MORPHOGENESIS OF CEREBRAL CORTEX 5

Q Fraction .
10 ',--' Q Fraction
f" ‘ P Fraction
Ll
05l m—m = mmmmmmmmmm—em——mm—m—e oo
0 e Celt Cycle Number

T T LI ¥ L] 1 L}

Q=0, P=1.0 1 2 3

n
<—————| Neuronogenetic Interval (0<Q<1.0) J—————-P

Fig. 1.4. The fraction of postmitotic cells exiting the cycle (Q fraction) increases non-linearly as the
fraction continuing to proliferate (P fraction) with the successive cycles 1-n of the neuronogenctic
interval (insert and lower pancl). The number of cell cycles (1 through n) of the neuronogenetic
interval in the neocortical PVE relates to the fractional advance of Q with cyclesas Q = LCC= (plo,
see text).

domain with “flexible hinges” has 24 repeats which are sites of proteolytic cleavage. In this
regard, FLN1 is subject to extensive phosphorylation which alters its subcellular localiza-
tion and its strength of binding to actin as well as to membrane receptors. Which of these
domains is closest to the histogenetic distuption in periventricular heterotopia is not yet
known. In any cvent, the gene product is essential to the sustained epithelial attachment
of only a small portion of the total PVE, but for this population it is indispensable.

NEURONAL PRODUCTION WITHIN THE NEOPALLIAL PVE
The neuronogenetic interval within the neopallial PVE is initiated when postmitotic
neurons first exit the cell division cycle (Fig. 1.4) (Takahashi et al. 1995). The progeny
of the previously exponential founder population then executes a finite series of cycles.
With each cycle the fraction of postmitotic cells that exits the proliferative process (Q)
increases, while the fraction that reenters S phase {P) decreases complementarily, More-
over, the duration of the cell cycle {T¢) also increases with each cycle, and — a matter of
critical importance to the central thesis here — this increase is due solely to an advance in
the duration of the G1 phase (Tc1).

The size of the proliferative population increases until Q =P = 0.5 (Takahashi et al.
1996). The size decreases with advance of Q beyond 0.5 and is exhausted of all prolifera-
tive activity with a final cycle where all postmitotic cells exit the cycle, that is where Q =
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Fig. 1.5. The cells of the PVE execute a scrics of integer cycles (CC1-CC11 in mouse) in the course
of which postmitotic neurons exit the epithelium and migrate across the embryonic cerebral wall
to become assembled into neocottical layers more or less in inside-to-outside order with respect to
their sequence of origin.

1.0, P = 0. Thus the duration of the neuronogenetic epoch is defined as a series of cycles
through which Q advances from 0 to 1.0 and P declines from 1.0 to 0. The number of
cycles through which the neuronogenetic process continues can be determined from the
equation
Q = kCC», also expressed as CC = (Q/k)!'*

where k is a constant representing the fractional advance of Q with cycle and where the
final CC is reached when Q is 1.0. We assume that the increasing fractional advance of
Q with each cell cycle reflects the resultant of the full sec of molecular operations required
to process the P/Q decision for each cycle. In the mouse the exponent, x, has been ex-
perimentally determined to be 1.97, and the constant k, 0.009, thus giving approximately
11 cell cycles (Takahashi et al. 2000), which agrees with independent estimates of CC
number made from measurements of cell cycle length (Takahashi et al. 1995).

The number of neurons arising with each cycle from a defined proliferative popu-
fation cotresponds to the size of that population multiplied by Q for that cycle (Takahashi
ct al. 1996). Thus, the number of cells arising in the course of the full neuronogenetic
interval will be the sum of the production from each cycle in the series of cycles. In mouse,
this cotresponds to an average total production of about 140 neurons for each founder
cell, that is a 140-fold multiplier effect of the proliferative process. If the exponent x in
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the above equation is assumed to remain constant across species, we may estimatc that
27 cell cycles in the 60 day neuronogenetic interval of monkey and perhaps as many as
34-35 in the 120 day neuronogenetic interval of man (Caviness et al. 1995, Takahashi
et al. 2000) give the proliferative expansion associated with the larger neocortex of these
species.

In all mammalian species, there is a systematic relationship berween sequence of
neuron origin and the particular subclass of neuron which is formed (Fig. 1.5) — that is,
mechanisms of specification of neuronal subclass are coordinate with those proliferative
mechanisms that regulate the sequence in which each subclass is formed (Caviness et al.
2000b). Specifically, the earliest neurons atising from the epithelium and destined for
layers II-VI are those that will form [ayer V1, the latest ate those that will form layer I,
and those destined for the intervening layers arise approximately in order (Caviness and
Sidman 1973, Fernandez and Bravo 1974, Rakic 1974, McSherry 1984, Bayer and Alt-
man 1991). The mechanisms that govern these proliferative and specification operations
of the PVE are universal to all regions of the epithelium, but do not occur simultancously
in all cortical regions. The sequence is initiated far rostrolaterally, advances caudomedially
and at all times is staggered in its state of progression according to the rostrolateral to
caudomedial (or principal) axis of the PVE (Fig. 1.6) (Caviness and Sidman 1973,
Fernandez and Bravo 1974, Rakic 1974, McSherry 1984, Bayer and Altman 1991).

This property of the proliferative activity of the PVE is known as the transverse
neuronogenetic gradient (TNG) (Fig. 1.6) (Bayer and Altman 1991). Moreover, the TNG
actually cotresponds at all times during the neuronogenetic interval to a shifting mosaic
* of cell cycle domains distributed from relatively higher to lower in the 11 cycle series along
the principal axis of the epithelium (Takahashi et al. 2000) (Fig. 1.6). As a consequence
of its complex mode of operation, considered in more detail elsewhere (Takahashi et al.
2000) the slope of the TNG at any moment in the neuronogenetic interval will be
determined by the pattern of advance of Te with cycle. In theory, this frequency shift
gradient offers a mechanism for encoding positional information within the epithelium
(Miyama et al. 1997). We have elsewhere illustrated how this gradient might contribute
at fine grain, with other coarser grained mechanisms of positional encoding active in the
PVE prior to the onset of neuronogenesis (Puelles and Rubenstein 1993, Shimamura et
al. 1995), to encoding a protomap (Rakic 1988) of the neocortical architectonic repre-
sentations within the PVE (Takahashi et al. 2000).

The essence of the observations just reviewed is that Q and T are the only two reg-
ulated parameters of the proliferative process and that they advance in mouse in the course
of 11 cycles, observing in their advance a rostrolateral to caudomedial gradient within the
PVE (Caviness et al. 2000b, Takahashi et al. 2000). We have elsewhere proposed the G1
phase restriction point to be a plausible master regulatory mechanism for coordinate con-
trol of the constant k in the equation, Q = kCC*, and thus the mechanism that deter-
mines the number of cycles and the multiplier power of the overall proliferative process
(Fig. 1.7) (Caviness ct al. 1999, Takahashi et al. 2000). The restriction point, a complex
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Fig. 1.6. The neocortical PVE of the embryonic mouse brain of the left hemisphere and cérebral
ventricular cavity of the right hemisphere are revealed after the overlying cerebral wall is cut away
(upper panel). The neuronogenetic interval is initiated far rostrolaterally with the first postmitotic
cells entering cell cycle 1 (CCI) of the total 11 cycle series. Over the course of the initial 24 hours
of the neuronogenetic interval in mouse, the leading edge (indicated boundaries) of domains of cells
executing cycle CC1-5 propagates caudomedially, following the principal axis of the transverse
neuronogenetic gradient. There is progressive contraction and eventual disappearance of the domain
of cells tha continue in the pre-neuronogenetic interval (Pre-NI) exponential proliferative state.

set of molecular actions governed internally by opposing facilitatory and inhibitory
molecular mechanisms and responsive to a variety of cell external facilitatory and inhib-
itory agents, determines Q in proliferative vertebrate cells and also may govern variation
in T (Koff et al. 1993; Sherr 1993, 1994; Robetts et al. 1994; Massague and Polyak
1995). Moreover, the transcriptional profile of the P fraction is sct by mechanisms
inherent to the operation of the restriction point (Touchette 1992, Weinberg 1995,
Brown and Schreiber 1996, Gerhart and Kirschner 1997). Thus, the mechanisms asso-
ciated with Q and T regulation are sufficient to coordinate the generation of the appro-
priate number of cells according to the cell class and also to serve to provide the mapping
requirements of ncocortical specification (Takahashi et al. 2000, Caviness et al. 2000b).

To date only the p27 “knockout” mouse can be taken to be a test of this hypothesis,
and, at this time, it is a test of only a few of its provisions (Fero et al. 1996, Kiyokawa et
al. 1996, Nakayama et al, 1996). The protein p27 is a principal intrinsic inhibitor at the
restriction point; that is, augmentation of its action would be expected to augment Q,
whereas an easing of its action would be expected to decrease Q. The knockout animals
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are larger by some 40% than normal animals, and, to a rough approximation, the
enlargement is uniformly scaled across most body organs and across all brain regions.
Thus, this animal illustrates a role of the restriction point in 2 general computation that
determines cell number in the course of histogenesis of brain and most body organs. Since
the animal is not infinitely large, it is clear that other proteins must also act as inhibitory
checks at the restriction point in the animal null for p27. The loss of this protcin produces
2 moderate increase in cell number in the neocortex (Goto et al. 1999). Its effect upon
the operation of the TNG has not been established.

In humans, however, certain of the heritable extreme “primary” microcephalic dis-
orders may reflect the consequences of molecular disruptions which modify both the
operation of the cell cycle and that of the TNG (Caviness et al, 2000a). We suggest this
because the outer cortical layers in these malformations tend to be preferentially blighted
(Ross and Frias 1977) and it is greatly doubtful that the architectonic map is complete.
Thus, in such disorders there might be accelerated advance of Q with cycle, acting to
reduce the number of cell cycles, and also distuption of positional encoding specificity
of the TNG.

MIGRATION AND STRATIFICATION OF THE CEREBRAL WALL

Neurons arising in the PVE must find their way to developing ncocortex at the surface
of cercbral wall (Sidman and Rakic 1973). The width and the structural complexity in-
crease greatly as neuron production proceeds (Stensaas 1967a,b, 1968; Morest 1970). It
is to be inferred from the dual origin of neurons, i.e. the neopallial PVE and basal fore-
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brain regions, that there must be multiple routes of migration and, perhaps, as many
mechanisms of guidance as routes (Fig. 1.2).

NEOPALLIAL PVE TO CORTEX

The most completely understood routes and mechanisms of migration are those of the
long axon neurons from neopallial PVE to cortex (Fig. 1.2) (Rakic 1972, 1995). Neurons
arising from the neopallial PVE migrate toward and into the cortex continuously (Taka-
hashi et al. 1995), guided principally by the ascending fiber of the radial glial cell, a cell
of astrocytic lineage which spans the full width of the cerebeal wall (Rakic 1972, 1995;
Misson et al. 1991). The somata of these specialized glial elements form a minor con-
tingent of the proliferative population of the PVE (Levitt et al. 1981, Misson et al. 1991).
Their rate of proliferation and fiber claboration is such as to maintain a fasciculated fiber
scaffolding of constant density throughout the migratory epoch of neocortical
histogenesis {Gadisseux et al. 1987, 1989, 1990).

Migration of neurons generated in the PVE through the subcortical segment of this
glial scaffold is distupted in the heritable lissencephaly type I malformations in man
(Fig. 1.8A) (Dobyns 1987, Dobyns and Truwit 1995). The structural evidence for this is
the presence of heterotopia which is limited to the sagittal stratum and corona radiata
(Caviness et al. 1989). Heterotopia extends to but not into the cortex itsclf, which is
represented by a narrow but well formed laminar ordering of neurons that has the
architectonic and cytologic features of layers VI/V (Stewart et al. 1975). The neuronal
population of the heterotopia includes a range of types native to the neocortex and in par-
ticular neuronal types native to the outer cortical layers. Pyramidal forms are generally
radially aligned (Caviness etal. 1989). The position of the heterotopic neurons indicates
that the migrating neurons can make an initial attachment to the radial glial fibers and
move for some distance before their progress is disrupted. Transmission occurs as a con-
sequence of genetic disruptions on two different linkage groups (LISI: chromosome
17p13; DCX: Xq22.3-23) where microdeletion and point mutation have both been
implicated as mechanisms of genetic distuption (Reiner et al. 1993, 1995; Lo Nigro et
al. 1997; des Portes et al. 1998; Gleeson et al. 1998; Pilz et al. 1998; Walsh 1999). The
classic lissencephaly 1 phenotype is observed only in the male hemizygotic for the DCX
mutation. The heterozygotic state of DCX mutation is also exptessed in the female but
the anomaly is very much milder, limited to a tangentially coursing band of heterotopia
located at the level of the sagittal stratum and extending into the depths of the corona
radiata (Barkovich ct al. 1989, 1994; Livingston and Aicardi 1990; Vahidiek et al. 1990;
Palmini et al. 1991; Soucek et al. 1992). Its width is variable from individual to indi-

" vidual, reflecting, it is thought, the variability of X inactivation (Walsh 1999).

Distuption of migration in both the LISI and DCX malformations appears to reflect
a disorder of assembly and management of microtubules. The protein products of both
the LISI and DCX genetic loci co-localize and co-assemble with microtubules and appear
to be opcrationally microtubular associated proteins or “MADs” (Sapir et al. 1997,
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Fig. 1.8. In the course of normal neocortical histogenesis, neurons arising in the neopallial PVE
traverse the intermediate zone of the cerebral wall, sagittal stratum and corona radiata in thei ascent
to the neocortex along radial glial guides (pancl at left). Migration is arrested within the corona
radiata in the Lis1 and related malformations (A), but at the transition between corona radiata and
cortex in the Zellweger malformation and the focal dysplasias of tuberous sclerosis (C). Small
clusters of heterotopias within the molecular layer may represent the consequences of disordered
tangential migration of cells of the subpial granular layer (asterisk and atrow in B, see rext).

Gleeson et al. 1998) As such they may be expected to contribute to migration via a role
in microtubule organization and stability and more specifically to elaboration of leading
process and translocation of the nucleus (Rakic et al. 1996). LISI may also serve as regula-
tory subunit to the enzyme platelet activating factor (PAF) acetylhydrolase, which
hydrolyzes PAE, potentially implicating it in mechanisms of nuclear translocation (Ricci
et al. 1992, Hashimoto et al. 1993, Hattori et al. 1994).

BasaL FOREBRAIN TO CORTEX

The GABAergic neutons arising within the ganglionic eminence of the basal forebrain
stream tangentially through the intermediate zone of the cerebral wall before ascending
radially to the cortex itself (Fig. 1.2) {Anderson ct al. 1997, Meyer et al. 1998, Lavdas et
al. 1999). Other neuronal forms, arising even more remotely in juxtaolfactory PVE,
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stream tangentially though the molecular layer (Brun 1965, Gadisseux et al. 1992, Meyer
et al. 1998). This population, the “subpial granular layer”, includes GABAergic neurons
and, transiently, the Cajal-Retzius cells. The mechanisms of guidance, though not yet ex-
plicitly demonstrated, may depend upon the course of tangentially aligned fasciculated
axons of the molecular layer (Anderson et al. 1997).

Small clusters of heterotopic neurons are regularly encountered in the molecular layet
of the human brain and when abundant have been associated with impaired language
facility or other cognitive deficits (Fig. 1.8B). In some instances they are associated with
disruption of the glial limiting membrane, and may extend into the ovetlying lepto-
meningeal compartment (Caviness et al. 1978). Deformities with these same histological
features may be induced by puncture or thermal injury to the cerebral surface (Rosen et
al. 1992), and some of these may arise consequent to focal sucface injury occurring late
i1 the course of neuronal migration. In other instances there is no evidence of disruption
of the glial membrane so as to suggest local tissue injury. Alchough not known to be trans-
missible by heritable mechanisms in man, such layer | heterotopias without evidence of
injury are transmissible in mice by an autosomal recessive mechanism in the dreher
mutant mousé (Nowakowski 1988, Sekiguchi et al. 1994) and by some more complitated
mechanism in the NZB inbred mouse line (Sherman et al. 1990, 1992). They may be
induced in normal mice by exposure to high levels of the neurotropin NT3 (Brunstrom
et al. 1997, Ringstedt et al. 1998). This set of observations invites the hypothesis that
heritable mechanisms, as yet undisclosed, but possibly related to the disregulation of
neurotropins or the neurotropin TrkB receptor, may set the stage for layer 1 heterotopias

in man.

STRATIFICATION

At the outset of neocortical histogenesis, the PVE and a narrow plexiform margin gen-
erated by the ascending processes of its cells comprise the full width of the cerebral wall
(Sidman and Rakic 1982, Takahashi et al. 1995). The somata of the earliest cells to be-
come postmitotic may translocate radially outward along the ascending process into the
superficial “primordial” plexiform zone (Morest 1970, Nowakowski and Rakic 1981,
Nadarajah et al. 1999). The subsequently gencrated long axon neurons ascend across the
widening plexiform interval, following ascending radial fibers. Their laminar destination
s more or less “inside to outside”, that is, the neurons whose somata will form layer VI
are the first and those of layer IT are the last to be formed (Angevine and Sidman 1961,
Hicks and D’Amato 1968, Rakic 1974). The laminar distribution of neurons arising with
each successive cell cycle of the 11 cycle series in mouse is the same throughout the cortex

(Fig. 1.5).
POSTMIGRATORY CORTICAL MORPHOGENESIS

Among the earliest postmigratory events occutring within the cortex is the assignment of
neuronal somata to their respective layers. Whereas neurons arise in the PVE and migrate
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approximately in an “inside-to-outside” order with respect to their laminar destinations
in the cortex, this correspondence is only approximate. Cells of multiple class and destined
for multiple adjacent layers are formed and migrate into the cortex concurrently, and each
layer receives cells born over multiple sequential cycles (Takahashi et al. 2000). Thus,
mechanisms must operate following migration that enforce laminar class assignment.

A wide variety of dysgeneticistates, variously designated microdysgenesis and charac-
terized by mild degrees of malregistration of layers, appear to reflect low level derailment
of these processes (Hardiman et al. 1988, Brodtkorb et al. 1992, Farrell ec al. 1992,
Mouritzen-Dam 1992, Caviness et al. 1995b, Mischel et al. 1995). Less common but well
defined is a set of malformations where large scale heterotopia spreads through the lower
reaches of the cortex into subjacent corona radiata. Among these are the malformations
associated with the Zellweger syndrome and the focal cortical dysplasias of tuberous scle-
rosis (TS) (Fig. 1.8C). In the Zellweger disorder heterotopic neurons spread extensively
through the centrosylvian region of the lateral hemispheric convexity and are more or less
symmetrically distributed in the two hemispheres (Volpe and Adams 1972, Evrard et al.
1978). Heterotopia increases from laterally to medially across the cerebral wall, and there
is an associated graded microgyric to pachygyric conformation of the overlying cerebral
surface. The cellular forms distributed throughout the heterotopic field are similar to
those seen in lissencephaly and are presumably neurons normally destined for cortex
(Evrard et al. 1978). In addition, extending through the upper corona radiata there are
distinctive columns of densely packed small cellular forms which have not yet been
established to be neurons.

In TS there is a focal dysplasia that typically but not invariably occurs singly and is
generally limited to a portion of a single gyrus generally deforming the gyrus such that
it may be recognized with magnetic resonance imaging (Andermann et al. 1987,
Barkovich and Kjos 1992, Raymond etal. 1995). It is distinctive for its associated anom-
aly of neuronal form. Cells of gigantic size bear neurofilaments and form synapses. Many
of these are neuronal forms that distribute diffusely through cortical and subcortical fields,
respecting no laminar assignments. There arc for the present no certain indications of the
cellular and molecular biological mechanisms that lead to migratory arrest associated with
the pattern of heterotopia. Mutation in the Zellweger disorder leads to a failure of
assembly of peroxisomes and is associated with failure of degradation of very long chain
 fatty acids and depletion of essential lipids normally synthesized in these organelles. In
mice null for the Pxr! gene there is 2 comparable deficiency of peroxisomal assembly, and
this disorder is also associated with failure of ncuronal migration (Baes et al. 1997). The
TS phenotype appears with two genetic loci. The 75C2 (chromosome 11) gene encodes
for the protein tuberin which isa GAP (GTTase activating protein) for Rab5 and poten-
tially, by inference from its structure, a transcriptional co-regulator.-It has extensive
homology with the gene gigasin fly whete cells in which this gene has been disabled repli-
cate DNA through multiple cycles without intermediary mitosis. Giant multiploid cells
reflecting this sequence disrupt retinal development (Ito and Rubin 1999). There may
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also be homology with the flathead mutation in rats where large neocortical cell forms
are associated with disordered cytokinesis, cell patterning abnormalities and exaggerated
cell death (Roberts et al. 2000, Sarkisian et al. 2001). Given the gigantic and probably
multiploid appearance of cells of the dysplasias in TS, it is plausible that they reflect the
consequences of 2 cotresponding molecular biological anomaly. TSC1 (chromosome 9)
encodes a protein designated hamartin for which function has not been clucidated.

The mechanisms of migration arrest in the Zellweger malformation and respecting
the focal dysplasias in TS remain to be elucidated, but the distance through which the cells
have moved argues that migration begins normally. The anatomic evidence suggests that
the arrest occurs toward the end of the migratory trajectory where migrating neurons
must bypass postmigratory neurons upon entering the cortical zone. In this limited sense
this pattern of distribution of heterotopia has affinity with the malformation associated
with the reeler mutation in mice (Caviness and Sidman 1973, Pinto-Lord and Caviness
1979, Pinto-Lord et al. 1982, Caviness et al. 1988) and its phenocopies, scrambler and
yottari (Gonzalez et al. 1997, Sheldon et al. 1997, Ware et al. 1997, Yoneshima et al.
1997). In these murine disorders movement of migrating cells is obstructed by an ap-
parent failure of previously generated cells to detach from the radial glial fiber (Pinto-Lord
et al. 1982). A pachygytic, microcephalic cercbral malformation associated with small
cerebellum, thus far observed anatomically only from the perspective of MRI, has also
now been found to be associated with null mutation of the homologous human gene
(Hong et al. 2000). The gene ac the recler locus encodes a large scereted extracellulac
matrix glycoprotein. This protein probably influences cell migration by binding to a cell
surface receptor which is an upstream station in the mdab signaling pathway that is
apparently inactivated by mutation in scrambler and yottari as well as by enginecred null
states of the surface receptor for this pathway (D’Arcangelo et al. 1997, Sheldon et al.
1997, Ware et al. 1997, Rice et al. 1998, TrommsdorfF et al. 1999). It remains to be
determined if similar obstructions of migration and receptor interactions are involved in
producing the heterotopia in TS and the Zeliweger malformation.

SYSTEMS QPTIMIZATION AND REGRESSIVE EVENTS

The progressive events of cell proliferation, migration and growth are offset by substantial
regressive events that include the elimination of neurons by apoptotic cell death and of
“cxuberant” axonal and dendritic processes by “pruning”. By extrapolation from the
course of events in mouse and other mammalian species (Caviness et al. 1997, Takahashi
et al. 2000), cell elimination by apoptosis should go forward rapidly during the late
second and early third trimester in the human brain. Thus, in mouse, it is initiated in the
immediate postnatal period, reaches peak intensity within several days and is essentially
complete at 2 weeks (Takahashi et al. 2000). Pruning of process exuberance runs a much
mote prolonged cycle that is more or less concurrent with tha of synaptogenesis
(Lamantia and Rakic 1990, Bourgeois and Rakic 1993, Bourgeois et al. 1994, Innocent
1995). By extrapolation from investigations in monkey these processes in the human
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brain probably continue strongly through the third trimester, beyond birth and into the
first 2-3 postnatal years (Caviness et al. 1997).

The intracortical regtessive morphogenetic events proceed more or less concurrently
across the entire face of the cortex, although the magnitudes are idiosyncratic not only
with respect to architectonic field but even to layer within field. This pattern bears no
relationship to the earlier enacted spatiotemporal opetation of the TNG of the PVE
(Bourgeois and Rakic 1993, Bourgeois et al. 1994, Gilmore et al. 2000, Takahashi et al.
2000). The tempo of volumetric advance picks up through the third trimester and the
period around birth is one of unequaled rate of volumetric increase. Asymptote is
approached by 3 years of age but volume is probably not maximum until mid- to late
adolescence (Caviness et al. 1997). Substantial evidence indicates that the regressive events
serve a larger agenda of systems matching directed toward circuitty optimization.

GYRIFICATION

A resultant but greatly conspicuous consequence of these collective morphogenetic
processes is the gyrification of the cerebral exterior. Though in detail the patterns of
folding are probably as unique to the individual as the fingerprint (Ono et al. 1990), this
variability still observes a canonical general pattern that is systematically related to the
underlying cytoarchitectonic fields (Rademacher et al. 1993). A plausible model for the
mechanical forces necessary to induce folding has been borrowed from geological plate
tectonics (Richman et al. 1975) and depends upon the facts that: (1) the six cortical layers
 are fixed in their radial registration by cytological apical dendritic structure and cannot
slip tangentially relative to cach other once assembled; (2) the infragranular layers V and
V1 have largely completed their cycle of volumetric increase at the end of the migratory
phase; and (3) a massive cycle of growth is initiated in overlying layers lI-1V, that is, the
layers that will derive from cortical plate only after migration comes to an end. The
systematic topographic patterning of gyrification must have some explanation different
from the differential force model which is taken to account for the fact of surface folding,
As a plausible mode! for the topographic specificity of the gyral pattern respecting
cytoarchitectonic divisions, it has been proposed that folding occurs in such 2 way as to
approximate densely interconnected regions as opposite faces of the same convolution
(Van Essen 1997). Opposing faces of adjacent convolutions are less densely intercon-
nected. Whereas this model is probably sufficient to account for patterns of distribution
of the secondary gysi (as superior frontal) and tertiary gyri (as variable tributaries of
superior frontal) that become established over the course of the last half of intrauterine
development, it is probably not sufficient to account for the position of the primary con-
volutional (as sylvian, central) pattern emerging even before the end of the ffth gestational
month (Chi et al. 1977). Dramatic changes observed in posterior hemispheric gyral
pattern following prefrontal ablations in the fetal monkey illustrate the potentially
powerful yet long range actions of these determinants of gyral pattern in the developing

brain (Goldman-Rakic and Rakic 1984).
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PROSPECTUS

In the “remote present” of the molecular biology of development it has been estimated
that some 90% of the human genome is expressed in the brain, as much as 50% of the
genome expressed only in the brain, and most genes are expressed by the time of birth
(Caviness 1987). Whatever the actual numbers eventually to be attached to the genetic
requirement for morphogenesis of the human brain, its processes must stand as the
hungriest “information sink” in biology. We have presented here a generally coherent view
of the cellular events through which neocortical morphogenesis unfolds. This framework
is linked by observation and theory from beginning to end and has proved flexible, ac-
commodating revisions and new entries as they arise. The relationship of the cellular
processes that form this framework to the underlying molecular biological mechanisms
and theit genetic regulation is less secure. Clearly, the principles of information transform
through which genome presides over the developmental origins of morphological pheno-
type arc only weakly codified. Powerful, rapidly evolving methodologies in molecular
genctics and other domains of biology, addressed to mutation induced disorders of the
developing brain or in exploration of engineered genetic perturbations of brain develop-
ment in mice, virtually daily provide new offerings. For the present, however, thete are
few generally defensible molecular biological mechanisms that have surfaced from these
offerings and, as far as we are aware, no general theories of their genetic regulation {(Gerhart
and Kirschner 1997). We imagine with this perspective that future research will discover
rules and algorithms of operation that will be crucial for clinical method and purpose.
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