-survival) and 24 hours (sequential sur
vival) after exposure to eH]thymidine for subtle 
changes in the labeling patterns in the neuroepithelium, 
which sweep across the developing cortex from ven
trolateral to dorsomedial. For this analysis, we used 
our collection of embryos that received a single dose 
of (3H]thymidine (details in Appendix 2). We relate the 
changing labeling patterns in the neuroepithelium to 
neurogenetic patterns (Chapters 3 and 11-15). Finally, 
we propose organizational schemes that link the pro
liferative dynamics in the germinal matrix with time
tables of neurogenesis obtained with long-survival 
eHJthymidine autoradiography. 
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4.1 EVIDENCE FOR STRATIFICATION AND 
CELLULAR HETEROGENEITY IN THE 
GERMINAL MATRIX 

4.1.1 Variable Positions and Cleavage Planes of 
Mitotic Figures 

In this analysis we used normal rat embryos that were 
embedded in methacrylate (Appendix 1). The superior 
histological preservation afforded by methacrylate 
embedding allows the examination of the position and 
cleavage orientation plane of mitotic figures in the ger
minal matrix. There are several changes in the position 
and orientation of mitotic figures during cortical de
velopment. Early on, most mitotic cells are situated 
near the ventricle in the neuroepithelium and the ma
jority have a cleavage plane that is radial to the ven
tricular lumen. Next, a few mitotic cells appear in the 
superficial part of the neuroepithelium before the sub
ventricular zone appears; their cleavage planes are 
variably oriented. Later, mitotic figures with randomly 
oriented cleavage planes increase in the subventricular 
zone. 

Day E13 (Fig. 4-1A) 

The primordium of the cerebral cortex is composed of 
a single cellular layer on day E 13 that is interchange
ably called the ventricular zone (Boulder Committee, 
1970) or the neuroepithelium (ne) (Langman et aI., 
1966). Throughout the central nervous system, the 
neuroepithelium forms a pseudostratified layer con
taining columnar cells that are radially oriented to the 
ventricle. The apical ends of neuroepithelial cells are 
anchored to each other by terminal bars at the lumen 
of the lateral ventricle (Iv); their basal processes ex
tend to the external surface (Sauer, 1935, 1936). Mi
totic cells are round rather than columnar and are usu
ally situated near the lumen of the lateral ventricle. 
According to Sauer's hypothesis, the mitotic cells are 
columnar neuroepithelial cells whose nuclei have mi
grated to the lumen to divide. This phenomenon is 
known as interkinetic nuclear migration (Chapter 1). 
We refer to the mitotic cells near the lumen as peri
ventricular mitotic cells. The majority of the periven
tricular mitotic cells have a cleavage plane perpendic
ular (radial) to the lumen of the ventricle, while a 
minority have cleavage planes in other orientations 
(horizontal and oblique). 

Day E14 (Fig. 4-1B) 

There is an increase in neuroepithelial cell depth on 
this day, but its intrinsic organization has not visibly 

changed since E13. However, a few putative Cajal
Retzius cells have already left the neuroepithelium and 
are beginning to differentiate in the primordial plexi
form layer (PL) among the extracellular channels (ch1) 
just beneath the pial membrane. 

Day E15 (Fig. 4-1C) 

In the less-mature dorsal neocortex, two detectable 
changes take place: first, there is a further increase in 
the thickness of the neuroepithelium; second, some 
mitotic cells are now located closer to the external sur
face of the neuroepithelium (arrows) in what we call 
a paraventricular position. Unlike the periventricular 
mitotic cells, the paraventricular mitotic cells tend to 
have variably oriented cleavage planes. The parav
entricular mitotic cells evidently represent a cell pop
ulation whose nuclei do not undergo interkinetic mi
gration. 

Day E16 (Fig. 4-1D) 

A sub ventricular zone (sv) appears above the neuroe
pithelium in the dorsomedial cortex. That is already 
seen on E 15 in the ventrolateral cortex (Fig. 4-4A). A 
fair number of sub ventricular mitotic cells (clear ar
rows) have variable cleavage planes as do those of the 
paraventricular mitotic cells. Obviously, the subven
tricular mitotic cells are dividing locally and do not 
undergo interkinetic nuclear migration. 

Days E17 to E21 

On E17 (Fig. 4-1E) the" neuroepithelium is still thick, 
and the volumetric data in Chapter 2 indicate that it 
has reached a peak (Fig. 2-11B). Some widely scat
tered paraventricular mitotic cells (arrow, Fig. 4-1E) 
are still present. Butbeginning on day E18 (Fig. 4-2A) 
and continuing through E21 (Fig. 4-2D), the thickness 
of the neuroepithelium progressively declines and only 
a rare paraventricular mitotic cell is seen. That change 
contrasts with a growing thickness in the depth of the 
subventricular zone and an increase in the proportion 
of subventricular mitotic cells (clear arrows), espe
cially between E18 (Fig. 4-2A) and E20 (Fig. 4-2C). 

Comment 

The changes that we have just described have also 
been noted by Smart (1972). Because mitotic figures 
are large and round up at the ventricular lumen, Smart 
proposed that the superficial mitotic cells in the neu
roepithelium (our paraventricular group) and those in 
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FIG. 4-1. Cellular organization of the germinal matrices in the dorsal part of the rat cerebral 
cortex on E13 (A), E14 (B), E15 (C), E16 (D), and E17 (E). (In A, B, and C the presumptive cortex 
is shown in full; in 0 and E the upper layers are not shown.) Solid arrows point to paraventricular 
mitotic cells, outlined arrows to subventricular mitotic cells. Note the decreasing size of neu
roepithelial cells as a function of embryonic age and the horizontal orientation of a large pro
portion of the subventricular cells. (Section plane: A, 0, and E, coronal; Band C, sagittal; 3 f.l.m 
methacrylate sections, toluidine blue stain.) 
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50 pm 
FIG. 4-2. Cellular organization of the germinal matrices in coronal sections of the dorsal part 
of the rat cerebral cortex on E18 (A), E19 (8), E20 (C), and E21 (0). Outlined arrows point to 
subventricular mitotic cells. f\lote the progressive decrease in the cell depth of the neuroepi
thelium during this period. (3 f.lm methacrylate sections, toluidine blue stain.) 

the subventricular zone and in the brain parenchyma 
relieve congestion for space to divide at the lumen, 
what he later called the ventricular choke (Smart and 
McSherry, 1982). However, subventricular zones in 
the developing brain do not seem to be preferentially 
associated with or limited to mitotically active regions 
of the neuroepithelium. For instance, in the thalamic 
neuroepithelium, which was the focus of Smart's 
(1972) original investigation, only that part generating 
the ventral nuclear complex is surrounded by a sub-

ventricular zone (Altman and Bayer, 1989a), while 
other active thalamic neuroepithelial loci are devoid 
of a subventricular zone. Moreover, in many devel
oping brain regions (the thalamus is an example) the 
accommodation of the excess number of cells undergo
ing mitosis near the lumen during peak periods of cell 
proliferation is apparently accomplished by expansion 
of the ventricular surface through lobulation (the for
mation of neuroepithelial evaginations and invagina
tions) rather than by cell division away from the lumen. 







Since the developing cerebral cortex is a superficial 
structure, such lobulafion may not be required because 
there is no spatial constraint on the expansion of the 
neuroepithelium to accommodate the increasing num
ber of periventricular mitotic cells. Therefore, we 
favor the interpretation that the cells dividing in par
aventricular and subventricular positions (those not 
undergoing interkinetic nuclear migration) represent a 
different population of stem cells from those that divide 
in a periventricular position. (We will discuss that topic 
in Chapter 17.) 

4.1.2 The Changing Positions of Heavily Labeled 
Proliferating Cells 

In this analysis we have used rats that were killed 2 
hours after labeling with [3H]thymidine to gain infor
mation about the position of heavily labeled prolifer
ating cells throughout the developing cortex (Appendix 
2). Two major changes take place between E13 and 
E21. First, neuroepithelial cells in S-phase (duplication 
of the chromosomal DNA) and those in the mitotic
phase are spatially segregated early during develop
ment but not later. Second, the cortical germinal ma-

B
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trix expands during development: initially proliferating 
cells are limited to the neuroepithelium, next they ap
pear in the subventricular zone, and finaJly they appear 
diffusely scattered throughout the intermediate zone 
and the cortical plate. 

Dissolution of the Segregated Synthetic and Mitotic 
Zones 

Days E12 to E17 

In day E12, rats that are killed 2 hours after injection 
with [3H]thymidine (Fig. 4-3) have a high proportion 
of the heavily labeled cells that are located in the upper 
two-thirds of the presumptive cortical neuroepithelium 
(cc) and the lower one-third contains mostly unlabeled 
cells. The superficial heavily labeled cells define the 
synthetic zone (sz). The mostly unlabeled deep cells 
are undergoing mitosis at the ventricular surface, thus 
defining the mitotic zone (mz). There is no indication 
of regional differences in the concentration of labeled 
neuroepithelial cells along the entire presumptive cor
tex whether examined in sagittal (Fig. 4-3A) or coronal 
(Fig. 4-3B) sections. That pattern of neuroepithelial 

150 pm 
FIG. 4-3. [3H]thymidine auto radiograms from E12 rats 2 
hours after injection in sagittal (A) and coronal (8) sec
tions. (3 fl.m methacrylate, hematoxylin stain.) 
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NEW LITERATURE RELATED TO FIGURE 4-3 
In rats, we observed that the cortical germinal matrix is first discernable in 
coronally-sectioned E12 embryos as paired dorsolateral bulges above the optic 
evaginations (Fig. 4-3B).  In sagittally-sectioned embryos (Fig. 4-3A) the presumptive 
cerebral cortex is recognized as a slightly thinner expanse of neuroepithelium dorsal to 
the basal ganglionic neuroepithelium, but there is no boundary between the pallium 
(future cortex) and the subpallium (future basal ganglia).  The dorsal telencephalic 
neuroepithelium (pallium) has some structural diversity on E12 because of a shallow 
hump in the dorsal midline (Fig. 4-3B).  Next to the hump the neuroepithelium thickens 
and forms the cortical primordium.  Pioneering genetic expression studies at this same 
stage in mouse embryos (Monuki et al., 2001; Bulchand et al., 2001) show that the dorsal 
midline hump (future choroid plexus) is similar to the roof plate in the spinal cord and 
expresses Gdf7 in a highly restricted pattern that also includes the narrow strip of 
adjacent tissue, known as the cortical hem (future hippocampal fimbria) that expresses 
Wnt2b.  Another gene, Lhx2, is strongly expressed in dorsomedial cortex (where the 
hippocampus will develop) and continues to be expressed in a progressively weakening 
lateral gradient by the large expanse of the neocortical neuroepithelium.  Lhx2-/- mice 
have a greatly expanded development of the choroid plexus adjacent to an abnormally 
wide swath of cortical hem that expresses the hem-specific marker Wnt2b.  A small zone 
of far ventrolateral neocortex continues to express Lhx2 in Lhx2-/- mice.  That 
ventrolateral area expresses several other telencephalic markers that spread around the 
striato-pallidal angle into the basal ganglia germinal matrix.  The important finding from 
these studies is that normal expression of Lhx2 is critically required for the development 
of a neuroepithelium that is capable of producing both hippocampal and neocortical 
neurons.  It is intriguing that our X-irradiation studies of rat embryos on E13, E14, and 
E15 (Chapter 10; Figs. 10-2, 10-3, 10-4) exactly delineate the Lhx2-expressing region of 
the cortical primordium because only that part of the telencephalon spills pyknotic debris 
into the lateral ventricle 6 hrs after exposure to 200 R x-ray. 
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FIG. 4-4. Coronal [3H]thymidine autoradiograms of the cerebral cortex in E15 (A), E16 (B), and 
E18 (C) rats 2 hours after injection. Arrows point to regions with labeled subventricular cells (sv). 
(6 fLm paraffin sections, hematoxylin stain.) 

labeling remains unchanged through El3 and E14 (not 
shown). The low magnification pictures in Fig. 4-4 
show that the superficial part of the neuroepithelium 
(ne) has a higher concentration of labeled cells than its 
deep part on E15 (A) and E16" (B). The high concen
tration of labeled cells in the synthetic zone of the neu
roepithelium is still evident in short-survival autora
diograms on E17 (sz, Fig. 4-5A), while most cells in 
the mitotic zone are unlabeled. 

Days EI8 to E2I 

By day E18 (Figs. 4-4C and 4-5B), the concentration 
of heavily labeled cells decreases in the synthetic zone 
(sz) and increases in the mitotic zone (mz). A distinct 
synthetic zone gradually dissolves on E19 (Fig. 4-5C), 
and by E20 (Fig. 4-6) labeled cells are diffusely scat
tered throughout the neuroepithelium. Finally, on E21 
(Fig. 4-7), the day when cortical neurogenesis comes 
to an end (Chapter 3), there is a heavily labeled band 
of cells adjacent to the ventricular lumen. That band 
is called the ependymal zone (ez) on the assumption 
that it now contains precursors that are generating spe

cialized ependymal cells that will line the lateral ven
tricle of the mature cortex. The dissolution of the syn
thetic zone between E18 and E20 indicates that 
proportionally fewer cells are duplicating their DNA 
in a superficial position and undergo interkinetic nu
clear migration to divide at the ventricular lumen. The 
appearance of the ependymal zone on E21 marks the 
cessation of interkinetic nuclear migration. 

The Appearance of the Subventricular Zone 

There are a few scattered heavily labeled cells outside 
of the neuroepithelium in the subventricular zone (sv) 
on E15 in the early-maturing ventrolateral corner of 
the cerebral cortex (arrow, Fig. 4-4A), indicating that 
the neuroepithelium is no longer the sole germinal 
source of cells in the cerebral primordium. The zone 
of labeled subventricular cells spreads dorsally and 
dorsomedially on the subsequent days (arrows, Fig. 
4-4B, C), conforming to the ventrolateral-to-dorso
medial morphogenetic and neurogenetic gradients of 
cortical development (Chapters 2 and 3). From E15 
through E 17 (Fig. 4-5A), the subventricular zone is 



NEW LITERATURE RELATED TO FIGURES 4-4 THROUGH 4-13 
One of the major characteristics of the neocortical neuroepithelium, as in other 
neuroepithelia, is the phenomenon of interkinetic nuclear migration within a single layer 
of columnar cells.  That gives the entire epithelium a pseudostratified appearance.  
During each cell cycle, the nucleus migrates basally (G1-phase) to duplicate DNA (S-
phase) then migrates apically (G2-phase) to divide (M-phase) at the ventricular lumen.  If 
both daughter cells are going to stay in the neuroepithelium to divide again, there must be 
a symmetric division of the apical cytoplasm (reviewed in Götz and Huttner, 2005).  The 
apical cytoplasm has specific membrane proteins, such as β-catenin, and specialized 
attachments (tight and adherens junctions) and always contains the centriole (Götz and 
Huttner, 2005; Miyata, 2008).  Maintenance of interkinetic nuclear migration and 
symmetric cell division are important requirements for expansion of the neuroepithelium 
prior to neurogenesis (Miyata, 2008).  Expression of the gene Emx2 and very slight 
changes in the protein that controls the orientation of the spindle fibers during M-phase 
are crucial determinants of the time when symmetric divisions predominate in the 
neocortical neuroepithelium and ultimately predict cerebral cortical size (reviewed by 
Götz and Huttner, 2005).  During all of E12 and most of E13 in rats (less than two days), 
only symmetric progenitor divisions occur as the cortical neuroepithelium is expanding 
its territory, “stockbuilding,” in the dorsal telencephalic wall prior to neurogenesis.  In 
human brains, stockbuilding takes at least 2.5 weeks (from gestation weeks 4 to 6.5; 
Bayer and Altman, 2008), predicting the much larger size of the neocortex in the mature 
human brain compared to the mature rat brain. 
 
Several studies have used retroviral transfection or in utero electroporation to mark 
proliferating cells in the developing neocortex with fluorescent proteins and then observe 
cell division and migration with time-lapse photography in living cultured slices.  Once 
neurogenesis begins, asymmetric divisions occur in the neuroepithelium (Noctor et al., 
2004; Götz and Huttner, 2005; Hevner et al., 2006; Molyneaux et al., 2007; Corbin et al., 
2008; Miyata, 2008; Wang et al., 2009).  In a well designed group of experiments based 
on visualizing older vs. younger centrioles with fluorescent proteins, Wang et al. (2009) 
found the daughter cell that remains in the neuroepithelium to divide again inherits the 
older “mother” centriole proteins in the apical cytoplasm, while the daughter cell that 
migrates away to become a young neuron synthesizes new proteins and has younger 
centrioles; other work showed that asymmetrical inheritance of the mother centriole 
actually maintains the progenitor pool in the neuroepithelium.  Hevner et al. (2006) 
defined direct and indirect pathways of neurogenesis.  In the direct pathway, a progenitor 
cell divides asymmetrically to produce a daughter cell that migrates out of the 
neuroepithelium and differentiates into a glutamatergic cortical neuron.  In the indirect 
pathway, the progenitor cell divides asymmetrically and the daughter cell divides again 
(usually in the subventricular zone) to produce two glutamatergic neurons. 





much thinner than the neuroepithelium. By EI8 (Fig. 
4-5B), it is slightly thicker than the neuroepithelium. 
That trend continues on EI9 (Fig. 4-5C), and the sub
ventricular zone reaches its greatest depth by E20 (Fig. 
4-6). It is still over twice as thick as the ependymal 
zone (the former neuroepithelium) on E21 (Fig. 4-7). 
Up to E17, there are only a few scattered heavily la
beled cells in the subventricular zone. But from E18 
through E22, heavily labeled cells are more plentiful 
throughout the entire depth of the subventricular zone. 
Although there are many proliferating cells in the neu
roepithelium during the same time, the larger area of 
the subventricular zone on E19 (Fig. 4-6) and E20 (Fig. 
4-7) allows for a higher absolute number of prolifer
ating cells than in the neuroepithelium. 

The Diffusion of Proliferating Cells into the 
Differentiating Layers 

Up to E18, almost all heavily labeled (proliferating) 
cells are confined to the neuroepithelium and in the 
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subventricular zone. On E19, some labeled cells ap
pear in the lower intermediate zone (arrows, Fig. 4
5C), but few are seen in the upper intermediate zone 
or in the cortical plate. However by E20 (Fig. 4-6) and 
E2 I (Fig. 4-7), labeled cells become frequent through
out the intermediate zone and the cortical plate. 

The diffusion of proliferative cells is even more ev
ident in low-magnification autoradiograms of E20 and 
E21 embryonic brains. On E21 (Fig. 4-8) for example, 
heavily labeled cells are scattered throughout the dor
sal neocortex at anterior (Fig. 4-8A) and posterior 
(Fig. 4-8B) levels. That is also seen in the lateral and 
ventrolateral parts of the cortex (not shown) and even 
throughout the entire brain. In the neocortex, there is 
a deep-to-superficial gradient in the concentration of 
the proliferating cells (Fig. 4-8). The highest concen
tration of labeled cells. is found near the ventricle. 
There is an intermediate concentration in the subven
tricular and intermediate zones. The lowest concen
tration is in the cortical plate (CP, Fig. 4-8). The gra
dient suggests that locally multiplying cells leave either 
the neuroepithelium or the subventricular zone (or 

FIG. 4-5. Changes in the concentration of labeled 
cells in autoradiograms of E17 (A), E18 (B), and 
E19 (C) rats 2 hours after a single injection of 
[3H]thymidine. (6 fJ..m sagittal paraffin sections, he
matoxylin stain.) 
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FIG. 4-6. Coronal autoradiogram from the dorsal neo
cortex in an E20 rat two hours after a single injection of 
[3H]thymidine. Note the absence of discrete synthetic and 
mitotic zones in the reduced neuroepithelium (ne) and 
the relative increase in labeled cells in the subventricular 
zone (sv). Note also the presence of locally multiplying 
cells in the intermediate zone (iz), subplate (SP), and the 
differentiating layer VI of the cortex. (6 IJ.m paraffin sec
tion, hematoxylin stain.) 

both) and migrate superficially where cells continue to 
multiply locally. 

Summary and Conclusions 

These observations in short-survival eH]thymidine 
autoradiograms establish that the cortical germinal ma
trix is successively transformed as development pro
gresses and neurons, glia, and ependymal cells are pro
duced. There are two basic patterns of change. 

First, there is a correlation between the dissolution 
of the segregated synthetic zone and the decline of 
neurogenesis. Up to and including E17 (Fig. 4-5A), 

the heavily labeled cells in the S-phase are segregated 
from the unlabeled dividing cells because most cells 
undergo interkinetic nuclear migration. Beginning on 
El8 (Fig. 4-5B), fewer heavily labeled cells are found 
in the synthetic zone and more are found in the mitotic 
zone. On E19 (Fig. 4-5C) and £20 (Fig. 4-6), heavily 
labeled cells are evenly scattered throughout the neu
roepithelium. By E21 (Fig. 4-7), a band of heavily la
beled cells (those in S-phase) are in the mitotic zone. 
Evidently, fewer and fewer neuroepithelial cells 
undergo interkinetic nuclear migration as development 
progresses. Since the most active period of neuroge
nesis (E14 through E17, Chapter 3) coincides with the 
presence of a segregated synthetic zone in the neu
roepithelium, we postulate that the cells undergoing 
interkinetic nuclear migration are neuronal precursors. 
As fewer and fewer neurons are produced from £18 
to E21, there is a progressive decrease in the propor
tion of cells that show interkinetic nuclear migration. 
It follows that the proliferating cells not undergoing 
interkinetic nuclear migration are the precursors of 
nonneuronal elements. 

FIG. 4-7. Sagittal autoradiogram from an E21 rat 2 hours 
after a single injection of [3H]thymidine. Note the high 
concentration of labeled cells near the lumen, identified 
as the ependymal zone (ez). (6 IJ.m paraffin section, he
matoxylin stain.) 
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Second, as neurogenesis winds down, proliferating 
cells increase outside of the neuroepithelium. There is 
but one proliferative component, the primary neuroe
pithelium, up to E14 and throughout most of the 
cortical primordium on E15. A secondary prolif
erative component, the subventricular zone, first 
emerges on £ IS ventrolaterally and grows dorsome
dially later (Fig. 4-4). Until E17, the neuroepithelium 
is larger and mitotically more active than the subven
tricular zone. Between E18 and E21, the neuroepi
thelium shrinks as the subventricular zone expands 
(Figs. 4-5 to 4-7). The expansion of the subventricular 
zone is coupled with an increase in proliferating cells. 
From £20 onward, a diffuse, locally multiplying pop
ulation of cells is scattered throughout the intermediate 
zone, the subplate, and the cortical plate (Figs. 4-6 to 
4-8). Since neurogenesis is declining on E20 and is 
finished on E21, we conclude that the locally multi
plying cells are producing glia rather than neurons. 
Smart and McSherry (1982) came to the same conclu
sion in their study of neocortical development in the 
mouse. The diffuse proliferative cells may be gener-

CP	 FIG. 4-8. Anterior (A) and posterior (8) coronal 
sections of the neocortex in an E21 embryo that 
survived for 2 hours after a single injection of 
[3H]thymidine. Note the diffuse scattering of cells 
that have incorporated label; many are in the in
termediate zone (iz) and are scattered throughout 
the cortical plate (CP). These represent the locally 
multiplying pool of cells that probably give rise to 
glial cells throughout the neocortex. (6 fLm par
affin sections, hematoxylin stain.) 

ating astrocytes. Shortly after birth in the rodent neo
cortex, arrays of astrocytes (marked with lectins, glial 
fibrillary acidic protein, and the monoclonal antibody 
J1) demarcate the future sites of the barrel subfields 
(Cooper and Steindler, 1986a, 1986b; Steindler et aI., 
1989). 

When taken as a whole, these observations link the 
neuronal precursors to the neuroepithelial cells show
ing interkinetic nuclear migration and the glial pre
cursors to the paraventricular mitotic. cells and their 
derivatives, the locally multiplying cells. The possible 
identity of the cells multiplying in the subventricular 
zone will be discussed in Chapter] 7. 

4.1.3 Changing Stratification of Heavily and Lightly
 
Labeled Cells in the Neuroepithelium
 

In this analysis we have used rats killed 24 hours after 
labeling with eHlthymidine to gain information about 
the behavior of the cells 1 day after label uptake. The 
changing location of heavily labeled cells (high grain 
concentration) and lightly labeled cells (low grain con
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FIG. 4-9. Pattern of distribution of heavily and lightly labeled cells in the neuroepithelium 24 
hours after a single injection of [3H]thymidine. In A (injection on E12, survival to E13) lightly 
labeled cells are present throughout the neuroepithelium, indicating that these cells have a fast 
turnover rate. However, in the E14 (B), E15 (C), and E16 (0) embryos (injections on E13, E14, 
and E15, respectively) heavily labeled cells accumulate in the upper part of the neuroepithelium 
(up,h) and lightly labeled cells in its lower part (10,1). An exception to this is the onset of reversal 
of this labeling pattern in the ventrolateral corner in E16 embryos (arrow in 0) where heavily 
labeled cells accumulate in the lower part of the neuroepithelium (Io,h) and lightly labeled cells 
in its upper part (up,1). (3 f.Lm methacrylate coronal sections, toluidine blue stain.) 





centration) within the neuroepithelium of embryos be
tween E13 and E21 indicates three successive trans
formations. First, there is a primordial pattern when 
there are no heavily labeled cells 24 hours after 
eH]thymidine injection. Next, there is an early pattern 
when heavily labeled cells are situated above lightly 
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labeled cells. Finally, there is a late pattern when heav
ily labeled cells are situated below lightly labeled cells 
(Altman and Bayer, 1990b). 

The primordial pattern is seen throughout the de
veloping neocortex in embryos that were injected on 
E12 and survived to E13 (Figs. 4-9A and 4-108). 

FIG. 4-10. Coronal methacrylate sections (left column) and methacrylate [3H]thymidine auto
radiograms (right column) of the neocortex from rat embryos of matched ages to show the 
location of heavily and lightly labeled cells 24 hours after a single injection of [3H]thymidine (3 
I-l-m, A, C, E, and G, toluidine blue stain; B, 0, F, and H, hematoxylin stain). A, E13; B, injected 
E12 and survived to E13; C, E14; 0, injected E13 and survived to E14; E, E15; F, injected E14 
and survived to E15; G, E16; H, injected E15 and survived to E16. Arrows in C, 0, E, and F point 
to presumed Cajal-Retzius cells. Arrows in G point to mitotic cells of the subventricular zone 
(sv). 
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FIG. 4-11. (A) Coronal [3H]thymidine autoradiogram of the cortex from a rat injected on E16 
and killed on E17. Arrow indicates the progression of the reversal in neuroepithelial labeling 
from ventrolateral to dorsomedial. The heavy line indicates the external surface of the neuroe
pithelium; a broken line separates the heavily labeled lower neuroepithelium from the lightly 
labeled upper neuroepithelium. The dorsomedial neuroepithelium is shown at higher magnifi
cation in B, and the ventrolateral neuroepithelium is shown at higher magnification in G. Note 
the reversed, or late, labeling pattern (Io,h and up,h) ventrolaterally (G), and the early labeling 
pattern (up,h and 10,1) dorsomedially (B). (3 J.Lm methacrylqte section, hematoxylin stain.) 





There are virtually no heavily labeled cells in the neu
roepithelium within the first 24 hours after exposure 
to [3H]thymidi.!1e. Light-to-intermediate labeling after 
injection indicates that the cells had multiple divisions 
(or cycles) during the previous 24 hours resulting in 
dilution of the incorporated label. Our conclusion is 
that virtually all the neuroepithelial cells are multiply
ing at a fast rate during the period prior to the onset 
of cortical neurogenesis. 

The early pattern begins in embryos that were in
jected on E13 and survived to E14 (Figs. 4-9B and 4
10D). The heavily labeled cells form a thin band in the 
upper part of the neuroepithelium (up,h), and the 
lightly labeled cells predominate in the lower part 
(10,1). This signals the onset of cellular stratification in 
the neuroepithelium. The early pattern persists in em
bryos that were injected on E14 and survived to E15 
(Figs. 4-9C and 4-lOF) and those that were injected 
on E15 and survived to E16 (Figs. 4-9D and 4-lOH). 

, Heavy labeling 1 day after injection allows two mu
tually compatible interpretations. First, the mitotic 
cells are cycling (dividing) slowly, thereby reducing 
the amount of/abel dilution. Second, some of the heav
ily labeled cells are postmitotic elements sequestered 
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in the neuroepithelium before they migrate outwards 
into the differentiating layers. 

The late pattern is first seen in the ventrolateral cor
ner of the developing cortex in embryos that were ex
posed to [3H]thymidine on E15 and survived to E16 
(arrow, Fig. 4-9D). Heavily labeled cells are concen
trated near the ventricle in the lower part of the neu
roepithelium (lo,h), and lightly labeled cells in its upper 
part (up,1), in an exact reversal of the early pattern. 
The late pattern sweeps across the cortex from ven
trolateral to dorsomedial in embryos that were exposed 
to [3HJthymidine on E16 and survived to El7 (dashed 
lines, Figs. 4-11A and Fig. 4-12A). A high magnifi
cation view of the late pattern is seen in Fig. 4-11 C 
(lo,h and up, 1). The early pattern (up,h and 10,1) is still 
maintained in the less-mature dorsomedial cortex (Fig. 
4-11B). A comparison of the autoradiographic labeling 
pattern on E17 (Fig. 4-12A) with the histological ap
pearance of the neocortical primordium in a normal 
E 17 embryo (Fig. 4-12B) shows that the reversal of 
labeling takes place within the limits of the neuroepi
thelium (solid lines, Fig. 4-12). The reversal from the 
early to the late stratification pattern spreads to the 
less-mature dorsomedial cortex in embryos that were 

IvB 
200 pm 

FIG. 4-12. (A) [3H]thymidine autoradiogram of the cerebral cortex in a rat injected on E16 and 
killed on E17. (B) Corresponding section from a normal E17 rat of the same age with the neu
roepithelium outlined. (3 f.lm methacrylate sections; A, hematoxylin stain; B, toluidine blue stain.) 
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exposed to [3H]thymidine on EI7 and survived to EI8 
(Fig.4-13A). 

The properties of the transformed neuroepithelium 
are highlighted in photomicrographs of the cortex 
in three groups of EI8 rat embryos with different 
treatments (Figs. 4-13B-D). In the untreated embryo, 
there are scattered mitotic cells (arrows, Fig. 4-13B) 
in the neuroepithelium (ne) and the overlying subven
tricular zone (sv). In the embryo killed 2 hours after 
exposure to [3H]thymidine .(Fig. 4-13C), heavily la
beled cells show the sites of active cell proliferation in 
the synthetic zone (sz) and many are scattered in the 
subventricular zone. In the embryo killed I day after 
exposure to [3H]thymidine (Fig. 4-13D), the band cor
responding to the synthetic zone contains predomi
nantly lightly labeled cells (up, I), while heavily labeled 
cells form a perive'ntricular band (lo,h). The lightly la
beled band in the synthetic zone reflects the dilution 
of labeled DNA in cell nuclei that are rapidly cycling. 
The heavily labeled cells adjacent to the ventricle are 
presumably stem cells that are cycling more slowly 
(less dilution of labeled DNA). 

FIG. 4-13. (A) Coronal eHlthymidine autoradi
ogram of the cortex from a rat injected on E17 and 
killed on E18. Arrow indicates the spread of the 
late pattern (Io,h and up,l) of neuroepithelial la
beling to the dorsomedial cortex. B, C, and 0 show 
high-magnification views of the cortical neuroe
pithelium (ne) and subventricular zone (sv) in the 
sagittally sectioned dorsomedial cortex in E18 
rats. (B) An uninjected normal embryo, arrows 
point to mitotic cells in the subventricular zone. 
(C) Labeling pattern in the neuroepithelium of a 
rat that received [3Hlthymidine on E18 and was 
killed 2 hours later. Note the abundance of heavily 
labeled cells in the synthetic zone (sz) and some 
heavily labeled cells in the subventricular zone. 
(D) Labeling pattern in an E18 rat that received 
eHjthymidine 24 hours earlier. Note that the upper 
part of the neuroepithelium where cells are lightly 
labeled corresponds to the synthetic zone where 
chromosomal duplication takes place with a con
comitant dilution of label concentration (up, I). 
Surrounding this lightly labeled band are two 
bands of heavily labeled cells. The upper band 
overlaps with the lower subventricular zone (ib1); 
it is postulated to represent a sojourning neuronal 
population (Chapter 7). The lower band of heavily 
labeled cells adjacent to the ventricle, which cor
responds to the unlabeled band after 2 hour sur
vival (B), is postulated to represent slowly cycling 
cells that are sequestered in this position and will 
later produced neuroglia and ependymal cells. (A, 
C, and 0, 6 IJ.m paraffin sections, hematoxylin 
stain; B, 3IJ.m methacrylate section, toluidine blue 
stain.) 

Paralleling the reversal in neuroepithelial stratifi
cation, heavily labeled cells accumulate outside the 
neuroepithelium. These are interpreted to be postmi
totic young neurons that were generated within the 
previous 24 hours. The heavily labeled cells aggregate 
in two bands in the transitional field in animals exposed 
to [3H]thymidine on EI6 and killed on EI7 that we 
call the first and second superior bands (sb I and sb2, 
Figs. 4-IIA and 4-12A). In animals exposed to 
[3H]thymidine on EI7 and killed on E18, the two bands 
are sb2 and the first inferior band (ibl, Fig. 4-13A). 
(The reasons for these identifications will be thor
oughly discussed in Chapter 7.) 

4.2 STRATIFICATION AND HETEROGENEITY IN 
THE GERMINAL MATRIX RELATED TO THE 
GENERATION OF NEURONS, GLIA, AND 
EPENDYMAL CELLS 

Before the onset of cortical neurogenesis on E12, the 
neuroepithelium is the sole germinal matrix and the 
only constituent of the cortical primordium. Obser





vations in methacrylate sections show that the mitotic 
figures are in a periventricular position near the lumen 
and short-survival [3H]thymidine autoradiography 
shows the presence of distinctly segregated synthetic 
and mitotic zones. The primordial cortical neuroepi
thelium is evidently a pseudostratified germinal ma
trix. However, the pseudostratified neuroepithelium is 
transformed into a stratified matrix as cortical neu
rogenesis commences. Following this event on ED, 
the germinal matrix undergoes three successive trans
formations. These transformations coincide with three 
major neurogenetic periods: (1) the early stage (E B
E 15) when the Cajal-Retzius and subplate cells are pro
duced; (2) the middle stage (E 16-E 17) when the cells 
in layers VI and V are produced; and (3) the late stage 
(E18-E21) when the cells in layers IV-II are produced 
(summarized in Fig. 4-14). 

In the early stage of cortical neurogenesis (E13 to 
E15, left column in Fig. 4-14), the neuroepithelium is 
still the sole germinal matrix. Most cells with mitotic 
figures are in a peri ventricular position near the lumen, 
although a few are seen in a paraventricular position 
by E15. Short-survival eHJthymidine autoradiography 
shows that the neuroepithelium is pseudostratified 
with distinctly segregated synthetic and mitotic zones. 
However, the onset of neuroepithelial stratification is 
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(E13-E15) 

MATRIX COMPONENTS 
NEUROEPYIliELIUM 
ONLY 

POSITIONS OF ?~ 
MITOTIC FIGURES PERlVENTRICUlAR b--------.....j PARAVENTRICULAR (RARE) ; 
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More 
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PRODUCTS 
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Cajal-Retzlus 
and 
Subplate 
Neurons 
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indicated 1 day after [3H]thymidine injections on E13, 
E14, and E15, because heavily labeled cells aggregate 
in the superficial neuroepithelium, and lightly labeled 
cells aggregate near the ventricle (up,h and 10,1). The 
Cajal-Retzius and subplate neurons are produced dur
ing this stage; these may be represented by the heavily 
labeled superficial cells. The lightly labeled cells i.n the 
neuroepithelium may be precursors of later generated 
neurons as well as glia. The neuroepithelium must also 
be the source of the proliferating cells of the subven
tricular zone, which becomes a secondary germinal 
matrix in the next stage. 

In the middle stage (E16-EI7, center column, Fig. 
4-14), there are two germinal zones, a large neuroe
pithelium and a relatively small subventricular zone. 
Nearly all mitotic figures in the neuroepithelium are 
near the lumen but some are in paraventricular loca
tions; some mitotic figures are sparsely scattered 
throughout the subventricular zone. In the neuroepi
thelium, short-survival [3H]thymidine autoradiogra
phy indicates that the synthetic and the mitotic zones 
are still segregated but their locations are gradually 
reversing from ventrolateral to dorsomedial. The la
beling in the sequential-survival [3H]thyinidine auto
radiograms shows the early pattern (up,h and 10,1) dor
somedially and the late pattern (up,1 and IO,h) 

MIDDLE LATE 
(E16-El7) (E18-E21) 

NEUROEPITI-lELIUM (large) NEUROEPITI-lELIUM (small) i; 
SUBVENTRICULAR ZONE SUBVENTRICULAR ZONE F 
(small) ~arg~ ] 

,----------f£ 
NE: PERlVENTRICULAR NE: PERlVENTRICULAR 
PARAVENTRICULAR (some) '-S_V_:_MANY --IIt SV: FEW 

DISTINCT SZ AND MZ INTEGRATING SZ AND MZ I ______________________ t 
~{~DORSOMEDIAL: TI-lROUGHOlJT:" 

UPPER-HEAVY LABELING ...•. UPPER-LIGHT LABELING," 
LOWER-LIGHT LABELING WWER- HEAVY LABELING i

VENTROLATERAL: 
W 

L-----------tJUPPER-LIGHT LABELING 
LOWER-HEAVY LABELING 

Fewer Glial Precursors
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FIG. 4-14. Diagrammatic tabulation of the major observations made in this chapter. The char
acteristics of the cortical germinal matrix at early (left column), middle (center column), and late 
(right column) stages are related to the sequential generation of various classes of neurons and 
the late generation of glial and ependymal cells. 
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ventrolaterally. The neurons in layers VI and V are 
produced during this stage. Some layer IV neurons are 
also produced that will settle in the lateral and ven
trolateral areas. Because layers VI and V are dispro
portionately larger layers of the rat neocortex, once 
they have been generated there should be fewer neu
ronal precursors in the germinal matrix and a propor
tional increase in glial precursors. That is supported 
by the observations of Levitt et al. (1983) that cells 
immunoreactive for glial fibrillary acidic protein in
crease in the ventricular zone over the unstained cells, 
the presumed neuronal precursors, as neurogenesis de
clines. The progressive reversal in neuroepithelial la
beling may signal this transformation. 

In the late stage (E18-E21, right column, Fig. 4-14), 
the neuroepithelium shrinks and the subventricular 

zone expands. Mitotic figures are in a periventricular 
position in the neuroepithelium and abound throughout 
the subventricular zone. In the neuroepithelium, short
survival eHJthymidine autoradiography shows that 
the synthetic and mitotic zones are no longer segre
gated by the end of this stage. The labeling pattern seen 
in sequential-survival eHJthymidine autoradiography 
shows the late pattern (up,1 and IO,h) throughout the 
entire cortex. Neurons that will settle in layers IV, III, 
and II are produced during this stage. Because neu
rogenesis declines during this stage, the proliferating 
cells scattered throUgJlOUt the subventricular zone and 
in the differentiating layers on E20 and E21 are prob
ably sources of glia. Finally, the heavily labeled cells 
proliferating at the edge of the ventricle are producing 
the ependyma. 



NEW LITERATURE RELATED TO FIGURE 4-14 
The literature on the cascade of gene expression during early to late periods of 
neurogenesis in the neocortex is complex and a variety of genes have been studied in 
different laboratories.  The results show that different genes are expressed in the cortical 
neuroepithelium during early, middle, and late periods of neurogenesis, but there is not 
yet a consensus on exactly what does happen.  Hevner et al. (2006) reviewed the 
literature on progenitor diversity and linked it to specification of layer fate.  Another 
definitive study of gene expression and layer fate is the paper by Schuurmans et al. 
(2004).  During cortical neurogenesis, Hevner et al. (2006) speculate that four different 
genes are sequentially expressed first in the progenitor nucleus, then in the daughter cell 
nucleus (or nuclei) during neurogenesis: Pax6→Tbr2→NeuroD→Tbr1.  The Pax6 step 
must be expressed by all cortical progenitors to get a glutamatergic phenotype but 
different genes are co-expressed with Pax6 at early and late phases of neurogenesis 
(Schuurmans et al., 2004; Sansom et al., 2009).  Most early-generated cortical neurons 
arise from the direct neurogenetic pathway that may or may not have the Tbr2 step.  The 
earliest neocortical neurons are the Cajal-Retzius cells and the subplate neurons 
generated during the first phase of neocortical neurogenesis (left panel, Fig. 4-14).  The 
early origin of Cajal-Retzius cells, and their production in the cortical neuroepithelium 
has been challenged, but a study by Hevner et al. (2003) proved their early cortical origin.  
Many neurons in layers VI and V are also produced in a direct neurogenic pathway 
(center panel, Fig. 4-14) that requires expression of Ngn1 and Ngn2 (Schuurmans et al., 
2004); these genes suppress the development of a GABAergic phenotype. The 
transcription factor Fezf2 is expressed in the neocortical neuroepithelium during the 
generation of deep layer neurons, and its expression is maintained in differentiating VI 
and V postmitotic neurons (Molyneaux et al., 2007).  When upper-layer (IV-II) neurons 
are being generated (right panel, Fig. 4-14), the expression of Fezf2 disappears in the 
neocortical neuroepithelium (Molyneaux et al., 2007), and there is strong evidence that a 
Tbr2 step must be present in an indirect pathway of neurogenesis (Hevner et al., 2006).  
Ngn expression is not required (Schuurmans et al., 2004; Sansom et al., 2009).  Rather, 
notch signaling is active and turns on the expression of Hes1 and Pax6  (Sansom et al., 
2009); Tlx must also be expressed to get an upper-layer phenotype (Schuurmans et a., 
2004).  Svet1 and Cux2 are expressed by intermediate progenitors in the subventricular 
zone during the peak neurogenetic time for upper-layer neurons (Stoydova et al., 2000; 
Tarabykin et al., 2001; Molyneaux et al., 2007). 
 
Many progenitors in the neocortical neuroepithelium have a columnar morphology and 
contain the radial glia marker RC2 (Götz et al., 1998).  Other radial glia markers have 
also been found: GLAST, BLBP, JONES, A2B5, cholera toxin, and tetanus toxin (Corbin 
et al., 2008). “In essence, after the onset of neurogenesis, neuroepithelial cells give rise to 
a distinct, but related, cell type—radial glial cells—which exhibit residual neuroepithelial 
as well as astroglial properties (Götz and Huttner, 2005, p.778).”  Radial glia are more 
fate-restricted progenitors and successively replace neuroepithelial cells.  “As a 
consequence, most of the neurons in the brain are derived, either directly or indirectly, 
from radial glial cells. (Götz and Huttner, 2005, p.778).”  Our observations (summarized 
in Fig. 4-14), and the work reviewed in Corbin et al. (2008) indicate that the neocortical 
neuroepithelium has a rich diversity of progenitors.  Some of the radial progenitors 



express the neuronal markers SMI-31, MAP2, and βIII-tubulin, not radial glia markers.  
Furthermore, there are short neuronal progenitors (also called intermediate neuronal 
progenitors) intermingled with long radial progenitors in the neocortical neuroepithelium 
Corbin et al. (2008).  Lateral cortical progenitors produce more latexin+ neurons than 
dorsal cortical progenitors; in mature brains, latexin marks a subset of neurons in layers 
V and VI (Arimatsu et al., 1999).  Analysis of clones after retroviral transfection indicate 
that fate-restricted glial progenitors are already specified by E9.5 in the mouse forebrain, 
and many mixed clones are restricted to discrete anatomical territories (McCarthy et al., 
2001).  Zimmer et al. (2004) and Molyneaux et al. (2007) studied Cux2 expression and 
propose that there are dedicated upper layer progenitors and dedicated deep layer 
progenitors side by side in the cortical neuroepithelium before neurogenesis starts.  The 
reality is that there are several subsets of progenitors in the cortical neuroepithelium that 
are regionally and temporally specified from early to late phases of neurogenesis, and it is 
an oversimplification to say that all neocortical neurons are generated by radial glial 
cells. 



TRANSFORMATIONS of the cortical germinal matrix strictly correlate with different arrays of cellular products.  We cannot discern the diverse chemical 
content of progenitor cells and primitive migrating cells with our autoradiographic methods.  However, other work (review: Druga, R. Folia Biologica [Praha] 
55:201 [2009]) has shown that nearly all of the glutamatergic cortical neurons arise from either the cortical neuroepithelium or the cortical subventricular zone.  Thus, 
our findings relate most closely to the generation of glutamatergic neurons.  The discovery by DeCarlos, J.A. et al. (J. Neurosci. 16: 6146 [1996]) that other chemically-
defined subsets of cortical neurons (GABA, somatostatin, neuropeptide Y, etc.) are generated outside of the cortical germinal zones has prompted us to look again at 
our autoradiograms.  In Chapter 7, we document that streams of labeled cells (presumably neurons) traverse a permeable “border” between the immature 
basal ganglia and cerebral cortex.    

This figure implies that some of these neurons are also generated in the 
cortical subventricular zone, NOT just in the neuroepithelium.
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Recent work confirms 
that sequential phases 
of gene expression in 
cortical progenitors 
correlates with the 
production of LAYER-
SPECIFIC NEURONS 
during early to late 
periods.

INTERMEDIATE AND
BASAL PROGENITORS

INTERMEDIATE AND
BASAL PROGENITORS

BASAL PROGENITORS

Alternative terminology (see notes)

RADIAL GLIAL CELLS RADIAL GLIAL CELLS
RADIAL GLIAL CELLS

    It is unfortunate that recent publications 
use alternative terminology and call 
progenitors in the neuroepithelium radial 
glia cells.  The radial glia cells are none 
other than the keimzellen (spongioblasts) 
that His described in 1889 that he thought 
generated only neurons.  
    Schaper (1897) showed that the 
keimzellen were indifferent and gave rise to 
both neurons and 
glia.   Their combined 
research has been 
confirmed for years.  Germinal cells in the 
neuroepithelium and subventricular zone 
produce neurons, glia, and ependyma; or all 
cells that are specific to the nervous 
system (see discussion in Chapter 1, page 
3).
    The term radial glia cell implies reduced 
developmental potential that is not correct 
and should not be used. 
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