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Abstract

Cell-surface molecules play an essential role in guiding axons to
their targets. We have developed a method to generate monoclonal
antibodies (MAbs) which recognize cell-surface molecules of defined
molecular weight that are expressed during the development of the
chicken retinotectal system. The antigen distribution on optic fibers
recognized by one of these MAbs, Bravo, is restricted to retinal ganglion
cell axons in the retina, and absent from these same axons in the
tectum.

The complete derived sequence of Bravo including four putative
alternatively spliced regions has been obtained. It reveals a close
relationship to the neural members of the immunoglobulin superfamily,
with closest relationship to chicken Ng-CAM and mouse L1. Like Ng-
CAM and L1, Bravo contains six immunoglobulin domains, five
fibronectin type III repeats, a transmembrane domain and a highly
conserved but functionally uncharacterized cytoplasmic region. Like
the other neural members of the immunoglobulin superfamily, Bravo
carries the HNK-1 carbohydrate epitope, and specifically like L1 and Ng-
CAM, Bravo is found predominantly in the form of a heterodimer, an
intact chain cleaved in identical locations in all three molecules into two
non-covalently associating parts.

These data present an interesting view of retinotectal optic fiber
outgrowth: As optic fibers grow in dense fascicles towards the optic
nerve exit, they express both the known cell adhesion molecule Ng-
CAM, and the closely related Bravo. As these fibers pass through the
optic chiasm, Bravo is reduced on their surfaces, coincidentally in the
same place and time that these fibers noticeably defasciculate,
presumably to allow independent target seeking by individual axons.

Furthermore, Bravo staining of retinal glial processes has been
detected. The close relationhip of Bravo to Ng-CAM coupled to Ng-
CAM's known homophilic binding capacity suggest Bravo may be the
heterophilic glial ligand for Ng-CAM long postulated to exist. Bravo is
identical in sequence with the recently characterized Ng-CAM related
glycoprotein, Nr-CAM.
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h r_I--The Retin l m

Introduction

The development of a functioning nervous system involves
the creation of a complex network of cells and cell processes. In
vertebrates, this often requires neurons born in one area to
project axons and form synapses in a distant area of the nervous
~ system. The visual system of lower vertebrates is particularly
well-suited to studies of patterned neuronal projections. In
general, fibers from retinal ganglion cells grow towards the optic
fissure and exit the retina as the optic nerve, which crosses the
midline at the chiasm and innervates the optic tectum. A
topographic map of the retina is formed on the tectum with
neighboring retinal cells projecting to neighboring tectal cells.
Anterior (nasal) retina projects to posterior (caudal) tectum, and
posterior (temporal) retina projects to anterior (rostral) tectum.
Dorsal retina projects to ventral tectum; ventral retina, to
dorsal tectum. Thus, spatial relationships are maintained (though
rotated) in the tectum.

Explanations and models for this specificity have occupied
researchers for over a century. Even before the high degree of
precision in the map was determined by histological and
electrophysiological experiments, Santiago Ramon y Cajal
postulated that chemical cues might be involved in axons finding
their target tissues (Ramon y Cajal, 1960 translation of 1929
paper). This view was not immediately accepted, and much of the
work that followed Ramon y Cajal's emphasized mechanical
forces and guiding channels in directing nerve growth (reviewed
in Hamburger, 1980). Against this decidedly non-molecular
background, Roger Sperry's (1963) chemoaffinity theory is
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especially noteworthy. This theory was based, in part, on his
previous work (1943) that indicated that regenerating axons from
the eyes of lower vertebrates grow back to their original sites in
the tectum. More strikingly, by crushing and disrupting the optic
nerve or by removing part of the retina in goldfish, Sperry (1963)
and Attardi and Sperry (1963) showed that retinal fibers
regrowing along identical "channels" passed by thousands of
unoccupied tectal sites before synapsing in the appropriate
regions. More recent experiments support and expand upon this
early work (Fraser and Hunt, 1980; Cowan and Hunt, 1985)
including experiments which reveal the ability of axons to find
their targets after transplantations (Yoon, 1971) and the re-
establishment of proper connections following forced misrouting
(Thanos et al., 1984). Taken together, these experiments strongly
support the notion that fibers carry and can read intrinsic spatial
cues.

Sperry proposed that "growing axons recognize their target
cells by individual cytochemical identification tags,” formalized
in the chemoaffinity hypothesis (Sperry, 1963). Different
researchers and modelers have interpreted the meaning of
Sperry's theory in significantly different ways, though supporting
statements by Sperry reveal with some clarity that he meant to
propose an orthogonal gradient with matching "latitude and
longitude" values expressed as a "chemical code" (quoted from
Sperry, 1963). Regardless of the exact nature of Sperry's
proposal, and it is not a refined model, the notion of chemical
cues guiding nerve growth now forms the basis of all successful
models of neural specificity, though several other mechanisms
are clearly at work.

Neuronal activity also plays a role in the formation of the
retinotectal projection, though this role appears to be limited to
secondary refinements of the map. This notion is supported by
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the regeneration of crude retinotectal maps in lower vertebrates
deprived of normal neuronal activity by blocking with

tetrodotoxin (Hartlieb and Stuermer, 1989; Schmidt and Edwards,
1983) or in animals raised under strobe lights so that all
ganglion cells, not just close neighbors, fire at the same time
(Schmidt and Eisele, 1985).

Furthermore, a great deal of plasticity is observed in this
system. Amphibians and fish not only regenerate lost connections
but also show continuous and asymmetric growth of the retina
and tectum throughout life, forcing a gradual shift in neuronal
connections in the tecta of these animals to maintain retinotopy
throughout life (reviewed in Cline, 1991).

This plasticity has been pursued experimentally in goldfish
(Schmidt et al., 1978; Yoon, 1971) and in Xenopus (Fraser and
Hunt, 1978). After removal of part of the retina, the remaining
retinal fibers grow to their appropriate targets at first, then
slowly expand and fill up the empty parts of the tectum.
Likewise, when whole retina are confronted with partial tecta,
compressed maps are formed. Because these results appear so
incongruous with the notion of chemically labeled optic fibers
and target sites, some theoretical models have been proposed
that almost completely abandon the role of intrinsic spatial cues
in setting up the retinotectal projection. These models (e.g., von
der Marlsberg and Willshaw, 1977), however, fail to account for
all the results noted above. Alternatively, Gierer (1983) has
proposed that expansions and compressions can be explained on
top of a "chemoaffinity" model if the density of retinal fibers can
induce changes in the concentration gradient of the tectal cues.
While such a model predicts normal innervation, as well as the
results from tectal grafts and expansions and compressions of
the map, the mechanism of retinal respecification of tectal
markers seems problematic.
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According to another model, both the specificity and the
plasticity of this system can be explained without invoking
respecification of the tectum (Fraser and Hunt, 1980). This
model stipulates that chemoaffinity represents a much weaker
force than the general repulsiveness of retinal axons to each
other. Thus this model predicts the observed expansion of the
partial retinal projection. A very strong general adhesiveness of
retinal fibers for the tectum in this model ensures that it
predicts compressions of the map as well. One additional
advantage of this model is that it predicts the important role of
homophilic adhesion molecules (many of which have been found)
as well as molecules involved in specifying spatial position.

Models in general seek parsimonious solutions to biological
problems, often revealing that a small number of simple
interactions can explain an apparently perplexing phenomenon.
One of the disadvantages of a reliance on models, however, is that
they tend to promote the view that theoretically "clumsy”
solutions (i.e., requiring a large number of molecules) are
consequently biologically unlikely (Gierer, 1983). Minimalist
efficiency, however, is not always the rule in metazoan systems,
especially in the developing nervous system where robust fidelity
in the specification of connections is of such high priority.

This chapter will briefly review some of the proteins at
work in facilitating the development of the retinotectal
projection with an emphasis on more recent work, suggesting a
greater diversity of these molecules than first suspected. The
large diversity of molecules (some apparently redundant) so far
identified within the developing retinotectal system in chickens
highlights the distinction between computer versus biologically
generated morphogenesis. That is, that the simplicity implied by
some computer models is at best mediated by a complex set of
biological molecules and interactions.
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Adhesion Molecules

N-CAM and Related Molecules

Several classes of proteins that regulate the outgrowth of
axons on cell surfaces and extracellular substrates have been
identified, and the major ones will be briefly described here.
Most of the molecules identified so far appear to mediate cell-
cell and cell-substrate adhesion rather than repulsion, and many
of these molecules are related to each other and to the neural cell
adhesion molecule, N-CAM. N-CAM appears early in development
and is expressed through to adulthood on neurons in chicken
(Edelman, 1986). It promotes homophilic cell-cell adhesion via a
Ca++-independent mechanism and appears to be involved in axon-
axon adhesion, neuroblast migration, stabilization of synaptic
junctions and varied roles in other tissues (Edelman, 1986). N-
CAM appears in muscle, kidney, heart and in a strikingly ordered
fashion in developing chicken feathers (Crossin et al., 1985;
Chuong and Edelman, 1985).

N-CAM is expressed in a wide variety of isoforms generated
by alternative mRNA splicing of a single 50 kb gene (Murray et al.,
1986). Each N-CAM isoform has five domains homologous to
immunoglobulin-like domains of category C2 (Williams and
Barclay, 1988) followed by two regions resembling fibronectin
type lll repeats. Major differences in N-CAM forms relate to the
mode of membrane attachment and to the cytoplasmic domains.
N-CAM 180 (also called N-CAM Id for "large cytoplasmic domain")
and N-CAM 140 (also called N-CAM sd for "short cytoplasmic
domain") are both integral membrane proteins with identical
extracellular domains and a cytoplasmic region either containing
or missing a 261 amino acid Id exon. N-CAM 120 ( also called ssd
for "small surface domain") is the smallest form of N-CAM and is
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attached to the membrane by a phosphatidylinositol linkage. This
Ild sequence has been shown to interact with brain spectrin, a
component of the cytoskeleton (Pollerberg et al.,1987).

The possible role of cytoskeletal attachment in N-CAM
mediated adhesion has been further supported by studies in which
cells were transfected with N-CAM and/or chimeric molecules
consisting of a homophilic extracellular domain coupled to the N-
CAM Id cytoplasmic domain. Cells transfected with these
molecules showed extensive aggregation in controls and when
treated with cytochalasin D (which disrupts actin filaments), but
showed significantly reduced aggregation when treated with
nocodazole (which inhibits microtubule assembly) (Jaffe et al.,
1990).

In addition to the mode of membrane anchoring, diversity of
N-CAM forms is created in a variety of ways. A growing number
of different putative alternatively spliced forms of N-CAM are
being identified by cDNA and genomic analyses, and many of these
alternative exons occur in the extracellular portion of the
molecule and Iig-like domains themseives, suggesting a role for
alternative splicing in modulating N-CAM adhesion (Santoni et al.,
1989; Small et al.,, 1988; Reyes et al.,, 1991). A muscle-specific
form of N-CAM has been found to encode a 31 amino acid long exon
not found in neural tissues, but similar in sequence to the ssd
region (Prediger et al., 1988). The spatio-temporal distribution
and possible role of these different isoforms has not yet been
established.

Besides alternative splicing, other mechanisms increase the
diversity of N-CAM form and function. N-CAM has been shown to
interact with heparan sulfate proteoglycan which may affect
homophilic or substrate binding (Cole and Glaser, 1986). Also,
Adult (A) and Embryonic (E) forms of N-CAM differ significantly
in their extent of glycosylation. The fifth Ig-like domain
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contains several sites for the attachment of an unusual and highly
anionic oligosacharide (alpha-2,8-polysialic acid) (PSA) which
appears to inhibit cell binding when present at high levels in the
E form (Hoffman et al., 1982; Crossin et al., 1984). A shift from E
to A forms seems to coincide with cessation of cell migration
and axon outgrowth in the mouse cerebellar cortex (Hekmat et al.,
1990 ). Analogously, in the chicken retinotectal system, distal
and growing tips of retinal ganglion axons express the E form,
while on more proximal parts the less glycosylated (and
presumably more adhesive) A form is found (Schlosshauer et al.,
1984).

A number of other glycoproteins are found in the developing
nervous system which contain multiple C2 category lIg domains
and fibronectin type Illl homology units (reviewed in Jessell,
1988). These are: Fasciclin Il in drosophila (Harrelson and
Goodman, 1988); L1 in mouse (Moos et al.,, 1988) in rat (Prince et
al.,1989; Miura et al.,, 1991) and in human (Djabali et al., 1990)
and a related molecule, neuroglian, in drosophila (Bieber et al.,
1989); Ng-CAM in chicken (Burgoon et al., 1991); Contactin/F11
in chicken (Ranscht, 1988; Brummendorf et al., 1989) and called
F3 in mouse (Gennarini et al., 1989); and TAG-1 in rat (Furley et
al., 1990) and preliminarily identified as axonin-1 in chicken
(Ruegg et al., 1989, and P. Sonderegger, personal communication).

While none of these molecules have been analyzed with any
degree of quality at the level of crystal structure, they show
meaningful sequence similarity with immunoglobulin domains
(especially at sites known to confer proper folding of these
domains) and are thus included in the immunoglobulin superfamily
(Williams and Barclay, 1988). Computer analyses and alignments
of these with other immunoglobulin superfamily members suggest
that the Ig domains in N-CAM and related molecules contain seven
B sheets resembling immunoglobulin constant (C) domains, while
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paradoxically, the sequences themselves more closely resemble
immunoglobulin variable (V) regions. Hunkapiller and Hood (1989)
have suggested that the distinct nature of these neural Ig
domains justifies a separate category "H," but as this name is not
widely used, | refer to them by William and Barclay's (1988)
term, C2.

These N-CAM related molecules are found on post-mitotic
cells in the developing nervous system but not on cells in early
embryos. These molecules are prevalent on axons, especially of
the developing retinotectal system in chickens, and Rutishauser
has used the term Ax-CAMs to highlight this fact (U. Rutishauser,
personal communication). Antibodies against these molecules and
against N-CAM generally disrupt fasciculation (Ruegg et al., 1989;
Rathjen et al.,, 1987a; Fischer et al., 1986; and Edelman, 1986).
Ng-CAM coated covaspheres aggregate, and this aggregation is
inhibitable by anti-Ng-CAM antibody fragments revealing a role
for Ng-CAM, like N-CAM, in homophilic cell adhesion (Grumet et
al., 1984a). In addition, Ng-CAM has been shown to bind an
unidentified molecule on glia (Grumet et al., 1984b; Grumet and
Edelman, 1988). Finally, purified Ng-CAM (and not N-CAM) acts as
a potent substrate for neurite outgrowth (Lagenaur and Lemmon,
1987).

Antibodies against another axonal glycoprotein,
neurofascin, likewise disrupt fasciculation in retinal ganglion
axons, so the possibility that this molecule is related to the N-
CAM family is being actively pursued (Rathjen et al., 1987b, and
personal communication). Though the functions and binding
properties of most of these Ax-CAMs (discussed further in
Chapter 1V) are poorly understood, their patterns of distribution
in the developing retinotectal system and their structures and
relationships to other molecules provide possible clues to their
roles.



Cadherins

While N-CAM and N-CAM related molecules mediate cell
binding in a Cat*+-independent manner, it has long been recognized
that Ca++ is essential in most systems for maintaining cell-cell
contacts. Molecules involved in this Cat++-dependent adhesion are
called Ca++-dependent CAMs by Edelman and others, but the lack
of any homology to the Ig-related CAMs prompts the use here of
the preferred term, cadherins. Members of the cadherin family
show generally higher levels of amino acid conservation, around
50%, than do members of the lg-related CAM family (reviewed in
Takeichi, 1990).

The N-terminal portion of the cadherins contains four
extracellular repeats with short conserved sequences. The most
N-terminal region exhibits the conserved sequence His-Ala-Val
(HAV) common to all the classical cadherins: E-(also called
uvomorulin and homologous to the chicken L-CAM), P-, N-(also
called A-CAM), R- and B-cadherins (Napolitano et al., 1991;
Inuzuka et al., 1991; Takeichi, 1991). Embryo compaction and
neurite outgrowth are found to be developmental functions
blocked by anti-cadherin antibodies in vivo and inhibitable by HAV
containing peptides (Blaschuk et al., 1990). Mouse L-cells
transfected with different cadherins form separate and
homogeneous aggregates in cell aggregation studies (Takeichi et
al., 1985). In addition, cell transfection experiments reveal the
importance of extreme N-terminal regions in cadherin mediated
cell binding. Moreover, site specific mutagenesis reveals that the
two amino acid positions surrounding the HAV sequence (variable
residues at the underlined positions, XHAVXX ) are involved in the
specificity of the adhesive response (Nose et al., 1990).

These transfection and aggregation experiments reveal a
homophilic mode of action for cadherins localized to the N-
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terminus of the molecule. Therefore it is not surprising that
most MADbs that inhibit Ca++-dependent cell-cell adhesion bind to
cadherins at the N-terminus. More recently, an antibody that
blocks E-cadherin mediated adhesion was found to bind the
extracellular anchor portion of the molecule, immediately N-
terminal to the transmembrane domain (Ozawa et al., 1990a).
This region contains four cysteines at conserved locations in the
different cadherins, and a role for disulphide bonding in affecting
adhesion is suggested by the fact that reduction of these bonds by
dithiothreitol reduces the adhesiveness of cells expressing E-
cadherin.

Cell adhesion is dependent upon not only the extracellular
binding and cysteine rich regions of these molecules, but also,
and profoundly, by their cytoplasmic domain. Perhaps this is not
surprising given the 90% conservation of amino acid sequence in
this region. Unlike N-CAM and Ng-CAM for example, which can
affect homophilic aggregation of synthetic beads or liposomes,
cadherins can not, suggesting a requisite interaction with the
cytoplasm, and probably with the cyto-architecture, to function
properly. To analyze this interaction, deletion experiments with
E-cadherin constructs transfected into mouse L-cells were
performed. These experiments reveal that the most C-terminal
sequences are required for cadherin mediated adhesion.
Furthermore, these sequences are necessary for cadherin binding
to a group of ubiquitous cytoplasmic proteins called catenins
(Ozawa et al., 1990b). The complex nature of catenin association
with actin based cytoskeleton, and in general of the mechanism of
cadherin-cytoskeleton interactions and the role of cadherins in
transducing extracellular information to the cell, are poorly
understood but actively pursued at this time.

More relevant to this discussion is the possible role
cadherins play in development. The homophilic mode of action of
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these molecules combined with their pattern of distribution
suggest a role in maintaining ordered associations among like
cells. This role is strongly implied by the spatio-temporal
pattern of cadherin expression in the developing chicken embryo
(reviewed in Takeichi, 1990). In the formation of the neural tube,
E-cadherin is turned off in the neural plate and replaced by N-
cadherin simultaneous with the separation of the plate from
overlying (E-cadherin positive) ectoderm. This correlation
between sorting of cell layers and expression of different
cadherins is seen in other regions in the chicken, and in
mammalian developmental processes as well.

The relatively simple view that cadherins are involved in
tissue-specific cell sorting events is currently being modified to
account for more recent results. For example, a retinal cadherin,
R-cadherin, has been shown to have a weak heterophilic affinity
for the closely related N-cadherin, in addition to the expected
high homophilic affinity (Inuzuka et al., 1991). Also, a number of
cadherin related cDNAs have been generated using the polymerase
chain reaction and conserved primer sequences, and most of these
are expressed in the nervous system (Suzuki et al.,, 1991). The
distribution of these new and putative cadherins will suggest
whether or not cadherins play a role not only in cell-type and
tissue organization, but also possibly in regional spatial
affinities of cells for their neighbors ( discussed in Inuzaka et
al., 1991).

Integrins and Extracellular Matrix Molecules

A third class of molecules known functionally as
substratum adhesion molecules (SAMs) mediates interaction
between neurons and the extracellular matrix (ECM). Most of
these molecules have been discovered to be a family of cell-
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surface receptors now referred to as integrins (reviewed in
Reichardt, 1991). Integrins are, in general, heterodimers, an a
subunit thought to bind Ca++, noncovalently associated with a B
subunit with four characteristic cysteine-rich repeats. Each
chain has a transmembrane domain and short cytoplasmic
sequences that are involved in the indirect linkage of integrins
with the cytoskeleton. At least eleven o chains are known to
exist and associate with at least six B chains (Hynes, 1990;
Albeda and Buck, 1990). At first, it was thought that each a
chain associated with only one B chain, but new evidence has
shown that this is not always the case. For example, ay combines
not only with B> to form the classic vitronectin receptor, but also
with B1 (Vogel et al.,, 1990) and Be (Cheresh et al., 1989). It
therefore seems possible that a tremendous variety of integrins
could exist, created by the shuffling of a and B chains.

The substrates for this diverse family of receptors are
equally diverse, and cannot be completely reviewed here. In
general, these ECM components are composed of regions with
extensive internal homology repeats and homologies with other
known proteins. For example, the amino acid sequence of the ECM
component, tenascin (also called cytotactin), reveals a region
with homology to fibrinogen, several fibronectin type Ill repeats,
a series of epidermal growth factor-like repeats , several heptad
repeats associated with alpha helices of ECM proteins, and one
unique terminal region involved in tenascin's multimeric
assembly.

Often these modular or "mosaic" (Doolittle, 1985) proteins
are combined to form diverse multimers. Laminin, for example,
has five subunits combined in four known ways to produce
distinct laminin tetramers (Sanes et al., 1990). Laminin is found
in regions of nerve growth and, in culture, is a powerful promoter
of neurite outgrowth (Liesi et al., 1984).
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Fibronectin, by far the best studied of the ECM components,
is a dimer, each component consisting of an assembly of three
different types (I, Il, and Ill) of repeating modules. Fibronectin
type | module is involved in heparin binding and matrix assembly;
type Il, in collagen and gelatin binding; and type Ill repeats,
found in many other ECM molecules as well as CAMs, muscle
proteins and even the laminin receptor integrin, is involved most
significantly in cell binding (Hynes, 1990; Suzuki and Naitoh,
1990; Hogervost et al., 1990). Type lll repeats as functional
domains will be discussed more extensively in Chapter IV with
respect to their presence in the lg-related glycoprotein, Bravo.
Alternative splicing, rather than subunit shuffling as with
laminin, generates fibronectin diversity.

Thrombospondin and vitronectin are ECM components of the
developing retina, and promote neurite outgrowth in vitro
(Neugebauer et al., 1991). Many more ECM components have been
analyzed including several different types of collagen, and most,
when they affect nerve growth at all, do so by promoting cell
attachment and neurite outgrowth (or cell migration).

The mechanism of this growth promoting activity and the
role of integrins is beginning to be understood. For years,
evidence has been accumulating that integrins are associated (and
co-purify) with not only ECM molecules but also cytoskeletal
components such as actin, talin and vinculin (Chen et al., 1985;
Horvitz et al., 1986; Otey et al., 1990). A role for cytoskeletal-
integrin linkage and a resulting physical cell tension mediating
directed nerve growth has been postulated (Mitchinson and
Kirschner, 1988; Letourneau and Shattuck, 1989; Heidmann and
Buxbaur, 1990). Also neurite outgrowth on laminin, type IV
collagen and fibronectin are reduced in the presence of protein
kinase C inhibitors (though outgrowth on purified Ng-CAM is not),
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suggesting an active role for PKC phosphorylation in integrin
function (Bixby and Jhabvala, 1990).

Not all ECM components promote cell adhesion, some "anti-
adhesive" proteins have been described. The SPARC glycoprotein
is a common component of basement membranes that when added
to cell cultures inhibits cell spreading (Sage et al., 1989).
Tenascin, mentioned above among the neurite-promoting ECM
molecules, has a separate anti-spreading effect on neurons
(Faissner and Kruse, 1990; Spring and Chiquet-Ehrismann, 1989).
The mode of action of the molecules and for others that mediate
cell-substratum and cell-cell repulsion (reviewed in Patterson,
1988; Keynes and Cook, 1990), are not yet known; however, some
data on one such molecule has been forthcoming and is discussed
below.

Specificity Molecules?
Graded Molecules

The molecules discussed above certainly play a vital role in
neural morphogenesis: in mediating neuronal and glial
differentiation, proliferation, migration, adhesion and cell death;
in affecting axonal outgrowth and guidance away from certain
regions and towards others; and in growth cone recognition and
synapse formation at certain target cell types and tissues. No
evidence yet exists, however, to suggest that these molecules
contribute to specifying retinotectal position. The extensive
spatial distribution of these molecules is not consistent with the
specification of place. At a molecular level, however, a great
deal of heterogeneity (e.g., a spatially restricted distribution of
alternatively spliced isoforms or post-translational
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modifications) may exist that the methods (e.g., antibodies
directed against common protein epitopes) fail to detect.

Some molecules known to be spatially distributed in the
retinotectal system are known to exist. One way position can be
specified, as discussed above, is through the use of molecular
gradients. The JONES antibody labels the murine retina in a
dorsoventral gradient during development (Consantine-Paton et
al., 1986). The JONES antigen is a carbohydrate epitope of the
GD3 ganglioside and may be identical to D1.1 (Levine et al., 1984).
Though increasing evidence suggests that carbohydrates,
especially gangliosides, are involved in cell adhesion of neurons
(Jessell et al., 1990), the difficulty of analyzing and purifying
these molecules has hindered discovery in this field.

More tractable has been the discovery and analyses of two
protein molecules with graded distributions identified in the
retina and tectum by Trisler et al. (1981). TOPpy is a 47 kD cell-
surface protein distributed on all cells of the retina in a
dorsoventral gradient, with higher levels in the dorsal retina.
During development, a 3-fold distribution of dorsal versus ventral
TOPpy at E4 increases to an 8-fold difference by E8 (when most
retinal axons are seeking targets in the tectum) growing to a 35-
fold gradient at hatching. TOPpy is also found in the tectum, even
before retinal fibers arrive, in a gradient inverted with respect
to the retinal gradient. The level of TOPpy on a particular cell or
fiber is therefore a marker of its dorsoventral position, both in
the retina and tectum (Trisler et al., 1981).

A similar case can be made for TOPap, a 40 kD cell-surface
molecule distributed in a gradient of lower magnitude than TOPpy
in both the retina and tectum (Trisler, 1990). TOPap is found at
16-fold higher levels in the peripheral posterior (temporal)
retina than in the corresponding anterior (nasal) retina.

Likewise, the polarity of this gradient is reversed in the tectum.
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The TOP molecules present an orthogonally graded
coordinate system that might be used to identify cell position in
the retina and tectum (Sperry, 1963). Furthermore, the inversion
of the orientation of the gradients in the tectum corresponds to
the rotation of the retinal map. Axons with high levels of TOPpy
(dorsal retina) synapse on tectal cells with correspondingly high
levels of this same molecule (ventral tectum), and vice versa.
Similarly, axons with high levels of TOPap (posterior retina)
project to tectal cells with high levels of the same protein
(anterior tectum), and vice versa. Thus the distribution of TOP
molecules conforms to those predicted for graded homophilic
positional markers (Fraser and Hunt, 1980).

The gene for TOPap has been partially cloned, and sequence
data is forthcoming; however, no evidence yet exists to suggest
these molecules function in homophilic adhesion. Antibody
perturbation experiments in ovo show that synapse formation is
delayed in the retina in the presence of anti-TOPpy. While this
inhibition is consistent with a view of TOPpy as being involved in
recognition that must precede synapse formation, it is far from
conclusive. The graded distribution of TOP molecules is
suggestive of a role in retinotectal specificity that the
characterization of these proteins and their functions is hotly
anticipated. However, other molecules unlikely to be involved in
positional specification, such as the murine rod opsin gene (Lem
et al.,, 1991), have been detected in spatial gradients as well.

Another molecule, the function of which is better
characterized, has been identified in the developing optic tectum
by Bonhoeffer and his colleagues using an in vitro assay in which
retinal axons are presented with stripes of different substrates
on which to grow. The preferential growth of temporal retinal
axons on stripes of more anterior tectal membranes had been
previously shown to result from a graded repulsive molecule
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rather than an attractive one because heat or enzyme treatment
of the repellent posterior tectal membrane stripes abolished this
preference (Bonhoeffer and Huf, 1980; Walter et al., 1987a). In
control experiments, these treatments of anterior tectal
membranes had no effect.

Using a novel assay developed by Raper and Kapfhammer
(1990), Cox et al. (1990) recently showed that the induction of
growth cone collapse is likely to be the mode of action of this
repulsive guidance. Miuller et al. (1990) has now identified a 33
kD, glycosyl-phosphatidylinositol linked glycoprotein distributed
in an anteroposterior gradient suggestive of its role in affecting
growth cone collapse and resulting axon guidance. Vesicles
containing the 33 kD glycoprotein behave similarly to native
posterior tectal membranes in both the stripe assay and the
growth cone collapse assay, and the activity of these vesicles is
destroyed by heat; by treatment with phospholipase C; by
treatment with peanut lectin; and by treatment with antisera
against posterior tectum. All of these treatments destroy the
guidance and growth cone collapsing activities of native tectal
membranes as well (Davies et al., 1990; Muller et al., 1990;
Walter et al., 1987a and 1987b; Vielmetter et al.,, 1991). The
determination of whether or not this 33 kD molecule affects
growth cone collapse is likely to be soon achieved as MAbs
against this 33 kD molecule have recently been generated (U.
Schwarz, personal communication).

The role of this molecule in causing growth cone collapse in
vitro seems probable, and its graded distribution suggests a role
in retinotectal specificity. Unfortunately, the data accumulated
thus far does not fit well with a simple gradient model. Nasal
fibers, for example, do not respond at all to this molecule or to
any of the growth inhibiting properties of the posterior tectum,
and although temporal fibers avoid more posterior membranes in
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stripe assays, when no choice is given, both temporal and nasal
fibers grow on posterior membranes at the same rate (Walter et
al., 1987b). Moreover, temporal fibers do not show a graded
sensitivity to this molecule. In other words, the 33 kD molecule
is indeed graded in the tectum, and this gradient is associated
with a greater growth cone collapsing and repulsive activity in
more posterior tectal membranes, but the temporal retinal fibers
themselves do not show any heterogeneity in their response to
this gradient. Central and peripheral temporal axons behave
identically.

To account for these results, it has been postulated that the
33 kD molecule functions in "steering" all temporal fibers away
from posterior tectal membranes. Alternatively, the in vitro
assays may fail to reveal the effects of this molecule in the
context of a complex cell-surface with multiple adhesive and
repulsive interactions. The failure of temporal axons to sort out
on graded distributions of posterior membranes (or vesicles
containing the 33 kD molecule) might reflect the absence in vitro
of normal competitive or repulsive interactions between retinal
fibers. A graded distribution of sensitivity to the 33 kD molecule
may exist in the temporal retina but not be detected in the stripe
assays. Under this model, the lack of normal competition for
substrate and soluble factors in culture combined with the fact
that all temporal fibers have some sensitivity for the repulsive
molecule, results in all temporal axons (regardless of the
magnitude of their sensitivity) avoiding regions of high repulsive
activity. In vivo, if more peripheral temporal axons have a higher
sensitivity for the 33 kD molecule than more central temporal
axons, then the graded distribution of the 33 kD molecule in the
tectum in combination with a general axon-axon repulsion and
competition for sites would generate an anteroposterior map, at
least for temporal axons. Of tremendous benefit towards
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addressing these questions will be the identification of the
receptor for the 33 kD molecule, and the analysis of its graded or
even distribution on temporal axons.

Compartmentalized Molecules

Besides graded molecules, another type of distribution
capable of affecting positional specificity is a combinatorial or
area-code molecule (Hood et al., 1977). Several molecules
discussed above such as N-CAM, L1 and R-Cadherin can be viewed
as combinatorially specifying cell and tissue type. More to the
point of retinotectal specificity, a number of molecules
asymmetrically distributed in the retina have been reported,
including the cytoplasmic protein p40 originally thought to be a
high affinity laminin receptor (McCaffery et al., 1990; Rabacchi
et al., 1990) and an aldehyde dehydrogenase similar to those
involved in retinoic acid production (McCaffery et al., 1991). In
addition, TRAP (temporal retinal axon protein) distinguishes
temporal retinal fibers from nasal ones in an on/off manner
(McLoon, 1991). Temporal axons display the antigen, nasal ones
do not. (The small number that do are postulated to be displaced
ganglion cells described by Karten et al. (1977). Also, the
10/22A8 antigen that we've identified (Appendix Il) is found
abundantly on nasal retinal axons and nearly absent on temporal
axons at E8. Unlike TRAP, this molecule is also found in both the
inner synaptic layer and outer synaptic layer.

A distinction has been made here between molecules
expressed with compartmental boundaries like TRAP and 10/22A8
and molecules expressed in a graded fashion like TOPpy. The
difficulty of quantitating protein levels immunohistologically
coupled with the various word choices of different reports (e.g.,
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"step gradient") obscures this distinction in the literature, but it
is an important one for inferring function.

Unfortunately, little is known of the structure and possible
function of these molecules. TRAP has an apparent molecular
weight of 135 kD placing it in the size range, though not
necessarily functional category, of many N-CAM related
molecules (see Chapter V). 10/22A8, also in this size range, has
been partially sequenced and contains both immunoglobulin
domains and fibronectin type lll repeats, found on a variety of
proteins including cell adhesion molecules. [f these molecules
are homophilically adhesive in nature, a simple prediction would
have them involved in the selective fasciculation of temporal
versus nasal axons, helping to ensure that all fibers exit at the
fissure during development. Alternatively, McLoon has suggested
that a combinatorial code of molecules like those combined with
TOPpv and a third gradient molecule (a hypothetical central to
peripheral marker) could uniquely specify cell position. Although
TOPAp more readily combines with TOPpy to specify position, the
two coordinate systems are not mutually exclusive. Furthermore,
the notion of a graded central-peripheral substance is indirectly
suggested by the observation that some amacrine cells within the
ventral retina send processes horizontally to mirror symmetrical
regions of the dorsal retina. That is, central ventral amacrine
cells send processes to central dorsal locations, and peripheral
ventral amacrine cells to peripheral dorsal locations (Catsicas et
al., 1987), possibly relying on a central to peripheral molecular
gradient.

Other possible functions for such compartmentalized
molecules include the proposal by Bonhoeffer and Gierer (1984)
that a "step gradient" of a primary substance (e.g., aldehyde
dehydrogenase) can give rise to a smooth gradient of a secondary
substance (e.g., TOPpy). Also, the distribution of TRAP is
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consistent with the proposed distribution of a receptor for the 33
kD growth cone collapsing molecule described above. If these two
molecules interact it would highlight both the distinction
between graded and compartmentalized molecules and the fact
that systems using each type of molecule can overlap.
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Chapter [l--A New Approach For Finding Molecules That
Specify Position in the Developing Retinotectal System

Redundancy and Biological Systems

We have attempted to develop a method towards identifying
new cell-surface molecules involved in the specificity of the
retinotectal projection. Given some general constraints on this
system, such as the strong adhesion of retinal axons on the
tectum and general axon-axon repulsion, two orthogonal gradients
are theoretically sufficient to encode a topographic map (Fraser
and Hunt, 1980). Why then, in view of the discovery of the
orthogonally graded TOPap and TOPpy, would one pursue new
specificity molecules?

The trivial answer is that these two molecules had not been
discovered when we initiated our project, and furthermore, they
have not yet been shown to function in specifying position.
Antibodies against TOPpy delay synapse formation but have not
been shown to perturb the map.

A more general answer is that the nervous system is an
extremely complex organ and is likely to rely on a number of
overlapping physical, electrical and molecular systems to
facilitate its development. The belief that more molecules than
just TOPap and TOPpy function in specifying position is supported
by the existence of the other molecules discussed in chapter I.
Though 10/22A8 and TRAP have unknown roles, the spatial,
temporal and functional characteristics of the 33 kD growth cone
collapsing molecule strongly argue for its role in labeling
posterior tectum in a graded and functionally significant manner.
Thus, if current thoughts on these molecules are correct, at least
three molecules (TOPap, the 33 kD molecule, and the receptor for
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the 33 kD molecule, and not counting molecules involved in more
general adhesion, repulsion and growth promoting activities) are
involved in anteroposterior specification where theoretically one,
TOPap, would suffice. Therefore, we should not be surprised if
many more molecules are involved.

The discovery of overlapping molecular systems to generate
a robust developmental program is likely to become a common
theme in biology. Historically, genes in drosophila were
discovered by the phenotype of their mutant alleles, so the genes
that were identified conformed to the rule: one gene=rone
polypeptide (or control region)=+one function. With the use of MAb
technology and the more recent enhancer trap methodology, genes
are being identified in flies on the basis not of their functions
but of their patterns of expression. "Redundant” genes, the loss
of which are not phenotypically identifiable, have as a result been
identified. For example, homologs of vertebrate cell adhesion
molecules have been identified in drosophila, as well as novel
cell adhesion molecules. Neuroglian is the drosophila homolog of
mouse L1, a homophilic CAM implicated in neurite outgrowth,
axon-axon adhesion and the migration of granule cells (Bieber et
al.,, 1989; Moos et al., 1988). Null mutations in neuroglian show
no gross defects in nervous system development, though at later
stages the mutation is lethal. Similarly, null mutations in
fasciclin 1, a drosophila cell adhesion molecule with no
relationship to vertebrate CAMs, show no gross phenotype in the
CNS, and neither do mutations in the proto-oncogene Abelson
tyrosine kinase. Double mutant embryos, null for both fasciclin |
and Abelson tyrosine kinase, show specific defects in axon
guidance during CNS morphogenesis in places where both genes
are normally expressed (Elkins et al., 1990). In one defect the
RP1 axon in these embryos (in 93 out of 100 embryos examined)
fails to cross the midline as it would normally. Thus it appears
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that neuroglian and fasciclin | each play redundant roles in neural
development, a conclusion that apparently holds true in
vertebrate systems as well (Neugebauer et al., 1988).

The issue of redundancy has been raised to re-emphasize
the point that theoretical models of biological systems are
excellent at revealing the minimal number of associations
necessary to generate a working organ but are not suited to
revealing the actual number of molecules involved. The coupling
of fasciclin | with Abelson tyrosine kinase or the putative
overlap in effects of TOPap with the Bonhoeffer molecule
highlights a distinction between biological systems assembled
from what is available, versus computer-simulated systems
designed for their efficiency. Indeed, workers in the vertebrate
visual system are daily made aware of the constraints
evolutionary history can place upon development. The cell layers
and fibers that relay visual information to the brain in
vertebrates are found between the lens and the photoreceptor
layer of the retina. This arrangement requires that optic fibers,
where they exit the retina, must disrupt the photoreceptor layer
at the optic fissure creating the so-called "blind spot.” A less
clumsy solution to the problem is seen in cephalopods whose
eyes, similar in other respects to ours, arrange the ganglion cells
behind the photoreceptors so that optic fibers can grow towards
the brain without disrupting the visual field. The explanation for
the vertebrate arrangement lies not in its efficiency or selective
advantage, but in its history. The vertebrate eye descended from
an ancestral structure that put nerve cell in front of, rather than
behind, the pigment cell.
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Evolution and the Developing Nervous System

It was with this focus on the evolutionary history of
molecules that might be involved in generating neural specificity
that we initiated our project. Video microscope images of
growth cones in culture or of single labeled fibers in vivo
(Stuermer, 1990; Fraser and Hunt, 1990) show filopodia
extending, retracting and re-extending again in different
~directions responding to spatial (presumably molecular) cues.
This apparent "sensing" resembles in many respects that of
lymphocytes finding and invading target tissue, so nerve growth
cones have been described as "T-cells on a leash.". Furthermore,
it has been a long-held hypothesis in the Dreyer laboratory that
molecules of the vertebrate immune response (especially
immunoglobulins and the T-cell receptor) were likely to have
evolved from high-specificity ligand receptors possibly used in
neural development (Dreyer and Bennett, 1965; Dreyer and Gray,
1968; Hood et al., 1977).

We initiated a project aimed at identifying molecules
involved in retinotectal specificity based on the assumption that
they might be homologous to molecules of the vertebrate immune
system. At the time, N-CAM, Ng-CAM and L1 had all been
identified, but none had yet been shown to be related to the
immunoglobulins (Hoffman et al., 1982; Grumet and Edelman,
1984; Rathjen and Schachner, 1984). A collaboration between
the Schachner laboratory and the Dreyer group had been initiated
to analyze L1 at the level of protein sequence, but this had not
yet come to fruition (Faissner et al., 1985; Moos et al., 1988).
Thus, in the absence of any specific information on Ig-related
molecules in the nervous system (excepting Thy-1, found on
neural and immune cells, and thought to be involved in homophilic
binding, signal transduction and immune cell activation) (Tse et
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al.,, 1985; Kraczek et al.,, 1986), general assumptions were made
based upon what was known of the molecules of the immune
system and the nature of the neural problem.

The immune system was the first complex cellular system
to be analyzed in depth at a molecular level. Myeloma tumors
secreting large quantities of cloned antibody molecules ( Bence-
Jones proteins) had greatly facilitated the study of these
molecules. The T-cell receptor (TCR), on the other hand, had
proven far more elusive than the immunoglobulins, in part
because the TCR was not secreted by cloned cell lines (and in part
because the TCR did not bind antigen alone). We assumed that the
position-specifying molecules of the nervous system would be
most similar to the T-cell receptor, and hence were likely to be:

1) Cell-surface molecules, like the TCR, and capable of
transducing extracellular information into the cell.

2) Scarce, like the TCR, and as predicted by retinotectal
models (Fraser and Hunt, 1980).

3) Members of large gene families, each of which shares
similar size and structure, but with distinct binding
specificities.

The first two simple assumptions are predicted by
experiments and models of retinotectal specificity already
discussed. The third assumption, that there will be a large
number of related molecules, is not predicted by the models. As
few as two theoretical molecules would suffice, though as
discussed above, overlapping and at least partially redundant
molecules may be the rule in complex systems. Recent results
using PCR to clone genes based on conserved primer sequences
has added weight to the notion that large gene families are
common, if not ubiquitous in biology (Strathmann and Simon,
1990). Still, assumption #3 must remain unproven until the
molecules specifying position are characterized and compared.
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An attempt to identify these molecules based on the above
assumptions is described in Chapter Ill. One of the guiding
principals in initiating our project was that even if molecules
that specified retinal position were not identified, it was likely
that other important and unknown molecules would be. Chapter IV
describes such a molecule, Bravo, a new member of the
immunoglobulin superfamily with a novel distribution on optic
fibers.

The remainder of this chapter is devoted to a brief
discussion of a higher risk approach towards identifying neural
positional markers that, although not pursued extensively, is
instructive. This approach relies on the assumption that the
neural molecules involved in specifying spatial position are
homologous to the immune system receptors, Igs and the TCR.
Thus, in addition to the general assumptions made above, we
predicted the neural molecules would be:

4) Composed of immunoglobulin-like (V or C) domains,
stabilized by intrachain disulphide bonds.

5) Disulphide bonded dimers or tetramers like the TCR and
lg respectively.

Assumption #4 dictated a number of approaches, none of
which were actually attempted by me. For example, selective
labeling of cysteine residues to identify Ig-like domains was not
attempted because cysteines and even cysteine-rich regions are
present in many non-lg-related molecules such as the integrin B
chain with its 56 cysteines (Albelda and Buck, 1990).
Furthermore, approaches based on the chemical or enzymatic
cleavage of Ig domains at their cysteines (to identify lg-like
molecules in the immune system) had been attempted without
success in other laboratories (D. Teplow, personal
communication). Finally, the faster mobility in SDS PAGE of
compact and intact Ig-like domains versus reduced and unfolded
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domains was noted in the experiments outlined below, but was
thought too subtle a shift for accurate identification of Ig-
domain containing proteins.

Assumption #5, on the other hand, proved quite tractable.
In fact, one of the earliest methods for detecting the TCR relied
on the then unproven assumption that like immunoglobulins, the
TCR would be comprised of disulphide bonded chains. Using
"diagonal gel electrophoresis," Goding (1983) was able to show
that T-cells contain a disulphide dimer of two approximately 40
kD components. In a cloned T-cell line, these two chains run as
single spots when analyzed by conventional 2-D electrophoresis,
but the same components from mixed populations of T-cells
produce highly dispersed patterns on 2D gels. Like antibody
chains, these T-cell derived chains form spots on 2D gels that
show singular molecular weights and heterogeneous charge
composition, raising the possibility (later proven) that these
disulphide bonded dimers were the TCR for antigen, or what is
now referred to as the a and B chains of the TCR complex.

Diagonal Gel Electrophoresis of Neural Surface Molecules

Diagonal Gel electrophoresis combined with surface
labeling of cells allows simple visualization of cell-surface
disulphide bonded dimers. Since the diverse receptors of both B-
cell and T-cell lineages contain interchain disulphide bridges, we
postulated that the hypothetical diverse positional molecules of
the developing nervous system might also contain such molecules.
Utilising the T-cell receptor as a positive control, we adopted
diagonal gels as a diagnostic technique in our lab.

In this technique, proteins are separated by size under non-
reducing conditions in the first dimension (X, left to right), and
then under reducing conditions (Y, up to down). Thus, disulphide
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bonds are left intact in the first dimension and cleaved in the
second. The vast majority of all surface proteins run with nearly
identical mobility both before and after reduction, forming a
diagonal line of X equals Y.

After 125-| surface labelling of thymocytes, T-cell proteins
were run on such a gel (Fig. 1). The chains of the T-cell receptor
are easily visible in this autoradiogram as heterogeneous spots
"below the diagonal." Other spots below the diagonal are
detectable in these gels (Goding, 1983), but do not appear to show
the heterogeneity of the a and B T-cell receptor chains.

This technique, we concluded, could be used in our lab to
separate disulphide bonded dimers from the bulk of other
proteins. As noted above, we also asked whether this technique
would separate molecules with internal disulphide bonds from
other molecules based on conformational changes in protein
structure before and after reduction. Molecules carrying
immunoglobulin domains show faster mobility under non-reducing
conditions than under reducing conditions, owing to the
compaction of Ig-loops when disulphides are intact. Such
molecules would be expected to run above the diagonal rather
than below. Examination of the thymocyte diagonal gel would be
expected to reveal several such molecules but the molecular
weight shifts for these conformational changes appear to be too
subtle to be easily discernible in our gel system.

The diagonal gel procedure was applied to the developing
retina and tectum and as other developing tissues such as the
chicken wing and tail buds and drosophila imaginal disks. In most
cases, "off diagonal" spots (other than those of known molecules)
were not visible at all. Diagonal gels of surface components of
developing chicken retina reveal only an extremely faint signal in
the region expected for TCR-like molecules. The absence, or
extreme scarcity, of these disulphide bonded dimers is
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remarkable on developing non-immune tissue. This pilot
experiment led us to the conclusion that either disulphide bonded
dimers are not involved in the developing retinotectal system, or
that if they are, they are present in such low amounts as to make
analysis nearly impossible at this time. Furthermore, subsequent
analyses of these extremely faint spots, even if possible, might
ultimately reveal that these molecules have nothing to do with
neural addressing and indeed are totally unrelated to the TCR.
Therefore, we opted for the more conservative approach towards
this problem discussed in Chapter lll.
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Fig 1-Diagonal Gel
Electrophoresis.

Surface components of mouse
thymocytes and embryonic day
7 chicken retina were '%°|
labeled and analyzed by
diagonal gel electrophoresis.
Proteins were denatured in 2%
SDS in the presence of
iodoacetimide to block free
sulfhidryl groups and analyzed
by SDS PAGE unreduced (left
to right), and then reduced
(with dithiothreitol) before
second dimension
electrophoresis (top to
bottom). Molecular weight
standards (reduced) are
shown to left. The area
enclosed by a dashed square
contains a heterogeneous mix
of T-cell receptor chains in the
thymocyte gel, but no similarly
structured molecule is
detected in the retina.
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Chapter Ill--A Method for the Generation of Monoclonal

Antibodies Against Rare Cell-Surface Molecules

Abbreviations used: Biotin-X-NHS, biotin-e-aminocaproic
acid-N-hydroxysuccinimide ester; E8, embryonic day 8; EDC, 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride;
IPL, inner plexiform layer; KLH, keyhole limpet hemocyanin;
NEPHGE, Non-equilibrium pH-gradient electrophoresis; OFL, optic

fiber layer; OPL, outer plexiform layer; RT, room temperature
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SUMMARY

Monoclonal antibodies (mAbs) provide a powerful tool for
the identification and analysis of novel cell-surface molecules.
We present here a method for antigen preparation and an
immunization protocol that facilitates the generation of mAbs
reactive with cell-surface molecules of low abundance and/or
low antigenicity. The procedure involves isolation and extensive
fractionation of cell-surface and detergent soluble extracellular
matrix molecules prior to immunization. Cell-surface proteins on
intact tissue are biotin labeled using a reagent that does not
penetrate cells. Avidin-affinity chromatography is then used' to
purify these biotinylated molecules. Size exclusion high-
performance liquid chromatography (HPLC) is used to separate
these surface molecules on the basis of their apparent molecular
weights. Finally, immunization with antigen coupled to keyhole
limpet hemocyanin (KLH) is combined with long term booster
immunizations to generate a hyperimmune response resulting in
high-affinity 1gG antibodies.

A test application of this approach was aimed at the
generation of mAbs against cell-surféce molecules of
approximately 135 kDa in the developing chicken retinotectal
system. Immunochemical analyses using antibodies produced by
this approach reveal that mAbs were generated against all
previously identified immunoglobulin superfamily molecules of
this size in this system. Furthermore, we produced many

additional antibodies that labeled retinotectal tissue in novel
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staining patterns. In the two cases analyzed in detail, these new
patterns reflect the distributions of previously uncharacterized
members of the immunoglobulin superfamily. The success of this
initial study suggests that this method represents a broadly
applicable approach towards the preparation of extensive
libraries of antibodies against cell-surface molecules expressed

on cells from numerous sources.
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INTRODUCTION

Cell-surface proteins that play critical roles in biological
systems include adhesion molecules, molecules specifying
cellular position and receptors of many kinds. Scientists in
numerous fields such as neurobiology, developmental biology,
endocrinology and cancer research have an interest in the
hundreds of proteins that are displayed on cell surfaces.
Although hybridoma technology has made possible the generation
of monoclonal antibodies for use in the detection and analysis of
specific cell-surface molecules, attempts to produce mAbs
against all surface molecules in a given system have been
hampered by the predominance of antibodies that recognize only a
relatively small number of immunodominant constituents. This
failure of the immune response to detect rare or poorly antigenic
molecules in the presence of immunodominant ones is taken
advantage of by some pathogenic microorganisms which produce
highly antigenic "decoy" proteins to overload the host immune
response and help the parasites evade destruction (Deans, 1984;
Cully et al.,, 1985). Thus, a potent immune response to molecules
of interest requires that the immunogen be as free as possible of
other abundant or highly antigenic molecules (Benjamini et al.,
1986).

Here we describe an approach to circumvent the dominant
immune response to certain components and apply it to analyze

the developing chicken visual system, which serves as a model
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for many other systems. We have maximized the immune
response to rare and previously undescribed surface molecules by
extensively fractionating the proteins expressed in this system
to produce an immunogen enriched for a small number of cell-
surface molecules and deficient in interfering antigenic
molecules. The embryonic visual system is known to utilize a
sophisticated array of cell-surface molecules during the
development of its complex pattern of cells and cell processes
(Cowan and Hunt, 1985). Several previous attempts to identify
developmentally important molecules in this system have
resulted in the generation of mAbs against a small number of
immunodominant molecules (reviewed in Jessell, 1988). We
believe that a far more complex array of cell-surface proteins
than those identified to date is required in order to facilitate the
precise assembly of millions of neurons found in the visual
system. Previous investigators have attempted to devise novel
approaches towards the generation of a more complete library of
useful mAbs. Some have utilized the immunosuppression or
tolerization of mice towards undesired antigenic components
prior to immunization (Hockfield, 1987; Matthew and Sandrock,
1987; MclLoon, 1991; Suzue et al.,, 1990). Others have purified
selected surface glycoproteins via interactions between their
carbohydrate groups and specific lectins or antibodies (Rathjen et
al., 1987). These approaches rely either on a priori information
about the nature of molecules of interest, or on specific post-
translational modifications found only on certain proteins. The

approach described here differs from these in that it uses
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purification of all cell-surface proteins, not just a selected
subset, combined with size exclusion HPLC to fractionate the
molecules prior to immunization. The results reported here
confirm that this approach provides a significant step towards
the generation of antibody libraries against all, éven rare and
poorly antigenic, cell-surface molecules. As such, it is likely to

be useful in a wide variety of systems.

EXPERIMENTAL PROCEDURES

Biotin labeling

Fertilized eggs were obtained from Chino Hatcheries (Chino,
CA), and eggs were incubated at 37°C until use. The surface
components in intact tissue were biotinylated using the method
of von Boxberg et al. (1990). Tissue dissected from one thousand
embryos was biotinylated, twenty embryos at one time, as
follows: intact tecta from twenty embryonic day eight (E8)
chicken embryos were washed three times by centrifugation at
500 x g for 5 min at room temperature (RT) with 10 ml of
labeling buffer (140 mM NaCl, 5 mM KCI, 5 mM glucose, 7 mM
NaHCOg3, 1.5 mM MgSQOyq4, 1.5 mM CaCly. lodoacetimide 2 mg/ml,
phenylmethylsulfonyl fluoride 0.2 mg/ml and soybean trypsin
inhibitor 50 pug/ml were added as protease inhibitors. The tectal
pellet was resuspended in 5 ml of label buffer to which 100 pl of
a freshly prepared solution of 100 mg/ml biotin-e-aminocaproic
acid-N-hydroxysuccinimide ester (Biotin-X-NHS) (Calbiochem, La
Jolla, CA, USA) in dimethylsulfoxide was added, and the mixture
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was shaken gently 15 min at RT. The reaction was terminated and
excess reactive biotinylation reagent was quenched by washing
the labeled tecta three times with 10 ml Dulbecco's Modified

Eagle's Medium (Gibco).

Preparation of Antigen

Affinity chromatography with avidin was used to highly
enrich surface molecules to be used as antigen for mouse
immunization. Biotinylated tissue was lysed by shaking 15 min
at RT in 10 ml lysis buffer: 10 mM Hepes pH 7.5, 140 mM NaCl, 4
mM EDTA, 2.5% NP40 (Sigma), 2.5% Zwittergent 3-14 (Calbiochem,
La Jolla, CA), supplemented with 0.02% azide, 0.5 pl/ml aprotinin
(Sigma) and the same protease inhibitor cocktail used in labeling
buffer (Updyke and Nicolson, 1984). Insoluble tectal residues
were removed by centrifugation at 3000 x g for 15 min at RT, and
the supernate was again centrifuged 30 min at 50,000 x g at 4 °C
to remove the bulk of the extracellular matrix components.

The pooled supernates from labeled and lysed tecta from
300 embryos were loaded onto a 5 ml column of avidin
(monomeric)-agarose (Sigma) at 4°C at a flow rate of 30-40
mi/h. One tectum was labeled with 1251 using the chloramine T
procedure (Greenwood et al., 1963) and added to the tectal lysate
as radiometric trace. The column was washed with 100 ml of
washing buffer: 0.1 M sodium phosphate buffer, pH 7.0, containing
either 0.15% Zwittergent 3-14 (the detergent of choice) or 0.1%
NP40. The biotinylated proteins were then eluted with 1 mg/mi

D-biotin (Sigma) in washing buffer. Fractions were monitored by
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UV absorbance at 260/280 nm for the presence of protein or by
radiometric analysis of 125|-labeled surface proteins added as
trace. By this method, 5.3 mg of biotinylated proteins were
purified from the tecta of 1000 embryos. The column was
regenerated by washing with 200 ml of 0.1 M glycine-HCI, pH 2.0
containing 0.15% Zwittergent 3-14, followed by 200 ml of
washing buffer. _

The pool of biotinylated proteins (approximately 12 ml) was
dialyzed against dH20 for 2 h at RT and concentrated in the
dialysis tube to a final volume of 600 ul by extracting water
with dry Sepharose G-75 (LKB, Sweden) placed outside the
dialysis tube. The biotinylated proteins were then fractionated
on the basis of their molecular weight using a TSK G-4000 SW
size exclusion HPLC column (LKB, Sweden) in 0.1 M sodium
phosphate buffer pH 7.0 containing 0.1% SDS at a flow rate of 0.4
ml/min. The eluate was collected in 12 fractions spanning the
entire molecular weight range. 50 pg of the total protein in each
fraction was coupled to KLH (Calbiochem, La Jolla, CA, USA) using
a water soluble carbodiimide as follows: 25 ug of KLH was added
to 50ug aliquots of each of twelve protein fractions; 20 mg of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) in 50 ul of dH20 was added, and the mixture was agitated
for 1 h at RT. Successful conjugation was indicated by the
appearance of a visible precipitate in most fractions, including

the 135 kDa fraction used in this study (Goodfriend et al., 1964).
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Hybridoma Production

Antibodies were raised in Robertsonian 8.12 female mice
(Jackson Labs). These mice carry the genes for the
immunoglobulin heavy chains and the adenosine
phosphoribosyltransferase gene on the same chromosome.
Maintenance of the heavy chain genes, and thus an increase in the
| probability of producing antibody, is selected for in hybridomas
that survive aminopterin poisoning (Taggart and Samloff, 1982).
Initial immunizations were performed by emulsifying the KLH-
coupled antigen with Freund's Complete Adjuvant (Sigma) and
injecting this into anesthetized mice intraperitoneally and
subcutaneously as well as in the footpads and tail, promoting
release of the antigen over an extended period of time. Three
subsequent booster immunizations were given with approximately
20 pg uncoupled antigen emulsified in Freund's Incomplete
Adjuvant (Sigma) in the same locations (except the foot pads) at
3 month intervals. Four and two days before fusions were
performed, the mice were boosted with approximately 20 pg of
unmodified antigen injected directly into the spleen. The total
elapsed time between initial immunization and final boost was
16 months, with approximately 150 ug of tectal surface protein
injected per mouse.

Fusions were performed with spleen cells from the
Robertsonian (8.12) mice and FOX-NY cells using the method
described by Taggart and Samloff (1982). The hybridoma
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supernates from cultures that showed good cellular growth were
screened for reactivity on tissue (see below). Hybridomas
showing spatially restricted patterns of antibody staining were
frozen. Selected hybridomas were subcloned at least three times,
and in many cases ascites fluid was prepared (Mishell and Shiigi,

1980).

Immunohistochemistry

Retinotectal tissue was frozen in Tissue-Tek (Miles,
Elkhart, IN, USA) and sliced horizontally into 12um sections with
a cryomicrotome after tissue fixation. E8 chick embryos were
fixed by overnight immersion in 4% paraformaldehyde in 0.1 M
sodium phosphate buffer, pH 7.0, and then soaked in 25% sucrose
for 4 h. Sections were mounted on glass slides first coated with
0.5% gelatin (Sigma) in 0.05% Cr K(SOg4)2 and left to dry overnight.
Sections were stéined for 1 h at RT using a 1:1500 dilution of
mAb ascites fluid in PBS with 10% fetal calf serum (Gibco) or
using undiluted culture supernatant fluid. Sections were washed
three times in PBS for 5 min at RT, followed by a 1 h incubation
with FITC-conjugated goat anti-mouse Ig (Jackson
ImmunoResearch, West Grove, PA, USA) diluted 1:200 in PBS.
Sections were washed again as before and post-fixed by
incubation with 4% paraformaldehyde in 0.1 M sodium phosphate
buffer, pH 7.0 for 2 min at RT. Stained sections were mounted for
epifluorescence in glycerol, stored at -20°C and finally

photographed with a Zeiss Photomicroscope.
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Gel Electrophoresis
For one dimensional analysis of size-fractionated cell-
surface molecules to be used as immunogen, proteins were
separated on SDS PAGE (7.5% acrylamide) using standard methods
(Laemmli, 1970) and silver stained using the method of Ansorge
(1985). Molecular weights were estimated by comparison with
molecular weight standards from Bio-Rad Laboratories: 200 kDa,
myosin; 116 kDa, B-galactosidase; 93 kDa, phosphorylase B; 66
kDa, bovine serum albumin; and 45 kDa, ovalbumin.
For two-dimensional gel electrophoresis of these proteins,
the E8 tectal tissue was biotinylated as described above and
solubilized to a final protein concentration of approximately 1
mg/ml in 8.5 M urea containing 2.5% Ampholine (pH 5-8) (Serva)
and 5% B-mercaptoethanol. Microscale 2-dimensional
electrophoresis was performed as described previously (von
Boxberg et al., 1990). Protein samples were loaded onto 0.55 mm
tube gels containing 9M urea and 2% Ampholine. Non-equilibrium
pH-gradient electrophoresis (NEPHGE) was performed at 250 V for
4 h. Gels were soaked in SDS electrophoresis buffer for 3 min and
loaded onto 0.1 mm thick 9% acrylamide slab gels for SDS PAGE.
Proteins were blotted onto nitrocellulose (Schleicher & Schull) and
non-specific membrane sites blocked by overnight incubation with 0.5%
Tween 20 (Sigma) in PBS. Total protein was visualized with colloidal-
gold (Aurodye, Amersham). Selective visualization of biotinylated
proteins was achieved by incubation of the blot with 35S-streptavidin

1:1500 (Amersham) in PBS/0.05% Tween 80 for 2 h, followed by thorough
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washing in 0.05% Tween 80 in PBS. Blots were exposed on X-ray film

(Kodak XARS5) for approximately 48 h.

RESULTS AND DISCUSSION

Our aim was to generate mAbs against previously
undescribed and possibly rare cell-surface molecules. In applying
this procedure to molecules expressed in the developing
retinotectal projection, we used tecta from chickens at E8 as a
source of material. We presumed that E8 tecta would be a rich
source of developmentally important cell-surface molecules
because at this stage of development over one million retinal
ganglion cell growth cones have entered the tectum and are
seeking their targets. In addition, several cell-surface molecules
thought to be involved in retinotectal development had been
identified previously and would serve as positive controls for our

approach.

Cell-Surface Biotinylation

The biotinylation reagent Biotin-X-NHS, a succinimide ester
of biotin, was found previously (von Boxberg et al., 1990) to be
excellent in the labeling and subsequent purification of cell-
surface molecules. Under physiologically mild conditions, it
binds free amino groups of protein lysine side chains. It does not
penetrate the cell membrane, and the biotin moiety--separated

from the protein by a six carbon spacer arm--interacts readily
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with derivatives of avidin thus facilitating the subsequent
purification and detection of biotinylated molecules

Two-dimensional gel oelectrophoresis of biotinylated tectal
proteins was used to compare total tectal protein stained with
colloidal gold (Fig. 1A) to biotin-labeled components visualized
with 35S-streptavidin (Fig. 1B). Identified cytoplasmic
components such as actin and the tubulins were not labeled with
streptavidin in these protein blots confirming that the
biotinylation reagent did not penetrate the cell membrane.
Moreover, a close examination of these blots reveals that many
biotinylated proteins easily visualized after streptavidin labeling
(Fig. 1B) are not detected by colloidal gold staining (Fig. 1A),
presumably because these surface molecules represent too small
a fraction of the total protein.

A characteristic feature of the biotinylated ‘cell-surface
molecules seen in streptavidin labeled gels is their appearance as
discrete rows of spots in the electrofocussing dimension. This
isoelectric point heterogeneity is unlikely to be a result of
variable degrees of biotinylation since these patterns of spots
are also seen in some non-biotinylated samples, and similar
patterns are also detected when other (uncharged) labels are used
(von Boxberg et al., 1990). Rather, this charge heterogeneity
more likely is due to a number of causes. (i) Identical protein
cores are differentially glycosylated, phosphorylated and
otherwise post-translationally modified. (i) Alternative
splicing induces charge heterogeneity in particular proteins, in

some cases without significantly altering molecular weight. (iii)
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Several different molecules share the same molecular weight
including members of closely related gene families. Using the
vertebrate immune system as a model (Williams and Barclay,
1988), it seems reasonable to assume that evolutionary pressures
would have resulted in many cell-surface molecules involved in
neurogenesis belonging to highly polymorphic families, nearly
identical in size, with some sequence and functional variability
among the members. This idea is supported by recent results that
show many of the proteins involved in cell-cell and cell-
substratum interactions during neural development are related to
each other as members of the immunoglobulin superfamily
(Edelman, 1987), the integrin family (Tomaselli et al, 1987) or
cadherin family (Takeichi,.1990). If large gene families of
closely related cell-surface molecules exist in the system under
study, then fractionation by molecular weight would tend to group

family members together into the same immunogen.

Affinity Chromatography

Our primary concern during protein isolation was to
establish conditions that would promote the complete
solubilization of membrane proteins yet minimize the destruction
of their native structural conformation. During the avidin-
affinity chromatography procedure, maintenance of the native
avidin protein conformation was necessary to achieve the high
avidin-biotin affinities desired for protein binding. Also,
maintenance of native protein conformation of the cell-surface

molecules might be important in preserving conformational
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epitopes for the generation of mAbs. Antibodies reactive with
native proteins were desired since the mAbs would be used to
label native antigens in tissue sections, to immunopurify
antigens out of solution, and in some cases to attempt to perturb
normal development in functional assays.

A lysis buffer containing a combination of zwitterionic and
nonionic detergents in relatively high concentrations (2.5% each)
had been previously shown to solubilize membranes while
preserving sufficiently native protein structure to allow
avidin/biotin and antibody/antigen interactions to take place in
solution (Updyke and Nicolson, 1984). Once biotinylated and in
solution, the cell-surface proteins were to be affinity purified,
again with the intention to preserve native structure. The
isolation of biotinylated proteins by avidin-affinity
chromatography has been the subject of many previous
investigations (e.g., Wilchek and Bayer, 1989). The strong
affinity of the avidin tetramer for biotin (Kd=10-1%) has been
found to negatively affect the ability to competitively release
bound proteins. The binding of proteins to tetrameric avidin via
two or more biotin moieties on the same protein makes such
elution exceedingly difficult. We found that the use of avidin
monomer in the column support, rather than the tetramer,
facilitates elution by competitive exchange with biotin, allowing
release of bound surface proteins under physiologically mild
conditions.

To maintain the solubility of membrane proteins and

glycoproteins in aqueous solution, detergent must be present,
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though lower concentrations may be used than those originally
necessary for membrane solubilization. Thus, once biotinylated
proteins were bound to the monomeric-avidin column, the column
was washed to remove non-specifically bound material and to
exchange the high detergent-concentration lysis buffer with a
buffer of lower detergent concentration before eluting bound
protein with free D-biotin. We found that both the composition
and concentration of detergent in the wash and elution buffer
dramatically affected the elution profile. Therefore, we tested
several detergent conditions for their affects on free biotin
elution of protein from the column. The results of some of these
tests are shown in Fig. 2 and reveal that the addition of 0.15%
zwittergent to the sodium phosphate wash and elution buffers
allows most of the protein to be eluted with D-biotin. In
addition, the presence of 0.15% zwittergent in the elution buffer
does not interfere with U.V. absorbtion at 280 nm and is also

compatible with subsequent size fractionation by HPLC.

Size Fractionation of Cell-Surface Molecules

Size fractionation is an effective and general way to
partially purify molecules from a large heterogeneous population,
encouraging an immune response to less abundant or less
antigenic molecules while simultaneously eliminating the
response to antigens found predominantly in other size fractions.
The TSK-4000SW size exclusion HPLC column was chosen for its
high resolving capabilities in the 100-200 kDa range, a molecular

weight range that had been shown previously to contain many
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cell-surface molecules involved in cell-cell and cell-substratum
interactions in the nervous system (Jessell, 1988; Tomaselli et
al., 1987). Also, two-dimensional gel analyses of tectal cell-
surface proteins show many groups of spots, potentially gene
families, in this molecular weight range (Fig. 1B).

The TSK-4000 SW gel filiration column is based on an inert
and non-adsorptive silica support which we have found produces
good separation efficiency despite a large loading volume (0.5
ml.) The cell-surface molecules were subjected to HPLC in
sodium phosphate buffer supplemented with 0.1% SDS, which not
only reduces non-specific losses of poorly soluble proteins but
also produces more ideal size separation during chromatography.
SDS at this concentration has been found to be non-denaturing
(Satta et al., 1984). Higher concentrations of SDS (1-2%) are
generally required to denature proteins (e.g., for SDS PAGE)
(Laemmli, 1970), though after denaturation, proteins can be
maintained in this state with lower detergent concentrations
such as those used here. The elution profile of cell-surface
molecules run on this column is shown in Fig. 3A. This report
focusses on the peak marked by a horizontal bar in Fig. 3A, and
proteins in this fraction are shown separated by SDS PAGE in Fig.
3B.

Immunization Strategy
Since the neural molecules present in our preparations
might be highly conserved and rare, maximizing their

immunogenicity was critical. The biotin moieties attached by six
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carbon chains to the proteins probably serve as weak haptens to
help break tolerance. In addition, to ensure a potent immune
response, we conjugated the molecules to KLH, a large protein
often used as carrier in immunizations. Subsequent booster
immunizations were given without KLH to avbid extensive
production of mAbs against KLH itself. Furthermore, we
administered six immunizations over a sixteen month time period
to facilitate clonal selection of B-cells producing high affinity
IgG antibodies.

Anticipating the production of a large number of hybridomas
requiring long-term maintenance and storage of numerous cell
lines, we were concerned that a loss of antibody secretion might
be a problem. Therefore, we chose to produce mAbs in mice that
carry a specific chromosomal translocation that adjoins the
Ig heavy chain genes with the gene responsible for surviving
aminopterin poisoning, thus allowing HPRT selection for cells

likely to secrete antibody.

mAbs Generated

Following sixteen months of booster immunizations,
hybridomas were produced from a mouse injected with
biotinylated surface proteins of approximately 135 kD.
Hybridomas from this one fusion were distributed onto twenty
96-well plates and all supernates screened on cyrostat sections
of paraformaldehyde-fixed E8 retinotectal tissue. Nearly 1000
viable hybridomas were selected, saved and analyzed based on the

staining patterns of tissue sections. Hybridoma supernates from
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three plates were tested for antibody secretion and anti-KLH
reactivity using a dot-blot type assay. 100% of the hybridomas
tested secreted antibody (288 out of 288). Hybridomas against
KLH itself were not a significant occurrence; only 0.7% (2 out of
288) of those mAbs tested were KLH reactive. Several selected
subcloned hybridoma lines were isotype tested and 97% of those
tested (35 out of 36) were found to secrete IgG. IgGs are
generally preferred for subsequent applications involving
immunohistochemistry and immunoaffinity isolations, as well as
immune screening of gel blots and expression vector libraries.
The importance of KLH conjugation and the long term
immunization in the generation of a large number of IgG type
antibodies is suggested by comparison with the results from a
previous study in which only twenty-two mAbs (all IgM's) were
produced using the same immunogen as in this report, except KLH
was not used and the duration of the immunization was only four
months (unpublished results). We presume that periods of
immunization shorter than the sixteen months used here may also
be effective in the generation of high affinity IgG antibodies, but
we have not studied this variable here.

The critical test of this approach is whether or not useful mAbs
against cell-surface molecules involved in neural development were
produced. Several of the groups of mAbs label tissue in patterns identical
to those of known and previously described molecules. This identity
between some of our mAbs and those of other laboratories has been
confirmed by immunocrossreactivity studies as well as by comparisons of

N-terminal amino acid and, in some cases, cDNA sequences (Table 1).
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Thus, suggestive of the effectiveness of this approach, we have identified
all of the previously described neural lg superfamily molecules of

approximately 135 kD known to us.

Table 1. mAbs reactive with known neural proteins.

mADb ANTIGEN MWT | EQUIVALENT REFERENCE
(Primary MOLECULE(S)
Band)
1E12 135 kDa Ng-CAM Grumet et al., 1984
G4 Rathjen et al., 1987a
8D9 Lagenaur and Lemmon, 1987
2B3 140/130 kDa Bravo de la Rosa et al., 1990
Nr-CAM Grumet et al., 1991
61H2 160/130 kDa | Neurofascin |Rathjen et al., 1987b
62G2 135 kDa F11 Brimmendorf et al.,, 1989
Contactin | Ranscht, 1988
64E6 130 kDa Axonin-1 Ruegg et al., 1989

In all cases, putative identities were based initially on similar
patterns of retinotectal tissue staining and subsequently
confirmed by various techniques including:
immunocrossreactivity of purified antigens with antibodies

against known neural proteins (1E12, 61H2);

amino-terminal

protein sequence analysis and comparison (1E12, 2B3, 62G2);
cDNA sequence determination and comparison (2B3, 62G2). The
assumed identity between 64E6 and axonin-1 is based only on
similar patterns of staining of E8 retina, optic nerve and tectum.
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In addition, we have identified twenty novel patterns of
reactivity with these mAbs. Selected patterns of antibody
staining of the E8 central retina, optic nerve exit and optic
chiasm are shown in Fig. 4. Most of the antibodies label at least
the optic fiber layer of the retina, which is not surprising given
that the only component of the retina included in the immunogen
was optic fibers growing on the tectum at the time of dissection.
The labeling of other retinal layers, the distribution of this
labeling (central vs. peripheral, nasal vs. temporal) and the
apparent texture of the staining varies widely. In some cases the
antibodies show strikingly restricted staining patterns. In the
two such cases which we analyzed at a molecular level, these
novel staining patterns reflected the distribution of two
previously uncharacterized cell-surface molecules, Bravo (de la
Rosa et al., 1990) and the 10/22A8 antigen (Vielmetter et al.,
1991). Both of these molecules appear to be members of the
immunoglobulin superfamily. Investigations of these mAbs, and
others from this fusion and different molecular weight
immunogens, will form the basis for future work in our
laboratories.

In conclusion, the two-dimensional gel pattern of the
numerous biotinylated molecules shown in Fig 1B suggests that
there are many cell surface and matrix molecules in the ES8
chicken tectum which have not yet been identified. The procedure
described here provides a practical means of producing mAbs to
these molecules. Furthermore, the general nature of this

approach and its suitability for further modification (such as
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with the additional use of ion exchange or reversed phase HPLC)
suggests it may represent a broadly applicable approach to the
preparation of extensive libraries of mAbs against cell-surface

molecules and gene families in other systems as well.
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Figures and Figure Legends

Fig. 1. Biotinylated cell-surface proteins compared with total
protein using 2-dimensional gel electrophoresis. An E8 tectum
was biotinylated and subjected to NEPHGE in the first dimension
(right to left) and SDS PAGE in the second dimension (top to
bottom) and blotted onto nitrocellulose membrane as described in
Experimental Procedures. (A) Total protein pattern is revealed by
staining of the membrane with colloidal gold. The positions of
actin (a) and tubulins (t) are marked as reference points.

(B) Autoradiograph of the 35S-streptavidin labeled blot reveals
the pattern of biotinylated surface proteins. The arrow points to
the approximately 135 kDa molecules used for the immunizations
described here. Possibly due to extensive glycosylation, these
spots are not completely resolved by this 2-dimensional

electrophoresis.

Fig. 2. Avidin-affinity chromatography of biotinylated proteins.
Tecta were labeled with Biotin-X-NHS, lysed, and the soluble
components loaded onto a 5 ml monomeric-avidin agarose column
as described in Experimental Procedures. Biotinylated
components were eluted with D-biotin in sodium phosphate buffer
followed by column regeneration with 0.1M glycine at pH 2.0.
Different detergents and concentrations were tested for their
effects on elution with free biotin. For example in (A),

0.1% NP40 in the sodium phosphate buffer wash and biotin

elution resulted in a small proportion of the bound material being
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eluted with D-biotin and the majority being released at pH2. The
detergent of choice, 0.15% Zwittergent (B), resulted in
approximately 85% of the protein being eluted in the biotin peak.
Protein concentrations were estimated by radiometric monitoring

of 125] labeled surface proteins added as trace.

Fig. 3. Size fractionation of purified surface components by size
exclusion HPLC. Biotinylated surface molecules eluted from the
avidin-agarose column with D-biotin were concentrated and
loaded onto a TSK 4000 SW HPLC column for size fractionation.
The flow was monitored in line for the presence of protein by
absorbance at 280 nm (A), and fractions were collected.
Molecules of approximately M; 135 kD, denoted by a horizontal bar
in (A), were analyzed by 6% SDS PAGE and visualized by silver
staining in (B). Molecular weight standards (in kDa) are shown to
the right. These size-fractionated cell-surface molecules were
used to immunize mice for mAb production.

Fig. 4. Embryonic Chicken retina and optic chiasm labeled with
selected mAbs. E8 chicken cryosections fixed with
paraformaldehyde and fluorescence labeled with anti-NgCAM
show the general labeling of optic fibers in the central retina
including the optic nerve exit (left) and broad staining of fibers
in the optic chiasm (right). In contrast, other mAbs label
additional retinal layers as well and show more textured staining
of fibers in the optic chiasm. mAb 1E12, an anti-NgCAM antibody,

labels retinal fibers in the optic fiber layer (OFL), the optic nerve
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(shown exiting the retina), and in the optic chiasm; mAb 2B3, an
anti-Bravo antibody, labels the OFL, the inner plexiform layer
(IPL) and the outer plexiform layer (OPL) as well as fibers in the
optic chiasm; mAb 66F1 labels a subset of fibers in the OFL,
optic nerve and optic chiasm; mAb 10/22A8, at this stage of
development, labels the OFL, the IPL and the OPL, with OFL
labeling mostly confined to the nasal (left) fibers. Note the

highly restricted 10/22A8 labeling of fibers in the optic chiasm

as well.
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CHAPTER [V--BRAVO, A NEURAL MEMBER OF THE IG
SUPERFAMILY, IS CLOSELY RELATED TO THE CELL ADHESION
MOLECULES L1 AND NG-CAM WITH A SIMILAR HETERODIMER

STRUCTURE

Abbreviations used in this chapter: ECM, extracellular matrix; E(7),
embryonic day 7; FNIIl, fibronectin type Il homology repeat; CAM,
cell adhesion molecule; N-CAM, neural CAM; Ng-CAM, neuron-glia
CAM; Nr-CAM, Ng-CAM related CAM; OFL, optic fiber layer; PCR,
polymerase chain reaction; PFA, paraformaldehyde; RT, room
temperature.
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Abstract. Diverse cell-surface molecules of the nervous system play
an important role in specifying cell interactions during development.
Using a method designed to generate monoclonal antibodies (mAbs)
against neural surface molecules of defined molecular weight, we
have previously reported on the surface protein, Bravo, found in the
developing avian retinotectal system. Bravo is immunologically
detected on developing optic fibers in the retina, but absent from
distal regions of the same fibers in the tectum. Here we show, in
addition, that Bravo is found on Miller glial processes and end-feet
and in the inner and outer plexiform layers of the developing retina.

We have isolated cDNA clones encompassing the entire coding
region of Bravo, including five alternative sequences of cDNA found
in some Bravo clones but absent from others. These putative
alternatively spliced sequences encode stretches of polypeptide
ranging in length from ten to ninety-three amino acids and are
predicted to be both extra- and intracellular. The deduced primary
structure of Bravo reveals that, like the cell adhesion molecules
(CAMs) chicken Ng-CAM and mouse L1, Bravo is composed of six Ig-
like domains, five fibronectin type Il repeats, a transmembrane
domain and a short cytoplasmic region. Recently, the cDNA sequence
of a related molecule, Nr-CAM, was reported and its possible
identity with Bravo discussed (Grumet, M., V. Mauro, M. P. Burgoon, G.
E. Edelman, and B. A. Cunningham. 1991. J. Cell. Biol. 113:1399-
1412). Here we confirm this identity and moreover show that Bravo
is a heterodimer structure, composed of an a chain of M; 140/130
and a B chain of 60-80 kD. As with L1 and Ng-CAM, the two chains of
Bravo are generated from an intact polypeptide by cleavage at
identical locations and conserved sites within all three molecules
(Ser-Arg/Lys-Arg). The similar domain composition and
heterodimer structure, as well as the 40% amino acid sequence
identity of these molecules, defines them as an evolutionarily
related subgroup of Ig-like CAMs. The relationship of Bravo to
molecules known to be involved in cell adhesion and process
outgrowth, combined with its pattern of expression and numerous
potential isoforms, suggests a complex role for this molecule in cell
interactions during neural development.
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Introduction

The development of a functioning nervous system involves the
creation of a complex network of cells and cell processes. In
vertebrates, this often requires axons born in one area to project
and form synapses in distant areas of the nervous system. The
visual system of lower vertebrates is particularly well-suited to
studies of patterned neuronal projections. In general, fibers from
retinal ganglion cells grow towards the optic fissure, exiting the
retina as the optic nerve which crosses the chiasm and innervates
the optic tectum. A topographic map of the retina is formed on the
tectum with neighboring retinal cells projecting to neighboring
tectal cells.

The retinotectal system lends itself well to molecular
analysis because cells and cell processes in this system are known
to interact with each other and with components of the extracellular
matrix (ECM) via a wide variety of molecules. An increasing body of
primary structure data has revealed that, in general, these cell-
surface and ECM molecules are "mosaic" proteins (Doolitle, 1985)
assembled--presumably by exon shuffling--from a number of
different structural units or domains (see reviews in Bork, 1991).
The cadherins, for example, are integral membrane glycoproteins
that promote homophilic cell adhesion in a calcium-dependent
manner, especially in the early development of the nervous system
(Takeichi, 1991; Inuzaka et al.,, 1991). Members of the cadherin
superfamily, which include some desmosomal glycoproteins such as
the desmocollins and desmoglein (Magee and Buxton, 1991), are
composed of four repeated external domains, as well as a
transmembrane region and a highly conserved cytoplasmic domain
thought to interact with the cytoskeleton (Takeichi, 1990).

Similarly, the integrins are a developmentally regulated
family of integral membrane receptors for ECM components such as
laminin and fibronectin (Hynes, 1987; Reichardt and Tomaselli,
1991). Integrins share a basic heterodimer structure, an a chain that

includes several putative Cat++ binding regions noncovalently
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associated with a B chain that contains four cysteine-rich repeats.
Both chains contain transmembrane domains and short cytoplasmic
sequences thought to interact with cytoskeletal actin filaments
(Albelda and Buck, 1990).

The diverse molecules of the extracellular matrix such as
collagen, laminin, fibrinogen, fibronectin, thrombospondin,
vitronectin and von Willebrand factor (reviewed in Reichardt and
Tomaselli, 1991) also demonstrate a mosaic nature--being
composed of regions with extensive internal homology repeats and
homologies with other known proteins (Engel, 1991). For example,
the amino acid sequence of the ECM component, tenascin (also called
cytotactin), reveals a region with homology to fibrinogen, several
fibronectin type lll repeats (FNIlls), a series of epidermal growth
factor-like repeats, several heptad repeats associated with alpha
helices of ECM proteins, and one unique terminal region involved in
multimeric assembly (Chiquet-Ehrismann, 1991). Alternative mRNA
splicing of exons encoding specific homology units generates further
diversity in these molecules. In tenascin, tissue-specific
alternative mRNA splicing generates multiple isoforms that differ
in the number of FNIlIs included in the protein product (Siri et al.,
1991; Prieto et al., 1990) and other isoforms, J1-160 and J1-180,
may also exist (Pesheva et al. 1989). Genomic analysis of the
fibronectin gene has revealed that each of the seventeen FNIlls is
separated precisely from its neighbors by one intron, and the
alternatively spliced FNIlls of fibronectin are encoded by single
exons. Tissue-specific alternative splicing of fibronectin generates
isoforms with distinct integrin binding properties (Komoriya et al.,,
1991), emphasizing the potential significance of alternative mRNA
processing in development.

Another important family of cell-surface molecules found in
the nervous system, and immune system as well, includes molecules
containing repeats of primary structures related to immunoglobulin
domains. Molecules containing multiple lg-like domains include the
major receptors of the immune system (e.g., immunoglobulins, the T-
cell receptor, CD4, CD8, etc.) (Williams and Barclay,1988;
Hunkapiller and Hood, 1989), receptors for growth factors such as
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platelet-derived growth factor (PDGF) (Yarden et al., 1986), and
macrophage colony-stimulating factor (Sherr et al.,, 1985). Also
included in this immunoglobulin superfamily (Williams, 1986) are
several neural cell-surface molecules involved in Ca++-independent
adhesion, collectively known as Ig-CAMs (Salzer and Colman, 1989).

The neural cell adhesion molecule N-CAM is the most abundant
and well-studied of the Ig-CAMs. N-CAM appears early in
development and is expressed through to adulthood on neurons in
chicken (Edelman and Thierry, 1990). [In vitro, it promotes
homophilic cell-cell adhesion via a Ca++-independent mechanism and
has been proposed to play a major role in a variety of developmental
events including axon-axon adhesion, neuroblast migration,
stabilization of synaptic junctions and varied roles in other tissues
including muscle, kidney, heart and feathers (Edelman, 1986;
Crossin et al., 1985; Chuong et al., 1985). N-CAM is composed of
five immunoglobulin-like domains and two FNIlls. Alternatively
processed C-terminal sequences encode either the
gylcosylphosphatidylinositol (GPI) anchored form of the molecule
called NCAM-120 or the integral membrane isoforms NCAM-180 or
NCAM-140 (reviewed in Edelman and Crossin, 1991; Pollerberg et
al., 1987).

Molecules with multiple C2 category lg-domains and FNIills
define an ancient family (older than the divergence of arthropods and
chordates) of Ig-CAMs that includes: an insect molecule with NCAM-
like structure, fasciclin Il (Harrelson and Goodman, 1988); L1 found
in mouse (Moos et al., 1988), in rat (Prince et al.,1989; Miura et al.,
1991), in human (Kobayashi et al., 1991) and a related insect
molecule, neuroglian (Bieber et al., 1989); Ng-CAM in chicken
(Burgoon et al., 1991); Contactin/F11 found in chicken (Ranscht et
al., 1988; Brummendorf et al., 1989) and called F3 in mouse
(Gennarini et al.,, 1989); and TAG-1 found in rat (Furley et al., 1990),
preliminarily identified as axonin-1 in chicken (Ruegg et al., 1989).
Many of these Ig-CAMs have been shown to be involved in cell-cell
adhesion and axon fasciculation and in the promotion of neurite
outgrowth and cell migration (Jessell, 1989). In addition, the
restricted pattern of expression of some of these molecules, TAG-1
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(Dodd et al., 1988), fasciclin Il and neuroglian, suggest they might
serve as cell or axonal guidance molecules.

In an attempt to identify additional members of the Ig-CAM
family, we initiated a project aimed at generating monoclonal
antibodies (mAbs) specifically against cell-surface molecules of the
same molecular weight as many of these family members,
approximately 135 kD. Using this approach, we identified not only
all of the chicken Ig-CAMs noted above (see Chapter lil), but also a
number of other molecules including the novel neural cell-surface
molecule Bravo.

Bravo shows a striking pattern of topological restriction in
the embryonic chicken retinotectal system (de la Rosa et al., 1990).
Bravo is present on the retinal portion of optic fibers during the
period of time when optic fibers are growing towards the tectum
and seeking their targets, but it is not detectable on tectal regions
of these same optic fibers. Preliminary amino acid sequence
analysis suggested Bravo is a member of the immunoglobulin
superfamily most closely related to mammalian L1 and chicken Ng-
CAM (de la Rosa et al., 1990; Kayyem, J. F., J. M. Roman, E. J. de la
Rosa, U. Schwarz and W. J. Dreyer. 1990. J. Neurosci. Abstracts
16:1010).

Here we present supporting results from protein analysis and
molecular cloning of Bravo cDNAs which indicate that Bravo is a new
member of the immunoglobulin superfamily, related to the neural
cell-surface molecule L1 (Moos et al., 1988) and related but not
identical to chicken Ng-CAM (Rathjen et al., 1987; Burgoon et al.,
1990). Like mouse L1, chicken Ng-CAM and drosophila neuroglian,
Bravo contains six Ig domains and five FNIlls and is an integral
membrane protein. In contrast to previously reported results on the
identical molecule, Nr-CAM (Grumet et al., 1991), Bravo is a
heterodimer composed of an a chain of M; 130/140 noncovalently
attached to a B chain of 60-80 kD. Both L1 and Ng-CAM are also
found primarily as heterodimers with comparable components of
approximately 135 and 80 kD (Burgoon et al., 1990; Faissner et al.,
1985). The deduced amino acid sequence of Bravo, L1 and Ng-CAM
further reveals that the o and B chains of each of these molecules
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are derived from intact polypeptides by proteolytic cleavage at an
identical location and conserved site on each molecule.

The nature of the restricted pattern of Bravo expression as
well as the sequence and structural relationship to L1 and Ng-CAM--
both known to be involved in neuron-neuron adhesion, axon
fasciculation and outgrowth of neurites--suggests Bravo is involved
in fiber contacts and fasciculation during development.

Furthermore, by sequencing five overlapping Bravo clones, we have
identified five putative alternatively spliced sequences. The
possible controlled splicing of these sequences, three extracellular
and two intracellular, offers the intriguing possibility that
differential processing of Bravo mRNA significantly increases the
potential functions of this cell-surface molecule.

Materials and Methods
Immunohistochemistry

Eight anti-Bravo mAbs and one Anti Ng-CAM mAb used in these
experiments were generated utilizing a novel method for isolating,
fractionating and generating a vigorous murine immune response
against tectal surface components of approximately M; 135 kD (see
Chapter Ill). Embryonic day eight (E8) chick embryos were fixed
using either paraformaldehyde (PFA) or trichloroacetic acid (TCA).
Tissue was immersed overnight at RT in 4% PFA or 2% TCA in 0.1 M
sodium phosphate buffer, pH 7.0, and soaked in 30% sucrose for 4 hr.
Retinotectal tissue was sliced horizontally into 12 um sections
using a freezing microtome, adhered to poly-lysine coated slides and
allowed to air-dry overnight at RT.

Sections were stained using a 1:1500 dilution of mAb ascites
fluid in PBS with 10% fetal calf serum (Gibco) or using undiluted
culture supernatant fluid for 1 h at RT. Sections were washed three
times in PBS for 5 min at RT, followed by a 1 h incubation with
fluorescein-labeled goat anti-mouse Ig (Cappel) diluted 1:200 in
PBS. Sections were washed again as before and post-fixed by
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incubation with 4% PFA in 0.1 M sodium phosphate buffer, pH 7.0 for
2 min at RT. Finally, stained sections were mounted in glycerol and
photographed with a Zeiss Photomicroscope.

Purification of Antigen by Immunoaffinity Chromatography

Prior to its immobilization on a column, anti-Bravo mAb 2F12 and
anti-NgCAM mAb 2B8 were purified from mouse ascites by
chromatography on a CM Affi-Gel Blue column (Biorad), according to
the manufacturer's instructions. Purified mAb (10 mg) was bound to
3 ml of Affi-Gel 10 (Biorad) by overnight incubation with gentle
agitation in PBS at 4°C as recommended by the manufacturer. A
column of each solid support was pre-run with the various buffers
to be used for antigen purification (see below).

Bravo and Ng-CAM proteins were purified from post-hatching
day 1 (P1) chicken brains which were first washed three times for 5
min in 140 mM NaCl, 5 mM KCI, 5 mM glucose, 7 mM NaHCO3, 1.5 mM
MgSO4 and 1.5 mM CaClz with iodoacetimide (2 mg/ml),
phenylmethylsulfonyl fluoride (0.2 mg/ml) and soybean trypsin
inhibitor (50 pug/ml) added as protease inhibitors. Brains were lysed
by shaking tissue for 15 minutes at RT in lysis buffer (3 ml per
brain): 10 mM Hepes pH 7.5, 140 mM NaCl, 4 mM EDTA, 2.5% NP40
(Sigma), 2.5% zwittergent 3-14 (Calbiochem), supplemented with
0.02% azide and 0.5 ul/ml aprotinin in addition to the same protease
inhibitors used for washing (Updyke and Nicolson, 1984). After
centrifugation (50,000 g, 30 minutes, 4°C) the supernate from 200
brains was gravity loaded onto the affinity column at a flow rate of
approximately 30 ml/h. To remove nonspecifically and weakly bound
material, the 3 ml column was washed as follows: i) 50 ml PBS
containing 0.5% NP40; ii) 20 ml of 20mM Tris-HCL, pH 8.0 containing
140 mM NaCl, 0.5% NP40 and 0.5% Zwittergent 3-14; iii) 10 ml of
50 mM Tris-HCI, pH 8.0 containing 0.5 M NaCl and 0.5% NP40; and iv)
10 ml of 50 mM Tris-HCI, pH 9.0 containing 0.5 M NaCl and 0.1%
NP40. The antigen was eluted with 12 ml of 50 mM triethanolamine,
pH 11.5, containing 150 mM NaCl and 0.1% NP40. Fractions of 1.2 ml
were collected in tubes containing 0.3 ml of 1M Tris-HCI, pH 6.7.
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The fractions were analyzed using SDS PAGE and peak fractions
were concentrated in a centricon-30 (Amicon) following the
manufacturers instructions. Finally, the column was regenerated by
washing with 20 ml of 20 mM Tris-HCI, pH 8.0, containing 140 mM
NaCl and 0.025% azide.

Protein Analysis

Purified proteins were separated on SDS PAGE (6% or 7.5%
acrylamide) using standard methods (Laemmli, 1970) and silver
stained using the method of Ansorge (1985). Dithiothreitol (75 mM)
or iodoacetimide (100mM) was added to the protein samples before
analyses by SDS PAGE to produce reducing or nonreducing conditions
respectively. Molecular weights were determined by comparison
with molecular weight standard from Bio-Rad Laboratories: 200 kD,
myosin; 116 kD, B-galactosidase; 93 kD, phosphorylase B; 66 kD,
BSA; and 45 kD, ovalbumin.

For Western blots, proteins were transferred to Hybond-C
(Amersham) using essentially the method of Towbin et al., 1979.
After blocking sites on the membrane overnight with 5% BSA in PBS,
the membranes were labeled with mAb ascites fluid at a 1/1000
dilution for 1 h, or with a 1/20 dilution of the anti-HNK-1 mAb
"Anti-Leu 7" from Beckton-Dickenson. Reactive proteins were
subsequently visualized using standard biotin/avidin sandwich
methods with biotinylated goat anti-mouse immunoglobulin
(Amersham, 1: 200) and HRP conjugated streptavidin (Amersham,
1:200) visualized with 4-chloronapthol (0.5 mg/ml) and H202
(0.015%) in PBS.

Amino-terminal and internal protein sequence information was
gathered using the Applied Biosystems Model 477A protein
sequenator with on-line PTH analysis (A.B.l. Model 120A). Antigens
(30-200 pmole) were purified by affinity chromatography as
described above, and subsequently electroblotted onto polyvinylidene
difluoride (PVDF) membrane following SDS-PAGE (Matsudaira, 1987).
Alternatively, peptides were generated from the affinity purified
proteins by treatment with V8 protease (Sigma) overnight at 37°C at
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a protein/enzyme ratio of 50/1 (wt/wt), before separation on a C18
(Pharmacia) HPLC column (Faissner et al., 1985). Peak fractions
were collected while monitoring absorbance at 215 nm, then loaded
directly onto the protein sequenator.

DNA Cloning and Sequencing

Total RNA was prepared from E7 retina and from E17 cerebella by
homogenization of tissue in cessium trifluoracetic acid (Carter et
al., 1983). Poly (A)+ RNA was prepared using oligo (dT) spin columns
from Pharmacia. cDNA libraries were constructed in AZapll
(Stratagene) from the poly (A)+ retinal RNA using the RNAse H
method (Gubler and Hoffman, 1983) and random oligonucleotides
(Promega) as primers. A library was also prepared by Stratagene
from the poly (A)+ cerebellar RNA using random oligonucleotides as
primers.

All three libraries were screened with a mixture of eight anti-
Bravo mAbs: 2B3, 2F12, 3A10, 1C10, 3E11, 3G9, 1C4, 1F3 (Young and
Davis, 1983). The mAbs were pooled and diluted in PBS such that
each mAb was represented at 1/1000th the concentration of its
ascites fluid. Five putatively Bravo plaques were identified using
HRP-conjugated anti-mouse Ig. Only one of these (from the
Stratagene E17 cerebellar poly (A)* library) was reactive with Bravo
mAbs after plaque purification to homogeneity (Maniatis et al.,
1982).

This clone, Bravo-1, was subcloned into the plasmid
pBluescript using an in vivo excision technique as per Stratagene's
instructions. The cDNA was partially sequenced from pBluescript
using dideoxy sequencing and Sequenase 2 (U.S. Biochem) (Sanger et
al., 1977), and its identity with Bravo confirmed by exact matching
at eighteen out of eighteen residues of the cDNA derived sequence
with amino acid sequence data generated from a Bravo peptide.

After EcoRI excision of the Bravo-1 insert and subsequent
subcloning into Pmob vector (kindly supplied by Dr. Michael
Strathmann), the remainder of Bravo-1 was sequenced using a
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transposon based strategy (Strathmann et al., 1991)

To identify remaining Bravo cDNA sequences, Bravo-1 insert
was labeled with 32P-dCTP by random oligonucleotide priming
(Feinberg and Vogelstein, 1984) and used to screen the cerebellar
cDNA library. Oligonucleotide primers (Caltech Microchemical
Facility) matching either the 5' or the 3' end of the Bravo-1 insert
were used in conjunction with vector primers (M13 universal and
reverse primers) in PCR reactions to determine which of the
positive clones contained the most new 5' and 3' sequences
respectively. N1 and C1 were derived in this way (Fig. 6).

For sequencing, N1 and C1 were purified to homogeneity and
subcloned into pBluescript as before. Synthetic oligonucleotide
primers were used in both the sense and anti-sense directions to
determine the new sequences (with some overlap with Bravo-1) of
these clones. To identify sequences encoding the C-terminus of
Bravo, the 3' end of C1 was amplified and labeled by PCR. Using
primers spaced 300 bp apart, a band was PCR amplified from C1 DNA
and gel purified using standard protocols. The purified fragment
was then labeled using the "single-stranded PCR" technique by
amplification through 35 linear cycles with the sense PCR primer
incorporating 32P-dCTP as the only source of cytosine. This single-
stranded probe was used to screen the cerebellar cDNA library, and
positive clones were mapped by PCR. Two clones, C2 and C3,
encoding alternative C-termini of the protein were identified in this
way, and sequenced as described above.

cDNA sequences were compiled using the GCG system software
package (Devereux et al., 1984). Translated sequences from Bravo
and from the Genbank database were compared pairwise using the
FASTA algorithm (Pearson and Lipman, 1988) to determine percent
sequence identities. k
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Results

mADbs raised against E8 tectal surface proteins of approximately
135 kD stained retinotectal tissue sections in a variety of patterns.
At least nineteen patterns of reactivity have been identified from
mAbs of this fusion, including a group of mAbs we originally called
Alpha (using the international phonetic alphabet). The Alpha
staining pattern is identical to that of mAbs against the neural cell-
surface molecule Ng-CAM, which is also known as 8D9 and G4
(Grumet and Edelman, 1984; Lemmon and McLoon, 1986; Rathjen et
al., 1987) (Fig. 1). Immunocrossreactivity studies on purified
antigen, and N-terminal protein sequencing revealed that the Alpha
antigen is identical to Ng-CAM (data not shown).

Another group of mAbs we call Bravo were found to stain
tissue in a pattern similar to but distinct from Ng-CAM. In contrast
to the large number (>100) of Alpha (anti-Ng-CAM) mAbs that were
generated in this fusion, only eight Bravo mAbs were detected,
perhaps reflecting the relative abundance or antigenicity of these
two molecules. Three Bravo mAbs (2B3, 2F12 and 3E11) were shown
by amino acid sequence analysis and protein immunoblotting to react
with an identical protein which was further characterized and
compared to Ng-CAM.

Distribution of antigen

Anti-Bravo mAbs stain all fiber layers of the retina as soon as they
are morphologically identifiable; whereas Ng-CAM staining in the
retina (Rathjen et al., 1987) is primarily confined to the ganglion
cell fibers of the Optic Fiber Layer (OFL). At E6, anti-Bravo and
anti-Ng-CAM labeling of the developing retina reveals a nearly
identical pattern of staining in the OFL (though Bravo staining is
always less intense than Ng-CAM). At E8, the pattern of antibody
labeling is dramatically different; Bravo stains both the Inner
Plexiform Layer (IPL) and the Outer Plexiform Layer (OPL), while no
such Ng-CAM staining is evident (Fig. 1).
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Differences in the localization of Bravo and Ng-CAM outside
the retina were also found. We have previously shown that Bravo
(and not Ng-CAM) labeling of optic fibers is restricted along the
axon length to the proximal region of the retinal axons and absent or
dramatically reduced from distal regions in the tectum (de la Rosa
et al.,, 1990). In the developing tectum, although Bravo and Ng-CAM
both label circumferential fibers, they do so with different
intensities and patterns of distribution. Tectal tissue in the
presumptive Siratum opticum (Crossland et al., 1975) is labeled by
Bravo and not Ng-CAM mAbs, while the optic fibers themselves
display Ng-CAM and not Bravo in these tectal regions (de la Rosa et
al.,, 1990). Outside the retinotectal system, both Bravo and Ng-CAM
appear simultaneously on fibers emerging from the early neural
tube, and in the developing cerebellum, both Ng-CAM and Bravo are
found primarily on fibers in the external granule cell layer (data not
shown).

Bravo, but not Ng-CAM, has also been localized to glial
processes. In the OFL, Miller glial processes and end-feet are lined
up in parallel rows with bundles of retinal axons running between
them toward the optic fissure. In most immunohistologically
stained sections, dense labeling of the optic fiber fascicles (Fig. 1)
would obscure any staining of the glia and their end-feet in the OFL;
however, certain sections situated along rows of glial processes
show a clear pattern of Bravo staining indicative of the labeling of
Mdller glial processes and end-feet (Fig. 2). Also, the possible
labeling of ventricular cell processes and end-feet in the tectum has
been implicated in the Bravo staining of tectal structures in the
vicinity of the Stratum opticum (de la Rosa et al., 1990).

Bravo labeling of the developing retina is also distinguished
from Ng-CAM labeling by variations in Bravo reactivity in response
to differing tissue fixation conditions. Both Bravo and Ng-CAM label
the entire OFL in tissue sectioned after TCA fixation and in unfixed
cryosections as well. In contrast, when tissue is fixed with PFA,
Bravo labeling appears only on the vitreal surface of the OFL
(through which newly emerging optic fibers grow) and not on older
fibers in deeper (less vitreal) layers of the OFL (Fig. 3). The absence
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of Bravo labeling of deeper optic fibers is not an effect of
differential fixative or mAb penetration, since tissue on both sides
of the unlabeled deeper layers of the OFL--surface optic fibers on
one side and processes in the IPL on the other--are labeled by Bravo
after PFA fixation.

The different modes of action of PFA and TCA may explain the
fixation-dependent staining of Bravo mAbs. PFA fixes tissue by
crosslinking exposed proteins while TCA actually denatures and
precipitates the proteins. The reduced staining with anti-Bravo in
the OFL after PFA treatment suggests either a loss or masking of the
Bravo epitope. Loss of the Bravo epitope in less vitreal layers of the
OFL due to prolonged exposure to PFA is unlikely since regions
equally if not more heavily exposed to the fixative are labeled by
Bravo mAbs after PFA fixation. It seems more likely that the
absence of Bravo staining on less vitreal and older fibers in the OFL
is a result of the masking of Bravo epitopes in this region due to
dense networks of protein cross-links created by PFA fixation.

This variable staining of the OFL by Bravo mAbs after PFA
versus TCA fixation suggests the possibility that on older optic
fibers, Bravo is more tightly associated with, and possibly covered
up by, other surface molecules such as Ng-CAM. It is interesting to
note that in addition to Bravo, several other groups of mAbs in our
library (not including anti-NgCAM mAbs) showed the same fixation-
dependent surface labeling of the OFL, implying that this putative
"masking" phenomenon may be widespread and that published
accounts of surface antigen restrictions (particularly when
characterized only by PFA fixed histological sections) may need to
be reevaluated.

Bravo Protein Characterization

Bravo mAbs were used to immunopurify antigen from different
sources of chicken neural tissue to determine whether tissue-
specific or developmentally-specific changes occur in the Bravo
antigen. With each brain tissue tested (E8 and E12 tecta, E17
cerebella and P1 whole brain), Bravo was immunoaffinity-isolated
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from the detergent-lysed tissue using an anti-Bravo solid support.
The column eluates were analyzed by SDS PAGE and in each case
showed a prominent doublet at 140/130 kD, as well as a diffusely
migrating set of bands centered around 60 kD and 80 kD (Fig. 4).
Thus, no obvious differences exist in the pattern of the SDS gel
bands of Bravo isolated from these different tissues.

This pattern of bands on SDS PAGE is nearly identical to the
patterns found with mouse L1 (Sadoul et al., 1988) and with chicken
Ng-CAM (Rathjen et al., 1987)--shown here using Alpha mAb, 1E12
(Fig. 4, lane 1). The major components purified by the anti-L1 mAb
are a 140 kD band and a broad band of approximately 80 kD. Ng-CAM
mAbs immunopurify a 135 kD band and diffuse bands around 80 and
65 kD. The 140/130 kD doublet purified by Bravo mAbs (Bravo-
140/130) and the higher molecular weight bands of L1 and Ng-CAM
have faster mobilities under nonreducing conditions than under
reducing conditions (Fig. 4), implying that these molecules are
stabilized by internal disulphide bridges. This apparent molecular
weight shift has been described for L1 and NILE, the rat L1
equivalent, and suggests that intrachain disulphide bonds, like those
characteristic of immunoglobulin domains, are involved in
stabilizing the Bravo protein (Prince et al.,, 1989).

Both Ng-CAM and L1 are found predominantly as heterodimers,
an o polypeptide chain of approximately 140 kD noncovalently
attached to a smaller B chain of approximately 80 kD (Fig. 4) (Sadoul
et al., 1988; Burgoon et al.,, 1991). The pattern of Bravo bands in
Fig. 4 suggests a similar dimer structure. Anti-Bravo mAbs
immunopurify both the 140/130 kD and the 60-80 kD Bravo
polypeptides, but only the higher molecular weight bands react with
Bravo mAbs on immunoblots, arguing strongly for the heterodimer
structure of Bravo (Fig. 5, A and B). This suggests that the
immunopurification of the 60-80 kD polypeptides is the result of
their strong association with the 130/140 kD polypeptides, as is the
case for L1 and Ng-CAM. In the case of L1, the 140 and 80 kD
components of the major heterodimer structure represent products
of proteolytic processing of an intact polypeptide chain with an
apparent molecular weight of 200 kD. Similarly, Ng-CAM is
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synthesized as a 200 kD chain, and subsequently processed into the
135 kD o chain and the 80 kD B chain components. L1 (Sadoul et al.,
1988) and Ng-CAM mAbs (Fig. 4) can be used to immunopurify these
higher molecular weight intact molecules. In contrast, no higher
molecular weight proteins were immunopurified using Bravo mAbDs.
Nonetheless, a Bravo-reactive band of My 190 kD was found by
immunoblotting components of the tectum insoluble in our lysis
buffer (Fig. 5D). Presumably, this Bravo precursor is more
thoroughly or rapidly processed into the o and B chains than is the
case for L1 and Ng-CAM.

Immunoblotting of purified Bravo protein also reveals that this
molecule carries the HNK-1 carbohydrate epitope found on several
other neural molecules as well. The HNK-1 epitope is associated
with cell-adhesion molecules of the vertebrate nervous system, and
may itself play a role in adhesion (Kunemund et al., 1988; Kadmon et
al., 1990b). L1, Ng-CAM, Myelin Associated Glycoprotein (MAG), and
Neural Cell Adhesion Molecule (N-CAM) among others, are known to
carry this epitope (Cole and Schachner, 1987; Kruse et al., 1984).
As shown in Fig. 5C, it is the 130-140 kD components of both Bravo
and Ng-CAM--not the 60-80 kD ones--that carry this epitope,
analogous to the situation with L1 (Faissner et al., 1985).

Isolation of cDNA Clones

The initial identification and isolation of a Bravo cDNA clone was
achieved by screening an unamplified AZapll cDNA library prepared
using mRNA from E17 chicken cerebella. Eight anti-Bravo mAbs
were pooled and used to select Bravo-1 which was subsequently
plague purified and found to react with four of the eight mAbs.
After excision of the insert and DNA sequencing, Bravo-1 was
found to encode an open reading frame with neither a start
methionine nor a stop codon. Therefore, we rescreened the
cerebellar library with the Bravo-1 insert and isolated several
clones. These clones were mapped by PCR using specific Bravo-1
primers in conjunction with vector primers to determine which
clones had inserts containing the greatest amount of new sequence
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data. N1 and C1 were derived in this way and contained sequences
more N-terminal and C-terminal to Bravo-1 respectively. Another
rescreen with C1 produced C2 and C3 which contained alternative 3'
coding regions (Fig. 6a).

The five overlapping Bravo clones (Bravo-1, N1, C1,C2 and C3)
were sequenced, and the amino acid sequences of the corresponding
polypeptides were deduced. The deduced amino acid sequence was
then compared to the protein sequence data generated by analyses of
immunopurified Bravo polypeptides. Microsequencing of the first
nineteen residues of each component of the purified Bravo 140/130
doublet yielded identical sequences for the Bravo a chains. Peptide
sequencing of two proteolytic fragments generated by V8 protease
treatment of purified Bravo o chains yielded thirty-five residues of
unambiguous amino acid sequence data, and N-terminal sequencing of
the 60-80 kD Bravo B chain yielded thirty-five residues of amino
acid sequence information. The sequences of these components were
found in the translated sequence of Bravo cDNAs, with two amino
acid residue exceptions, which we conclude represent amino acid
sequencing errors. These putative sequencing errors excepted, the
remaining protein data matched the derived sequence exactly at 87
out of 87 sites (Fig. 7). We conclude that the cDNAs we have
identified encode Bravo.

cDNA Sequence Analysis and Comparison to L1 and Ng-CAM

As deduced earlier (de la Rosa et al., 1990; Kayyem, J. F., J. M.
Roman, E. J. de la Rosa, U. Schwarz and W. J. Dreyer. 1990. J.
Neurosci. Abstracts 16:1010), Bravo is a member of the
immunoglobulin superfamily with close relationship to L1 and Ng-
CAM. Another molecule similar to Ng-CAM was recently
characterized and given the name Nr-CAM (Grumet et al.,1991). The
cDNA sequence of Nr-CAM contains many regions identical in
sequence to Bravo, though several novel regions of alternatively
spliced sequences exist as well. The cDNA sequence determined by
Grumet et al. can be found in the EMBL/Genbank/DDBJ under
accession number X58482. Novel sequences identified in this
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laboratory are shown in Fig. 6b. Here, we concentrate on results not
shown previously, such as the heterodimer nature of Bravo and the
novel regions of putative alternative mRNA splicing.

A comparison of Bravo amino acid sequence to those in the
translated Genbank sequence database using the FASTA rapid
homology search showed that Bravo is most closely related to L1
(Moos et al., 1988) and to Ng-CAM (Burgoon et al., 1990). It is also
related to other neural CAMs. The extracellular portion of Bravo
encodes six immunoglobulin-like domains and five FNIlls. The Ig-
like domains resemble those found in immunoglobulins to some
extent, but more closely resemble those found in the Ig-CAMs
(Edelman et al., 1987; Salzer and Colman, 1989). All the Ig-CAMs,
Bravo included, contain multiple Ig domains of category C2
(Williams and Barclay,1988). These domains are approximately 100
amino acids long, making them shorter by some 20 amino acids than
the V class characteristic of Ig binding domains.

Bravo is shown aligned with L1 and Ng-CAM in Fig. 7, with
identical residues boxed. Within each Ig domain, different regions
show higher or lower degrees of conservation among the three
molecules. For example, the second and third Ig domains show
greatest similarity to each other among all three molecules than do
the others; the sixth Ig domain shows the least sequence similarity.
The high degree of conservation of the second Ig domain may be
significant, since the second Ig domain of the neural cell adhesion
molecule N-CAM is thought to be involved in both homophilic
adhesion (Cunningham et al., 1987) and heparin binding (Cole and
Akeson, 1989).

Bravo cDNAs as well as those encoding Nr-CAM show regions of
common sequence interrupted by stretches of sequence unique to one
or more clone but absent from others, presumably resulting from
alternative processing of mRNA. For example, between the second
and third immunoglobulin domains lies a stretch of amino acids
identified in one Nr-CAM clone (Grumet et al., 1991) and not found in
any Bravo clones. This presumably alternatively spliced sequence
encodes 20 amino acids and is given the name Alternative Sequence,
encoding 20 amino acids (AS20) (Figs. 7 and 8). In addition,
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following the sequence encoding the six Ig domains is a 30 base pair
stretch of novel sequence found in Bravo clone C1 and N1 but not in
either Bravo-1 or C2. This sequence, highly hydrophobic in profile
(Kyte and Doolitle, 1982) encodes ten amino acids (Ala-Pro-Pro-
Thr-Pro-Ala-lle-lle-Tyr-Ala) and is denoted AS10. Following the
AS10 alternatively spliced sequence are five fibronectin type Il
repeats, similar to the repeats found in fibronectin but far more
closely related to those of the neural CAMs. As with the Ig-like
domains, the degree of similarity of the FNIlls to each other varies,
with the second repeat (FNIII#2) showing the highest level of
similarity among Bravo, Ng-CAM and L1, and the fifth repeat
(FNII#5) showing the lowest. Furthermore, the fifth fibronectin
repeat (AS93) (also identified as a putative alternatively spliced
sequence by Grumet, et al., 1991) is missing from Bravo clone C2, as
is AS12, an additional stretch of novel sequence abutting the N-
terminus of AS93 (Figs. 6, 7 and 8).

The deduced Bravo sequence and comparison to that of L1 and
Ng-CAM also suggests a common mechanism for the generation of
the o and B chains from an intact polypeptide. The third fibronectin
repeat of Bravo contains the sequence previously identified as the
N-terminus of the 60-80 kD B chain of Bravo. As expected from the
similarity of Bravo to L1 and Ng-CAM, immediately N-terminal to
this site is a conserved series of amino acids culminating in the
sequence Ser-Lys-Arg in both L1 and Bravo, and Ser-Arg-Arg in Ng-
CAM, suggesting cleavage at this site in all three molecules by a
trypsin-like protease. Thus, not only is the heterodimer structure of
Bravo similar to that of L1 and Ng-CAM, but so is the mechanism
that generates the o and B chains: proteolytic cleavage of an intact
precursor molecule at the C-terminal end of the consensus sequence
Ser-Arg/Lys-Arg. Bravo contains this putative consensus sequence
tandemly repeated at this conserved cleavage site (i.e., Ser-Arg-
Arg-Ser-Lys-Arg), which may explain the absence of detectable
intact Bravo 190 kD precursor in normal tissue lysates.

The deduced Bravo sequence reveals numerous potential sites
of N-linked glycosylation (Asn-X-Ser/Thr) spread throughout the
extracellular portion of Bravo. These sites number eighteen within
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the Bravo sequence proper, and two within the putative alternatively
spliced region AS20. The deduced Bravo sequence also contains a
transmembrane domain and a relatively short cytoplasmic domain of
133 amino acids, much of which is highly conserved with Ng-CAM
and L1 but which has no known structural motif. Because L1 is
phosphorylated in vivo, and thought to co-purify with at least one
kinase (Faissner et al., 1985; Sadoul et al.,, 1989; Schuch et al.,
1989), the primary sequence of Bravo was analyzed for potential
kinase substrates (Glass et al., 1986; Kishimoto et al., 1985;
Kuenzel et al., 1987). Eight potential phosphorylation sites are
present within the cytoplasmic region where L1 has been shown to
be phosphorylated. Three of Bravo's eight potential cytoplasmic
phosphorylation sites may be conserved: two align with sites on L1
(Bravo serines 1225 and 1248) and an additional one matches with
sites on both L1 and Ng-CAM (Bravo threonine 1173).

The putative alternatively spliced cytoplasmic sequences, AS-
CYT1 and AS-CYT2, contain no consensus sequence for known
kinases. AS-CYT1 produces a shift of frame that results in a stop
codon within the cytoplasmic region of Bravo, and AS-CYT2, 12 base
pairs in length, inserts the amino acid sequence Arg-Ser-Leu-Glu
(RSLE, using the one letter amino acid code) into Bravo's cytoplasmic
domain. This tetrapeptide sequence aligns with the identical
sequence in the derived protein sequence of Ng-CAM and is found
alternatively spliced in both rat and human L1 (Miura et al., 1991;
Kobayashi et al., 1991).
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Discussion

We have characterized the Bravo glycoprotein and found that it is
related in structure and primary sequence to the cell-surface
adhesion molecules Ng-CAM in chicken and L1 in mouse. While the
primary structure of Bravo has been previously described under the
name Nr-CAM, the structure shown below differs from the structure
previously predicted (Grumet et al., 1991), specifically with regard
to the apparent molecular weight of the Bravo protein and its
heterodimer nature. Bravo is composed of two different chains. The
o chain is found as a doublet of 140/130 kD, containing the six Ig-
like domains and two complete and one partial FNIlIl. The Bravo B
chain contains two complete and one partial FNIll as well as the
transmembrane spanning domain and C-terminal cytoplasmic
sequences. These two chains are found associated by noncovalent
interactions, and are generated from an intact precursor molecule by
proteolytic cleavage following the sequence Ser-Lys-Arg within
FNI#3.

In addition to conserved structural features, the molecular
weight of Bravo matches that of L1 and Ng-CAM. Bravo's apparent
molecular weight as determined by SDS PAGE of the a and B chains
ranges from 190 kD (a chain of 130 kD plus B chain of 60 kD) to 220
kD (o chain of 140 kD plus B chain of 80 kD). Additional evidence for
this molecular weight comes from the identification of a putative
Bravo precursor molecule detected at 190 kD by immunoblotting the
more insoluble components of the tectal membrane. These apparent
molecular weight determinations are significantly higher than the
predicted molecular weights of polypeptides encoded by the cDNA
sequences. Ignoring the molecular weight heterogeneity generated
by the putative alternatively spliced sequences AS-CYT1 and AS-
CYT2, the predicted molecular weight for Bravo lacking any
alternatively spliced sequences is 127 kD. The Bravo protein
containing ali four of the extracellular alternatively spliced
sequences identified has a predicted molecular weight of 142 kD.
The difference in these molecular weights from the apparent protein
values is presumably due largely to glycosylation. Consistent with
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this proposal, Bravo carries the HNK-1 carbohydrate epitope, and its
sequence contains twenty potential sites for N-linked glycosylation.
Similarly, L1 has a predicted polypeptide molecular weight of only
139 kD and an observed M; of 200 kD for the intact chain; likewise,
Ng-CAM cDNA encodes a polypeptide of 139 kD with an observed M;
of 210/190 kD. The apparent determination of the Nr-CAM molecular
weight on SDS PAGE as only 145 kD (Grumet et al., 1991) results
from the absence of the 60-80 kD B chain in their protein analyses,
and the subsequent failure to account for the substantial increase in
apparent molecular weight of the polypeptide caused by
glycosylation.

The cleavage of L1, Ng-CAM and Bravo at identical locations
(within FNIII#3) and at conserved sequences (Ser-Arg/Lys-Arg) may
suggest these molecules are substrates for a common protease.
Serine proteases and their inhibitors have previously been
implicated in affecting cell migration and neurite outgrowth.
Thrombin, which generally cleaves after arginine residues, causes
neurites to retract in cultured neuroblastoma cells, while several
other proteases do not (Gurwitz and Cunningham, 1988). It has
recently been shown that neurons and possibly glia express
prothrombin transcripts (Dihanich et al., 1991), and inhibitors of
several proteases have been identified both on the surface of and
secreted from glioblastoma cells (Wagner et al., 1991). This
suggests that regulated proteolysis may be yet another means by
which development of the nervous system is facilitated. Moreover,
the presence in the Golgi apparatus of proteases that cleave
specifically after two basic amino acids (as is seen with L1, Ng-
CAM and Bravo) has been implied by investigations of the processing
of pro-albumin and parathyroid pro-hormone and several viral
structural proteins as well (Rice and Strauss, 1981). Indeed, the
cleavage sites of Bravo and Ng-CAM exactly match proteolytic
cleavage sites found in alphavirus and flavivirus glycoproteins
respectively (Strauss et al., 1987). The cleavage at such a dibasic
site within a FNIlIl may be a common mechanism to produce
noncovalently associated heterodimers. The insulin receptor, a
mosaic cell-surface protein that includes multiple FNIlls, is found
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as a heterodimer generated from an intact polypeptide by cleavage
following the sequence: Ser-Arg-Lys-Arg-Arg, remarkably similar
to Bravo's Ser-Arg-Arg-Ser-Lys-Arg (Ebina et al.,, 1985). While the
function of cleavage at this site and the possibly different roles of
intact versus heterodimer structures in these molecules has not yet
been elucidated, it appears in these cases that this dibasic site is
used for processing of a pre-protein form.

The similar structures of Bravo, Ng-CAM and L1, including the
proteolytic cleavage site, creates a subgroup of neural Ig-
superfamily members. Pairwise sequence comparisons support such
a grouping, as these three molecules (and their equivalents) are
more closely related to each other than to any as yet reported
molecules. The results of a pairwise comparison of these and other
vertebrate neural molecules are shown graphically represented as a
"gene tree" (Fig. 9). Quantitative sequence identity comparisons
(shown by the left to right position of "branch" points) supported by
the arrangement of conserved domains among these molecules
suggest the division of neural Ig-superfamily members into three
subgroups. N-CAM represents the first subgroup; it is characterized
by five Ig-like domains and two fibronectin type Il repeats. Chicken
N-CAM and mouse N-CAM are believed to be equivalent molecules
because, in part, they have undergone only 19% divergence (they are
81% identical) since the separation of mammals and birds
(Cunningham et al., 1987; Santoni et al., 1987). The next subgroup
consists of two pairs of molecules. F3 and Contactin/F11 are
thought to be equivalent molecules in mouse and chicken,
respectively (Gennarini et al., 1989; Ranscht et al., 1988;
Brimmendorf et al., 1989). Likewise, rat TAG-I and chicken axonin-
1, are also thought to be equivalent, although the complete
characterization of the axonin-1 cDNA has not yet been reported
(Furley et al., 1990). With each of these pairs, the equivalent
molecules are roughly 80% identical to each other. The layout of
these molecules is six Ig domains, four FNIlls and a
glycosylphosphatidylinositol linkage to the membrane.

In contrast, the pairwise comparisons of L1, Ng-CAM and Bravo
do not reveal any equivalency among these molecules. The gene tree
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in Fig. 9 represents clearly that neither Ng-CAM nor Bravo is
equivalent to L1 as the "tri-furcation" of these three molecules is
displaced far to theleft (lower percent identity) of the bifurcation
of the other molecules. Mouse L1 is equally related at the level of
sequence identity (40%) to both chicken Ng-CAM and Bravo. The
application of molecular clocks to related molecules in setting up
phylogenetic trees relies on the premise that equivalent molecules
diverge at a relatively constant rate over a given length of time in a
particular group of organisms (Dayhoff et al.,, 1969). The roughly
20% divergence of N-CAM, TAG-1 and F3 from their chicken
equivalents over the same amount of time conforms to this premise.
The much larger disparity (60%) of L1 and Ng-CAM and of L1 and
Bravo suggests that neither Ng-CAM nor Bravo is the L1 equivalent.

Indeed, though many authors had previously viewed Ng-CAM and
L1 as equivalent molecules in different species, some results had
showed that their roles might be distinct. Ng-CAM, for example,
was convincingly shown to be involved in neuron-neuron binding via
a homophilic mechanism, and neuron-glia binding via a heterophilic
partner (Grumet and Edelman, 1984, 1988; Grumet et al.,
1984a,1984b). L1, however, has been shown to be absent from sites
of neuron-glia contact and is considered not to be involved in
granule cell migration on glia (Persohn and Schachner, 1987). These
apparent differences between L1 and Ng-CAM and possibly others
(for example the implied interaction of L1 and not Ng-CAM with N-
CAM) (Kadmon et al., 1990a) have been the source of some debate.
Such differences and the low level of sequence identity between Ng-
CAM and L1 support our thesis that these molecules are not
equivalent. Thus differences in the functions of these three
molecules should be expected.

While the non-equivalence of these molecules seems clear, the
exact evolutionary relationship among them is not. The large
percent non-identity suggests the possibility that these molecules
represent three distinct family members that diverged long before
the separation of birds and mammals. Such an ancient origin for the
different molecules implies that both chickens and mice might carry
a descendent of each of the three ancestral molecules. That is,
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there would exist a chicken equivalent of mouse L1 (with
approximately 80% sequence identity to mouse L1), and comparable
mouse equivalents of both Ng-CAM and Bravo. That these molecules
have not been found does not discredit this hypothesis, as the search
for such molecules has not been exhaustive. Furthermore, any
missing molecule could have been deleted over evolutionary time in
a particular species. Another hypothesis not requiring us to posit
undiscovered (or extinct) molecules would hold that a common
ancestor of Ng-CAM and Bravo duplicated and diverged in a chicken
ancestor after birds and mammals diverged. After this hypothetical
duplication and some mutation, the chicken ancestor would contain
two closely related molecules, and the mouse ancestor only one, so
no strict equivalence would exist. Thus, Bravo and Ng-CAM would be
expected to diverge at a rate not predictable by rates of equivalent
molecules, such as F11/Contactin and F3. The high level of
divergence seen among L1, Ng-CAM and Bravo would therefore

reflect not an ancient separation of these molecules, but rather a
recent (since the divergence of birds and mammals) and rapid
accumulation of amino acid substitutions in Ng-CAM and Bravo. The
more general paradigm for gene duplication and divergence predicts
that one molecule remains equivalent (redundant) to L1 and the other
diverges rapidly. Even so, it is not unreasonable to assume that in
this case both molecules (Bravo and Ng-CAM) might diverge rapidly
from L1 because of the multiple domain nature of these molecules
which allows mutations to be accumulated in one domain in one
molecule without affecting other, still functional and redundant
domains. The discovery of new equivalent molecules in chicken or
mouse, and a more general phylogenetic survey of other vertebrates
and invertebrates, should help resolve this history.

The close relationship of Bravo, Ng-CAM and L1, especially at
the level of higher order protein structure, suggests their roles may
be similar. L1 and Ng-CAM have both been implicated in neuron-
neuron adhesion, axon fasciculation and neurite outgrowth (Chang et
al., 1987; Fischer et al., 1986; Grumet and Edelman, 1988; Grumet
et al., 1984a; Lagenaur and Lemmon, 1987; Lemmon et al., 1989;
Stallcup and Beasley, 1985), and the drosophila molecule neuroglian,
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of a similar structure to the L1 subgroup of Ig-CAMs discussed here,
facilitates cell-cell adhesion when transfected into non-adhesive
cell lines (Hortsch and Bieber, 1991). Therefore, when combined
with the immunolocalization of Bravo, it seems likely that Bravo
plays a role in neural adhesion and fasciculation.

The possibly extensive use of alternative splicing may suggest
a complex developmentally regulated role for Bravo. In analyzing
only five clones in this laboratory, five putative alternatively
spliced sequences were identified, not counting AS20 identified
previously (Grumet et al., 1991). Alternative splicing of mRNA
precursors is generally recognized as providing an important
mechanism for generating developmentally programmed functional
diversity of proteins involved in cell-surface recognition (e.g.,
Smith etal.,, 1989). The specific sequences that may be included or
excluded in a particular isoform have, in several examples, been
characterized as specific functional protein domains that contribute
to different cell adhesion properties. It is interesting to note that
in many cases studied so far, a frequent observation is that exons
coding for FNIlls in particular, are expressed in spatiotemporally
restricted patterns. Examples include tenascin, fibronectin, and
collagenase (Huhtala et al., 1990; Komoriya et ai., 1991; Siri et al.,
1991; Weller et al., 1991). The programmed alternative splicing of
FNIlls and numerous other functional protein domains is a powerful
mechanism for generating functional diversity among cell-surface
receptors during development (Kimizuka et al., 1991). The
alternatively spliced FNIIl repeat from fibronectin, for example,
contains two peptide recognition sequences active in cell adhesion:
Arg-Glu-Asp-Val and Leu-Asp-Val which bind the «4B1 integrin
receptor, rather than the 5B integrin receptor of the fibronectin
central cell-binding sequence Arg-Gly-Asp (reviewed in D'Souza et
al., 1991). It is therefore interesting to note that although Bravo
contains no known integrin peptide recognition sequences within its
FNIlls (Yamada, 1991), the entire fifth FNIIl is encoded by an
alternatively spliced exon, AS93, and can therefore be
developmentally modulated.

In Bravo, and in N-CAM (reviewed in Edelman and Crossin,
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1991), a number of alternative splicing events appear to affect
shorter stretches of amino acids between known larger functional
domains. Within the cDNA sequence coding for the Bravo a chain are
two such regions, AS20 and AS10. Bravo mRNAs either containing or
missing these sequences may correspond to the two forms of the
Bravo o chain detected, the 140kD and 130 kD forms. While the 30
amino acids of AS20 combined with AS10 would be expected to
produce a molecular weight shift of only 3 kD, the possible
glycosylation of two asparagines within AS20 (which produces
profoundly greater molecular weight shifts than similarly sized
protein side chains) suggests a source for the observed 10 kD
difference in apparent molecular weight. AS10, flanked by the six
Ig-like domains on one side and the five FNIlls on the other, lies in a
region analogous to the hinge region of the neural cell adhesion
molecule N-CAM (Becker et al., 1989). This region has been
implicated in cis-interactions of N-CAM with both itself and other
membrane molecules such as L1. In addition, antibodies against this
region disrupt optic fiber fascicles and cause misrouting of fibers in
the retina (Pollerberg and Dreyer, submitted).

Bravo also contains alternatively spliced sequences within the
highly conserved cytoplasmic domain. The determinations of Bravo's
genomic DNA sequence and further peptide sequence analyses will be
necessary, however, to determine whether these and the other
alternative cDNA sequences represent functional Bravo variants
rather than misprocessed mRNA. The sequence of AS-CYT1 in
particular suggests the need for further analysis, as it encodes a
frameshift resulting in a truncated derived protein sequence. In
addition, AS-CYT1 and AS-CYT2 both ‘show similarity to 3' regions of
introns, including potential polypyrimidine tracks and termination
with the sequence AG (Smith et al., 1989). On the other hand, in
support of the notion that AS-CYT2 is not an artifact of cloning but
actually encodes a functional Bravo variant, it is interesting to note
that both human and rat versions of L1 contain alternatively spliced
sequences corresponding exactly to the tetrapeptide encoded by AS-
CYT2, Arg-Ser-Leu-Glu. Furthermore, L1 from rat shows a tissue-
specific regulation of this alternative cytoplasmic sequence: the
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isoform missing this sequence is predominantly expressed in the
brain, while the RSLE isoform is found in the peripheral nervous
system (Miura et al., 1991). Investigations of the distribution of
Bravo outside the retinotectal system--specifically of the isoforms
containing or missing AS-CYT2--might reveal a similar spatial
restriction and suggest some role for alternative splicing in this
region, possibly involving alterations of interactions with
cytoplasmic or cytoskeletal proteins critical for influencing neurite
outgrowth and cell migration.

The close relationship of Bravo to neural CAMs and the
restricted pattern of Bravo expression suggests a testable model for
Bravo function: Bravo is turned on as retinal fibers are born,
facilitating (via interactions with other Bravo molecules and
possibly other CAMs such as Ng-CAM) the dense fasciculation and
strong neighbor association of these axons as they grow out of the
retina and towards the tectum. A change in extracellular or cell-
surface environment near the chiasm triggers the termination of
Bravo expression on optic fibers as they extend toward their targets
in the tectum. This is consistent with the environmental modulation
of Bravo expression seen in vitro, in which retinal fibers grown on
retinal basal lamina containing gliai end-feet (their natural retinal
substrate) display Bravo antigen; but those grown on alternative
substrates such as collagen do not (de la Rosa et al., 1990). In the
absence of Bravo protein synthesis, newly forming axon membrane
would be initially void of Bravo antigen, and the Bravo protein
already displayed on the axon surface might be laterally restricted
to older retinal regions of the fiber by extensive interactions with
surrounding ECM and cell-surface components (Zhang et al., 1991).
This notion is consistent not only with the observed restriction of
Bravo along the retinal axon, but also with the observation that
Bravo staining of older optic fibers in the retina is lost after PFA
fixation, presumably due to masking of the epitopes by covalent
crosslinking of proteins surrounding the Bravo antigen.

Under this model, distal and growing parts of the axon would
not display new Bravo protein and hence would be reduced in their
cohesiveness with other fibers, allowing less hindered target
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seeking by the growth cone. In addition, Bravo protein found on glial
end-feet in the retina (and possibly in the tectum) might interact
with retinal axons via Bravo-Bravo homophilic binding, similar to
the predicted interaction facilitated by fasciclin 1l of glia and axons
in insects (Harrelson and Geedman, 1988). The close relationship of
Bravo and Ng-CAM suggests that they might interact heterophilically
(as do L1 and Ng-CAM with the same 40% sequence identity)(Lemmon
et al, 1989). This is consistent with the observation that Ng-CAM
mediates neuron-glia adhesion via a heretofore unidentified glial
protein (Grumet et al.,, 1984a). Given the results described here, it
will be possible to test the role of Bravo and its different isoforms
in neuron-neuron and neuron-glia adhesion by means of several novel
assays (e.g., Hortsch and Bieber, 1991; Lee and Lander, 1991). The
large number of domains and alternatively spliced sequences--both
extra- and intracellularly--suggests numerous possible functions of
Bravo.
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Figures and Figure Legends

Figure 1. Distinct immunofluorescence staining patterns of Bravo
and Ng-CAM mAbs in the developing chicken retinotectal system.
Neighboring sections of E7.5 chicken retina fluorescence were
labeled with (a) anti-NgCAM mAb 1E12, or with (b) anti-Bravo mAb,
2B3. Both Ng-CAM and Bravo appear on axons in the optic fiber layer
(OFL). In addition, Bravo is distributed throughout the retina,
including in the inner plexiform layer (IPL) and newly forming outer
plexiform layer (OPL). Note also the apparent Bravo labeling of
radial processes in the retina.

Figure 2. Immunofluorescence staining of chicken retina showing labeling
of Muller glial end-feet. A region of a cryostat section of an E7.5 retina
was found relatively free of optic fiber fascicles. Labeling of this region
with anti-Bravo mAb 2B3, and FITC-conjugated anti-mouse lg reveals
intense staining of glial end-feet in the OFL, as well as staining of
processes in the IPL and ganglion cell layer (GCL).

Figure 3. Fixation-dependent Bravo labeling of E7.5 retina. Sections of
E7.5 retina were prepared as described in Materials and Methods and fixed
with either (a) TCA, or (b) PFA. Labeling of these sections with anti-
Bravo mAb, 2B3, followed by FITC-conjugated anti-mouse lg reveals
nearly identical staining in the IPL and OPL. A dramatic difference,
however, is observed in the OFL where all fibers are labeled evenly after
TCA fixation (a), but only surface (vitreal) fibers are labeled after PFA

fixation (b).

Figure 4. Ng-CAM and Bravo proteins resolved by SDS PAGE.
Immunoaffinity isolates using anti-NgCAM mAbs and anti Bravo mAbs
were separated by 7.5% SDS PAGE and visualized by silver staining. Ng-
CAM protein was treated to reduce disulphide bonds (lane 1) or treated to
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protect these bonds (lane 2); similarly, immunopurified Bravo protein is
shown reduced (lane 3) and unreduced (lane 4). Note that the Ng-CAM 135
kD band and the Bravo 140/130 kD doublet appear to contain internal
disulphide bonds that cause lower mobility under reducing conditions. A
similar effect is seen with the less abundant Ng-CAM 190 kD intact
polypeptide, but not with the lower molecular weight Ng-CAM or Bravo
60-80 kD bands.

Figure 5. Comparison of immunoblots of Ng-CAM and Bravo. The
immunoaffinity isolates (a, b and c) using anti-NgCAM (lane 1) and
anti-Bravo (lane 2) were resolved by 6% SDS PAGE under
nonreducing conditions, transferred to nitrocellulose and analyzed
by mAb staining with anti-NgCAM (a), anti-Bravo (b) and anti-HNK-1
(c). Proteins solubilized from the tectal lysate pellet (see Materials
and Methods) were resolved by 6% SDS PAGE, transferred to modified
nitrocellulose membrane, and subjected to mAb analysis with anti-
Bravo (d). Binding of all antibodies was visualized using

biotinylated second antibodies bound to HRP-conjugated

streptavidin.  The positions of molecular weight standards (reduced)
are shown to the left of each panel.

Figure 6. Schematic representation of Bravo cDNA clones and sequences of
novel alternatively spliced regions. (a) The five cDNA clones used to
determine the sequence of Bravo are shown. Sequences absent from one or
more clones, suggesting alternative processing of messenger RNA, are
indicated by angled lines, and labeled AS10, AS12, AS93, AS-CYT1 and AS-
CYT2. Bravo-1 was sequenced in its entirety using a transposon based
strategy for spreading primer sequences throughout the clone. The
remaining clones were sequenced using synthetic oligonucleotide primers
in both sense and anti-sense directions. (b) The cDNA (boxed) and derived
protein sequences of novel putative alternatively spliced regions AS10,
AS12, AS-CYT1 and AS-CYT2 are shown in upper case. Flanking Bravo
sequences in lower case are shown for positioning. AS12 and AS-CYT1
were found associated with and abutting alternative sequences AS93 and
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AS-CYT2 respectively. Note that these sequences, and AS-CYT2 as well,
terminate with the bases AG and contain tracks of polypyrimidines which
are associated with intron branch points and 3' intron splice sites,
suggesting that these sequences may represent incompletely processed
mRNA.

Figure 7. Alignment of the complete amino acid sequences of Bravo,
Ng-CAM and L1. The cDNA derived sequence of Bravo is identical to
that of Nr-CAM except for the identification of the putative
alternatively spliced sequences, AS20 uniquely in Nr-CAM (Grumet
et al.,, 1991) and AS10, AS12, AS-CYT1 and AS-CYT2 uniquely here.
AS93 was identified in both laboratories. The Bravo sequence
(shown missing AS-CYT1 which encodes a stop codon and therefore
results in a truncated Bravo protein) was aligned with L1 and Ng-
CAM by eye and gaps introduced where appropriate to maximize
identity. Identical residues are boxed. The six immunoglobulin-like
domains in all three molecules are labeled Ig |-lg VI with
characteristic cysteines and tryptophans in bold type. The five
fibronectin-type Il repeats in all three molecules are labeled
FNIli#1-FNIlI#5 and characteristic tryptophans and tyrosines (or
phenylalanines) are also in bold type. The location of the common
proteolytic cleavage site is indicated. The N-terminus of the Ng-
CAM B chain is removed by one amino acid (Gln, single letter amino
acid code Q) from this conserved site. Sequences confirmed by
protein and peptide sequencing of Bravo are overlined with two
misidentified amino acid residues indicated at positions 2 and 850.
A nonstandard amino acid residue labeled "?" was identified at
position 861, which is a potential asparagine-linked glycosylation
site. The transmembrane domain in all three molecules is underlined
with dashed lines. Putative alternatively spliced sequences of Bravo
are labeled (e.g., AS20) in bold type and bordered by inverted
triangles. The sequence found alternatively spliced in rat and human
equivalents of L1, and identical to Bravo AS-CYT2, is bordered by

triangles.
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Figure 8. Topological model of Bravo including alternatively spliced
sequences. The six Ig domains of Bravo are shown as loops linked by
disulphide (S-S) bonds. The five FNIlls are shown as darkened boxes.
The six potential alternatively spliced regions are shown by hatched
boxes labeled AS20, AS10, AS12, AS93, AS-CYT1 and AS-CYT2. Two
alternative cytoplasmic domains are shown, one terminating within
AS-CYT1 and resulting in a truncated Bravo isoform. Putative
asparagine-linked glycosylation sites are indicated with circle-and-
stick symbols. The oversized circle-and-stick symbol within
FNIII#3 of the Bravo B chain denotes the location of a potential
glycosylation site confirmed by amino acid sequence analysis to
contain a nonstandard amino acid residue, presumably a glycosylated
asparagine. The location of the cleavage site within FNIII#3 is
indicated by an arrow. The domains involved in the noncovalent
association of the o and B chains are not known.

Figure 9. Gene tree representing subgroups of Ig-CAMs identified by
amino acid sequence identity and domain structure. Protein
sequences for each of the molecules were compared pairwise using
the FASTA program of Pearson and Lipman (1988). A tree of
relatedness was constructed with lines branching at positions
corresponding to percent sequence identity (plus or minus 1.5%).
Models of the three characteristic subgroups are shown to the right.
Hypotheses about the relationship among Bravo, Ng-CAM and L1
(shown as a "tri-furcation" of the tree in this figure) are included in
the text.
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Topologically Restricted Appearance in the Developing
Chick Retinotectal System of Bravo, a Neural Surface Protein:
Experimental Modulation by Environmental Cues
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Abstract. A novel neural surface protein, Bravo,
shows a pattern of topological restriction in the em-
bryonic chick retinotectal system. Bravo is present on
the developing optic fibers in the retina; however, reti-
nal axons in the tectum do not display Bravo. The ap-
pearance of Bravo in vitro is modulated by environ-
mental cues. Axons growing out from retinal explants
on retinal basal lamina, their natural substrate, express
Bravo, whereas such axons growing on collagen do
not. Retinal explants provide a valuable system to
characterize the mechanism of Bravo restriction, as

well as the cellular signals controlling it. Bravo was
identified with monoclonal antibodies from a collec-
tion generated against exposed molecules isolated by
using a selective cell surface biotinylation procedure.
The NH,-terminal sequence of Bravo shows similarity
with L1, a neural surface molecule which is a member
of the immunoglobulin superfamily. This possible rela-
tionship to LI, together with its restricted appearance,
suggests an involvement of Bravo in axonal growth and
guidance.

HEN neural networks are generated during embryo-
Wgenesis, axons migrate along defined routes to their
targets. The guidance of the axons depends on their
interaction with the environment. Molecules exposed on the
axonal surface and on the growth cone are assumed to partic-
ipate in this interplay, a precondition of axonal outgrowth,
fasciculation, and pathfinding (for reviews see Edelman,
1985; Jessell, 1988; Rathjen, 1988; Harris and Holt, 1990).
An involvement of surface molecules in axonal outgrowth
(Lagenaur and Lemmon, 1987; Bixby and Zhang, 1990;
Chang et al., 1990; Furley et al., 1990), fasciculation (Rath-
jen et al., 1987a,b), and guidance (Matsunaga et al., 1988)
has indeed been demonstrated. Many of these surface glyco-
proteins share structural features, such as the HNK-1 epitope
(Pesheva et al., 1987; Gennarini et al., 1989) and immuno-
globulin-like domains (Cunningham et al., 1987, Harrelson
and Goodman, 1988; Moos et al. 1988; Ranscht, 1988; See-
ger et al., 1988; Bieber et al., 1989; Brimmendorf et al.,
1989; Gennarini et al., 1989; Furley et al., 1990). These do-
mains supposedly are involved in cell adhesion and are indi-
cators of the evolutionary development of cell interactions
(Edelman, 1984, 1985, 1987; McClay and Ettensohn, 1987;
Rutishauser et al., 1988; Schachner et al., 1988; Williams
and Barclay, 1988).
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37, E-28002 Madrid, Spain.
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Molecules involved in axonal guidance are expected to be
expressed early in development, when neural connections
are forming, under temporal or topological restriction
(Raper et al., 1983a,b; Bastiani et al., 1984; Dodd and Jes-
sell, 1988; Harrelson and Goodman, 1988). Indeed, fas-
ciclins I and II in the grasshopper (Bastiani et al., 1987) and
TAG-1 in the rat (Dodd et al., 1988) show a restricted pattern
of expression. The mechanisms controlling such restricted
expression are still not well understood.

The retinotectal system of the chick embryo is especially
suited for studies of axonal outgrowth and navigation. Whole
organ preparations, as well as retinal explant cultures, allow
manipulation of the axonal environment under conditions
that maintain the natural recognition properties of the optic
fibers (Halfter et al., 1981; Bonhoeffer and Huf, 1982;
Walter et al., 1987a,b).

This project was aimed at the identification and character-
ization of molecules involved in the interactions between
axons and their environment, using monoclonal antibodies
specifically made for this purpose. Optic tecta of chick em-
bryos at day 8 of development (E8)' were chosen as a
source of antigen. At this stage, the optic fibers massively
invade the optic tectum but most have not reached their tar-
gets (Crossland et al., 1975; Rager, 1980). Thus, both inter-

1. Abbreviations used in this paper: E8, embryonic day 8 of development;
RT, room temperature.
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active partners of the retinotectal system, the optic fibers and
their tectal targets, are found together in a single structure.
Assuming that molecules participating directly in cell inter-
actions are located on the cell surface or in the extracellular
matrix, exposed molecules in the optic tectum containing
growing optic fibers were specifically biotinylated (Boxberg
etal., 1990). The labeled molecules were isolated by avidin-
affinity chromatography and further fractionated according
to size by HPLC. mAbs were raised against each of the frac-
tions, yielding a large collection of antibodies specific for
surface molecules. A detailed description of the method will
be presented (Kayyem, J. F., J. M. Roman, D. B. Teplow,
E. J. de la Rosa, U. Schwarz, and W. J. Dreyer, manuscript
in preparation). The molecules recognized by different mAbs
were designated using the international phonetic alphabet
(Alpha, Bravo, Charlie, etc.), since the Greek alphabet is al-
ready heavily used in naming other proteins.

Bravo is one of the neural surface compounds found with
those mAbs. Some biochemical and biological characteris-
tics of this molecule will be described in this article.

Materials and Methods
Chick Embryos

All the experiments were performed with White Leghorn embryos of the
indicated ages, obtained by incubation of fertilized eggs at 38.7°C.

Immunochemical Methods

Purification of Antigen by Immunoaffinity Chromatography. Before its
immobilization on a column, the antibody was purified from mouse ascites,
either by HPLC on a TSK DEAE-5PW column (Bio-Rad Laboratories,
Munich, Germany), according to Deschamps et al., 1985, or by chromatog-
raphy on a CM Affi-Gel Blue column (Bio-Rad Laboratories), according
to the manufacturer’s instructions.

The purified mAb (25 mg) was bound to 10 ml of Affi-Gel 10 (Bio-Rad
Laboratories), as recommended by the manufacturer, packed in a column
which, before use, was run once with the various buffers to be used for anti-
gen purification (see below).

An extract from Pl chick whole brain was used as an antigen source.
Brains were washed three times with 3 ml per brain of labeling buffer (140
mM NaCl, 5 mM KCl, 5 mM glucose, 7 mM NaHCO3, 1.5 mM MgSOx.,
1.5 mM CaCl,, and 0.5 ul/ml aprotinin, 2 mg/ml iodoacetamide, 0.2
mg/ml PMSF, and 50 ug/ml soybean trypsin inhibitor as protease inhibi-
tors) and homogenized in 3 ml per brain of Nicholson lysis buffer (10 mM
Hepes, pH 7.5, 140 mM NaCl, 4 mM EDTA, 2.5% (wt/vol) NP-40
(Calbiochem-Behring, Corp., Frankfurt am Main, Germany), 2.5% (wt/
vol) Zwittergent 3-14 (Calbiochem-Behring Corp.) (Updyke and Nichol-
son, 1984) supplemented with azide and protease inhibitors (as above). Af-
ter centrifugation (50,000 g for 30 min) the supernatant from 100 brains
was pumped onto the column with immobilized antibody at a flow rate of
10 mi/h. The column was then washed at a flow rate of 50 ml/h with (a)
100 ml of 20 mM Tris-HCI, pH 80, containing 140 mM NaCl, 0.5%
(wt/vol) NP-40, and 0.5% (wt/vol) Zwittergent 3-14; (b) 50 ml of 50 mM
Tris-HCI, pH 80, containing 0.5 M NaCl and 0.5% (wt/vol) NP-40; (c) 50
ml of 50 mM Tris-HCI, pH 9.0, containing 0.5 M NaCl and 0.1% (wt/vol)
NP-40. The antigen was finally eluted with 150 ml of 50 mM triethanola-
mine, pH 11.5, containing 150 mM NaCl and 0.1% (wt/vol) NP-40. 1.6-ml
fractions were collected in tubes containing 0.4 mi of 1 M Tris-HCl, pH
6.7. The antigen in the fractions was identified by a dot blot assay (see be-
low). The antigen peak was pooled and concentrated-dialyzed by six cycles
of centrifugation (1,500 g for 30 min) in Centriprep 30 (Amicon Corp., Wit-
ten. Germany), with PBS containing 0.1% (wt/vol) NP-40. The antigen was
concentrated by a factor of 15 and the elution buffer was diluted 10° times.
In the case of Bravo, the final concentration of antigen was 30 pg/ml, as
determined by silver staining of SDS gels in comparison with standards.
The final yield was 250-300 pg of protein from 100 brains. The column
was regenerated by washing with 200 mi of 20 mM Tris-HCl, pH 80, con-
taining 140 mM NaCl, and 0.025% (wt/vol) azide.

Protein Blots. For dot blots (Hawkes et al., 1982), 1-10 ul of the sam-
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ple to be analyzed was spotted onto nitrocellulose and dried. To reduce
background staining, the nitrocellulose was kept for at least 2 h at RT with
5% (wt/vol) powdered skim milk and washed twice with PBS before immu-
nostaining. Hybridoma culture supernatant (1:4 dilution), mouse ascites
(1:2,000 dilution), or rabbit antiserum (1:25,000 dilution) were incubated
with the blot for 1 h at RT. For all dilutions, and three washings between
incubations, PBS containing 0.1% (vol/vol) Tween 20 was used. Finally, the
blots were incubated for 1 h at RT with a 1:1,000 dilution of peroxidase-
coupled second antibody and stained with 4-chloronapthol (0.5 mg/ml) and
0.015% (vol/vol) of H,0; in PBS.

For Western blots, the samples were fractionated by electrophoresis
(SDS-PAGE; 6% gel) and transferred to nitrocellulose in a semi-dry system
as described by Kyhse-Andersen (1984). The Western-blots were treated as
described above for the dot-blots.

Protein Sequencing

NH;-terminal protein sequence information was gathered using a protein
sequenator (model 477A; Applied Biosystems, Foster City, CA) with on-
line PTH analysis (model 120A; Applied Biosystems). Protein antigens
(30-200 pmol), purified by affinity chromatography as described above,
were electroblotted onto polyvinylide difluoride membrane after SDS-
PAGE (Matsudaira, 1987).

Immunohistochemical Methods

Tissue Sections. Chick embryos were sectioned with a cryomicrotome after
fixation of the tissue. For small embryos, up to ES8, the standard fixation
was by overnight immersion in 4% (wt/vol) paraformaldehyde in 0.1 M
phosphate buffer, pH 7.0. Larger embryos were first perfused with fixative
(as above); then tissue pieces were dissected and further fixed by overnight
immersion in fixative. Alternatively, the tissues were fixed by overnight im-
mersion in 2% (wt/vol) TCA. Routinely, the fixed tissue was infiltrated with
30% (wt/vol) sucrose in PBS before sectioning.

For staining with single antibodies, the sections were incubated sequen-
tially with (a) 15% (vol/vol) normal goat serum in culture medium for 20
min at RT: (b) mAb, hybridoma culture supernatant (undiluted), or mouse
ascites (1:1,000 dilution) or rabbit polyclonal antiserum (1:20,000) for 45
min at RT: (c) biotinylated second antibody (anti-mouse or anti-rabbit of
1:200 dilution) for 30 min at RT: and (d) fluorescein-Streptavidin (1/200 di-
lution) for 30 min at RT. The washing steps between incubations, as well
as the dilutions were with PBS containing 0.2% (wt/vol) BSA. The sections
were mounted for epifluorescence microscopy.

For double staining, mAb anti-G4/L1 purified by HPLC (Deschamps et
al., 1985) was labeled with biotin, according to Clark and Todd (1982). Bio-
tin X-NHS (Calbiochem-Behring Corp.) as a freshly prepared 20 mg/ml so-
lution in DMSO was added to the antibody in PBS (biotin/mAb; 1:7; wt/wt)
and incubated for 2 h at RT with vigorous shaking. Excess biotin was
reacted with a 10-fold excess of glycine (30 min at RT). The mixture was
directly used for staining. Sections were double stained as follows: (a) 15%
(vol/vol) normal goat serum for 20 min at RT; (b) mAb anti-Bravo (culture
supernatant or a 1:1,000 dilution of mouse ascites) for 45 min at RT; (c)
fluorescein-labeled anti-mouse second antibody (1:80 dilution) for 30 min
at RT; (d) normal mouse serum (1 mg/ml) for 30 min at RT; (e) biotinylated
mAb anti-G4/L1 (5 pg/ml) for 45 min at RT; and (f) Texas red-Streptavidin
(/100 dilution) for 30 min at RT. The stained sections were screened in an
epifluorescence microscope, with either fluorescein or rhodamine filter.

Whole Mounts. Retinas removed from chicken eyes were flattened out
on a filter, with the basal lamina (inner part) up, as described by Halfter
et al. (1983). Tectal whole mounts were prepared by dissecting the tecta out
of the rest of the brain and spreading the isolated tecta flat on a filter, with
the ventricular surface (inner part) down, similar to the retinal whole
mounts (Kroger and Schwarz, 1990).

For EM, E6 retinal whole mounts were pre-fixed in 4% (wt/vol) parafor-
maldehyde for 4 h at RT and stained as described for tissue sections, except
that incubation and washing times were doubled and that, in the last step,
the whole mounts were incubated with peroxidase-Streptavidin (1:100 dilu-
tion) for 1 h at RT and reacted with diaminobenzidine (0.5 mg/ml) and
H,0; (002% vol/vol) in PBS with Co?* and Ni?* enhancement. The tissue
was postfixed with 2.5% (vol/vol) glutaraldehyde for 1 h at RT and pro-
cessed for EM.

Tectal whole mounts were stained with mAbs as described for tissue sec-
tions, but with doubled incubation times. For staining native tissue, the
whole mounts were first incubated with the antibody, then fixed with 4%
(wt/vol) paraformaldehyde for 2 h at RT, and then stained.

Explant Cultures. Retinal explant cultures (see below) were stained as
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Figure 1. Biochemical char-
acterization of Bravo. Shown
are Western blots of immuno-
affinity-purified Bravo antigen
stained with either gold (lane
1), mAD anti-Bravo (lane 2),
or mAb L2 (lane 3). In ex-
tracts from E8 retina (lane 4),
E8 whole brain (lane 5), and
P1 whole brain (lane 6), Bravo
was identified by Western blot
and immunostaining with mAb
anti-Bravo. The antigen-anti-
body complexes were revealed
using the peroxidase proce-
dure. The marks at the left
margin indicate the position of
molecular mass standards of
180, 116, 84, 58, and 48.5 kD.

described for tissue sections. The tissue was fixed (30 min at RT with 4%
paraformaldehyde (wt/vol) either before the incubation with the mAb, or
after, when living explants had been stained.

Embryo Manipulations

Tracing of the Optic Fibers. The optic fibers were traced from the eye to
the tectum by injection of rhodamine into the eye (Thanos and Bonhoeffer,
1983). A lateral window was opened in the shell of fertilized eggs after a
5-d incubation. The embryonic membranes were opened to allow access to
the right eye, into which 1 pl of a freshly prepared rhodamine solution was
injected (1 mg of rhodamine dissolved in 2 ul of DMSO, diluted with 100
ul PBS and clarified by centrifugation) with a glass capillary. After the ma-
nipulation, the window was covered with a petri dish (35 mm), sealed with
silicone and further incubated for a minimum of 30 h before whole mount
tecta (tectum contralateral of the injected eye) or tissue sections were pre-
pared.

Eye Enucleation. Both eyes were removed from E2 chick embryos
(Thanos and Diitting, 1988). 2 ml of the egg white was extracted from the
egg with a syringe and a lateral window was opened to give access to the
embryo, which was contrasted by injecting India ink underneath it. The op-
tic vesicles were removed with tungsten needles and the egg was sealed with
a petri dish cover (35 mm) and silicone and allowed to further develop in
the incubator. At the desired stage, embryos were prepared for tissue sec-
tions.

Explant Cultures

Explant cultures from E6 retinae were prepared as described by Halfter et
al. (1983). The retina, mounted flat on a membrane filter, was cut in strips

L1: NH2- 0 DGH v [L 3 v [
64: NHz- T pleflv] A e o F L D 2
BRAVO:NHz- L [T| V L DS L 7 E ?2|Ls 2 [1]

with a tissue chopper set at 0.275 mm and cultured either on collagen gel
or on retinal basal lamina, in DME/F12 medium (Gibco-BRL, Eggenstein,
Germany) with 10% heat-inactivated FCS, 2% chick serum, and 50 pg/ml
gentamicin. After 2 d in culture, the explants were stained. The collagen
gel substrate was prepared from rat tail collagen, as described (Halfter et
al., 1983). The basal laminae used as growth substrate were prepared from
E7 retinae as described by Halfter et al. (1987). The basal lamina was fixed
on petriperm plates (Heraeus-Amersil, Inc., Osterode, Germany), exposing
the part which, in the retina, contacts the optic fibers. Such preparations,
as shown by Halfter et al. (1987) consist of the basal lamina and the endfeet
of ventricular cells.

Results

Biochemical Characterization of Bravo Antigen

Bravo antigen was purified by immunoaffinity chromatogra-
phy. Two components of 130 and 140 kD on SDS-PAGE
(Fig. 1) were isolated from a 1-d-old chick (P1) brain extract
on a column with immobilized anti-Bravo antibody. On
Western blots of retina and brain extracts, mAb anti-Bravo
again stains two components of 130 and 140 kD. The amount
of both components of the Bravo antigen (relative to wet
weight of tissue) increases with the time of embryonic devel-
opment (Fig. 1). Both the 130- and 140-kD components
cross-react with the mAb L2, specific for the HNK-1 epitope
found in other molecules involved in cell interactions
(Schachner et al., 1988). The 130- and 140-kD molecules
have the same NH,-terminal sequence (Fig. 2), showing
remarkable similarity to the L1 molecule, a member of a
group of neural surface proteins that belongs to the immuno-
globulin superfamily and contains fibronectin type III do-
mains (Moos et al., 1988).

Bravo does not show immune cross-reactivity with the
molecules G4, Fl1, or neurofascin (Rathjen et al., 1987a,b;
Briimmendorf et al., 1989) (data not shown). This, together
with the partial protein sequence data (Fig. 2), excludes
identity between Bravo and other known molecules found in
fiber-rich regions of the developing chick embryo.

Immunohistochemical Localization of Bravo in the
Developing Chick Retinotectal System

mAb anti-Bravo stains all the fiber layers of the retina and
the optic tectum as soon as they are morphologically
identifiable. Bravo appears in parallel with G4, an early ax-
onal marker which is considered to be the chick homologue
of L1 (this molecule will be referred to here as G4/L1) (Rath-
jen et al., 1987b; Layer et al., 1988). Fig. 3 illustrates the
simultaneous presence of both antigens at embryonic day 6
(E6), when the optic fiber fascicles in the retina (Fig. 3, 4
and B) and the circumferential fiber fascicles in the tectum
(Fig. 3, C and D) are already well formed (LaVail and Cow-
an, 1971; Crossland et al., 1975; Puelles and Bendala, 1978;
Rager, 1980). A coincident appearance of G4/L1 and Bravo

Figure 2. Comparison of the
NH,-terminal sequences of the
axonal surface proteins L1, G4,
and Bravo. The sequences of L1
and G4 have been taken from

Moos et al. (1988) and Rathjen et al. (1987b), respectively. The sequence of Bravo was determined as described in Materials and Methods.
Identical residues are squared. Note also that several nonidentical residues are functionally similar and suggest relatedness (e.g., isoleu-

cine/leucine, glutamate/aspartate).
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3089



Appendix -4

‘3 iiee MEB corz W gro HES

Figure 3. Parallel appearance of Bravo and G4/L1 in the developing chick retinotectal system. Shown are double-stained tissue sections
of E6 chick embryo retina (4 and B, same section) and tectum (C and D, same section). The axons are labeled either with mAb anti-G4/L1
(4 and C) or with mAb anti-Bravo (B and D). Both the Bravo and the G4/L1 molecule appear in the first fibers originating in the retina,
the optic fibers (OF) in A and B, and also in the first fibers that develop in the tectum, the circumferential fibers (CF) in C and D. Bar,

100 pum.

can be observed in the first emerging fibers along the whole
neural tube and in cephalic vesicles at earlier stages of devel-
opment (data not shown).

Since mAb anti-Bravo was raised against an antigen prepa-
ration enriched in surface molecules, we expected Bravo to
be located on the cell surface or in the extracellular matrix.
To investigate the precise location of this molecule, Bravo
was also visualized in the retina by immunohistochemistry
combined with EM. At E6, Bravo is clearly associated with
the surface of the optic fibers in fascicles in the retina (Fig.
4). Furthermore, retinal explant cultures (see below) showed
definitively that Bravo is exposed as an axonal surface mol-
ecule.

While the optic fibers in the retina carry Bravo, this mole-
cule was not detected on retinal axons in the tectum. Optic
fibers projecting to the tectum were traced by injection of
rhodamine into the eye. The rhodamine-labeled fibers are
visible when entering the tectum at the rostral pole of E6
whole mount tecta (Fig. 5, A and C). These fibers are not
stained with mAb anti-Bravo (Fig. 5 B), but are stained with
mAb anti-G4/L1 (Fig. 5 D). Circumferential fibers originat-
ing in the tectum, however, are stained by both mAbs (anti-
G4/L1 and anti-Bravo), as shown by confocal microscopy of
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E6.5 tectal whole mounts (Fig. 6). By optical sectioning, the
staining by mAbs anti-G4/L1 and anti-Bravo was analyzed
throughout the depth of the tissue. Circumferential fibers in
deeper layers carry G4/L1 as well as Bravo, in marked con-
trast to the optic fibers present in upper levels, only stained
by mAb anti-G4/L1. Computer image processing of the pic-
tures did not reveal, at any amplification of the signal, fiber
structures in the top levels of the tectum stained with mAb
anti-Bravo. In contrast, E6.5 whole mount retinas show clear
staining of the optic fascicles with mAbs anti-Bravo as well
as anti-G4/L1 (data not shown). Neither the optic fibers in
the whole mount retinas nor the circumferential fibers in the
whole mount tecta show regional differences in the level of
Bravo. When considered together, all observations indicate
that, while G4/L1 is present uniformly along the optic fibers,
Bravo is detected differently in the retina than in the optic
tectum. A polyclonal antiserum generated against Bravo
yielded identical results (data not shown).

At E8, most of the optic fibers have already reached the
tectum and are forming the Stratum opticum (Crossland et
al., 1975; Rager, 1980). Again, the optic fibers were not
stained with mAb anti-Bravo, neither in E8 whole mount
tecta nor in E8 tectal sections (data not shown), which sup-
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Figure 4. Localization of the Bravo molecule in the optic fibers in
the retina. The electron micrograph shows an optic fiber fascicle
(OFF) transversally sectioned in the central region of an E6 retina.
Bravo surrounds the axons as revealed by immunostaining. The ret-
ina was stained as a whole mount with mAb anti-Bravo (peroxidase
procedure) before being processed for EM. The inset shows the po-
sition of axon fascicles in an equivalent section, fluorescence-
labeled with mAb anti-Bravo, in the light microscope. VS indicates
the vitreal (inner) surface of the retina. Bars, 2.5 um.

ports the observations made at earlier stages. On the con-
trary, the optic fibers were brightly stained by mAb anti-
G4/L1 (data not shown). Consequently, the lack of staining
by mAb anti-Bravo of the optic fibers in the tectum cannot
result from a delayed expression of Bravo in comparison with
G4/LI1.

Bravo appears in the tectum in the same regions as the op-
tic fibers, although these axons themselves are devoid of the
Bravo molecule. To demonstrate that the appearance of
Bravo in those optic regions is independent of the presence
of optic fibers, tecta deprived of these fibers were studied.
Fig. 7 shows sections of E8 tectum from embryos in which
both eye vesicles had been removed at E2. These embryos
lack the forming Stratum opticum. In contrast to the differ-
ences between normal and eyeless embryos stained for
G4/L1 (Fig. 7, A and C), the general Bravo staining in the
region of the forming Stratum opticum was not altered by the
deprivation of fibers (Fig. 7, B and D). This suggests that tec-
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tal structures, other than optic fibers, react with the mAb
anti-Bravo. Ventricular cell processes and end-feet present in
that region are possible candidates. In support of this, prepa-
rations of pial and tectal-limiting membrane (Kroger and
Schwarz, 1990), including ventricular cell end-feet but free
of fibers, show a strong Bravo reactivity (data not shown).

Expression of Bravo on Axons of Retinal Explants

A topologically restricted appearance of Bravo in the optic
fibers has been clearly shown. However, the morphological
data do not give precise information about the molecular
mechanisms underlying this phenomenon or the signals con-
trolling it. A simple experimentally modifiable system was
chosen for experiments to prove or disprove possible mecha-
nisms and signals. Some of the early steps of neural develop-
ment of the chick retinotectal system can be reproduced in
explant cultures of embryonic retina (Halfter et al., 1981;
Bonhoeffer and Huf, 1982; Halfter et al., 1983; Walteret al.,
1987a,b). Therefore, this system was used to study the ap-
pearance of Bravo on axons growing on different substrates.

The basal lamina from the embryonic retina can be iso-
lated, flattened out, and used as a substrate for outgrowing
axons. This preparation consists of the inner basement mem-
brane carrying the end feet of the ventricular cells (Halfter
etal., 1987) and is very close to the natural substrate of optic
fibers. Fibers grown on basal lamina indeed carry the Bravo
molecule, as is the case in the embryonic retina (Fig. 8 B).
The basal lamina preparation by itself does not show Bravo
immunostaining. Intact living fibers are stained as well as
fixed ones (data not shown), demonstrating the expected sur-
face location of the Bravo molecule. This result was also
reproduced with a polyclonal antiserum anti-Bravo (data not
shown).

Most interestingly, however, the presence of Bravo on out-
growing retinal fibers was found to depend upon their envi-
ronment. Very clearly, the fibers grown on collagen gel,
which is a major structural component of the extracellular
matrix but, in this case, not a natural substrate, carry very
little, if any, Bravo (Fig. 8 D). Only close to the retina stripe,
where some fibers fasciculate, a weak positive staining was
detectable (data not shown). The lack of Bravo staining on
fibers grown on collagen cannot result from an inaccessibil-
ity of the antibody to the fibers in the culture dish, since the
mADb anti-G4/L1 stains them brightly (Fig. 8, 4 and C).

This result suggests that the appearance of Bravo on the
surface of the optic fibers can be controlled by a signal as-
sociated with the retinal basal lamina, the natural substrate
of these axons. The in vitro results are consistent with the
in vivo situation, in which the optic fibers grow close to the
basal lamina and display the Bravo molecule.

Discussion

Increasing evidence is emerging that indicates that some of
the molecules involved in the interaction of the axon with its
environment during axonal navigation are subject to change
and modulation during embryogenesis. Patterns of expres-
sion of such molecules define particular regions of an axonal
pathway. In the grasshopper, for example, fasciclins are
differentially expressed on subsets of axon fascicles (Bastiani
et al., 1987). Fasciclin I is exposed in particular commis-
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Figure 5. Absence of Bravo in the optic fibers when entering the tectum. Whole mount tecta showing rhodamine-labeled optic fibers (OF)
in A and C, which are counterstained with mAb anti-Bravo (B), or with mAb anti-G4/L1 (D). Rhodamine was injected into the eye of
ES embryos. The subsequent staining with mAb anti-G4/L1 reveals a carpet of axons entering the tectum (D, same preparation as in
C), which however is not detected with mAb anti-Bravo (B, same preparation as in A). Some tectal circumferential fibers in a deeper
focal plane (CF) in B are stained with mAb anti-Bravo. The rostral poles of the tecta are indicated by stars. Bar, 100 um.

sural pathways, whereas fasciclin I is replaced by fasciclin
II in longitudinal axon bundles. Quite similarly, in the rat
embryo the glycoprotein TAG-1 appears transiently on sub-
sets of spinal cord axons in commissural processes, whereas
longitudinal fascicles express the molecule L1 (identical or
closely related to Ng-CAM, NILE, G4/L1, and 8D9) (Dodd
et al., 1988; Rathjen, 1988). The replacement of fasciclin I
by fasciclin II, and of TAG-1 by L1, occurs in a single axon
that expresses different proteins in defined regions of its
pathway.

In addition to axonal surface protein shifts, the posttrans-
lational modification of a single protein along axonal path-
ways has been observed. In the chick embryo, between days
E5 and E10, the embryonic form of N-CAM, which is highly
sialylated and weakly adhesive, as well as its adult form, less
sialylated and highly adhesive, appear in parallel on different
stretches along the trajectory of optic fibers (Schlosshauer
etal., 1984). Whereas the perikaryon and intraretinal axons

Figure 6. Presence of Bravo and G4/L1 in the developing optic tec-
tum. Whole mount tecta are shown, “optically sectioned” with a
confocal microscope (system of Bio-Rad Laboratories, coupled
with a Zeiss inverted microscope). The tecta (E6.5), labeled with
mAb anti-G4/L1 (4) or with mAb anti-Bravo (B), were scanned
(every 3 um) from the bottom (section /) to the top (section §&).
The circumferential fascicles (CF) in deeper layers (/-4) are
stained with both antibodies whereas the optic fibers (OF) in the
upper layers (5-8), readily stained with mAb anti-G4/L1, are not
detected by mAb anti-Bravo staining. Bar, 100 pm.
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Figure 7. Presence of the Bravo molecule in the tectum deprived of optic fibers. Tectal sections are shown of a normal E§ embryo (4 and
B, same section), compared with those of an eyeless E8 embryo (C and D, same section), from which both optic vesicles had been removed
at E2. The sections were stained with mAb anti-G4/L1 (4 and C), which demonstrates the complete absence of optic fibers (OF in 4)
in the eyeless embryo (C). mAb anti-Bravo (B and D) reveals the presence of the Bravo molecule also in tecta devoid of optic fibers (D),
indicating that Bravo is present in structures other than the optic fibers. A slight difference observed between normal and optic
fiber-deprived tecta is due to the lag in development as a consequence of the manipulation during enucleation. The arrows indicate the
position of the forming Stratum opticum in A and B and the corresponding position in C and D. Bar, 100 pm.

carry the low sialic acid derivative, extraretinal axons expose
the embryonic form rich in sialic acid.

As described here, another case of spatial restriction of
surface compounds along axonal pathways is reflected by the
appearance of the Bravo molecule along the retinotectal
projection. Bravo appears as a surface protein early in devel-
opment, at about the time when axons start to emerge from
neuronal cells. Optic fibers within the retina expose the
Bravo molecule (Figs. 3 Band 4), whereas, at the same stage
of development, when entering the tectum, these axons are
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devoid of Bravo or carry it in an undetectable form (Figs. 5
and 6). As opposed to G4/L1, whose distribution is relatively
uniform along the optic fibers, Bravo shows a topologically
restricted location in the chick retinotectal projection.
The mechanisms underlying the topologically restricted
expression of molecules are not yet well characterized. The
expression of TAG-1/L1 and of fasciclins I and II may be con-
trolled either by an autonomous program of the neuron or
by signals from the axonal environment. In the case of Bravo,
the appearance of the molecule on the axonal surface de-
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Figure 8. Substrate-dependent appearance of Bravo on fibers in retinal explant cultures. Shown are retinal explants grown for 2 d on retinal
basal lamina (4 and B) or on collagen gel (C and D). The explants were stained with mAb anti-G4/L1 (4 and C) or with mAb anti-Bravo
(B and D). The staining with mAb anti-G4/L1 is intense on fibers grown on either substrates (4 and C). On the contrary, fibers grown
only on retinal basal lamina are intensively stained with mAb anti-Bravo (B), in contrast to fibers grown on collagen (D). The explanted
retina stripes are at the bottom of the pictures. The preparations of each mAb were photographed and printed under identical exposure

conditions. Bar, 100 pum.

pends, at least in vitro, on environmental cues. Axons grown
on retinal basal lamina carry Bravo, in contrast to axons
grown on collagen gel (Fig. 8). The precise nature of the en-
vironmental signals, of their topological control, and of the
cellular response remains to be elucidated.

Many mechanisms could account for such a pattern of
topological restriction. Differential synthesis and turnover,
selective membrane insertion and stabilization by interaction
with cytoskeletal or extracellular components, and differen-
tial release from the membrane are, in principle, equally
plausible. The simplicity of the retinal explant culture sys-
tem, as described in this paper, allows manipulations of the
fiber environment and observation of its consequences on the
expression of the Bravo molecule. The availability of such a

The Journal of Cell Biology, Volume 111, 1990

system is a prerequisite to analyze the cellular and molecular
mechanisms involved in topological restriction. In addition,
confocal microscopy together with image processing and
analysis should allow a precise quantification of the amounts
of Bravo.

The Bravo molecule is also found in neural tracts other
than the optic fibers. This implies a role of the molecule be-
yond the retinotectal system. At present, a discussion of the
function of Bravo has to remain speculative. The restricted
pattern of expression during the formation of the retinotectal
projection suggests a role in axonal navigation. Also the pos-
sible relationship of Bravo with L1 and with other members
of the immunoglobulin superfamily, signals its involvement
in cell-cell and/or fiber-fiber contacts. The possibility that
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Bravo functions through a specific binding interaction with
itself, with G4/L1, or with other molecules needs to be inves-
tigated.
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A Retinal Cell Surface Protein Unequally Distributed on
Optic Fibers

The proper establishment of projections in the nervous
system may be achieved by an address system of cell surface
proteins. These address molecules are expected to be distributed
unevenly temporally and spatially. One candidate for such a
molecule was detected with the monoclonal antibody 10/22A8
produced as described in Chapter lll. In the chick retina at
embryonic stages E7 to E8, 10/22A8 stains the optic fibers of the
nasal half of the retina more intensely than the fibers of the
temporal half. This might be due to the fact that the
differentiation of the temporal retina is more advanced and
therefore has already down-regulated the expression of this
molecule. Alternatively the unequal distribution of this protein
could reflect the unequal distribution of an address molecule
marking nasal fibers differently than temporal fibers. Horizontal
sections through the optic chiasm reveal preferential staining of
nasal fibers in the optic nerve (Fig. 1). In addition, 10/22A8
stains the cerebellum in a very restricted pattern (Fig. 2).

Sequencing of a cDNA clone containing a portion of the gene
coding for this protein has revealed that it contains multiple C2
lg-like domains and fibronectin type lll repeats, but is not
identical to any known chicken molecule. It appears to be most
closely related to LAR (leukocyte antigen related molecule from
man) and DLAR (a neuron-specific similar molecule from
drosophila), two members of a family of membrane bound tyrosine
phosphatases. Cloning and sequencing of the entire coding region
will reveal whether this is in fact a novel member of the tyrosine
phosphatase family and will help in generating epitope specific
antibodies to investigate the function of this molecule.
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Fig. 1-Optic Nerve and Chiasm Stained with 10/22A8

Horizontal section through the E8 optic nerves and
chiasm fluorescence labeled with MAb 10/22A8. Note
the bright staining of only a distinct subset of
axons in the optic nerve. Similarly labeled retinal
sections reveal this localization to be primarily
nasal and not temporal fibers.

Fig. 2-Cerebellum stained with 10/22A8

Sagittal section through E10 <cerebellu
fluorescence labeled with MAb 10/22A8 showing only
the two most posterior foliae. Note the bright
staining in the external granular cell layer which
fades away in the second folium. Although not
shown, no other folia are stained by this MAb.

Optic Nerve
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Appendix lll--Nucleotide and Deduced Amino Acid Sequence

36
106

56
166

76
226

96
286

116
346

136
406

156
466

176
526

196
586

216
646

236
706

256
766

276
826

296
886

316
946

336
1006

356
1066

of Bravo

©) Igl +
v I ¢ ¢ E A K G K P P P 8 F S W T R N G
GTAATACAATGTGAAGCAAAAGGAAAACCACCTCCTAGCTTCTCCTGGACGCGCAATGGA

T H F b I D K D A Q VT M K P N S G T L
ACTCATTTTGATATAGATAAAGATGCACAGGTAACAATGAAACCAAATTCAGGAACCCTT
v v N I M NGV KAUEA AYE GV Y Q C T
GTTGTAAATATTATGAATGGTGTGAAGGCAGAAGCATATGAAGGAGTATACCAGTGTACA

AR NER G AATI S NNTI V I R P S R S
GCAAGGAATGAAAGAGGAGCAGCCATTTCCAACAATATTGTTATACGGCCATCTAGATCC

P L W T K E K L E P NH V R E G D S L V

CCTTTGTGGACTAAAGAAAAACTAGAACCAAATCATGTTCGAGAAGGTGATTCCCTAGTA
® Igl

L N C R P P V G L P P P I I F WMUD N A

CTAAACTGCAGACCTCCTGTTGGCTTACCACCACCTATAATATTTTGGATGGATAATGCT

F O R L P Q S E RV s Q GL NGUDTUL Y F
TTCCAAAGGCTGCCTCAAAGTGAAAGAGTTTCTCAAGGTCTCAATGGAGACCTTTATTTT
+
S NV Q9 P EDT REUDY I CY AR F N H
TCTAATGTACAACCAGAGGACACCCGTGAGGACTATATCTGCTACGCGAGATTTAATCAC

T ¢ T I 9 9 K ¢ P I 8 V K V F S T K P V
ACACAAACTATACAGCAGAAACAACCCATTTCTGTAAAAGTCTTTTCAACCAAGCCAGTT

T E R P P V L L T P M G S T S N K V E L

ACAGAAAGGCCACCAGTTCTTCTTACACCAATGGGCAGCACAAGTAACAAAGTGGAACTG
®

R G NV L L L ECI AAGUL P TPV I R
AGAGGAAATGTTCTTTTGTTGGAATGCATTGCAGCAGGATTACCCACACCAGTAATCCGC
Ig III + |

W I K E G G EL P A NR TP F F E N F K K
TGGATTAAAGAGGGTGGTGAACTGCCAGCCAACAGAACGTTTTTTGAAAATTTTAAGAAA

®

T L K I I DV S E A D S G N Y K ¢ T A R

ACTCTCAAGATTATAGACGTCTCTGAAGCTGACTCTGGGAACTACAAATGTACAGCAAGA

N T L G S THHUV I S VTV KA AHA AZPTYW

AATACAT’I‘GGGTTCTACTCATCATGTCATTTCGGTAACTGTAAAAGCTGCCCCAT(%CTGG

I T A PRNILUVILS?PGEU DTG GTTLI CR

ATAACAGCACCCAGGAACTTAGTATTGTCTCCTGGAGAAGATGGGACATTGATCTGCAGA
Ig IV

A NGNUPEK P S I S WUILTNG GV P I A I

GCTAATGGCAACCCAAAACCTAGCATAAGCTGGTTAACAAATGGCGTTCCCATAGCAATT

A P ED P S R K VD GD T I I F S A V Q
GCCCCAGAAGATCCTAGCAGAAAGGTAGATGGGGATACCATTATTTTCTCAGCTGTGCAA

55
165

75
225

95
285

115
345

135
405

155
465

175
525

195
585

215
645

235
705

255
765

275
825

295
885

315
945

335
1005

355
1065

375
1125



376
1126

396
1186

416
1246

436
1306

456
1366

476
1426

496
1486

516
1546

536
1606

556
1666

576
1726

596
1786

616
1846

636
1906

656
1966

676
2026

696
2086

716
2146
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O +
E R 8§ 8§ A VY Q C N A S N E Y G Y L L A
GAACGGTCAAGTGCTGTTTATCAGTGCAATGCTTCTAATGAGTATGGATACTTGCTGGCA

N A F VNV L A E P PRI L TP ANIK L
AATGCATTTGTGAATGTTCTTGCTGAGCCACCAAGGATTCTAACTCCTGCTAATAAACTC

Yy ¢ vIi A D s P AL I DCAY F G s P K

TATCAAGTCATCGCAGATAGTCCTGCATTAATAGACTGTGCTTATTTTGGTTCACCTAAG
IgVv

p E I E W F R GV K G s I L R G N E Y V

CCTGAAATCQQATGGTTTAGGGGAGTGAAAGGTAGCATCTTGCGAGGAAATGAATATGTT

F H DNGTTULE I P V A Q KD S T G T Y

TTCCATGATAATGGAACCTTGGAAATTCCAGTGGCTCAGAAGGATAGTACTGGCACATAC

T ¢ v A R NIKUL G K T Q N E V 0 L E V K
ACATGTGTTGCAAGGAATAAATTAGGGAAGACACAAAATGAAGTACAACTGGAAGTTAAA

D p T M I I K Q P Q Y K V I Q0 R S A Q A

GACCCAACGATGATAATTAAACAGCCACAGTACAAAGTGATTCAGAGATCTGCCCAGGCT
IgVl

s F E C Vv I K H D P TUL I P TV I W L K

TCATTTGAGTGTGTAATAAAACATGATCCTACCTTAATACCAACAGTTATATGGCTGAAA
+

D NN EUL P DDEURVF L V G K DNIL T I

GACAATAATGAACTACCAGATGATGAAAGGTTTCTAGTTGGTAAAGACAACTTGACCATT
+ ® +

M NV TDI K DDG T Y T™C I V N T T L D

ATGAATGTAACTGATAAAGATGATGGAACATATACTTGCATAGTTAATACTACTCTGGAC
--AS10--

s vs A s AV L TV V A=A P P T P A I I
AGTGTTTCAGCAAGTGCTGTGCTTACTGTTGTTGCT GCTCCCCCAACTCCAGCTATCATT

Y A R P N P PL DU LETLTZ GOQULER S I

395
1185

415
1245

435
1305

455
1365

475
1425

495
1485

515
1545

535
1605

555
1665

575
1725

595
1785

615

TACGCT™ CGGCCAAATCCACCGCTTGACTTGGAATTGACAGGTCAGCTAGAAAGAAGCATT 1845

|
E L _S W VvV P G E E N N S P T T N F V I E
GAACTCTCATGGGTACCAGGAGAAGAAAATAACAGTCCCATTACAAACTTTGTGATTGAG
B FNIII#1
Y E D GL HE PGV WHY Q T E V P G S

TATGAAGATGGACTACATGAGCCAGGGGTATGGCATTACCAGACGGAAGTTCCTGGATCT
+ B

Q T T v ¢ L K L. s P Y V NY S F R V I A
CAGACAACTGTACAGTTGAAGTTGTCTCCGTATGTCAACTACTCATTCCGTGTGATTGCT

vV N E I_G R S O P S E P S FE O Y I, T K S
GTCAATGAAATTGGTAGAAGTCAGCCAAGTGAACCATCTGAACAGTACCTGACAAAGTCC

AN P D EN P S NV O G I G S E P D N L

GCAAACCCCGATGAAAATCCTTCTAATGTACAAGGGATAGGCTCGGAACCTGATAATTTG
] 5]

v 1 T W E 8 L K G F @ 8 N G P G L Q Y K

GTAATAACGTGGGAGTCTTTAAAAGGCTTTCAGTCTAACGGACCAGGACTCCAATATAAA

635
1905

655
1965

675
2025

695
2085

715
2145

735
2205



736
2206

756
2266

776
2326

796
2386

816
2446

836
2506

856
2566

876
2626

896
2686

916
2746

936
2806

956
2866

976
2926

996
2986

1016
3046

1036
3106

1056
3166

1076
3226

1096
3286
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FNIII#2 <+
v s W R Q K DV DDEWT S V V V A N V
GTCAGCTGGCGCCAGAAGGATGTTGATGATGAATGGACGTCTGTTGTAGTTGCAAATGTG
]
s K'Yy I v s G TP TV F V P Y E I K V Q A
TCTAAATATATTGTGTCTGGTACACCAACTTTTGTTCCCTATGAAATAAAAGTACAGGCT

L NDUL G Y A P E P S E V I G H S G E D

TTAAATGACCTGGGATATGCACCAGAGCCATCAGAGGTTATTGGACATTCAGGGGAAGAC
<+

L P MV AP GNV Q V HV I NS T L A K
TTGCCAATGGTTGCTCCAGGCAATGTGCAGGTTCATGTCATTAACAGCACATTGGCAAAG
] il
V H W D P V P L K S VR G HTU L Q G Y K V
GTGCACTGGGACCCTGTTCCACTAAAATCTGTCCGAGGACATCTTCAAGGATATAAAGTT

FNIII#3
Y Y w K v 5 L 8 R R S K R H V E K K T
TACTACTGGAAAGTACAGAGTCTATCCAGAAGGAGTAAACGGCATGTAGAAAAAAAGATC
+

L T F R G N K T F G M L P G L E P Y S S
TTGACTTTCAGGGGAAACAAGACTTTTGGAATGTTACCAGGGCTAGAGCCCTATAGTTCT
i

Y K L NV R V V N G K G E G P A s P D K
TACAAGCTGAATGTTAGAGTTGTTAATGGTAAAGGAGAAGGACCAGCAAGCCCAGACAAA

vV F K T P E GV P S P P S F L K I T N P
GTATTTAAAACTCCTGAAGGAGTTCCTAGCCCACCCTCCTTTTTGAAGATTACTAATCCA
#@
T L. D s L T L E W G S$ P T H P NG V L T
ACACTGGACTCTCTGACTCTGGAGTGGGGTTCACCTACCCATCCAAATGGTGTTTTGACA
B FNIII#4 +
s 'Y I L K F Q P I N NTUHETL G P L V E
TCATACATACTGAAGTE?CAGCCAATTAACAACACACATGAATTAG%?CCCTTGGTAGAG

I R I P A NE S S L I L K NUILNY S T R
ATAAGAATACCTGCCAACGAGAGCAGCTTGATATTAAAAAATTTAAATTACAGCACACGA
il
Yy K F Y FNAQ T SV G S G S © I T E E
TACAAGTTTTACTTTAATGCACAAACATCAGTTGGATCAGGAAGTCAGATAACTGAGGAA
--ASl2-- L
A v T I M D EmA G I L R P A V G A G K V

-

Q P L Y P R I RNV T TAAA AE T Y A N
CAACCACTTTATCCAAGGATCAGAAATGTTACAACAGCTGCTGCTGAGACCTATGCCAAT

i} B FNIII#5

I s w E Y E G P D HANUF Y V E Y G V A

ATCAGTTGGGAGTATGAGGGACCAGATCATGCCAACTTTTATGTTGAATATGGTGTAGCA
--AS93-- +

G §s K E D WK K E I VNG S R S F F V L

GGCAGCAAAGAAGATTGGAAAAAAGAAATTGTAAATGGTTCTCGAAGCTTCTTTGTGTTA
|

K 66 L. T p G T AY KV RV G A E G L S8 G

AAGGGTTTAACACCAGGAACAGCATATAAAGTCCGAGTTGGTGCTGAGGGCCTGTCTGGT

F R S $ EDUL F E T G P A M A S R Q V D

755
2265

775
2325

795
2385

815
2445

835
2505

855
2565

875
2625

895
2685

915
2745

935
2805

955
2865

975
2925

995
2985

1015

GCAGTAACAATTATGGATGAAG CTGGTATTCTTCGTCCTGCTGTAGGTGCAGGCAAAG TG 3045
+

1035
3105

1055
3165

1075
3225

1095
3285

1115

TTTAGGAGTTCAGAGGATCTGTTTGAGACAGGTCCAG™ CAATGGCAAGTCGGCAGGTAGAC 3345
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1116 I A T Q G W F I G L M C AV A L L I L I 1135
3346 ATTGCTACTCAAGGATGGTTCATTGGACTTATGTGTGCTGTTGCACTTCTTATCTTGATT 3405

1136 L L I v ¢ F I R R NI KGG K Y P V K E K 1155

3406 TTACTGATTGTTTGCTTCATAAGGAGGAATAAAGGTGGCAAATATCCAGTGAAGGAAAAG 3465
*‘)

1156 E D A HADU&PETI OQPMI KEUDUDGT F G 1175
3466 GAGGATGCACATGCTGATCCAGAAATACAGCCTATGAAGGAAGATGATGGAACATTTGGT 3525
1176 E Y S D A E D H K P L K K G S R T P S D R 1196
3526 GAATACAGTGATGCAGAGGACCATAAACCTCTAAAAAAAGGAAGTCGGACACCGTCAGACAGA 3588

1197 T v X K E D s DD s L VDY G E G V N G 1216

3589 ACTGTGAAAAAAGAAGACAGTGATGATAGTTTAGTTGACTATGGAGAAGGTGTAAATGGC 3648
5 .

1217 Q F N EDG S F I G QY S G K K EZ KE P 1236
3649 CAGTTCAATGAGGATGGCTCCTTTATTGGACAATACAGCGGTAAAAAAGAGAAAGAACCT 3708

1237 A E G N E S S E A P S P VN AMN S F V 1256
3709 GCAGAAGGAAATGAAAGTTCTGAGGCTCCTTCTCCTGTAAATGCCATGAATTCATTTGTG 3768

3769 TAATCAAAGAACTTGATTCCCTTGTGTTTTCTGTTTGTTTGCACTTGTACATCCTCCTTC 3828
3829 TCGTACGATGAACATGCAGGTTACAAAGCTCCTCACCTCAAAGTATTTATTCTATGAGAA 3888
3889 CGTGCCGGTCCATACAATTATATGGTATAATGACACACCAAG 3930

The initiation codon, signal peptide and first 35 amino acids of
the mature protein are missing from these data. The
immunoglobulin-like domains are numbered Ig | through Ig VI over
the conserved tryptophans (W) with the characteristic cysteines (C)
denoted by circles numbered 1-6. The fibronectin type lll repeats
are numbered FNIII#1 through FNIII#5 with conserved tyrosines (Y)
and tryptophans indicated by closed squares. Nucleotides encoding
the transmembrane region are underlined. Underlined amino acids
denote sequences determined by peptide sequence analyses of the 80
kD form of Bravo and of V8 proteolytic fragments of Bravo 130/140.
Potential sites of asparagine-linked glycosylation are marked with
(+), and potential phosphorylation sites are indicated by (). Arrows
separate putative alternatively spliced exons labeled AS10, AS12
and AS93. The putative splice site between adjoining sequences
AS12 and AS93 is denoted by two-way arrow. The sequences of
alternatively spliced cytoplasmic sequences, AS-CYT1 and AS-CYT2,
are omited from this figure and can be found in Chapter IV, Fig. 6.



