BRAVO, A NOVEL IMMUNOGLOBULIN SUPERFAMILY MEMBER IN THE
DEVELOPING AVIAN NERVOUS SYSTEM, IS IDENTIFIED USING A NEW
METHOD

Thesis by
Jon Faiz Kayyem

In Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy

California Institute of Technology
Pasadena, California
1992
(Defended November 25, 1991)



© 1992

Jon Faiz Kayyem
All rights Reserved



Pii
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-



[-10

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



I1-3

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-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>