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1
MORPHOGENESIS OF THE HUMAN

CEREBRAL CORTEX

VS Caviness, T Takabashi and RS Notvakowski

The neocortex in normal individuals is highly regular in its laminar architecrure, cyro-
architectonic and systems organization, convolutional patterns of its surface and volume.
By implication the histogenetic processes that govern its development are execured with
precision and few errors. Because these processes cannot be studied directly by experiment
in man, this review of morphogenesis of the human neocortex will draw upon obser-
vations based upon animal experiment. This recourse is defensible because the laminar
character and the general features of cyroarchitectonic and systems organization of the
neocortex are essentially invariant across mammalian species (Fig. 1.1) (Haug 1987, Zilles
1990, Krubitzer 1995, Nocthcutr and Kaas 1995).Genetically determined malformations
of the human brain have also served here as 2 window of access to cell biological
mechanisms of neocortical histogenesis and in particular to those essential to neuronal
migration.

' Neocortical morphogenesis progresses through three major phases: cell production,
cell migration, and cortical differentiacion and growth (Fig. 1.2) (Sidman and Rakic
1982). Neuron productionris initiated lare in the second postconceptional month and
continues into the Sth month. Migration, initiated with cell production, continues into
the 6th month. Cortical differentiation and growth begin as the carliest formed cells
complete their migrations and continue undil a postnatal age of at least 15 years. We will
review cach of these phases in wrn. '

CELL PRODUCTION ,

Cell production refers to an increase in cell numbers through the proliferation of pro-
genitors. However, the histogenetic significance of the proliferative process is not limited
to increase in cell number in that it also embraces the two most fundamental histogenetic
specification processes: specification of cell class and regional specification {Caviness et
al. 2000b). Cells are generated by class in appropriate numbers. They are assigned to the
separate neocortical regions in appropriate numbers. The intrinsic cells of the nervous sys-
tem partition into neuronal and glial classes. There are two general neuronal subclasses,
the long axon excitatory and short axon inhibitory neurons. There are also two general
classes of glial cell, those of astrocytic and oligodendroglial lineages. Ultimately each of
these traces its origin to the pseudostratified proliferative epithelium (PVE) which lines



2 DISORDERS OF NEURONAL MIGRATION

Laminar Architecture

Mapping Units

Fig. 1.1. Laminar architecture (see text) is similar in murine (lower left) and human (lower right}
neocortex, as is the topology of regional mapping of visual, somatoscnsory, acoustic and gustatory
sensory and motor representations.

the embryonic forebrain ventricular system (His 1904; Sauer 1935, 1936; Boulder
Committee 1970) (Fig. 1.2). The ncocortical ncurons of long axons probably arise
directly and exclusively from the neopallial PVE (Rakic 1972, 1990; Sidman and Rakic
1973). An undetermined and probably substantial fraction of the short axon neurons are
now thought to arise from proliferative activity in basal forebrain regions (Anderson et
al. 1997, Meyer et al. 1998, Lavdas et al. 1999) {Fig. 1.2).

The glial populations of the neocortex are known to arise from progenitors which
detach from the PVE and seed a secondary proliferative population (SPP) (Boulder Com-
mittee 1970, Takahashi et al. 1992) that distributes through the cerebral wall intervening
between the PVE and sagittal stratum which defines the inner border of developing cortex
(Crandall and Caviness 1984) (Fig. 1.2). That is, mechanisms operate from carly in the
proliferative process of the ncopallial PYE that sort the progenitors of glial cells and

neurons of long axons such that the former and not the latter escape the epithelial con-
" straints of the PVE. The glial progenitors of the SPP proliferate exponentially until
neuronogenesis in the neopallial PVE is terminated (Takahashi et al. 1992). Thereafter
proliferative activity is intense but less than exponential through the carly period of
cortical growth and differentiation as axonal systems become myelinated through glial-
dependent intervention (Cameron and Rakic 1991, Goldman and Vaysse 1991, Levinson
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Fig. 1.2. The developing neopallial wall of gyrencephalic mammals is stratified from surface to
ventricle as neocortex, corona radiata, sagittal stratum, intermediate zone of cerebral wall and PVE.
Long axon excitatory neurons and glial precursors arise from the neocortical PYE. The neurons are
guided in their migrations across the cerebral wall 1o the cortex by the ascending fibers of radial glial
cells (RG) where the surface becomes convoluted as a result of forces generated with growth and
differentiation of postmitotic cells (see text). Glial precursors arising from the neopallial PVE seed
a secondary proliferative population (SPP), which distributes through the cerebral wall below the
sagittal stratum. An uncertain proportion of neocortical interneurons arise from the PVE or SPP
of the ganglionic eminence and migrate tangentially through the ncopallial wall.

and Goldman 1993). Beyond this intensely proliferative phase the SPP maintains a stem
cell capability, both sustaining itself and generating additional plial cells, perhaps even
small numbers of neurons, throughout life {Levinson and Goldman 1993; Lois and
Alvarez-Buylla 1993, 1994; Luskin 1993).

An apparent disruption of the mechanism that directs glial progenitors from the PVE
to the SPP appears to be transmitted by autosomal recessive inheritance in the tish mutant



4 DISORDERS OF NEURONAL MIGRATION

Fig. 1.3. The developing neopallial wall of
rodents is stratified from surface to ventricle
as neocortex, sagittal stratum, intermediate
zone of ccrebral wall and PVE. Neurons
arising in the PVE migrate directly across the
cercbral wall to cortex, guided by radial glial
fibers. Glial progenitors detach from the PVE
and form a secondary proliferative popula-
tion in the cerebral wall intervening between
PVE and sagittal stratum. In the tish mutant
in rats (right panel), a larger than normal
proportion of proliferative cells of the PVE,
including neuron precursors, scparate from
the PVE to sced the intermediate zone.

1 Neurons arising from this population do not
h 11 ' migrate to the cortex but instead congribute
3 - to a heterotopic mass positioned below the

tish sagittal stratum.
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rat (Fig. 1.3) (Lee ec al. 1997, 1998), and judging from the anatomic evidence the
malformation periventricular heterotopia in man may reflect the consequences of an
homologous mechanism (DiMario et al. 1993, Kamuro and Tenokuchi 1993, Hutten-
locher 1994, Caviness et al. 2000). In the rodent malformation, neuronal as well as glial
progenitors detach from the neopallial PVE and continue to proliferate within the cere-
bral wall between the PVE and sagittal seratum. The postmitotic neurons arising from this
ectopic proliferative population do not migrate into the cortex. Heterotopia in the human
malformation similatly is constrained between sagittal stratum and PVE and includes
both neuronal and glial forms. The number of heterotopic neurons is small relative to the
total PVE output to the neocortex. The gene product of the rodent disorder is not known.
The human phenotype is most typically transmitted by X-linked inheritance, although
-it is probable that autosomal cecessive and dominant forms are also encountered (Walsh
1999). The phenotype of the X-linked human form, at least respecting the structure of
heterotopia is indistinguishable in heterozygote fernale and hemizygote male (Sheen et al.
2001).
' The X-linked gene of this malformation in man {cloned at Xq28) encodes the
protcin filamin 1 (FLN1) (Eksioglu ct al. 1996, Fox ct al. 1998), a 280kDa actin-cross-
linking phosphoprotein of 2647 amino acids which has three major functional domains.
An N-terminal actin-binding domain is structurally similar to actin-binding domains of
dystrophin and O-actinin. The C-terminal domain is a site of dimetization and linkage
to several membrane proteins, in particular integrin. An intervening semiflexible rod



