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ABSTRACT

In order to identify new molecules that might play a role in regional
specification of the nervous system, we generated and characterized
monoclonal antibodies (mAbs) that have positionally-restricted labeling
patterns.

The FORSE-1 mAb was generated using a strategy designed to produce
mAbs against neuronal cell surface antigens that might be regulated by
regionally-restricted transcription factors in the developing central nervous
system (CNS). FORSE-1 staining is enriched in the forebrain as compared to
the rest of the CNS until E18. Between E11.5-E13.5, only certain areas of the
forebrain are labeled. There is also a dorsoventrally-restricted region of
labeling in the hindbrain and spinal cord. The mAb labels a large
proteoglycan-like cell-surface antigen (>200 kD). The labeling pattern of
FORSE-1 is conserved in various mammals and in chick.

To determine whether the FORSE-1 labeling pattern is similar to that
of known transcription factors, the expression of BF-1 and DIx-2 was
compared with FORSE-1. There is a striking overlap between BF-1 and
FORSE-1 in the telencephalon. In contrast, FORSE-1 and DIx-2 have very
different patterns of expression in the forebrain, suggesting that regulation by
DIx-2 alone cannot explain the distribution of FORSE-1. They do, however,
share some sharp boundaries in the diencephalon. In addition, FORSE-1
identifies some previously unknown boundaries in the developing forebrain.
Thus, FORSE-1 is a new cell surface marker that can be used to subdivide the
embryonic forebrain into regions smaller than previously described,
providing further complexity necessary for developmental patterning.

I also studied the expression of the cell surface protein CD9 in the
developing and adult rat nervous system. CD9 is implicated in intercellular
signaling and cell adhesion in the hematopoetic system. In the nervous
system, CD9 may perform similar functions in early sympathetic ganglia,
chromaffin cells, and motor neurons, all of which express the protein. The
presence of CD9 on the surfaces of Schwann cells and axons at the appropriate
time may allow the protein to participate in the cellular interactions involved

in myelination.
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INTRODUCTION

A central issue in development is how complex, specialized structures
are formed from a relatively simple early embryo. The vertebrate neural
tube, an ectodermal derivative, gives rise to the entire central nervous system
(CNS) and the neural crest. The latter gives rise to most of the peripheral
nervous system except for the derivatives of the placodes. The
anteroposterior and dorsoventral axes of the embryo are specified before
neurulation. Key features of the neural tube develop according to these axes:
the forebrain forms at the anteriormost end of the neural tube and the neural
crest migrates from the dorsal margin of the tube. The signals that mediate
neural induction as well as axis specification originate from the underlying
mesoderm, and these signals are both planar and radial (Spemann, 1938; Sater
et al., 1993). Following axis specification, further patterning is required so that
the forebrain, midbrain, hindbrain and spinal cord are differentiated.
Moreover, each of these areas are further subdivided into the various
structures of the mature nervous system. In addition, cues are laid down to
guide migrating cells and growing axons to their appropriate locations.
Finally, the system must allow for relative changes in size and distance of a
neural area with respect to its target during development, modification by
activity-dependent mechanisms and, in some cases, recovery upon injury.

Many of the signals involved in these processes must be location-
specific, and the molecules involved must therefore be spatially and
temporally restricted in the developing CNS. In order to identify new
molecules that have positional distributions appropriate for playing a role in
some of these processes, we generated monoclonal antibodies (mAbs) using
the cyclophosphamide immunosuppression method. My thesis is based on
studies of two mAbs that recognize antigens with positionally-regulated
epitopes in the developing nervous system. This Introduction reviews the
literature pertaining to patterning of the nervous system and candidate
molecules that may participate in this process from the earliest stages of
development. '

Early patterning in the vertebrate embryo: mesodermal induction
Based on work done primarily in amphibian embryos, the basic body
plan is thought to be generated by inductive interactions between the animal
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and vegetal regions of the embryo, the future ectoderm and endoderm,
respectively. This is thought to be the earliest inductive event in the embryo.
The equatorial zone of the blastula lying between these two regions forms the
mesoderm (Nieuwkoop, 1969). Mesoderm-inducing activity can be assayed in
vitro; explants of ectodermal or endodermal regions alone do not give rise to
mesoderm, but endoderm can induce ectoderm to form mesoderm

A second inductive event occurs within the band of mesodermal cells
at the equator that is regionalized such that dorsal mesoderm is present at the
site of the organizer and ventral mesoderm is at the opposite side, on the
equator. Dorsal mesoderm exerts a dorsalizing influence on the rest of the
mesoderm. This effect diminishes with distance. Dorsal mesoderm gives rise
to the entire craniocaudal extent of the notochord and part of the somite
tissue, including muscle cells. Ventral mesoderm never contributes to the
notochord; in isolation, it gives rise to little, if any somite tissue but forms
largely mesothelium, mesenchyme and blood islands, the ventral
mesodermal derivatives. Under the influence of the dorsal mesoderm of the
organizer, however, ventral mesoderm can be dorsalized, in culture and in
vivo, to the extent that it contributes to somites but not to notochord. Ventral
mesoderm does not have a complementary ventralizing effect on dorsal
mesoderm (Smith and Slack, 1983). Thus, there is a difference in the
inductive capacity of the dorsal, organizer mesoderm and the ventral
mesoderm, observed from the earliest stages of mesoderm induction. The
basis of this special ability of the organizer remains to be understood, but a
likely determinant is the dorsoventral polarity in the egg that is initiated with
respect to the point of entry of the sperm and the axis of the first cleavage
(Black and Gerhart, 1985), such that dorsal structures normally develop from
the region opposite to the entry of the sperm (Nieuwkoop, 1969, 1977).

The dorsoventral differences in mesoderm arise from differences in
the inductive ability of vegetal cells. On the organizer side of the blastula,
dorsal vegetal cells specifically induce dorsal mesoderm and similarly on the
opposite side, ventral vegetal cells induce ventral mesoderm. The inductive
activities involved in these phenomena differ qualitatively: quantitative
changes in the amount of inducing dorsal vegetal tissue will generate altered
amounts of notochord-type mesoderm, but not ventral type mesoderm (Dale
and Slack, 1987)
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A variety of substances have been tested for their ability to induce
mesodermal fate in ectodermal explants, significant amongst them being
conditioned medium from a xenopus XTC cell line, XTC-CM (Smith, 1987),
and members of the fibroblast growth factor (FGF), TGF-$ and Wnt growth
factor families. Kimelman and Kirchner (1987) showed that while basic FGF
(bFGF) can induce muscle, a dorsal mesodermal derivative, it primarily
induces ventral derivatives. The action of bFGF is potentiated by TGFp1, a
cytokine that does not have any effect by itself. Rosa et al. (1988) showed that
TGFB2 has dorsal mesoderm-inducing activity similar to XTC-CM. In
addition, XTC-CM contains TGFB-like activity in other assays that is partially
blocked by antibodies against TGFB2 but not TGFB1. A candidate for an
endogenous mesoderm inducing factor is the gene Vg1, a member of the TGF-
B family whose transcript, of maternal origin, is localized in the vegetal cells
after fertilization (Weeks and Melton, 1987). Other TGF-B family members,
the activins, are potent mesoderm inducers, as are growth factors of the Wnt
family (Sokol and Melton, 1992). The actions of these molecules are discussed
in a later section.

Evidence for an in vivo role for activin was provided by Hemmati-
Brivanlou and Melton (1992) in experiments involving injection of the
message for a truncated, non-functional activin receptor. This treatment is
thought to interfere with endogenous receptor function due to the formation
of inactive receptor heterodimers, or due to competition with the
endogenous receptor. The result with such truncated receptor injections is
inhibition of mesoderm induction in the embryo and in explants, upon
treatment with activin, but not with bFGF. Mesodermal induction is assayed
by the upregulation of markers Xwnt, goosecoid, X-bra, and Xhox-4, which are
not detectable in uninjected embryos treated with activin. These effects are
reversed by coinjection of functional activin receptor mRNA. Surprisingly,
the neurectoderm-specific marker NCAM is detected at high levels in
truncated receptor-injected explants, demonstrating that neural-specific gene
induction is not dependent on mesoderm formation. This result also
suggests that activin must be inhibited for neural induction.

More recently identified molecules that may participate in these
processes are other members of the TGF-B family, DVR-4, and noggin. DVR-4
can override the dorsalising effects of activin, giving rise to ventral type
mesoderm (Jones et al., 1992), while noggin is a secreted factor expressed in the
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organizer region, and can mimic the inductive properties of the organizer
(Smith and Harland, 1992)

Anteroposterior patterning in mesoderm and induction of neurectoderm

Steinbeisser et al. (1993) demonstrated that injection of goosecoid or
activin mRNA into embryos produces a partial secondary axis consisting of
structures caudal to the ear. Injection of Xwnt-8 results in a complete
secondary axis. Thus goosecoid, activin, and Xwnt-8 are all capable of inducing
dorsal-type mesoderm, but their actions differ with respect to the extent of the
anteroposterior axis induced. It is significant that the rostral limits of
goosecoid and activin-induced secondary axis structures coincide with the
expression boundary of the rostral-most Hox genes. This raises the possibility
that activin and goosecoid might be involved in initiating Hox gene
expression.

Xhox-3 is an early mesodermal marker expressed in a graded manner
with highest levels at the posterior end and is thought to be required for
normal posterior development . Overexpression of Xhox-3 interferes with
differentiation of anterior structures, the region where the gene is normally
expressed at its lowest levels. Blocking its function by injecting antibodies
causes posterior (trunk and tail) abnormalities (Ruiz i Altaba and Melton,
1989; Ruiz i Altaba et al., 1991). bFGF induces high, posterior-like levels of
Xhox-3 in explanted animal caps, while XTC-MIF (Xenopus XTC cell line
mesoderm inducing factor) induces lower, anterior-like levels of Xhox-3.
When these induced mesodermal tissues are tested for their ability to induce
specific secondary neural/epidermal structures, the explants treated with
bFGF induce spinal cord and dorsal fin, giving a partial secondary axis in the
resulting two-tailed embryo. Explants treated with XTC-MIF, however,
induce brain and eyes in the partial secondary axis, resulting in two headed
embryos (Ruiz i Altaba and Melton, 1989).

Planar versus radial signals
Experiments performed with "Keller” explants (Keller and Danilchik,

1988) show that the morphogentic movements associated with neurulation,
neural induction, anteroposterior patterning and position-specific neural
gene induction can be directed by planar signals alone (Doniach et al., 1992;
Keller et al., 1992; Sater et al., 1993). In these explants, the involuting dorsal
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mesoderm, which is responsible for neural induction, is not in vertical
contact with the ectoderm, but rather connected to it at the posterior end. The
anterior ends of the ectoderm and mesoderm point in opposite directions.
Inductive signals can therefore only travel through the plane of the tissues to
reach the ectoderm. This configuration permits not only neural induction,
assayed by the upregulation of NCAM, but also position-specific expression of
other molecules. In Keller explants, En-2 is expressed in a location similar to
its normal region of expression at the midbrain-hindbrain junction, Krox-20 is
seen in two bands just posterior to En-2, similar to its expression in
rhombomere 3 and 5, and Xlhbox 1 and 6 are detected in the spinal region.
These genes are not induced in explants of dorsal ectoderm cultured without
contact with dorsal mesoderm, showing that mesoderm is necessary for
anteroposterior patterning in ectoderm. Furthermore, planar contact with
dorsal mesoderm is sufficient to induce similar expression patterns of these
three genes in ventral ectoderm, even though this region normally does not
express these markers. (Doniach et al., 1992).

A particularly remarkable feature of planar induction is the distance at
which it can be effective; neuronal differentiation is induced even at the
distal tips of the explants, furthermost from the ectoderm-mesoderm
junction. Planar explants do not, however, appear to induce anterior neural
structures (other than rudimentary retinal tissue). In contrast, explants that
permit only vertical but not planar signals between mesoderm and ectoderm
induce less robust differentiation of neurons, but form well-developed
anterior neural structures (Sater at al., 1993), suggesting that both planar and
vertical signals act together to pattern the neural tube in vivo.

Dorsoventral patterning in the neural tube

From the earliest stages, the notochord is a powerful regulator of
dorsoventral specification in the neural tube. The mediolateral axis of the
neural plate prior to closure corresponds to the future dorsoventral axis of the
neural tube. Thus the medial region of the neural plate is the location of the
future floorplate, and progressively lateral regions of the neural plate form
increasingly dorsal parts of the neural tube. Neural crest migration occurs
from the dorsal-most folds of the neural tube, beginning just before neural
tube closure.
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Dodd, Jessell and co-workers have shown that the notochord is
necessary and sufficient for floorplate induction. Notochord ablation results
in neural tubes without floorplate, while transplantation of an additional
notochord causes an extra floorplate in the region of the neural tube closest to
the transplant. In these experiments, the presence of the floorplate is
confirmed by the detection of the markers FP1 and FP2 (Yamada et al., 1991).
In addition, motor neuron differentiation is regulated by these
manipulations. In the absence of notochord and floorplate, motor neurons,
identified by the expression of Islet-1 (a LIM homeodomain protein), fail to
differentiate. While signals for floorplate induction are contact-mediated,
motor neuron differentiation is induced by diffusable cues. Both types of
signals originate initially from the notochord and later from floorplate cells
themselves (Yamada et al.,, 1993). Different regions of the neural plate do not
remain equally responsive to inductive signals, however. The competence of
lateral neural plate cells to respond to floorplate-inducing signals from the
floorplate declines with age. The absence of floorplate in the forebrain
appears to be due to the lack of competence of rostral neural tube cells to
respond to inductive signals, as well as to a lack of floorplate-inducing activity
in the prechordal mesoderm that underlies the rostral CNS (Placzek et al.,
1993).

The notochord influences gene expression in cells along the entire
dorsoventral extent of the neural tube. Normally restricted to the alar plate,
the expression domains of dorsalin-1 and Pax-3 expand ventrally upon
notochord removal, and are compressed upon transplantation of an
additional, ectopic notochord (Basler et al., 1993; Goulding et al., 1993).
Furthermore, analysis of mouse mutants that lack all or parts of their
notochord reveals altered expression of Pax-1 and Pax-3 in the somites.
Similar defects are observed in mutants where the notochord forms but
degenerates, suggesting that the notochord is important for both induction
and maintenance of these genes (Dietrich et al., 1993).

Just as the notochord plays a role in the induction of ventral cell types
in the neural tube, dorsalin-1 is implicated in promoting the differentiation of
dorsal derivatives such as the neural crest. dorsalin-1 is a TGF-f family
member expressed in the dorsal part of the neural tube after closure. It is also
suggested to dorsoventrally limit the induction of ventral cell types such as
motor neurons by the notochord and floorplate (Basler et al., 1993).
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The notochord appears not to be the sole initiator of dorsoventral
patterning in the neural tube, however. Examination of notochordless
tadpoles and Keller explants that lack an underlying notochord reveals some
aspects of dorsoventral differentiation to be induced by the cells of the
notoplate (which lie at the ventral midline of the neural tube and normally
give rise to floorplate in amphibians). In these studies, differentiation of
Rohon-beard neurons, primary (but not secondary) motor neurons, as well as
dorsoventrally restricted, bilateral expression of Xash (Xenopus achaete-scute
homolog) is observed in the absence of an underlying notochord, presumably
due to signals from the notoplate (Clarke et al., 1991; Ruiz i Altaba et al., 1992;
Zimmerman et al., 1993).

Dorsoventrally-regulated molecules in the developing spinal cord (and
evidence for their function)

A number of putative transcription factors and secreted molecules are
expressed in dorsoventrally-restricted patterns in the developing spinal cord.
Most of these have homologs or related family members in Drosophila, such
as members of the HoxB family, Pax3, 6, and 7, HNF-3 B/pintallavis, Dorsalin-1,
Wnt-1 and 3, and shh (sonic hedgehog). Of these, shh is a putative secreted
molecule with a striking distribution that suggests it might be a floorplate-
inducing factor. Homologs of hh have been implicated as patterning
molecules in many systems. In Drosophila, hh is thought to participate in a
positive feedback loop involved in specifying segment polarity. hh,
presumably induced by en in the posterior half of each segment, signals the
upregulation of wg and dpp in the anterior half; the latter are in turn
necessary for en expression in the posterior half (Tabata et al., 1992). hh also
participates in Drosophila wing patterning (Basler and Struhl, 1994).

In vertebrates, there is strong evidence that shh is a retinoic-acid
induced morphogen or intermediary signaling molecule in the chick limb
bud (Riddle et al., 1993). In the notochord, shh continues to be expressed after
notochord-inducing activity has ended, but the temporal pattern of
expression of shh in the floorplate suggests that it might be a floorplate-
secreted inducing factor, acting on lateral floorplate cells as well as motor
neurons (Echelard et al., 1993). In support of this is the evidence that COS
cells expressing vhh (vertebrate homolog of hh) can induce floorplate and
motorneurons in neural plate explants (Roelink et al., 1994). In addition,
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transgenic mice that misexpress shh behind a Wnt-1 enhancer upregulate the
floorplate marker HNF-3f3in ectopic locations in the hindbrain. In these
animals, ectopic shh is not sufficient to induce floorplate in dorsal spinal cord.
This may be due to the relatively late onset of transgene expression in this
region (Echelard et al., 1993).

The role of dorsalin-1 in specifying dorsal characteristics in the neural
tube was discussed above. Pax3, 6 and 7 are transcription factors containing a
paired domain as well as a homeodomain. Pzx3 and 7 are expressed in the
alar plate of the spinal cord, and Pax3 is expressed in the roof plate as well
(Goulding et al., 1991; Jostes et al., 1991). Pax6 is present in the basal plate
(Walther and Gruss, 1991). Homozygous mutations in Pax3 (known as splotch
in mice and Waardenberg's syndrome in humans) cause severe defects of
neural tube closure and defects in pigmentation, the latter presumably due to
defects in the neural crest (Epstein et al., 1991; Tassabehji et al.,1992; 1993).
Mutations in Pax6é have defects in the lens and nasal placodes (Hill et al.,
1991).

Other dorsoventrally regulated molecules include the Wnt genes that
are present in a restricted dorsal region of the spinal cord midbrain and
forebrain (Roelink and Nusse, 1991), Dbx , expressed in bilateral stripes at the
midline (Lu et al., 1992), and some genes of the Hox family that are expressed
in temporally dynamic, dorsoventrally restricted patterns thought to correlate
with the appearance of specific cell groups along that axis (Graham et al.,
1991).

Patterning in the hindbrain: Segmentation and Hox genes

Segmentation is an elegant and economical means of establishing a
body plan. Briefly, it involves setting up an iterated pattern of regulatory
genes capable of directing the formation of repeated structures in each
segment, after which each segment can be modified for local specializations.
There is overwhelming evidence that invertebrate systems such as Drosophila
are patterned in this manner, through the interactions of gap, pair-rule,
segment polarity and segment identity genes (Ingham and Martinas-Arias,
1992, and references therein). These genes encode DN A-binding proteins that
function as transcription factors. Segment identity genes are members of the
antennapedia and bithorax complex (ANT-C and BX-C), and share closely
related versions of a homeobox sequence encoding a 61 amino acid DNA-
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binding homeodomain. Each of these transcription factors can activate a
cascade of downstream events where they are expressed. Mis-expression of
segment identity genes causes homeotic transformations in the ectopic
regions of expression. The ANT-C and BX-C are also called collectively, the
homeotic cluster (HOM-C) (McGinnis and Krumlauf, 1992).

Many Drosophila transcription factors are evolutionarily conserved. In
particular, the HOM-C appears to have been expanded by duplications such
that mammals have 4 homologous clusters called HoxA, B, C and D (Duboule
and Dolle, 1989; Graham et al., 1989). Most of the members of the HOM-C are
represented in each cluster, with several new members added during the
course of evolution. These genes are expressed in striking patterns in the
mammalian CNS suggesting a segmental basis for its patterning.
Corresponding members in each cluster are called paralogs, and have very
similar expression patterns, with some exceptions (Hunt et al., 1991). Within
a cluster, each member has a sharp rostral limit of expression in the CNS,
neural crest, paraxial mesoderm or ectoderm that coincides with a different
axial level. There is a remarkable order in the arrangement of the genes in
each cluster along the chromosome, which correlates with their rostral
boundaries of expression such that the genes at the 3' end have the rostral-
most limit of expression, with few exceptions. (McGinnis and Krumlauf,
1992). The patterns of expression of these genes is spatially and temporally
complex (Hunt et al., 1991; Graham et al., 1991).

In the hindbrain, various Hox genes have rostral limits of expression
that coincide with different rhombomere boundaries. Thus rhombomeres
can be uniquely identified by a distinct combination of Hox gene expression
(Wilkinson et al., 1989). Once formed, rhombomere boundaries appear to be
barriers to cell mixing between adjacent rhombomeres (Fraser, 1990). This
provides a means by which cells in a given rhombomere, once specified with
a positional identity in terms of their pattern of gene expression, can be
physically segregated from cells of a different identity. These groups of cells
can then initiate segment-specific developmental programs. Neural crest
cells arising from particular cranial rhombomeres appear to retain their
positional specification and generate discrete peripheral structures accordingly
(Wilkinson, 1993).

If Hox genes are essential for segmental identity, then interfering with
their function should disrupt cell fate. Such alterations have been reported in
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mice lacking functional HoxAl, A3, or B4 genes. Hox Al knockout mice have
disruptions in the hindbrain with greatly reduced rhombomeres 4 and 5 (r4
and r5), defects in neurogenic crest derivatives, as well as altered wiring of
cranial nerves (Chisaka et al., 1992; Lufkin et al., 1991; Carpenter et al., 1993;
Dolle et al., 1993). In Hox A3 knockout mice the defects are restricted to
cranial crest derivatives (Chisaka and Capecchi, 1991). Mice lacking
functional Hox B4 have homeotic transformations of cranial vertebrae, but
apparently normal neural structures (Ramirez-Solis et al., 1993). It is
significant that the mutant phenotypes do not show defects in all areas of
expression of the normal Hox gene. Presumably, paralogs from the other
clusters with similar expression patterns can make up for the absence of a
given gene.

Regulation of Hox genes

Data about Hox gene regulation in vivo comes from work done using
transgenic mice carrying constructs of a reporter, lac Z, fused to a putative Hox
regulatory sequence. The finding that the enhancer sequences of HoxB2
contain three putative Krox-20 binding sites prompted the generation of a
transgenic mouse line carrying HoxB2 regulatory sequences (Sham et al.,
1993). Expression of this construct closely resembles the pattern of
endogenous Krox-20, which is specific to r3 and r5. Further transgenic
analysis using constructs with mutations in the Krox-20 binding sites of the
HoxB2 enhancer shows that these sites are required for expression of the
reporter in r3 and r5. In addition, ectopically expressed Krox-20 causes ectopic
expression of the lac Z construct, showing that Krox-20 is sufficient for HoxB2
expression. The normal expression domain of HoxB2 extends caudally from
r3. This implies that different parts of the expression pattern of a given Hox
gene may be regulated by different molecules (Sham et al., 1993).

A role for Retinoic acid

Retinoic acid is implicated an endogenous regulator of Hox gene
expression. Embryonal carcinoma (EC) cell lines are useful model systems in
which this phenomenon has been extensively studied. Derived from murine
or human tumors, EC cells can be induced to express certain neuronal
characteristics such as neurofilament proteins by agents like BUdR or retinoic
acid. Only retinoic acid-induced differentiation causes the upregulation of a
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large number of Hox gene family members. These genes are not detectable in
the uninduced cells (Mavilio et al., 1988). Moreover, Hox genes are induced
in the order in which they are located on the chromosome, with the 3' genes
induced at low concentrations of retinoic acid (10nM), and progressively more
5' genes requiring high concentrations (10uM), while the most 5' members of
the complex are not induced at all. In addition, the 3' genes have a faster time
course for stable induction than the 5' genes (Simeone et al., 1990). This
quantitative regulation suggests an in vivo mechanism by which a gradient of
retinoic acid could generate the spatial pattern of Hox gene expression.

Embryos exposed to retinoic acid lack well-differentiated anterior
structures. In mouse, Xenopus and zebrafish, retinoic acid exposure causes
anteroposterior transformations in the CNS. In Xenopus, concentrations of
retinoic acid similar to those found in vivo cause microcephaly associated with
a dramatic reduction of the forebrain and midbrain, as well as a lack of eyes
and nasal pits; ear formation and posterior CNS development is normal
(Durston et al., 1989). Similar treatments reveal a concentration-dependent
change in the expression patterns of Xhox3 and serotonin, consistent with the
formation of posterior cell types in the forebrain (Ruiz i Altaba and Jessell,
1991). In mouse embryos, retinoic acid treatment alters hindbrain segment
identity, transforming specific segments into posterior counterparts. This
effect is well demonstrated in transgenic mice which carry lacZ reporters
driven by HoxB1, B2 or Krox-20, regulatory elements. In all of these mice, r2
and r3 appear to be transformed into r4 and r5, respectively. This conclusion
is supported by duplication of the r4 and r5-like expression patterns of these
genes in such mice, once in the normal r4 and r5, and again in r2 and r3.
There is also a change in the migration and outgrowth patterns of the neural
crest and motor neurons in r2 and r3, which resemble those of r4 and r5 in
the transgenic mice (Marshall et al., 1992).

Support for a role for retinoic acid during normal development in vivo
comes from measurements of endogenous retinoic acid in amphibians; these
levels are similar to those found in the chick limb bud, where retinoic acid is
implicated in the patterning of the anteroposterior axis (Durston et al., 1989).
Furthermore, retinoic acid receptor (RAR) and retinoid X receptor (RXR)
isoforms, as well as cellular binding proteins for retinol and retinoic acid are
present in a variety of embryonic tissues in different patterns, consistent with
a complex embryonic response to exogenous or endogenous retinoic acid
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(Denker et al., 1990; Gustafson et al., 1993; Maden et al., 1990; Ruberte et al.,
1993; Vaessen et al., 1990). Most importantly, null mutant mice lacking RARy
display homeotic transformations of the rostral axial skeleton, demonstrating
that this retinoic acid receptor is required for patterning in this region
(Lohnes et al., 1993). Mice lacking RARa1 appear normal, however,
suggesting overlapping functions and redundancy in the RARs (Li et al.,
1993).

Specification of the Midbrain

The cerebellum, and the superior (tectum) and inferior colliculi are
formed rostral to the hindbrain. Most of the data regarding the specification
of these structures involves homologs of two Drosophila segment polarity
genes, wingless and engrailed. The former is a putative secreted signaling
molecule, and the latter a homeobox gene. In vertebrates, there is evidence
that wingless homologs, called Wnt genes, as well as En genes are involved in
midbrain specification. There are at least ten genes in the mouse Wnt family,
and two in the En family.

Early expression of Wnt-1 is restricted to the presumptive midbrain,
similar to that of En-1, and also that of the later expressed En-2. Wnt-1
gradually becomes restricted to a narrow ring just anterior to the midbrain-
hindbrain junction. Transplants of this region induce ectopic En expression
in chick, suggesting that Wnt-1 may upregulate En expression in surrounding
tissue (Bally-Cuif et al., 1992). Interestingly, this result is observed when the
transplant is placed in pretectal or dorsal thalamic locations but not in the
ventral thalamus or telencephalon, indicating a difference in responsiveness
in the recipient regions to inductive signals (Martinez et al., 1991). In normal
chick tecta, En expression is found in a caudorostral gradient at embryonic day
2. Ectopic tecta transplanted or induced anterior to the mesen-diencephalic
border show a reverse En gradient, with both normal and ectopic tecta
expressing low levels of En nearest the border. The closer the ectopic tectum
is to this border, the weaker the expression of En. These results suggest that
the mesen-diencephalic border contains En-repressing agents (Itasaki et al.,
1991). One functional consequence of an altered En gradient is that the
polarity of the retinotectal projection to the ectopic tectum matches the
rostrocaudal orientation of the En gradient (Itasaki and Nakamura, 1992). At
embryonic day 3, the tectum can no longer regulate its gradient of En
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expression, and rotated tectal primordia retain their original gradient even
after transplantation to a location that causes reversal at earlier stages (Itasaki
et al,, 1991). Retinotectal projections display corresponding polarities,
matching the En gradient in both cases (Itasaki and Nakamura, 1992).

Mice homozygous for mutated Wnt-1 have virtually no midbrain or
cerebellum, while the rest of the animal appears normal (McMahon and
Bradley, 1990). In contrast, mice that do not express En-2 display only subtle
alterations in cerebellar foliation, suggesting functional redundancy between
En-1 and En-2 in the midbrain (Joyner et al., 1991).

Regionalization of the forebrain

The forebrain is the only prechordal part of the CNS, meaning that the
notochord terminates caudal to the forebrain, as do the somites, both of
which play critical roles in patterning the rest of the CNS. Prechordal
mesoderm underlying the forebrain, however, is thought to perform similar
functions with respect to the forebrain. The forebrain is a very specialized,
complex structure that cannot be obviously reduced to a set of iterated
segments, since different parts of the forebrain have very different structures,
patterns of axon outgrowth and cellular organization. On the other hand,
there is morphological, cellular, and molecular evidence that the forebrain is
divisible into separate areas (Herrick, 1910; Puelles, 1987; Simeone et al., 1992;
Bulfone et al., 1993; Figdor and Stern, 1993; Fishell et al., 1993; Price, 1993).
There are, however, several different interpretations regarding the
arrangement of these units, whether these are true "segmental” areas, and
even regarding which methods are best used to identify boundaries (Puelles,
1987; Bulfone et al., 1993; Fraser, 1993; Krumlauf, 1993; Puelles and
Rubenstein, 1993). A central question is whether forebrain patterning is an
extension of that in the rest of the CINS, or completely different from it. Does
the forebrain develop as a set of "neuromeres,' a strategy that has precedence
in the patterning of the hindbrain?

The telencephalon gives rise to neocortex, paleocortex and archicortex,
which are formed from different regions of the paired telencephalic vesicles,
as well as the basal ganglia, which arise from the basal telencephalon. The
boundary between the vesicles and the basal telencephalon is also a barrier to
cell migration (Fishell et al., 1993). The existence of this boundary is
supported by differential expression of many genes. For example, genes of the
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Dlx group are expressed in the basal telencephalon but not the telencephalic
vesicles, while BF-1 and Otx1 show the opposite distribution (Puelles and
Rubenstein, 1993). Within the telencephalic vesicles, some markers
distinguish between prospective neocortex and archicortex (BF-1, Otx-1:
FORSE-1; Puelles and Rubenstein, 1993; Tole and Patterson, 1994). None of
the markers, however, display differential distributions within prospective
neocortex.

A controversial issue is how the telencephalon is connected to the rest
of the CNS (Puelles, 1987 and references therein). Figdor and Stern (1993)
view the entire telencephalon as the rostral-most division of the CNS, while
Bulfone et al. (1993) model it as a dorsal extension of the hypothalamus, the
rostral-most part of the CNS being part hypothalamic and part telencephalic.
At present, it is difficult to decide between these models.

The diencephalon is somewhat easier to subdivide, as there are
morphological features such as identifiable sulci, ridges, zones of reduced cell
density and axon tracts that separate various regions. There is still no
consensus, however, on how many divisions exist. The classical view of
Herrick (1910) identifies four regions called the epithalamus, dorsal thalamus,
ventral thalamus, and hypothalamus. More recent models have proposed
either two divisions (D2 and D1; Figdor and Stern, 1993), or five divisions
(prosomeres p2-p6; Bulfone et al., 1993), of the same diencephalic areas.
Herrick's epithalamus and dorsal thalamus are contained within p2 of
Bulfone et al., and within D2 of Figdor and Stern. Herrick's ventral thalamus
corresponds to p3 of Bulfone et al., and together with the hypothalamus,
corresponds to D1 of Figdor and Stern . Herrick's hypothalamus is further
divided into p4-p6 (as is the telencephalon, viewed as a dorsal extension of
the hypothalamus) in the model of Bulfone et al. In addition, Bulfone et al.
propose additional boundaries perpendicular to those mentioned above, so
that in their model the diencephalon is patterned in a grid-like manner (see
schematics in Puelles and Rubenstein, 1993). It is important to note that
Herrick used morphological sulci as his dividing boundaries, while Figdor
and Stern tested these boundaries for cellular mixing across them, and
retained those that served as barriers to migrating cells. Bulfone et al. use
molecular differences to distinguish between areas, and observe that in some
cases, molecular boundaries do not correspond exactly to sulci, but to nearby
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ridges, and hence they question the appropriateness of using sulci as valid
boundaries.

It is clear that the complexity of molecular patterns in the developing
diencephalon exceeds the data on cellular mixing at this point. Many of the
molecules described as regionally-restricted within the developing forebrain
are transcription factors belonging to the homeobox family (Otx1,2; Emx1,2;
Dbx; Gbx; Dix1,2,3,4; Nkx 2.1, 2.2) or the HNF-3/forkhead family (BF-1 )
(Rubenstein and Puelles, 1994). Additional restricted distributions in early
CNS development have been reported for the cytoplasmic antigen PC3.1
(Arimatsu et al., 1992), Wnt family secreted factors (Salinas and Nusse, 1992),
and cell-surface antigen FORSE-1 (Stainier at al, 1991; Tole et al., 1994; Tole
and Patterson, 1994).

The molecular data is promising in that it points to very early
differences in gene expression in the proliferative neuroepithelium. These
data suggest that the differences in transcription can provide the basis for the
implementation of area-specific developmental programs. Support for this
hypothesis awaits data from perturbation experiments.

Functional domains in the brain: cortical prespecification versus
innervation-dependent identity

The cortex is divided into distinct, functionally specialized areas, which
differ in their intra-cortical and subcortical connections as well as in
cytoarchitectonic features. These regions are thought to be specified by a
combination of genetic and epigenetic events. In the prespecification
hypothesis, the neuroepithelium contains a fate map, the "protomap," which
can be propagated to the cortical plate by neurons that migrate in a manner
that maintains the positional information of the map (Rakic, 1988). In the
epigenetic hypothesis, the cortical plate is specified by afferents (O'Leary, 1989).
There is evidence for both the above hypotheses, in different regions of the
cortex.

The best example of cortical prespecification is the early commitment
of neurons to limbic cortex. LAMP (Limbic-system associated membrane
protein), a 64-68 kD protein, is expressed specifically in migrating and
postmitotic cortical plate neurons of limbic cortical areas. Transplantation
studies show that neurons in prospective limbic areas have an early plastic
period, after which they are committed to expressing LAMP even upon
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transplantation to LAMP-negative locations (Barbe and Levitt, 1991). Such
ectopic LAMP-positive neurons receive limbic thalamic projections in their
new location, whereas transplants performed before they are committed to
expressing LAMP do not receive such inputs (Barbe and Levitt, 1992; Levitt et
al., 1993).

Within the neocortex, there is evidence that subplate neurons play a
role in the innervation of cortical areas. Prior to invading the cortical plate,
thalamic afferents accumulate and "wait" in the region of the subplate.
Ablation of visual subplate neurons at the onset of the waiting period causes
axons from the lateral geniculate nucleus to grow past their target cortical area
. in a anomalous route. Similar results were seen for innervation of auditory
cortex by afferents from the medial geniculate nucleus upon ablation of
auditory subplate (Ghosh and Shatz, 1993).

There are some examples of innervation-defined specializations
within neocortical areas, such as ocular dominance columns in layer IV of
visual cortex, and vibrissae-associated "barrels” in somatosensory cortex.
These patterns are thought to be generated by activity-dependent competition
between innervating axons, and can be modified by weakening, ablating, or
blocking activity in some of the inputs, which causes these inputs to lose
cortical territory to the stronger inputs (Hubel et al., 1977; Chapman et al,,
1986; Reiter and Stryker, 1988). In addition, neocortical areas appear to be
plastic to the extent of being able to accept totally abnormal inputs: visual
cortex can form "barrels” when transplanted in the location of somatosensory
cortex (Schlaggar and O'Leary, 1991); auditory cortex can process misrouted
visual inputs (Sur et al., 1988) and can even show some stimulus-preference
characteristics of normal visual cortical neurons (Roe et al., 1992).

Such studies show that neocortex is remarkably plastic, and support the
hypothesis that thalamic innervation plays a significant role in specifying the
identity of uncommitted neocortical areas. On the other hand, evidence
suggestive of intrinsic differences within the prospective neocortex comes
from the work of Arimatsu et al. (1992), who showed that E13 rat dorsomedial
neuroepithelium can be distinguished from lateral neuroepithelium by
differential expression of the PC3.1 antigen. The first evidence of intrinsic,
early differences between functionally distinct neocortical areas comes from
the analysis of a transgenic mouse line, H-2Z, which contains a construct of
regulatory elements from a major histocompatibility complex class I gene
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linked to lac Z. In these mice, the blue X-gal product is found specifically in
layer IV of somatosensory cortex in a striking pattern that corresponds to
specialized formations like barrels, and also in somatosensory areas that
represent other body regions. The ability to express the transgene is retained
by somatosensory tissue upon transplantation to other, non-expressing areas,
even when the transplantation is performed at ages prior to thalamic
innervation of the transplanted tissue. Other, non-expressing cortical
explants do not upregulate the transgene upon transplantation into
somatosensory cortex (Cohen-Tannoudji et al., 1994). These studies provide
the first molecular evidence of regionalization within neocortical areas.

To summarize, there is evidence supporting prespecification of
different types of cortex. Within neocortex, while most of the evidence
supports thalamic innervation-dependent specification of areal identity, some
early intrinsic differences between areas are suggestive of a role for
prespecification of the neocortex as well.

Future directions

In this introduction, I have reviewed the patterning of the vertebrate nervous
system from the earliest stages. Much is known about the complexity of
regionalization at different developmental time points. However, while
some of the molecules likely to be involved are beginning to be identified, the
mechanisms by which regional specification occurs have yet to be unraveled.
How are complex patterns of putative regional identity genes generated from
simple early patterning cues? How does expression of a specific regulatory
gene lead to formation of unique structural features, and what are the
intermediaries involved? For example, while there are many transcription
factors whose expression patterns distinguish between presumptive cortex
and basal telencephalic derivatives, how is the appropriate area programmed
to generate a layered cortical plate? Elucidating these mechanisms is critical
to further our understanding of how the brain is built.
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Abstract

We designed a protocol to identify cell surface molecules expressed in
restricted spatial patterns in the developing central nervous system (CNS) that
might be regulated by regionally-restricted transcription factors. The immunogen
was a membrane fraction from NT2/D1 embryocarcinoma cells that were induced
to differentiate into neurons and up-regulate Hox gene expression in response to
retinoic acid. One monoclonal antibody (mAb), FORSE-1, specifically labels the
rostral rat CNS from the earliest stages. Staining is observed in the rostral but not
caudal neural folds of the embryo prior to neural tube closure. Staining is enriched
in the forebrain as compared to the rest of the central nervous system (CNS), until
E18. Between E11.5-E13.5, only certain areas of the telencephalon and diencephalon
are labeled. Later, up to E17.5, FORSE-1 labeling is specifically restricted to the
telencephalon, where a correlation with mitotic activity is apparent; the ventricular
zone labels with FORSE-1, while the cortical plate is negative. The staining of the
neuroepithelium is intensified by acetone fixation, which also reveals, between
E11.5 and E13.5, a dorsoventrally-restricted, FORSE-1-positive region of the spinal
cord. After E18, the entire CNS is labeled, through adulthood. The mAb labels the
surfaces of dissociated, living cells. Other, non-CNS areas of FORSE-1 labeling are
nasal and otic placodes, nasal epithelium, nasal glands, and early (E9.5-10.5)
endoderm. mAb FORSE-1 recognizes an epitope present on both a high molecular
weight (>200 kD) proteoglycan from embryonic and early postnatal brain, and on a
80 kD doublet that is restricted to the CNS in the adult.

These findings suggest the FORSE-1 antigen as a candidate cell surface
molecule for mediating regional specification from the earliest stages of CNS

development.

Keywords: forebrain, cyclophosphamide immunosuppression, dorsoventral,
position, proteoglycan, NT2/D1, rostrocaudal
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Introduction

The development of the vertebrate central nervous system (CNS) is a complex
process during which the neural tube gives rise to a variety of different neural
structures. A critical issue is how these differences are generated. Transcription
factors with positionally restricted patterns could specify regional identity and their
actions could be expanded upon by other, downstream target genes. Of these
downstream effectors, those that are o