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During development, the neural tube produces a large di- 
versity of neuronal phenotypes from a morphologically ho- 
mogeneous pool of precursor cells. In recent years, the 
cellular and molecular mechanisms by which specific 
types of neurons are generated have been explored, in the 
hope of discovering features common to development 
throughout the nervous system. This article focuses on 
three strategies employed by the CNS to generate distinct 
classes of neuronal phenotypes during development: dor- 
sal-ventral polarization in the spinal cord, segmentation in 
the hindbrain, and a lamination in the cerebral cortex. The 
mechanisms for neurogenesis exemplified by these three 
strategies range from a relatively rigid, cell lineage-depen- 
dent specification with a high degree of subservance to 
early patterns of gene expression, to inductions and cell- 
cell interactions that determine cell fates more flexibly. 

[Key words: neurogenesis, hindbrain, spinal cord, cere- 
bral cortex, pattern formation, homeodomain, induction] 

During embryonic development, the cells of the neural tube gen- 
erate the enormous variety of neurons that will populate the 
central nervous system of the adult. Phenotypically diverse neu- 
rons must be produced, organized into functional units, and in- 
terconnected through the formation of specific axonal and syn- 
aptic contacts. These processes ultimately generate precisely 
wired neuronal circuits that underlie both simple and complex 
behaviors. Rather than employing a single, uniform strategy for 
the production of neuronal diversity, the neural tube appears to 
use a variety of cellular and molecular strategies to generate 
specific neuronal phenotypes. This article focuses on three such 
strategies within the mammalian central nervous system: dorsal- 
ventral patterning in the spinal cord, segmentation in the hind- 
brain, and lamination in the cerebral cortex. These strategies 
differ from one another in the cellular mechanisms used to 
achieve diversity, the degree to which cell fates are constrained 
by lineage or position, and the extent to which the molecular 
basis for determination is known. 

There are two general mechanisms that contribute to the de- 
termination of specific neuronal fates. One is the inheritance by 
a cell of a restricted developmental potential from its parent or 
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ancestor-in other words, the determination of cell fate by cell 
lineage. One can imagine two variations on this theme. Under 
the first, a distinct progenitor cell produces a distinct class of 
neurons. In this case, clones of related cells would be composed 
exclusively of neurons with a common phenotype. Under the 
second variation on the lineage theme, each precursor might 
generate neurons with a wide variety of phenotypes, but would 
do so following an intrinsic plan in which different cell types 
are generated in a predetermined pattern. In this scheme, the 
precursor is multifated (in the sense that it produces progeny 
that adopt a variety of fates), but lineage studies would reveal 
consistent patterns of clonal composition from animal to animal. 
Under the second mechanism that contributes to the determi- 
nation of specific neuronal fates, neuronal precursors or their 
progeny are multipotent-that is, the cells may develop along a 
variety of possible pathways, and the particular pathway chosen 
results from interactions between cells and their local microen- 
vironment. The environment is thought to provide instructive 
influences that actively signal or induce the production of spe- 
cific neuronal phenotypes. 

It is important to emphasize that lineage studies alone cannot 
reveal the mechanism by which a cell acquires its phenotype. 
Both variable and invariant lineages may result from extrinsic 
inductive events acting on multipotent cells. This apparent par- 
adox is illustrated by studies of the nematode worm Cuenor- 
habditis elegans, in which patterns of cell lineage are completely 
invariant from animal to animal (Sulston and Horvitz, 1977). 
This invariance led many to the premature conclusion that lin- 
eage-based inheritance provides the mechanism for cell fate de- 
termination. Cell ablation experiments, however, provided ini- 
tially startling evidence that cell&cell interactions play a crucial 
role in the determination of many phenotypes-indeed, for many 
cells it seems that the role of lineage is to put the cell in the 
right place at the right time for these interactions to occur 
(Greenwald, 1989). Thus, to ascertain whether intrinsic or ex- 
trinsic influences determine a cell’s fate, one must challenge the 
cell experimentally to change its normal fate by ablating its 
neighbors, by transplanting the cell into a foreign environment, 
or by mutating the animal’s genotype (Stent, 1985). 

The Spinal Cord 

The spinal cord is a tube of cells composed of a relatively small 
number of neuronal phenotypes, with relatively minor regional 
heterogeneities along its anterior-posterior axis. The major axis 
of polarization is from dorsal to ventral, with motor neurons 
located ventrally and sensory neurons found dorsally in bilateral 
symmetry all along the length of the cord (Fig. 1). Spectacular 
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Figure 1. Dorsal-ventral patterning in the embryonic spinal cord. 
Commissural interneurons are located dorsally and project their axons 
ventrally (their complete axonal trajectories are not shown). Motor neu- 
rons are located ventrally on either side of the floor plate (FP) and 
extend axons into the ventral roots. Abbreviations: E, ectoderm; RP, 
roof plate; N, notochord. 

progress has been made at both the cellular and molecular levels 
in understanding the mechanisms by which dorso-ventral polar- 
ity is initially established in the spinal cord. It is by now well 
known that the chordomesoderm underlying the ventral spinal 
cord plays an essential role in the induction of ventral structures, 
including the floor plate and neighboring motor neurons. Extir- 
pation of the notochord results in a failure of both floor plate 
and motor neurons to differentiate, while grafting an ectopic 
notochord. induces the formation of an ectopic floor plate and 
accompanying set of motor neurons (reviewed by Dodd, 1992). 

Dorsal cell types do not require signals from the notochord 
for their differentiation; indeed, in the absence of a notochord, 
dorsal cell types appear ectopically in the ventral spinal cord 
(Placzek et al., 1991; Yamada et al., 1991). These observations 
raise the possibility that dorsal fates constitute a default pathway 
for differentiation in the spinal cord. Alternatively, dorsal de- 
velopment may result from induction, with the notochord nor- 
mally acting in ventral regions to repress the effects of dorsal 
inducers. Recent evidence supports that notion that dorsal cell 
fates are induced by signals from the overlying ectoderm, since 
coculturing ectoderm from very young embryos with neural 
plate induces the expression of a neural crest marker, the car- 
bohydrate epitope HNK-1 (Selleck and Bronner-Fraser, 1995). 
Similar cocultures performed with slightly older tissues not only 
induce HNK-1, but also result in the induction of dorsal neural 
tube markers such as the wnt-1 protein (Dickinson et al., 1995). 
These data suggest that dorsal induction proceeds in at least two 
steps, the first resulting in neural crest formation and the second 
in dorsalization within the neural tube itself. 

The dorsalizing and ventralizing signals may form opposing 
gradients of activity, the relative concentrations of which specify 
discrete cell fates along the dorsal-ventral axis (Basler et al., 

1993). The presence in the dorsal spinal cord of presumably 
secreted factors such as dorsalin-1, a member of the TGFB fam- 
ily that promotes dorsal development and suppresses motor neu- 
ron differentiation (Basler et al., 1993), provides support for this 
view. In the absence of the notochord, dorsalin-l expression 
extends ventrally, consistent with the appearance of dorsal cell 
types in ventral locations, and suggesting that the notochord nor- 
mally represses dorsalin-l expression in ventral regions. How- 
ever, implantation of a second notochord above the dorsal neural 
plate or tube fails to suppress the formation of dorsal structures 
such as the neural crest and commissural interneurons, which 
can emerge despite the production of ectopic ventral structures 
(Artinger and Bronner-Fraser, 1993b). Because dorsally grafted 
notochords do appear to repress the dorsal expression of both 
dorsalin-l (Basler et al., 1993) and wnt-1 (M. Dickinson and M. 
Bronner-Fraser, unpublished observations), the persistent differ- 
entiation of the neural crest and commissural interneurons may 
have been stimulated by an earlier dorsalizing activity that is 
unaffected or insufficiently repressed by the ectopic notochord. 

Motor neuron induction 
The production of motor neurons in vivo requires a signal de- 
rived from a ventral source, since removal of the notochord 
blocks the formation of not only the floor plate but also motor 
neurons (Dodd, 1992; Yamada et al., 1993; but see Artinger and 
Bronner-Fraser, 1993a). These interactions can be reproduced in 
vitro: juxtaposition of a piece of notochord with an explant of 
lateral neural plate tissue, which would not on its own produce 
ventral cell types, induces the neural explant to form both floor- 
plate and motor neurons, as assessed by the expression of mark- 
ers specific to these ventral regions (Placzek et al., 1993; Ya- 
mada et al., 1993). While floorplate induction requires direct 
contact between notochord and neural tissue in vitro, the signal 
that induces the production of motor neurons appears to be dif- 
fusible (Placzek et al., 1993; Yamada et al., 1993). These ob- 
servations have led to the suggestion that, in contrast to the 
notion that ventralization results from a single signal, the activ- 
ities that regulate the production of the floor plate and motor 
neurons are distinct from one another. Both the notochord and 
the floor plate express closely-related homologs of the hedgehog 
gene of Drosophila, called sonic hedgehog (shh) in chick (Eche- 
lard et al., 1993) and vertebrate hedgehog (vhh-1) in rat (Roelink 
et a1.,‘1994), which show inductive activities in vivo and in vitro. 
COS cells expressing vhh-l induce floor plate and motor neuron 
differentiation in explants of neural plate, mimicking closely the 
action of the notochord under comparable circumstances (Roe- 
link et al., 1994). 

It is not completely clear whether the production of motor 
neurons in vivo is normally signalled by the notochord or by the 
floor plate, nor is it clear whether hedgehog homologs play a 
direct role in motor neuron induction. Both notochord and floor 
plate can induce motor neurons in vivo and in vitro; however, 
notochord transplantation, coculture of notochord and neural tis- 
sues, and expression of hedgehog homologs all typically result 
in the formation of a floor plate as well as motor neurons, leav- 
ing open the possibility that the notochord induces the floor 
plate, and the floor plate then secretes a further factor that spec- 
ifies motor neurons. Several arguments have been made that the 
inductive activity is derived primarily from the floor plate. Clear- 
ly, the floor plate is sufficient to induce motor neurons, whether 
introduced by transplantation, in cocultures (Yamada et al., 
1993), or simply by the addition of floor plate-conditioned me- 
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dium (Roelink et al., 1994). In addition, ablation of half of the 
floor plate on either side of the midline in vivo results in a failure 
of motor neurons to differentiate on that side (Hirano et al., 
1991). However, there is equally compelling evidence for a pri- 
mary role for the notochord itself in regulating the formation of 
motor neurons. The notochord expresses vhh-I before vhh-I is 
turned on in the floor plate, and at a time when cells are already 
specified to become motor neurons (Roelink et al., 1994). In- 
deed, there is evidence that some cells have already adopted a 
motor neuron identity before the floor plate has been specified 
(Yamada et al., 1993). While the presence of the floor plate is 
sufficient for the genesis of motor neurons, it may not be nec- 
essary: motor neurons are present in roughly normal numbers in 
zebrafish carrying the cyclops mutation, in which the floor plate 
is absent (Hatta, 1991, 1992), and motor neurons arise in the 
chick after partial notochord ablations, in regions lacking a floor 
plate (Artinger and Bronner-Fraser, 1993a). In view of these 
findings, it seems reasonable to conclude that both the notochord 
and the floor plate are involved directly, and possibly sequen- 
tially, in motor neuron induction; however, the molecular mech- 
anisms by which they accomplish this end may well be distinct 
from one another (Yamada et al., 1993). 

Cell lineage studies 

Cell lineage studies using retroviral lineage tracers suggest that 
neurons of the dorsal and ventral spinal cord are normally de- 
scended from separate pools of progenitor cells, located in the 
alar and basal plates, respectively (Leber et al., 1990). Since all 
regions of the spinal neural tube have the potential to produce 
motor neurons if presented with appropriate tissues or inducers, 
the generation of motor neurons from ventral progenitors pre- 
sumably arises because of their proximity in vivo to the source 
of inductive activity. The precursor cells that generate motor 
neurons appear to be multipotent, since spinal motor neurons 
commonly share a lineage with a variety of other cell types, 
including not only motor neurons but also interneurons, auto- 
nomic preganglionic neurons, astrocytes, or oligodendrocytes 
(Leber et al., 1990). How ventral inducers effect the production 
of motor neurons from a multipotent progenitor cell is not 
known. One possibility is that the inducer is active only during 
the time in which motor neurons are generated; alternatively, the 
competence of cells to respond to the constitutive expression of 
motor neuron inducers may be regulated dynamically in space 
or in time. Motor neuron specification probably occurs prior to 
cell migration, since the onset of expression of the motor neuron 
marker Islet-l, a homeodomain gene of the LIM class, occurs 
soon after the cell’s final mitotic division (Ericson et al., 1992). 
Whether it is the progenitor cell or the newly postmitotic neuron 
that responds to inductive signals is not yet known. 

DifSerentiation of specijc motor neuron phenotypes 

Motor neurons are organized into two columns that course lon- 
gitudinally on both sides of the spinal cord (refs. in Tsuchida et 
al., 1994). Both columns segregate cells according to their ax- 
onal projection patterns: neurons in the medial motor column 
innervate the axial musculature of the body wall, while cells in 
the lateral motor column project to the muscles of the limbs (Fig. 
2). In addition, along the anterior-posterior axis of each column, 
motor neurons are segregated into motor pools that innervate 
specific muscle types. For example, within the lateral motor col- 
umn, the most lateral motor pool innervates the muscles derived 
from the dorsal muscle mass of the limb, while the ventral mus- 
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Figure 2. Organization of motor neurons at the brachial and lumbar 
levels of the developing spinal cord. Neurons of the medial motor col- 
umn (MMC) project axons into the dermamyotome (DM), ultimately 
innervating the axial musculature. Neurons in the lateral subdivision of 
the lateral-motor column (Z&K,) project into the dorsal muscle mass 
of the limb, while neurons of the medial subdivision of the lateral motor 
column (UK,) project to ventral muscles. Modified from Figure 8 in 
Tsuchida et al. (1994). 

culature receives its inputs from more medial neurons. These 
neurons are generated at distinct times during development, with 
the production of medial neurons within the lateral column pre- 
ceding that of more laterally located neurons. Lineage studies 
reveal, however, that clonally related motor neurons are com- 
monly dispersed widely across the lateral motor column, and 
frequently even across the lateral and medial motor columns 
(Leber et al., 1990). These findings suggest strongly that clonally 
related neurons do not share common projection patterns: They 
may project to the axial or limb musculature, and, within the 
limbs, to either dorsal or ventral muscle masses. 

Is the projection phenotype of a motor neuron then specified 
by the final position in which the cell finds itself after migration? 
Transplantation experiments in zebra fish have provided com- 
pelling evidence that individual primary motor neurons are com- 
mitted to specific patterns of axonal projection by about an hour 
before the start of axogenesis, according to the position of the 
neuron one to two hours before the time of commitment (Eisen, 
1991, 1994). However, earlier studies in the chick have provided 
tantalizing suggestions that motor neuron projection patterns 
may be determined long before the neurons arrive in their final 
positions. Here several spinal segments were rotated, reversing 
the anterior-posterior axis, then reimplanted; motor neurons in- 
nervated their muscle targets in a pattern that reflected their 
segment of origin and not their new position (Lance-Jones and 
Landmesser, 1980). Although rotation was performed before 
most motor neurons had been generated, it is possible that local 
cues were rotated as well and that the fates of individual motor 
neurons had not yet been specified (Eisen, 1994). Recent mo- 
lecular studies provide indirect support for the notion of very 
early commitment to projection phenotype. Tsuchida and col- 
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leagues (Tsuchida et al., 1994) have discovered an intriguing 
correlation between the expression of a family of LIM homeo- 
domain genes and the projection patterns of motor neurons. Mo- 
tor neurons present in distinct motor columns that share common 
patterns of axonal projections also express specific combinations 
of four LIM genes (Islet-I, Islet-2, Lim-I, and Lim-3). For ex- 
ample, neurons in the lateral portion of the lateral motor column 
(that project to the dorsal limb musculature) express Islet-2 and 
Lim-I, while ventrally projecting neurons located in the medial 
subdivision of the lateral motor column express Islet-2 and Is- 
let-l (Tsuchida et al., 1994). LIM gene expression in motor neu- 
rons occurs shortly after their birth, and long before these neu- 
rons innervate their distinct axonal targets. Within the medial 
motor column, Islet-1 is the earliest gene expressed, followed 
by Islet-2 then Lim-3; in the lateral motor column, Islet-l is also 
expressed first, followed by Islet-2 and Lim-I. Thus, it seems 
that specific patterns of LIM gene expression emerge prior to 
the formation of the lateral and medial subdivisions of the lateral 
motor column, suggesting (but not proving) that motor neuron 
identities have already been specified. Thus, contrary to the hy- 
pothesis that cell position determines projection phenotype, neu- 
rons may actively segregate into discrete columns according to 
previously determined phenotypes. 

Whether the LIM homeodomain genes play a role in speci- 
fying the axonal pathways followed by motor neurons has not 
yet been tested by ectopic expression or gene knockout experi- 
ments. However, it is now clear that Islet-l, the earliest-ex- 
pressed LIM gene, is required for normal motor neuron differ- 
entiation. In vitro treatment of neural tube explants that contain 
committed but undifferentiated motor neurons with antisense oli- 
gonucleotides to Islet-l blocks not only the production of Islet-I 
protein, but also the formation of motor neurons; similarly, mo- 
tor neurons are absent in mice in which the Is/et-l gene has 
been knocked out (S. Pfaff, T. Edlund, and T M. Jessell, per- 
sonal communication). 

Thus, while the spinal cord thus employs a seemingly simple 
strategy for the generation of dorsal and ventral neuronal phe- 
notypes, in which inductive cues from the underlying notochord 
and possibly from the overlying ectoderm bias cells toward ven- 
tral or dorsal pathways, the mechanism by which discrete cell 
types are produced remains an enigma. The notochord and floor 
plate both serve as sources of diffusible signals that act on mul- 
tipotent progenitors in the ventral neuroepithelium, triggering the 
production of motor neurons. Among these cells, neurons with 
distinct projection patterns are generated in a predictable se- 
quence during development, then express specific combinations 
of LIM transcription factors prior to the time at which they ex- 
tend axons. The factors that determine the axonal projections 
and patterns of gene expression of individual motor neurons re- 
main a mystery. 

The Hindbrain 
The hindbrain is segmentally organized into rhombomeres during 
development (Fig. 3; for reviews, see Lumsden, 1990; Wilkinson 
and Krumlauf, 1990; Krumlauf et al., 1993; Keynes and Krum- 
lauf, 1994). Neurons within each rhombomere develop in a man- 
ner that correlates with their axial level: for example, motor neu- 
rons within rhombomeres 2 and 3 contribute axons to the Vth 
cranial nerve, whereas the VIIth nerve is derived from neurons 
in rhombomeres 4 and 5 (Lumsden, 1990). Rhombomeres appear 
to fulfill several criteria that define them as developmental com- 
partments. First, rhombomeres form domains for the expression 

Figure 3. Segmental organization of rhombomeres in the hindbrain of 
a 3 d chick embryo (Keynes and Krumlauf, 1994). Abbreviations: rl- 
r7, rhombomeres 1-7; gV-glX, cranial sensory ganglia V-IX; BI-B3, 
branchial arches l-3; MV-MIX, branchiomotor nerves; o\‘, otic vesicle; 
fp, floor plate. Reproduced, with permission, from the Annual Review 
of Neuroscience, Volume 17, copyright 1994 by Annual Reviews Inc. 

of a variety of regulatory genes, including genes of the Hox clus- 
ter, as well as putative regulators of the Hox genes such as Krox 
20 (Keynes and Krumlauf, 1994). These domains of gene ex- 
pression, which are present within the neuroepithelium during 
times of neurogenesis, are thought to be critical for the control of 
segment-specific identity during development. Transplantation ex- 
periments show that rhombomeres retain their original positional 
identity in ectopic locations, expressing both an autonomous pat- 
tern of Hox gene expression and patterns of axonal outgrowth 
that are consistent with their origin (Guthrie and Lumsden, 1992; 
Kuratani and Eichele, 1993). Whether Hox genes control com- 
binatorially the identity of individual rhomobomeres, however, re- 
mains controversial. The elimination of Hex-AI by homologous 
recombination results in the abnormal development of the hind- 
brain-but rather than generating a homeotic transformation of 
rhombomere identity, rhombomeres 4 and 5 fail to develop prop- 
erly and subsequently disappear (Carpenter et al., 1993; Dolle et 
al., 1993; Mark et al., 1993). Treatment with exogenous retinoic 
acid, however, alters the pattern of Hox gene expression and does 
appear to yield homeotic transformations, with rhombomeres 2 
and 3 expressing properties typical of the more posterior segments 
4 and 5 (Marshall et al., 1992). 

The second line of evidence that rhombomeres are develop- 
mental compartments is that rhombomeres form discrete terr- 
tories between which there is little cell mixing (Fraser et al., 
1990). This segregation is apparently generated by differences 
in surface properties of cells in alternating rhombomeres. Rhom- 
bomere boundaries reform when rhombomeres from adjacent 
positions are transplanted next to one another, but not when two 
odd-numbered or two even-numbered rhombomeres are juxta- 
posed (Guthrie and Lumsden, 1991). Likewise, there is little cell 
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mixing between adjacent odd- and even-numbered rhombomeres 
when a quail rhombomere is transplanted into a chicken host, 
whereas insertion of tissue from an equivalent rhombomere re- 
sults in extensive intermingling of host and grafted cells (Guthrie 
et al., 1993). Recent cell lineage studies of DiI-labeled precur- 
sors in normal embryos have revealed, however, that some 
clones do indeed cross between adjacent rhombomeres, even 
after the formation of rhombomere boundaries (Birgbauer and 
Fraser, 1994). Since the boundaries of gene expression that dis- 
tinguish adjacent rhombomeres are typically very sharp, it seems 
likely that cells that escape into adjacent rhombomeres regulate 
their patterns of gene expression to fit into the new environment, 
although it remains possible that they are recognized as deviant 
and ultimately eliminated. That the hindbrain has adopted some 
system for dealing with trespassers from neighboring segments 
makes even more compelling the case that strict boundaries of 
gene expression are essential for normal development and must 
be precisely maintained. 

Most explorations of rhombomere development have empha- 
sized anterior-posterior patterning, asking how, at a global level, 
differences between adjacent rhombomeres are generated and 
maintained during development. Molecular evidence indicates that 
early patterns of Hox gene expression are under the control of 
even earlier-expressed genes, such as Krox 20, and can be regu- 
lated by retinoids, which are thought to be present in these regions 
in vivo (reviewed in Keynes and Krumlauf, 1994; Krumlauf, 
1994). Less attention has been paid to the generation of individual 
cell identities within and between these compartments. Each 
rhombomere contains a diversity of specific neuronal phenotypes, 
including a variety of peripherally projecting motor neurons and 
centrally or intrinsically projecting interneurons. While it may be 
the case the Hox gene expression determines the segment-specific 
identity of each rhombomere, it is not yet clear whether these 
same genes influence the processes by which a neuron initially 
acquires its identity as a motor neuron or intemeuron, nor is it 
clear whether they influence directly the growth or guidance of 
axons to their segment-specific targets. 

Cell lineage studies 
Cell lineage studies have yielded somewhat conflicting answers 
to the question of whether lineage restricts cell fate decisions in 
the hindbrain. In one set of experiments, intracellular lineage 
tracer injections of single progenitors were performed in chick 
embryos at the onset of neurogenesis (stages 5-12, during the 
time in which rhombomere boundaries are forming) and ana- 
lyzed shortly thereafter, between stages 13 and 20 (Lumsden et 
al., 1994). These injections yielded clones of neurons in which 
a majority (about 70%) expressed a single, uniform phenotype 
as defined by the axonal trajectory of the labeled cells (Fig. 4). 
A clone might contain, for example, as many as a dozen bran- 
chiomotor neurons. In a substantial minority of clones (17%), 
neurons adopted different but closely related phenotypes, such 
as neurons with axons that all entered the same major longitu- 
dinal tract but then coursed in different directions. Only about 
11% of clones were comprised of neurons with markedly distinct 
phenotypes. Clones of neurons of one uniform phenotype oc- 
cupied spatial domains that overlapped with clones of neurons 
of another phenotype; this spatial intermingling raises the pos- 
sibility that the founder cell of each clone may have been spec- 
ified to produce a single cell type (Lumsden et al., 1994). The 
presence of clones of neurons with closely related phenotypes 
also raises the possibility that specification involves several steps 
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Figure 4. Clones consisting only of branchial motor neurons (brm) in 
the basal plate of single rhombomeres, superimposed on a diagram of 
the stage 19 chick hindbrain. Clones were labeled by intracellular in- 
jection of lysinated fluorescein dextran. Abbreviations: $ floor plate: b, 
basal plate; a, alar plate; rl-r7, rhombomeres l-7. Reproduced with 
permission from the Company of Biologists Limited (Lumsden et al., 
1994; Fig. 3A). 

r2 

r3 

r4 

r5 

or decisions, the first of which may be to become a motor neuron 
or an interneuron; only later might a neuron decide in which 
direction to extend its axon within a common pathway (Lumsden 
et al., 1994). It has not yet been possible to test directly the 
commitment of a clonal founder cell to generating one type of 
neuron, in part because there is no way to predict, on the basis 
of cell position or appearance, what type of clone it would gen- 
erate under normal circumstances. 

Clonal analysis at later stages in the hindbrain (Hemond and 
Glover, 1993) generates a quite different picture of the possible 
role of cell lineage in fate decisions, one that more closely ap- 
proximates that seen in the spinal cord. When chicken embryos 
were infected with retroviral lineage tracers at later stages of 
neurogenesis (stages 13-17, just after all rhombomere bound- 
aries have formed) and analyzed between stages 24 and 35, in- 
dividual clones appeared to contain diverse neuronal phenotypes 
and were much more broadly dispersed in both the radial and 
tangential planes than the early-labeled clones of the study de- 
scribed above. Single progenitors even contributed progeny to 
more than one nucleus within the brainstem, and thus presum- 
ably generated a variety of functional types of neurons. Hemond 
and Glover (1993) concluded that the early clones described by 
Lumsden et al. (1994) derive mainly from founder cells under- 
going proliferative (symmetric) divisions, generating large 
clones that tend not to disperse widely; later clones, in contrast, 
undergo primarily stem cell (asymmetric) divisions to generate 
smaller clones, which migrate radially away from the ventricular 
zone but then disperse tangentially, especially in lateral regions 
(Hemond and Glover, 1993). These late progenitors are presum- 
ably derived from the earlier precursor pools; indeed, Lumsden 
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et al. (1994) found that their early clones often included not only 
neurons but apparently undifferentiated neuroepithelial cells, but 
they did not allow for long enough survivals to track the even- 
tual fates of these cells. Thus late clones probably represent sub- 
clones derived from earlier progenitors, but they show markedly 
different patterns of proliferation and migration, and a less re- 
stricted range of phenotypic outcomes, than their earlier cousins. 

DifSering strategies in early and late neurogenesis 

The specification of the identity of individual neurons in the 
hindbrain thus appears to be regulated by mechanisms that vary 
over time. Early influences from the midline, including the chor- 
domesoderm, floor plate, and possibly the dorsal ectoderm, may 
set up dorso-ventral polarity within each rhombomere (Lumsden 
et al., 1994), in a manner similar to that already discussed for 
the spinal cord. Lumsden et al. (1994) suggest, however, that 
individual precursors that have responded to inductive cues now 
become refractory to further inductive input and undergo several 
rounds of cell division, generating neurons of a common phe- 
notype. During this period, only a restricted set of fates are 
adopted by each precursor cell, despite the intermingling of the 
precursor and its progeny with neighboring cells. Later, however, 
as development proceeds, cells that remain in a proliferative 
state undergo two changes. First, they seem to undergo fewer 
proliferative divisions (and thus produce a smaller number of 
progeny), and second, they seem to reenter a period in which 
they are capable of producing a variety of neuronal types (He- 
mond and Glover, 1993) possibly doing so once again under 
the influence of cell-cell and environmental interactions (Lums- 
den et al., 1994). 

As was emphasized in the introductory section, these conclu- 
sions are largely speculative, since the commitment of any of 
these cells to generating neurons of the same or diverse phe- 
notypes has yet to be tested directly. The finding that at least 
some cells in clones marked after the formation of visible rhom- 
bomeres can cross the boundary into an adjacent rhombomere 
raises the possibility that there is more developmental plasticity 
in the hindbrain than has been assumed previously, although it 
is not yet known whether cells that wander into neighboring 
segments ultimately die or transform their identities. All the 
transplantation experiments published to date have considered 
the development of groups of cells (whole or half rhombo- 
meres), and have emphasized the cell-autonomy of their patterns 
of gene expression and contributions to cranial nerves (Guthrie 
and Lumsden, 1991; Guthrie and Lumsden, 1992; Kuratani and 
Eichele, 1993). Perhaps individual cells, in contrast to groups of 
cells, that encounter a novel environment would be more moti- 
vated to fit into the picture, since community effects and hom- 
eogenetic inductions by which neighboring cells reinforce one 
another’s differentiation are well known in developing systems 
(Gurdon, 1988; Placzek et al., 1993). 

The strategy used by the hindbrain to generate neuronal di- 
versity appears to be akin to that used in insect development, in 
which segmentally reiterated units are erected early in devel- 
opment as common themes on which to construct later varia- 
tions. As in insects, early cell lineage patterns in the hindbrain 
may be more rigid or restricted than elsewhere in the vertebrate 
CNS, reinforcing the notion that the hindbrain employs a set of 
“ancestral developmental strategies” (Lumsden et al., 1994) to 
accomplish its early patterning. Whether these strategies set the 
hindbrain apart from other regions of the neural tube remains to 
be seen, although the results of several studies suggest already 

that the vertebrate forebrain is segmentally organized (Figdor 
and Stern, 1993; Puelles and Rubenstein, 1993). 

The Cerebral Cortex 
A third common pattern seen in the vertebrate CNS is the con- 
struction of layers, which are apparent in regions such as the 
cerebral cortex, retina, tectum, and cerebellum. Layers typically 
segregate neurons that share characteristic dendritic morpholo- 
gies, physiological properties, and axonal connections (reviewed 
in McConnell, 1988a, 1991). Unlike the retina and tectum, how- 
ever, the cerebral cortex is also broken up in the tangential plane 
into functionally distinct areas, each subserving a specific func- 
tion, such as the analysis of incoming sensory information and 
the coordination of motor outputs. Each area is also character- 
ized by distinctive cytoarchitectonic features (Brodmann, 1909), 
and the axonal connections of neurons in different areas reflect 
their functional specificity. The cerebral cortex appears to use 
different mechanisms to generate order and pattern in the radial 
and tangential domains. 

Cell lineage studies 

The analysis of lineage relationships among cortical cells has 
proven much more complex than in other regions. Studies using 
retroviral lineage tracers suggest that clonally related cortical 
cells can spread extensively throughout the cortex, with clones 
dispersed even among distinct areas (Walsh and Cepko, 1992). 
This interpretation is supported by the direct demonstration that 
neurons can migrate tangentially within the intermediate zone 
(O’Rourke et al., 1992, 1995) and by evidence suggesting that 
progenitor cells disperse laterally within the ventricular zone 
(Fishell et al., 1993). The tangential dispersion of both progen- 
itors and postmitotic neurons means that a clone cannot be ac- 
curately defined as a spatially restricted cluster of cells, an op- 
erational definition that has served well in other systems, in- 
cluding other layered structures (Turner and Cepko, 1987; Wetts 
and Fraser, 1988; Holt et al., 1988; Galileo et al., 1990; Leber 
et al., 1990). Only recently have investigators begun to use large 
libraries of retroviral vectors that allow individual infected cells 
to be assigned accurately to clones regardless of their position. 

In many regions of the CNS, including a variety of layered 
structures, common progenitors produce both neurons and glial 
cells (Turner and Cepko, 1987; Holt et al., 1988; Wetts and 
Fraser, 1988; Galileo et al., 1990; Leber et al., 1990). Studies of 
the developing cerebral cortex have suggested, however, that 
neurons, astrocytes, and oligodendrocytes derive from largely 
separate lineages (Levitt et al., 1981; Luskin et al., 1988; Price 
and Thurlow, 1988; Grove et al., 1993). It should be noted that 
all of these studies have used spatial criteria to assign clustered 
cells to clones. Since little is known about the migration patterns 
of glia or their progenitors, it remains possible that distant clus- 
ters of neurons and clusters of glia could share a common pro- 
genitor cell if the daughters of the progenitor were to move apart 
and then subsequently produce subclones of purely neurons and 
purely glia. Indeed, it is thought that tightly clustered groups of 
astrocytes within the cortex are generated from a progenitor cell 
that itself migrates into the cortical plate then divides several 
times in situ to generate a cluster of glia (Luskin et al., 1988). 

Evidence has also been put forward that the lineages for two 
different types of neurons, excitatory projection neurons and in- 
hibitory intemeurons, separate early in development, prior to the 
onset of neurogenesis (Pamavelas et al., 1991; Mione et al., 1994). 
These results have led to the inference that, in cortical develop- 
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ment, excitatory and inhibitory neurons are derived from separate 
lineages. Again, however, these studies have relied on spatial clus- 
tering to assign cells to clones. A recent study using a library of 
retroviral vectors to determine clone composition suggests that 
the story is even more complicated than thought previously. Reid 
et al. (1995) have suggested that cortical progenitor cells can mi- 
grate through the ventricular zone, stopping occasionally to pro- 
duce a nonmigratory progenitor cell. This latter cell can divide to 
produce a small clone of cortical neurons that are typically clus- 
tered within 0.5 mm of one another; such clustered cells com- 
monly sit in the same or an adjacent layer of cortex and share a 
common (either pyramidal or nonpyramidal) morphology. In the 
meantime, the migratory sibling of the stationary progenitor may 
have moved to a distant site, there generating another nonmigra- 
tory cell, which itself divides to produce a small clone. The mem- 
bers of this clone are also similar to one another, but often have 
quite distinct laminar and morphological properties from their far- 
off cousins (Reid et al., 1995). These studies suggest that there is 
a common (migratory) precursor for both projection neurons and 
interneurons, but that sublineages of these two cell types can 
emerge when progenitor cells remain stationary and their progeny 
clustered. Consistent with this view, experiments in which cortical 
cells were studied in culture reveal that clones are commonly 
composed of both GABAergic (inhibitory) intemeurons and glu- 
tamatergic neurons (GBtz et al., 1995). Whether there is a sub- 
clonal, progressive commitment of precursors to the generation of 
one type of cell or the other in vivo remains to be tested directly. 

Asymmetric cell divisions within the cerebral ventricular zone 

Among neuronal lineages, clones have generally been reported to 
be small, although an accurate assessment of clone size is made 
difficult by the dispersion of clonally related cells over wide ex- 
panses of cortical territory (Walsh and Cepko, 1992). The findings 
that neuronal clones commonly span several cortical layers (Lu- 
skin et al., 1988; Price and Thurlow, 1988; Walsh and Cepko, 
1988; Price et al., 1991) and that cells of different layers are 
generated sequentially (see below) have generated the hypothesis 
that many, or perhaps even most, cell divisions that produce neu- 
rons are asymmetric in nature. This hypothesis is supported by 
the observation of two distinct types of division among cortical 
progenitor cells (Chenn and McConnell, 1995). In the first type 
of division, which appears morphologically symmetric, cleavage 
bisects the progenitor into two daughters at an angle perpendicular 
to the ventricular surface. After division, the two daughter cells 
maintain close contact with one another and their nuclei move 
slowly out toward the pial surface at the rate associated with a 
cell in the Gl phase of the mitotic cycle, readying itself to enter 
S-phase. The second type of division, which occurs with increas- 
ing frequency as neurogenesis proceeds, is morphologically asym- 
metric: cleavage occurs parallel to the the ventricular surface, gen- 
erating an apical and a basal daughter. In the majority of such 
divisions, the two daughters then separate from one another, with 
the basal (pial) daughter moving rapidly out of the ventricular 
zone at a velocity typical of a young migrating neuron (O’Rourke 
et al., 1992). These observations raise the possibility that the ori- 
entation of the cleavage plane may determine whether a cell reen- 
ters or exits the cell cycle following mitosis. 

Among higher eukaryotes, the molecular mechanisms under- 
lying asymmetric cell divisions have been explored most thor- 
oughly in Drosophila. Intrinsic determinants of cell fate that are 
inherited or localized asymmetrically include the protein products 
of the numb and prosper0 genes (Rhyu et al., 1994; E. Spana and 
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Figure 5. The generation of cortical neurons in an inside-first, outside- 
last gradient. The neurons born within the ventricular zone (vz) are 
destined for the deepest layers of the cortical plate (cp). Subsequently 
generated neurons migrate past the older cells, progressively forming 
the more superficial cortical layers. Evidence from cell lineage experi- 
ments indicate that clonally related neurons (darkened cells) can span 
several cortical layers, suggesting that precursor cells may often divide 
asymmetrically within the ventricular zone. Note that not all clones in 
lineage studies are clustered radially, as shown here. Abbreviations: mz, 
marginal zone (future layer 1); iz, intermediate zone. 

C. Doe, personal communication). Although it is not yet known 
whether mammalian CNS progenitors express homologs of either 
of these proteins, cerebral ventricular cells do express Notch], one 
of several mammalian homologs of the neurogenic gene Notch in 
Drosophila (Weinmaster et al., 1991). An antibody to the intra- 
cellular domain of the Notch1 protein has revealed that Notch1 
staining is localized asymmetrically in cortical progenitor cells, 
concentrated at the basal (pial) surface of mitotic cells (Chenn 
and McConnell, 1995). This basal distribution of immunoreactiv- 
ity results in the differential distribution Notch1 to the basal (neu- 
ronal) daughters generated from asymmetric divisions. The asym- 
metric inheritance of Notch1 may provide or contribute to a mo- 
lecular mechanism for producing two distinct cell types from a 
common progenitor, although it is surprising in this light that 
Notch activity has been associated with the suppression of neu- 
ronal differentiation in vertebrate systems (Coffman et al., 1993; 
Nye et al., 1994; Dorsky et al., 1995). 

The production of layer-specific neuronal phenoQpes 

3H-Thymidine birthdating studies in the developing cerebral cor- 
tex have shown that precursors sequentially produce neurons 
destined for the six layers in an, inside-first, outside-last manner 
(Fig. 5; Angevine and Sidman, 1961; Berry and Rogers, 1965; 
Rakic, 1974). Other layered structures produce different neuron- 
al phenotypes in a stereotypic order as well (Gray et al., 1990; 
Harris and Holt, 1990). The correlation between a neuron’s 
birthdate and its ultimate laminar destination has made it pos- 
sible to test the relative contributions of cell lineage and cell 
environment to the establishment of layer-specific phenotypes 
(McConnell, 1988b; McConnell and Kaznowski, 1991). Could 
a cell’s birthday in some way determine its fate? Although neu- 
rons of the different cortical layers appear to be generated from 
a common set of progenitor cells, it seems possible that cortical 
progenitors are preprogrammed first to produce neurons of the 
deep layers, then middle-layer cells, and finally upper-layer neu- 
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A. Cells transplanted 
in S-phase: daughters 
adopt host fate 

B. Cells transplanted at 
or after G2: daughters 
are committed to deep 
layer fate 

Figure 6. Outcomes of transplanting presumptive layer 6 neurons into 
an older host brain, in which upper-layer neurons are being generated. 
A, I f  environmental factors determine laminar fate, transplanted neurons 
should adopt the host fate by migrating to the upper layers 2 and 3, and 
extending their axons to cortical targets. This is the result obtained when 
progenitor cells are transplanted during S-phase of the cell cycle and 
the fates of the daughters produced from the subsequent mitotic division 
are traced. It is not yet known whether these transplanted neurons also 
adopt the axonal connections typical of normal layer 2/3 neurons. B, 
Transplanted cells that are committed to their normal laminar fates de- 
velop autonomously within the novel environment, migrating to layer 
6 (the destination appropriate for their birthdate) and forming subcor- 
tical projections. This is the outcome of transplantation experiments in 
which progenitors are transplanted at any time at or after the transition 
into G2 of the cell cycle. Modified from Figure 1 in McConnell and 
Kaznowski (1991). 

rons, following an intrinsic developmental clock. Alternatively, 
environmental signals that change progressively over the course 
of development might interact with multipotent cortical cells to 
specify different phenotypes. 

It was possible to distinguish between these two alternatives 
by transplanting progenitor cells that normally produce deep- 
layer neurons into older host brains, and by performing the these 
transplantations at different stages of the cell cycle (McConnell 
and Kaznowski, 1991). When progenitor cells are transplanted 
during S-phase, they are multipotent: their daughters, which 
have completed their final cell cycle in an older environment, 
take on a novel fate and migrate to the upper cortical layers, 
along with newly generated host neurons (Fig. 6A). Thus, en- 
vironmental cues can exert a determinative effect on laminar 
phenotypes, since the fates of early progenitors can be altered 
if the cells are transplanted early in the cell cycle. The multi- 
potency of progenitors, however, is lost as the cell progresses 
through the cell cycle: precursors transplanted late in the cell 
cycle produce daughters that migrate specifically to layer 6, the 
layer appropriate for their birthdate (Fig. 6B). Thus laminar com- 
mitment occurs prior to the mitotic division that generates the 
postmitotic cortical neuron. These studies suggest that there is a 
cell-cycle dependent plasticity within the cortical ventricular 

zone: progenitor cells in S-phase of the cell cycle are multipotent 
and can give rise to daughters with various laminar phenotypes. 
This period of plasticity is transient, however, and the progenitor 
makes a commitment to the fate of its daughter at roughly the 
time it transits into the G2 phase of the cell cycle. Cells trans- 
planted at or after this point are endowed with the information 
they need to produce daughters that home to the cortical layer 
appropriate for their birthdate and form axonal projections char- 
acteristic of that layer. 

The molecules that specify particular laminar fates have not 
yet been identified. However, current evidence indicates that 
cell-cell interactions are essential to the acquisition of a deep- 
layer identity (Bohner and McConnell, 1993; Bohner et al., 
1995). When S-phase cells are dissociated and maintained at low 
density in culture during the critical window of the cell cycle in 
which cell fate decisions occur, their daughters fail to commit 
to their normal deep-layer fates, suggesting that the deep-layer 
phenotype does not constitute a default pathway for differenti- 
ation. Reaggregation of dissociated progenitors during this crit- 
ical window of the cell cycle partially restores normal commit- 
ment, presumably due to the restoration of cell signalling. Fi- 
nally, a normal extent of deep-layer commitment is observed 
when progenitor cells are maintained in explants that preserve 
the normal relationships between cells. This progressive resto- 
ration of commitment to the deep-layer fate suggests that spa- 
tially ordered signaling systems provide inputs to multipotent 
progenitors that determine the laminar fates of their daughters. 

In viva, previously generated differentiating neurons may pro- 
vide a possible source of environmental input to progenitor cells 
during S-phase. According to this proposal (previously framed 
for retinal neurogenesis by Reh and Tully, 1986), there may be 
a feedback control over neurogenesis such that the act of pro- 
ducing neurons of a given layer might feed back onto progenitor 
cells, in effect signaling “enough of this layer, get on with the 
next.” Evidence consistent with this proposal has recently been 
obtained by Gillies and Price (1993). They interfered with the 
production of deep-layer neurons in the mouse by treating young 
embryos with the cytotoxic drug methylazoxymethanol acetate, 
which kills dividing precursor cells. The ventricular zone recov- 
ered from drug treatment over the next few days, but instead of 
resuming its normal schedule of laminar production, the system 
regulated and replaced the missing deep-layer neurons. The re- 
sulting cortex was thinner and contained fewer cells overall, but 
all of the layers and their axonal projections were present. 

What might be the cellular source of a feedback signal from 
differentiating neurons in the cortical plate to cortical progeni- 
tors? The developing axons and growth cones of cortical neu- 
rons have been traced by injecting DiI into the preplate or cor- 
tical plate of fixed embryos (Kim et al., 1991; Bicknese et al., 
1994; McConnell et al., 1994). These studies have revealed that, 
along the initial part of their trajectory, cortical growth cones 
travel directly along the surface of the ventricular zone-nota- 
bly, just above the very region where the cell bodies of multi- 
potent cortical progenitor cells are found. This juxtaposition of 
growing axons and precursor cell bodies raises the possibility 
that axons deliver a feedback signal from differentiating neurons 
in the cortical plate to the progenitor cells below, a hypothesis 
that remains to be tested directly. 

On the whole, these results indicate that the layered patterning 
of cerebral cortical neurons arises through a progressive speci- 
fication of cell types, presumably effected by changes in the 
nature of environmental cues over time in development. It 
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should be noted, however, that these findings do not rule out 
intrinsic changes in cortical progenitors over time, since the 
transplantation studies discussed above examined the develop- 
mental potential only of early precursor cells that are normally 
fated to produce cells of multiple cortical layers (Luskin et al., 
1988; Price and Thurlow, 1988; Walsh and Cepko, 1988; Austin 
and Cepko, 1990). It remains possible that late progenitors, 
which normally produce only upper-layer neurons, may have a 
more restricted developmental potential; this can be tested by 
transplanting late progenitors into younger brains. Preliminary 
results from such heterochronic transplants suggest that late cor- 
tical progenitors will produce only upper-layer neurons, even in 
a much younger environment, consistent with the interpretation 
that late progenitors have lost the competence to produce earlier- 
generated phenotypes (Frantz et al., 1995). 

Molecular basis of laminar determination 

Several lines of evidence suggest that molecular differences 
among layers should be apparent early in development (Shatz, 
1992). First, transplantation studies show that the laminar iden- 
tities of cortical neurons are determined early in development, 
during their final cell cycle just prior to mitosis (McConnell, 
1988b; McConnell and Kaznowski, 1991). Thus, committed pre- 
migratory cells are present within the cerebral ventricular zone. 
Second, migrating cortical neurons can home to the correct layer, 
actively recognizing their appropriate laminar address (Mc- 
Connell, 1988b; McConnell and Kaznowski, 1991). Third, the 
axons of cortical neurons extend toward specific targets from the 
outset of their development (Katz, 1991; Koester and O’Leary, 
1993) and neurons in cortical explants make lamina-specific 
choices of what are normally their long-distance targets in co- 
cultures (Bolz et al., 1990; Yamamoto et al., 1992). Thus the 
migration, axonal pathfinding, and target selection of neurons in 
the different layers are strikingly distinct from the earliest times 
studied, which implies that there must be early molecular dis- 
tinctions between layers. 

One of the first studies to provide evidence for molecules that 
might specify laminar differences was performed by He et al. 
(1989) who identified a family of POU homeodomain genes 
that are expressed in the mammalian CNS, a subset of which 
are expressed preferentially in the upper or deep layers of the 
cortex. POU genes are known transcriptional regulators that con- 
tain both a homeodomain and a POU-specific domain (Herr et 
al., 1988; Rosenfeld, 1991; Schbler, 1991), and have been di- 
rectly implicated in cell fate decisions in the nematode C. ele- 
gans (Finney et al., 1988) and in the mammalian pituitary (Bod- 
ner et al., 1988; Ingraham et al., 1988; Li et al., 1990; Pfaffle 
et al., 1992). One of these genes, variously known as Tst-I (He 
et al., 1989), SUP (Monuki et al., 1989), or Oct.6 (Suzuki et 
al., 1990) is expressed specifically by the neurons of the deep 
cortical layers 5 and 6, from the time of their initial migration 
into the cortical plate through adulthood, when it is present spe- 
cifically in those neurons that make subcortical axonal connec- 
tions (Frantz et al., 1994). Another putative transcriptional reg- 
ulator, Otxl, one of two vertebrate homologs to the Drosophila 
homeodomain gene orthodenticle, is also expressed in a subset 
of layer 5 and 6 neurons from the earliest times they are present 
into adulthood (Frantz et al., 1994). Otxl is expressed at high 
levels by early cortical progenitors at the time of deep-layer 
neurogenesis, but is apparently downregulated later when upper- 
layer neurons are being born. This loss of Otxl expression in 
late precursors correlates with their apparently restricted devel- 

opmental potential, as revealed by transplantation studies. The 
possibility that Otxl regulates deep-layer fates in the cortex re- 
mains to be tested by altering patterns of Otxl expression. 

The formation of cortical areas 

In contrast to the hindbrain, neocortical areas probably do not 
employ a compartmental strategy for development. Boundaries 
between different cortical areas do not appear to be strictly de- 
termined at early ages, since cell mixing can occur between areas 
(O’Rourke et al., 1992; Walsh and Cepko, 1992; Fishell et al., 
1993) and cortical areas have a broad developmental potential, 
as assessed in transplantation experiments (see below). No area- 
specific patterns of regulatory gene expression have yet been de- 
scribed (although it is conceivable that such genes will be iden- 
tified in the future, and “nested” patterns of gene expression have 
been described in the cortex by Simeone et al., 1992a). Thus, one 
may (arguably) view the neocortex as one large developmental 
compartment within the forebrain; differences among cortical ar- 
eas appear to emerge later in development through a series of 
epigenetic interactions (reviewed in McConnell, 1992; Shatz, 
1992). Nevertheless, the neocortex as a whole appears to be dis- 
tinct from adjacent forebrain regions relatively early in develop- 
ment (Puelles and Rubenstein, 1993): It expresses several poten- 
tial regulatory genes including Emx-I and Emx-2 (Simeone et al., 
1992b), which are not expressed in the basal ganglia or piriform 
cortex. In a complementary manner, genes such as Dlx-I and 
Dlx-2 are expressed in ventral forebrain, including the developing 
basal ganglia, but not in neocortex (Porteus et al., 1991; Price et 
al., 1991, 1992). The apparent molecular boundary between neo- 
cortex and the developing striatum also appears to be a boundary 
that restricts cell movement, since video imaging studies of rn- 
grating ventricular cells show that cells which approach the gan- 
glionic eminence (the striatal anlage) will not cross into this re- 
gion (Fishell et al., 1993). Surprisingly, even though cells prefer 
not to cross this boundary, striatal cells transplanted into the neo- 
cortex develop morphologies and connections typical of their new 
location (Fishell, 1995). 

The developmental potential of neocortical neurons to assume 
the projection patterns and cytoarchitectonic features of other 
areas has been tested directly in transplantation experiments; the 
results of these studies have generated a complex picture of how 
areas form. Occipital cortical neurons transplanted to rostra1 cor- 
tex alter their pattern of long-distance projections to innervate 
targets appropriate for their new position, and transplanted piec- 
es of occipital cortex are capable of forming barrel fields when 
transplanted into the somatosensory cortex of the host brain 
(Stanfield and O’Leary, 1985; O’Leary, 1989; O’Leary and 
Stanfield, 1989; Schlagger and O’Leary, 1991). These studies 
suggest that the fetal neocortex is functionally equipotential 
throughout its tangential extent, and that the identity of each 
cortical area is specified by the pattern of thalamic afferent input 
that it receives (O’Leary et al., 1994). Contrasting results have 
been obtained from transgenic mice in which regulatory ele- 
ments from a major histocompatibility complex gene were 
linked to a 1acZ reporter gene; these mice showed a variety of 
insertion site effects on the patterning of transgene expression 
(Cohen-Tannoudji et al., 1994). In one line of mice, the 1acZ 
gene is (surprisingly) expressed specifically in the somatosen- 
sory cortex. When somatosensory cortex from a fetal transgenic 
donor is transplanted to the occipital region of a wild type host, 
the transplanted tissue maintains its cell-autonomous pattern of 
1acZ gene expression (Cohen-Tannoudji et al., 1994), suggesting 
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that at least some area-specific features of cortex are specified 
early in development. In addition, transplantation studies in 
which frontal cortex is replaced by implants of either frontal or 
occipital cortical tissue show that functional recovery from the 
lesion is obtained only when the transplanted tissue is derived 
homotopically (Barth and Stanfield, 1994). Finally, limbic cor- 
tical regions display a commitment to area-specific patterns of 
gene expression, and to at least some features of connectivity, 
when transplanted into the developing neocortex (Barbe and 
Levitt, 1991, 1992). 

The results from transplantation experiments thus suggest that 
while the neocortex can show remarkable plasticity in its axonal 
connections and cytoarchitectonic features, positional differ- 
ences do exist in the embryonic cortex at times prior to the 
emergence of area-specific features. The molecular underpin- 
nings of these differences remain unclear. At a cellular level, 
however, recent experiments implicate the transient neurons of 
the cortical subplate in the development of area-specific patterns 
of connectivity. When subplate neurons are pharmacologically 
ablated early in development, thalamic axons fail to recognize 
and innervate their appropriate cortical targets, and instead grow 
past their normal terminal destination (Ghosh et al., 1990; Ghosh 
and Shatz, 1993). It has been suggested that the positional cues 
that delineate distinct areas may reside in the subplate (Ghosh 
and Shatz, 1993; O’Leary et al., 1994). Regional differences 
among subplate neurons may control the area-specific targeting 
of thalamic axons into the cortex; these afferent axons subse- 
quently influence the differentiation of area-specific features 
within the cortical plate. 

To summarize, the layers of cortical neurons are generated 
from a neuroepithelial sheet in which there appear to be few 
differences in the precursor population across the tangential ex- 
tent of the sheet, even though a variety of progenitor types may 
intermingle and coexist within the ventricular zone. Transplan- 
tation experiments demonstrate directly that early cortical pro- 
genitors are multipotent with respect to the laminar fates of their 
daughters, but suggest that developmental potential narrows as 
corticogenesis proceeds. In contrast to the spinal cord and hind- 
brain, in which the production of distinct cell types is influenced 
by spatially segregated inducers, such as the ventral notochord 
and floor plate, the cortex (and most other laminar structures) 
sequentially generates different cell types from a common spatial 
origin. Thus, it is plausible that the mechanisms that underlie 
this production line are temporally rather than spatially regulat- 
ed. An obvious candidate source of temporally varying cues is 
the cortical plate itself, but the hypothesis that neurogenesis is 
regulated by feedback from recently generated neurons remains 
to be tested directly. The production of a common set of cortical 
layers throughout the cortex forms a scaffold from which area- 
specific differences can later emerge. 

Conclusions 

While one might have thought that the vertebrate nervous sys- 
tem uses a single, unifying strategy across all its different 
regions for the production of the broad range of neuronal phe- 
notypes, the developing brain and spinal cord clearly deploy a 
wide variety of cellular and molecular mechanisms for gener- 
ating diversity. Moreover, many mechanisms can come into play 
even within a single region, at different times during develop- 
ment or at slightly different locations. The presence of spatially 
localized inductive activities in the spinal cord appears to mold 
the regional flavor of the cord and stimulate the production of 

motor neurons in a specific location, but cannot explain the or- 
derly production of neurons with distinct axonal trajectories and 
their correlated patterns of gene expression. While early cell 
lineages in the hindbrain may be restricted to a single phenotype, 
later lineages become highly variable. In the cortex, an early 
commitment to lamina-specific fates contrasts sharply with the 
extended plasticity seen in the same cells after their migration 
into the neocortex with respect to their area-specific projections. 
There is as yet no sign that we have exhausted the repository 
of neurodevelopmental mechanisms-every exploration of a dif- 
ferent set of neurons seems to add a new twist on the previously 
known themes of the governance of phenotype by a cell’s an- 
cestry or by its local interactions. It.seems that no single set of 
neurons within the CNS serves as an adequate model system to 
explain the rest, except perhaps in representing the range of 
mechanisms and options that are available throughout the ner- 
vous system as it generates both pattern and detail. Indeed, as 
each new study provides us with different insights into the pos- 
sibilities, these insights continue to refocus our vision of the 
developing nervous system as the most amazing assemblage of 
cells known to nature. 
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