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INTEGRINS AND CADHERINS: NEURONAL RECEPTORS INVOLVED IN

AXON GROWTH AND GUIDANCE

Kevin J. Tomaselli

ABSTRACT

Axon growth and guidance are regulated by receptor-mediated interactions

between growth cones and molecules that are expressed along axon pathways. The

goal of the present study was to identify neuronal cell surface receptors that mediate

adhesion and/or process outgrowth on extracellular matrix (ECM) proteins and on the

surfaces of non-neuronal cells, two substrates that are frequently contacted by

growing axons during development and regeneration in vivo.

Antibodies were identified that inhibit attachment and process outgrowth by a

rat neuronal cell line, PC12, in response to the ECM proteins laminin (LN),

fibronectin (FN) and type IV collagen (Col IV). These antibodies were used to

immunopurify PC12 cell surface glycoproteins of molecular mass 120, 140 and 180

kD that have properties expected of cell surface receptors for LN and Col IV: 1)

when incorporated into phosphatidylcholine vesicles, the 120, 140 and 180 kD

proteins bound specifically to LN and Col IV, but not to FN; 2) the 120 kD protein

cross-reacted with antibodies to the integrin B1 subunit shared by avian cell surface

o/3 heterodimers that function as receptors for the ECM proteins LN, FN and Col

IV; 3) the 140 and 180 kD proteins were both shown to be non-covalently associated

with the 120 kD integrin B1-like subunit, suggesting they may be integrin O.

subunits; and 4) the hydrodynamic properties of the purified PC12 cell proteins were

similar to those of other well characterized integrin o/3 heterodimer receptors for
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adhesive ECM proteins. These studies, in combination with additional studies on

avian ciliary ganglion (CG) neurons using a monoclonal antibody to the avian

integrin B1 subunit (CSAT), demonstrated that integrin B1 receptor heterodimers

function as neuronal receptors for ECM proteins like LN, FN and Col IV that

promote neuronal adhesion and process outgrowth.

CG neuronal process outgrowth on the surfaces of cultured astrocytes,

Schwann cells and skeletal myotubes was shown to depend on neuronal cell surface

components that are distinct from integrin 31 receptor heterodimers. CG neurite

outgrowth on astrocyte surfaces depended primarily on the function of the Catt

dependent cell-cell adhesion molecule, N-cadherin, and, to a lesser extent, on the

function of integrin 31 receptor heterodimers. Inhibition of both N-cadherin and

integrin 31 function virtually eliminated CG neurite extension on astrocyte surfaces.

N-cadherin and integrin B1 receptors were shown to function independently in

mediating neurite outgrowth and, possibly, to be regulated independently during

neural development. CG neurons from developmentally older embryos were unable

to attach to or extend neurites on LN but remained capable of extending neurites on

astrocyte surfaces in an N-cadherin-dependent fashion.

These studies demonstrate that individual neurons can express a complement

of functionally distinct cell surface receptor proteins that recognize neurite-promoting

molecules associated with the ECM and the surfaces of non-neuronal cells. The

binding of these neuronal receptors to their extracellular ligands is likely to lead to

the transduction of signals that influence the extent and orientation of axon growth.

cum. Tac■ . V. Raº
* * *r
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INTRODUCTION
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Intellect, emotion, and self-awareness, qualities that are most highly

developed in our own species, derive primarily from the physico-chemical activity of

the brain. Brain function, in turn, depends critically on its complex structure:

"There is no system of organs in which proper function is so
dependent upon the minute arrangement of its cellular elements
as is the nervous system, and none that approaches it in the
complexity of this arrangement." (Harrison, 1935).

In the above quotation, the eminent embryologist Ross Harrison defined the

monumental task of developmental neurobiologists: to discover the mechanisms by

which the elaborate structure of the nervous system becomes established out of a

compact mass of seemingly homogeneous cells in the developing embryo.

Neural development begins, practically speaking, after gastrulation with the

induction by the underlying mesenchyme of a sheet of epithelial cells, the alar plate,

to form the neural tube (Spemann and Mangold, 1924; Spemann, 1938). One cell in

thickness, the neural tube produces the great majority of the cellular constituents of

the central nervous system (CNS) (reviewed in Cowan, 1979). Rows of ectodermal

cells positioned bilaterally on the dorsal aspect of the neural tube, the neural crest,

comprise the founder cells of the majority of peripheral nervous system (PNS)

structures (LeDouarain, 1982). Cell proliferation marks the early stages of neuronal

development, during which most of the cells that comprise the nervous system are

generated. Later stages are characterized by a sequence of events beginning with the

withdrawal of neurons from the cell cycle, followed by neuronal migration, extension

and guidance of axons and dendrites, target recognition and synapse formation, cell

death, and synaptic reorganization. This thesis is dedicated to the study of axon

growth and guidance, two processes upon which the development of the

cytoarchitecture of the nervous system depends.



At the turn of this century, two views regarding the development of nerve

fibers prevailed. According to the "cell-chain theory" (see Harrison, 1935 for

discussion), nerve fibers, or axons, are formed by the fusion of chains of non

neuronal cells that later also give rise to the neurilemmal sheath. This notion was

also the cornerstone of the popular "reticular theory" which held that the nervous

system was comprised not of individual nerve cells but, rather, of a syncitium of

fused neuronal processes (see Cajal, 1954). An opposing view of nerve fiber

formation, "the outgrowth theory", held that the axon is a protoplasmic extension of

an individual cell, the neuroblast (His, 1874; 1887; Cajal, 1890, as discussed in

Harrison, 1969). Experiments conducted during the last eight decades have clearly

established the validity of the "outgrowth theory." It is worth mentioning, however,

that serious debate over these alternate hypotheses prevailed for decades, largely

because of the difficulty in interpreting histological preparations using the available

anatomical techniques (see Cajal, 1954, for discussion).

Although the careful anatomical investigations of Santiago Ramon y Cajal

using the neuronal impregnation methods of Golgi did much to dispel the "cell-chain

theories" (see Cajal, 1954), two functional studies by Harrison (1907, 1910, 1924)

directly demonstrated the validity of the "outgrowth theory" of nerve fiber formation.

In one set of experiments, the outgrowth of motoneuron axons from the ventral spinal

cord of the frog embryo was examined after removing the neural crest, the source of

the glial sheath cells that, according to cell-chain theorists, fused to form nerve fibers.

Under these conditions, naked axons that were normal in appearance grew out of the

spinal cord in the absence of sheath cells, which had been extirpated with the neural

crest (Harrison, 1924). In another series of experiments, pieces of medullary cord

from frog embryos, taken before nerve fibers had differentiated, were cultured in a
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hanging drop of frog’s lymph. After 1-3 days, fibers with "finely branched amoeboid

endings" had extended from the explanted tissue into the clotted lymph (Harrison,

1907; 1910). The rate of progression and independence of each fiber from other

fibers and non-neuronal cells were readily observed in the microscope. These

experiments, in addition to resolving the question of the origin of the nerve fiber,

represented one of the first applications of cell culture (Harrison, 1912). Observations

made by Speidel (1933) on outgrowing sensory nerve fibers in the visually transparent

tail fin of living amphibian larvae corroborated these observations and established

that the behavior of axons in vivo bore a striking resemblance to their behavior in

vitro. The validity of the "outgrowth theory" was, thus, documented, setting the stage

for the study of factors that determine the extent and orientation of axon growth in the

embryo.

Observations both by Cajal on preserved material (1890; 1959) and by

Harrison on neurons in culture (1907; 1910) suggested that the motile, amoeboid

endings of growing axons, called growth cones, are the active agents in drawing out

the axon:

"From the functional point of view the growth cone may be
regarded as a sort of club or battering ram, endowed with
exquisite chemical sensitivity, with rapid amoeboid
movements, and with a certain impulsive force, thanks to
which it is able to press forward and overcome obstacles met in
its way, forcing cellular interstices until it arrives at its
destination." (Cajal, 1890, quoted in Harrison, 1935).

The above statement, made nearly a century ago, contains inferences about

the properties of growth cones that, even today, are widely accepted by

developmental biologists. These include: a) the intrinsic locomotory behavior of

growth cones; b) the highly dynamic, exploratory nature of the growth cone’s



lamellipodial and filopodial structures. (These properties have been well documented

using time-lapse video recording; c.f. Johnston and Wessels, 1980; Goldberg and

Burmeister, 1986), and c) the sensitivity of growth cones to extrinsic physical and

chemical factors. These and other specialized properties seem likely to endow growth

cones with the ability to "navigate" from cell body to synaptic target during

embryonic development. What, if any, are the "guidance cues" to which growth cones

respond, and over what distances do they act?

In the adult, axons may extend, depending on the organism, for distances up

to several meters in length. This is not, however, the situation in the developing

animal. For most neurons, target cells are located relatively short distances from the

cell body at the time of axon initiation. For example, in the development of

neuromuscular connections in the chick limb, the pre-muscle mass boundary is only

about 500 pm from the motoneuron cell body when the growth cones arrive

(Bennett, 1981). In the tadpole, motor nerves reach the myotomes almost

immediately upon leaving the spinal cord (Harrison, 1935). In the grasshopper, the

distance pioneered by the first sensory axons from the leg to the CNS is less than 1

mm (Bentley and Keshishian, 1982a). Although some axons clearly must extend

distances significantly greater than those mentioned above (e.g. retino-tectal fibers), it

is clear that for many axons pathfinding occurs over fairly short distances.

Evidence for Axonal Pathfinding

Is there a plan for the initial wiring of the nervous system during embryonic

development, or do axons initially innervate their targets randomly, followed later by

some kind of respecification? In the 1930s, the latter mechanism was thought by

many "functionalists", most notably Paul Weiss, to underlie neuroanatomical
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specificity. According to this hypothesis (Weiss, 1941), the final wiring of the

nervous system was achieved through the activity-dependent transformation of

connections made more or less haphazardly during early development. However, an

abundance of experimental evidence, some of which is discussed below, has shown

that this mechanism does not account for the observed precision in the initial

establishment of neuronal connections during embryonic development. Instead,

growth cones appear to respond to elements that they encounter in their environment,

which, in turn, influence the rate and orientation of axon extension.

The Chemoaffinity Hypothesis

Experiments by Paul Sperry, a student of Paul Weiss, on the retinotectal

system provided the initial strong evidence for axonal recognition. In a classic

experiment, he rotated the eyes of newts 1800 and found that, after regeneration,

animals behaved as if their visual world had been inverted 1800 (Sperry, 1943a and

b). Regenerating retinal ganglion cell axons had not reinnervated the tectum

randomly but, instead, had reinnervated regions of the tectum to which they had

originally projected. These observations led Sperry to formulate the "chemoaffinity

hypothesis" of neuronal recognition which, though based on studies of nerve

regeneration, had many attractive features which could be applied to neural

development. Echoing to some extent the interpretations made in the 1890s by

Langley of his own studies on autonomic ganglion reinnervation (Langley, 1895),

Sperry postulated that (1) neurons are chemically distinct from one another; (2) these

differences are position-dependent and are established very early in development; (3)

chemical markers on presynaptic neurons are complementary to and express an

affinity for chemical markers on postsynaptic cells, ensuring the precise matching of

innervating nerve fibers with their appropriate target cells (reviewed in Sperry, 1963).



In its strictest sense, namely that chemical labels impose a rigid, inflexible

wiring diagram on the nervous system, the "chemoaffinity hypothesis" is probably

not correct. One type of experiment that demonstrated the limitations of

chemospecificity were limb duplication studies performed by Lewis (1978). In the

developing chick wing, the posterior branch of the brachial nerve splits into three

branches at the elbow, one of which, the median nerve, continues distally to innervate

skin and muscle. In embryos in which a wing duplication is made by grafting one

wing bud onto another, the axons in the median nerve, upon reaching the second,

more distal elbow, are faced with essentially the same choices that they made at the

first elbow. In this context, however, the median nerve trifurcates, as the posterior

branch of the brachial nerve had done, and some of its branches innervate muscles

that before had been ignored by the same median nerve axons in the more proximal

elbow region (Lewis, 1978). Thus, motor axons are not strictly specified with respect

to what muscles they innervate as would be predicted by chemospecificity. However,

they do appear to be sensitive to cues in the wing that in some way provide "pattern"

information to ingrowing axons. Despite the limitations of the chemoaffinity

hypothesis, the experiments of Sperry dramatically illustrated the ability of axons to

"recognize" features of their environment and paved the way for many experiments

that have since documented the "pathfinding" behavior of axons in a large variety of

neuroembryological settings.

Proof that Axons are Guided

The most compelling evidence that axons do indeed navigate along pathways

comes from experiments in which axon guidance is disrupted by subtle manipulations

of the environment through which they grow. In the grasshopper leg, pioneering



sensory axons navigate a pathway to the CNS that is characterized by two near-900

bends (Bentley and Keshishian, 1982a and b). Both inflection points in this pathway

coincide in space and time with the appearance of a newly differentiated neuron that

becomes coupled by presumptive gap junctions to the pioneer sensory neuron growth

cones (Bentley and Keshishian, 1982a and b). The intimate asociation of these

"guidepost" cells with the sensory growth cones suggests that they provide orientation

cues for the sensory axons. Consistent with this hypothesis, laser ablation of these

"guidepost" cells results in misdirected growth of the sensory axons (Bentley and

Caudy, 1983).

A similar type of ablation protocol, using a microneedle instead of a laser

microbeam, has been used to demonstrate the importance of axon guidance in the

developing grasshopper CNS (Raper et al., 1983a and b; 1984). The identified neuron

G’s growth cone initially extends along a preexisting nerve fascicle oriented

transversely to the neuraxis in the posterior commissure of the CNS. In the

contralateral neuropil, the G growth cone turns anterior and runs longitudinally along

one of several similarly oriented nerve fascicles, the A/P fascicle. The selective

fasciculation of the G growth cone onto the A/P fascicle and growth anteriorly

represents a specific choice made by the G growth cone, since the growth cone of G’s

sibling neuron, C, which travels in the same commissural fascicle, turns and grows

posterior in the A/P fascicle (Raper et al., 1983a and b). Electron microscopic studies

revealed that the G growth cone interacts selectively with the axons of P neurons

within the A/P fascicle (Raper et al., 1983b; Bastiani et al., 1984). Ablation of the P

neurons before their axons join the A/P fascicle leads to abnormalities in the

orientation of the G growth cone upon reaching the A/P fascicle. In contrast, when

faced with an A/P fascicle lacking A axons, the G growth cones make normal choices
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(Raper et al., 1984). These experiments clearly demonstrate that patterned growth of

the G axon depends critically on its ability to selectively recognize the Paxons.

Additional compelling evidence that axons are guided during development

comes from experiments in which neurons are misplaced from their normal positions.

Several experiments of this kind have demonstrated that axons originating from

neurons placed in ectopic locations can, in some cases, locate their appropriate targets

after growing in directions and for distances that they do not ordinarily extend. For

example, embryonic chick motoneurons that have been shifted by two or three

segments by spinal cord reversals are consistently able to locate their proper muscle

targets (Lance-Jones and Landmesser, 1980; 1981). Larger displacements, however,

result in rerouting of motor axons to inappropriate muscles, indicating that

motoneurons compensate only for relatively small dislocations (Lance-Jones and

Landmesser, 1980; 1981).

Dramatic corrections in axon pathfinding by ectopically placed retinal

neurons were seen by Harris et al. (1986) after transplantation of Xenopus eye

rudiments to varying positions along the neuraxis. With an apparently remarkable

degree of precision, retinal ganglion cell axons oriented and grew directly towards the

tectum from a number of ectopic positions (Harris, 1986). In a similar series of

experiments, Katz and Lasek (1979) found that optic axons from Xenopus eyes that

had been transplanted to hindbrain and spinal cord consistently extended within two

longitudinal tracts corresponding to the internal and external sensory tracts.

Transplanted neurons extended axons that followed these same two pathways

regardless of where along the neuraxis the fibers entered the CNS (Katz and Lasek,

1979). These observations provide compelling evidence that axons are not strictly

predetermined to extend in any particular direction or for any particular distance but,
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rather, can be guided by elements present even in environments that they do not

normally encounter during development. Many additional examples of directed axon

growth have been observed in a variety of organisms, including insects (Sanes and

Hildebrand, 1976; Palka et al., 1983), amphibia (Hibbard, 1965; Sanes et al., 1978), fish

(Eisen et al., 1986; Kuwada, 1986); birds (Landmesser, 1978; 1980; Halfter and Deiss,

1984; 1986) and mammals (Lichtman and Frank, 1984; Silver and Sidman, 1980).

How Accurate is Axon Guidance?

Axons are directed, in some cases with incredible specificity, along

stereotyped pathways towards their targets during neural development. This

observation is made all the more remarkable when one considers all the presumptive

alternative pathways in the embryo that are not taken by growing axons. Why, for

example, don’t optic axons, upon reaching the optic chiasm, project back down the

contralateral optic nerve to innervate the eye on the opposite side of the head? Why

do optic axons stop at the tectum, instead of continuing to grow caudally into the

brainstem? Why don’t neurons in the visual cortex project into the spinal cord? The

answer to these questions is that for a small and variable pecentage of these neurons,

the inappropriate pathway is taken. For example, estimates of between 1 and 40% of

retinal ganglion cells transiently innervate the contralateral eye in the chick and rat

(McLoon and Lund, 1982; Bunt et al., 1983; O'Leary, 1987). In the rat, some optic

axons also "overshoot" their targets, the superior colliculus and lateral geniculate

nucleus, and transiently innervate "non-visual" areas such as the inferior colliculus,

substantia nigra or the pons (Frost, 1984). Virtually all of these "inappropriate" retinal

projections, which subserve no obvious function in the adult, are eliminated during a

period of naturally occurring retinal ganglion cell death (O’Leary, 1987).

Inappropriate projections are not limited to those made by retinal ganglion cell axons.
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Neurons in the visual cortex extend long collaterals through the pyramidal tract and

deep into the spinal cord (Stanfeld and O'Leary, 1985). These collaterals are

eliminated at later developmental stages by a mechanism not involving cell death

(O'Leary, 1987).

One is forced by these observations to wonder if "mistakes" are commonly

made by a small percentage of axons during development. These "inappropriate"

pathways may represent viable pathways for other types of axons. Thus, although

they are inappropriate, axons are guided by pathways for which they may simply

have a lesser preference compared to the "correct" pathway. The existence and

transient nature of these types of inappropriate connections may reflect the fact that in

birds and mammals neurons are overproduced, only to later be eliminated by a

process known as "neuronal cell death."

Axon Guidance Cues

By virtue of its sensitivity to external cues, the growth cone appears to be

primarily responsible for guided axon extension. What is the nature of environmental

cues that influence or "steer" growth cones? By subjecting neurons to a variety of

conditions in vitro, much has been learned about the types of cues that, in principal,

might influence axon guidance in vivo. Although growth cone structure is unique (see

below), it has many features in common with the motile domains of other types of

cells (Wessels, 1982; Johnston and Wessels, 1980). Thus, knowledge about factors

that orient motile non-neuronal cells can, in some cases, be extrapolated to growth

COInCS.

Intrinsic Factors
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It has been appreciateed since living growth cones were first observed in real

time (Harrison, 1907; Speidel, 1933) that they are driven by an inexorable tendency to

translocate. Even Cajal (1890) was able to surmise from his observations on fixed

preparations that growth cones are endowed with an "impulsive force". This is

reflected in the behavior of growth cones in vitro, which will translocate on virtually

any substrate to which they can adhere. These range from various types of solid

substrates like tissue culture plastic, glass, and nitrocellulose filters to less solid ones

like plasma clots, collagen gels, the interface between two immiscible liquids and

even on threading from spider webs. This remarkable propensity for motility is likely

attributable to the organization of the molecular machinery subserving motility in the

growth cone, which raises the question of whether the structure and organization of

internal components might serve to guide certain aspects of axonal growth.

Several observations suggest that, to some extent, intrinsic forces impart some

restraints on axon growth and guidance. For example, different types of neurons

extend axons in vitro with distinctive morphologies. In vitro, retinal neurons tend to

grow one or two straight, unbranched neurites while sympathetic and

parasympathetic neurons tend to extend several often highly branched neurites (K.

Tomaselli, unpublished observations). These patterns in vitro reflect, in a crude way,

patterns of growth by these neurons in vivo. Further evidence for internal structuring

of axonal patterns comes from experiments by Solomon (1979) who observed that

sibling neuroblastoma cells extend neurites with nearly identical or mirror image

symmetric morphologies. However, it should be noted that it is clear from studies in

grasshopper that growth cones of sibling neurons can behave diferently (Raper et al.,

1983a and b). A final example of intrinsic factors at work is that growth cones tend to

grow forward rather than doubling back on themselves. In fact, on uniformly
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adhesive substrates, growth cones move along fairly linear trajectories (Katz, 1985).

This behavior probably reflects constraints put on the growth cone by its own

cytoskeletal apparatus and that of the trailing neurite. These forces may result in

unidirectional growth in environments where both forward and backward movement

are feasible. If linear trajectories are a general property of many growth cones, then

growth cone steering may primarily involve processes that reorrient growth cones

from such linear paths (see discussion in chapter 6).

Although factors intrinsic to neurons likely operate in the growth and

guidance of their axons, these are, in effect, difficult to separate from guiding effects

exerted by extrinsic factors. For example the timing of the expression of neuronal

receptors that respond to extrinsic guidance factors could be regulated by factors

intrinsic to the neurons (i.e. a developmental clock). As an example, expression of

NGF receptors by sensory neurons in the mouse trigeminal ganglion appears to be

regulated by some kind of internal developmental clock, since receptor expression by

isolated neurons in vitro closely parallels that in the embryo (Davies et al., 1987).

Extrinsic Factors

There is abundant evidence for the widely-held conviction that extrinsic

factors bias directional cell movements during morphogenesis. Compelling evidence

in support of this idea comes from studies on neural crest cell migration. When pre

migratory crest cells are transplanted to ectopic positions along the neuraxis, the

grafted cells migrate along pathways that are characteristic of the new position

(LeDouarin, 1980; 1982). Other examples in neural development of the role of

extrinsic guidance factors include the migration of neurons along radial glial cells in

the CNS (Rakic, 1971a and b), the growth of axons along preexisting axon fibers or
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bundles (Raper et al., 1983a and b), as well as along blood vessels or solid tissue

contours. The purpose of the following discussion is to outline, in general terms, the

nature of extrinsic orienting cues that potentially play a role in axon guidance in vivo.

Contact Guidance by Means of Mechanical or Structural Anisotropy

It has been known since cell culture was invented (Harrison, 1907) that cells

orient their shape and motility in response to anisotropies or physical discontinuites in

the substrate they are contacting:

"The behavior of the [neuronal] cells with reference to the
surface of the coverslip and spider web shows not only that the
surface of a solid is a necessary condition but also that when
the latter has a specific linear arrangement, as in spider webs, it
has an action in influencing the direction of the movement..."
(Harrison 1914).

Directional cell behavior in response to substrate contours was termed

"contact guidance" by Paul Weiss (1934; 1945). Examples of contact guidance

mediated by mechanical anisotropy include the orientation of cells and nerve fibers

along the longitudinal axis of thin glass cylinders or along grooves carved into the

substrate (Curtis and Varde, 1964; Weiss, 1945; Dunn and Heath, 1976; reviewed in

Dunn, 1982). For cells capable of both forward and backward motion, contact

guidance of a mechanical nature does not serve to impart directionality, but, rather,

serves to restrict movement in either of two directions. As discussed above, in the

case of growth cones extending from neurons, whose cell bodies are often anchored

and, thus, incapable of moving "backward," such contact guidance could indeed

impart directionality. Other types of physical discontinuities, for example in fluid

viscosity, may also have effects on axon growth. For example, Harrison observed
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that anisotropies in the consistency of plasma clots can produce the type of nerve

fiber bundling that occurs in nerve plexuses (see Harrison, 1969).

Although contact guidance of a purely mechanical nature can be demonstrated

in vitro using relatively inert substrates like cylindrical fibers or grooved substrata,

the distinction between anisotropies of a structural nature and those of a chemical

nature blurs when one’s attention is shifted from the petri dish to the embryo. This is

primarily because physical structures in the embryo that may have discontinuities in

contour are not comprised of biologically inert materials but, rather, of protein, lipid

and carbohydrate. As a result, what appears to be an example of mechanical

guidance (e.g. neuronal migration on radial glial fibers or axon extension on other

axon bundles) may in fact be contact guidance of a chemical nature, involving

specific molecules on the substrate interacting with specific molecules on the motile

cell or growth cone. An excellent example of contact guidance that is difficult to

categorize as mechanical or chemical in nature is the effect of oriented fibrils of

either fibrin (Harrison, 1935) or extracellular matrix proteins, in particular collagens,

in directed axon extension (Ebendal, 1976, 1982). In this example, the structural

characteristics of the fibrillar structures, which are visible in the microscope, may

serve to guide movements much like scratches or grooves in a plastic coverslip might

orient cell shape and motility. Alternatively, since these fibrils are molecular in

nature, and, at least in the case of collagen, since receptors for these molecules may

be present on the neuronal surface, interactions of a specific chemical nature may

underlie oriented growth. These issues are particularly pertinent in light of recent

evidence that cells undergoing morphogenetic movements in the embryo may,

through traction, exert forces that are capable of aligning collagen fibrils (Harris et

al., 1980; Stopack and Harris, 1980). Indeed, oriented fibrillar elements of the ECM

have been proposed to influence the radially oriented growth of retinal axons towards
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the optic fissue observed in cultured avian retinal whole mounts (Halfter and Deiss,

1984; 1986).

Contact Guidance by Chemical Anisotropy

Adhesion. Growth cones must adhere to a substratum in order to translocate.

Consequently, spatial variations in the degree of adhesivity are likely to influence the

extent and orientation of axon growth. Letourneau (1975 a and b) established that on

patterned non-biological adhesive substrata, growth cones extend preferentially

along pathways of greater adhesivity. Other types of patterned substrata, made using

more physiologically relevant adhesive molecules than those used by Letourneau,

also produce patterned outgrowth from neurons grown on them (Collins and Garrett,

1980; Hammarbach et al., 1985; Gundersen 1987.).

In addition to patterned substrata that contain sharp adhesive boundaries like

those described above (Letourneau, 1975 a and b), growth cones may also be capable

of responding to gradients of adhesiveness. Cell movements in response to substrate

associated gradients have been called "haptotaxis" by Carter (1965) who demonstrated

that fibroblasts will migrate up a gradient of adhesiveness in vitro. A proximo-distal

adhesive gradient may be one of several cues that influences pioneering peripheral

sensory axons in insects (Nardi and Kafatos, 1976; Berlot and Goodman, 1984; Caudy

and Bently, 1986). The response of neuronal growth cones to such an adhesive

gradient has been inferred from the morphologies of pioneer sensory growth cones in

different regions of the grasshopper limb. Highly flattened, expanded growth cones

with abundant filopodia, characteristic of growth cones on highly adhesive substrata

in vitro (Bray, 1982), are seen most often in proximal regions of grasshopper leg

segments, often near the segment boundary itself (Caudy and Bentley, 1986; 1987).
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Gradients of adhesivity may also function in growth cone recognition in the avian

retinotectal system (Bonhoeffer and Huf, 1980; 1982; Halfter et al., 1981).

Axon Fasciculation. The growth of axons on pre-existing axonal bundles represents

another case of contact guidance. Such axon fasciculation (Nakai, 1960) is often

observed in vitro (Harrison, 1907; Rathjen et al., 1987; Chang et al., 1987) and is likely

to play an important role in axon growth and guidance in vivo (Stirling and

Summerbell, 1979; Bentley and Keshishian, 1982a and b; Cowan and Hunt, 1985). As

mentioned previously, the importance of selective axonal fasciculation in establishing

neural pathways has been elegantly demonstrated in the developing grasshopper CNS

(Raper et al., 1983a and b; 1984). The molecular basis of axon fasciculation has

received a great deal of attention in recent years (c.f. Rutishauser, 1984; Stallcup and

Beasley, 1985; Rathjen et al., 1987; see sections on NCAM and NgcAM below).

Contact Inhibition

To this point, the discussion has focused, like much of the research, on factors

that act in a "positive" fashion to influence axon guidance. Negative, or inhibitory

interactions are equally likely to influence directionality of growth cone movement.

Contact inhibition of cell motility is one such process (Heaysman, 1978). Interactions

of growth cones with substrates or other cells that inhibit locomotion could account

for a variety of growth cone behaviors. For example, when retinal growth cones

encounter sympathetic axons in culture they are actively repulsed, shrinking away

and reorienting, a behavior nearly opposite in form to fasciculation. In contrast, when

retinal growth cones encounter retinal axons or sympathetic growth cones encounter

sympathetic axons, they grow unimpeded over or along each other (Bray et al., 1980;

Kapfhammer and Raper, 1987a and b). In addition to the role it may play in selective
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axon fasciculation (Dunn, 1971), contact inhibition of growth cone motility may be

important in several other types of behavior (Ebendal, 1976). For example, in many

developing systems, growth cones extend haltingly, pausing at times for hours, often

at "choice points" along the pathway (Landmesser et al., 1980; Eisen et al., 1986;

Raper et al., 1983a and b). Although this behavior may reflect intrinsic forces, it is

possible to conceive of a role for inhibitory substances as well. Contact inhibition

may also take an active role in directing axon growth. During the development of the

avian neuromuscular projection, motoneurons consistently grow through the rostral

half of the somites, apparently ignoring the caudal regions. Although this may reflect

specific attractants associated with the rostral somitic tissue, it is equally likely that

inhibitory factors associated with caudal regions explain this example of growth cone

selectivity (Rickmann et al., 1985; Tosney and Landmesser, 1985).

Chemotaxis

The idea that growth cones might detect a gradient of a diffusible attractant

and chemotax towards it is nearly 100 years old (Cajal, 1890). Bacteria (Adler, 1966),

slime molds (Bonner, 1947) and leukocytes (Zigmond, 1982) can clearly chemotax.

Evidence that growth cones can also chemotax comes from experiments in vivo and

in vitro. Injections of nerve growth factor (NGF) into the brains of neonatal rats or

mice leads to the ingrowth of peripheral sympathetic nerve fibers to the sites of

injection (Mensini-Chen et al., 1978). In vitro, sensory neurons will orient towards a

micropipette filled with NGF (Gundersen and Barrett, 1979) or a point source of NGF

implanted in soft agar (Letourneau, 1978). NGF-responsive neurons will grow into

chambers that contain NGF but not into ones that lack it (Campenot, 1977). The

presence of NGF receptors on both neurites and growth cones of responsive cells

(Rohrer and Barde, 1982) may account for their ability to chemotax towards NGF.
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NGF is apparently not the only diffusible factor that can orient growth cones via

chemokinetic or chemotactic process (c.f. Lumsden and Davies; 1983; Coughlin,

1975; Ebendal and Jacobson, 1977).

It is attractive to speculate that, particularly in the well-studied example of

NGF and NGF-responsive neurons, chemotaxis towards a source of trophic factor

could serve to guide growth cones to their targets. However, recent studies on the

timing and site of expression of NGF mRNA, protein and NGF receptor have

questioned the idea that NGF acts as a long-range diffusible chemotactic signal for

innervating axons. This is based primarily on the observation that NGF protein is not

detectable in some target sites before the arrival of NGF-responsive axons (Davies et

al., 1987), thus precluding a role for NGF in attracting nerve fibers "at a distance."

An interesting alternative role for NGF in affecting axon growth during development

and nerve regeneration is based on the recent discovery that Schwann cells synthesize

NGF and also possess low-affinity NGF receptors (Taniuchi et al., 1986). According

to this hypothesis, Schwann cell-produced NGF is bound and immobilized on the

Schwann cell membrane where, in conjunction with other Schwann cell surface

components, it serves as a growth-attractant or survival-promoting agent. High level

expression of NGF and NGF receptor by Schwann cells distal to a cut in the

peripheral nerve (Taniuchi et al., 1986; Heumann et al., 1987) and its subsequent

diffusion from the distal stump might, in part, explain the old observations of Cajal

(1959) on the apparent propensity of regrowing axons to reinnervate the distal nerve

stump.

Electric Fields



20

Electric fields clearly influence cell motility in vitro. This is not surprising

given that cells are made up of charge-bearing molecules. For example, macrophages

extend lamellipodia preferentially on the side of the cell facing the anode and then

move towards it (Orida, 1980). In contrast, neurites reorient and grow faster towards

the cathode when a steady electric field ranging from 7-190 mV/mm is applied (Jaffe

and Poo, 1979; Patel and Poo, 1982). Although there is no current evidence that

growth cones detect or respond to electric fields generated in the embryo, the possible

role of electric fields in guiding morphogenetic and growth cone movements in vivo

warrants attention (Jaffe and Nuccitelli, 1977).

Growth Cone Structure

Early investigators (Cajal, 1890; Harrison,1907) believed that the growth cone

is the locus of information exchange between the environment and the elongating

nerve fiber. Growth cone motility and chemosensitivity were envisioned to be central

to the problem of specificity in the initial wiring of the nervous system during

development. Numerous examples cited above support this view. The purpose of the

present section is to briefly review what is known about growth cone structure and

function.

Knowledge of growth cone structure has come from observations both in vivo

and in vitro. Observations in situ (e.g. Caudy and Bentley, 1986; 1987; Eisen et al.,

1986; Tosney and Landmesser, 1985), have complemented detailed electron

microscopic (EM) reconstruction of growth cones from intact embryos (Hinds and

Hinds, 1974), and have demonstrated the close similarity of these structures in vivo

and in vitro. Although differences in morphology exist among growth cones of

different types of neurons, as well as those of one type of neuron at different
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developmental stages (e.g. Bovolenta and Mason, 1987), growth cones share a

common structural plan. Growth cones typically appear as a fan-shaped or leaf

shaped expansion of the tip of the cylindrical nerve fiber (Cajal, 1890; Johnston and

Wessels, 1980; Bray, 1982; Landis 1983). In size, they range from not much wider

than the neurite itself (1-2 pim) up to about 10 pum in diameter (Johnston and

Wessels, 1980). Two types of structures extend from the periphery of the growth

cone: 1) filopodia, or microspikes, which are long (up to 50-100 pum in length), thin

(0.1 - 0.2 plm diameter) needle-like projections, and 2) lamellipodia, which are

broader veil-like expansions of membrane that protrude usually in association with or

between filopodia (Goldberg and Burmeister, 1986).

Studies on insect neurons reveal the specificity underlying filopodial

extension and contact. For example, grasshopper peripheral pioneer sensory neurons

become dye coupled to guidepost neurons through long filopodia, suggesting that

internal transfer of small molecules from one neuron to another may be achieved

through such contacts (Bentley and Keshishian, 1982a and b). Cells may also respond

to contact by filopodia, as is suggested by the observation that filopodia induce

coated vesicle formation in cells at sites of contact and insertion (Bastiani and

Goodman 1984). Time-lapse video observations of growth cones in vitro have

demonstrated that individual growth cones may extend both filopodia and

lamellipodia simultaneously or at different times (Johnston and Wessels, 1980;

Goldberg and Burmeister, 1986; K. Tomaselli, unpublished observations). Both types

of projections are highly dynamic, extending and/or retracting at rates of tens of

microns per hour. The forces that drive filopodial and lamellipodial protrusion are

unknown, but may involve local polymerization of actin at growth cone margins (see

Wang, 1985) or hydrostatic pressure (discussed in Goldberg and Burmeister, 1986).

Filopodia and lamellipodia are usually transient structures that form, appear to
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interact with the underlying substratum and retract. However, some of these transient

structures occasionally persist, apparently in a state of adhesion with the underlying

substrate, and it is toward these stable protrusions that overall growth cone motility

and neurite elongation are directed (Bray, 1982; Goldberg and Burmeister, 1986). The

importance of filopodial adhesion in directing growth cone orientation was nicely

illustrated by Wessels and Nuttall (1978) who showed that growth cones could be

steered away from the side whose filopodia had been lifted off the substrate with a

microneedle. If filopodia in the central region of the growth cone leading edge were

lifted off the substrate without affecting lateral filopodial adhesions, the neurites

branched, sending two growth cones off in opposite directions.

Time-lapse video observations (Goldberg and Burmeister, 1986; K. Tomaselli,

unpublished observations) have established that growth cone translocation is

achieved through a cyclical sequence that involves 1) an apparently stochastic

process of filopodial extension from the growth cone margin; 2) adhesion and

stabilization versus retraction of filopodia; 3)membrane expansion of single filopodia

or between two filopodia to form a veil-like lamellipodial protrusion; 4) cytoskeleton,

membrane vesicle, and organelle flow into lamellipodial veils; 5) axoplasmic flow

into stabilized filopodia and veils leading to maturation of these regions into new

axon; 6) decreased motility of trailing growth cone regions followed by detachment

of filopodia and rounding up of the membrane from the substrate to form a cylindrical

neurite. The cyclical repetition of these basic processes results in the apparent

translocation of the growth cone proper along the substrate at rates up to about 50

100 pm/hr with the neurite being "laid out" behind the advancing growth cone (see

Goldberg and Burmeister, 1986). It is important to realize, however, that the growth

cone is a transient structure which itself does not translocate per se. Instead, at any

given time the leading edge of the growth cone is being added to while the trailing
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edge is being converted into neurite. At a later time, what once corresponded to the

leading edge of the growth cone has now become the trailing edge or neurite.

Ultrastructure

EM studies have shown that the highly motile growth cone periphery contains

a lattice-like arrangement of actin microfilaments. Some of these are organized in

parallel arrays oriented circumferentially around the growth cone perimeter, as is

found in the leading edge of other motile cells (Johnston and Wessels, 1980;

Letourneau, 1985). Tight bundles of a few microfilaments also protrude into and, in

some cases, fill the entire extent of filopodia (Kuczmarski and Rosenbaum, 1979;

Letourneau, 1985). Actin microfilaments (F-actin) are likely to be in equilibrium with

monomeric actin (G-actin), as suggested by estimates that about 50% of the actin in

growth cones is in the monomeric form (Letourneau, 1985). Several aspects of growth

cone motility are likely actin-based. Filopodial and lamellipodial protrusions may

involve the local polymerization of actin, while retraction may involve actin

disassembly (Letourneau 1985). Myosin, also present in the growth cone

(Letourneau, 1981) may interact with actin to generate force or tension (Bray, 1979).

The tensile properties of the growth cone are readily apparent in the filopodia. For

example, filopodia have been observed to exert rhythmic tensile forces on other

neurites in culture (Wessels et al., 1980; K. Tomaselli, unpublished observations). It

has been postulated that if filopodia are firmly attached to the substrate, these

contractile forces serve to pull the growth cone forward in the direction of the

filopodium undergoing tension (Bray 1982; Letourneau, 1985).

Further evidence of the importance of actin-based structures in growth cone

morphology and function comes from experiments with cytochalasin B, a drug that
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blocks actin polymerization. Application of cytochalasin B to growth cones in vitro

leads to the collapse of the growth cone periphery, in particular the lamellipodia and

filopodia, and a subsequent diminution in motility (Letourneau, 1985; Yamada et al.,

1970). Cytochalasin B, on its own, however, does not totally prevent neurite

elongation (Marsh and Letourneau, 1984) indicating that other factors contribute to

neurite elongation (see below). Recently, it has been suggested that actin-based

growth cone function is required for accurate pathfinding by pioneer sensory growth

cones in the grasshopper limb bud (Bentley and Toroian-Raymond, 1986). Pioneer

sensory axons in cultured grasshopper limb buds were shown to exhibit persistent but

disoriented growth in the presence of high concentrations of cytochalasin B.

Microtubules are also abundant in the growth cone. In the EM microtubules

appear to extend in abundance from the neurite into the base or proximal part of the

growth cone. Although not nearly as prevalent as microfilaments in the more distal,

motile regions of the growth cone, the lamellipodia and filopodia, microtubules do

frequently project to the base of filopodia and lamellipodial veils where they may be

associated with microfilaments (Johnson and Wessels, 1980; Letourneau, 1982; 1985).

Microtubules are probably essential for the transport of organelles and vesicles from

the cell body into the growth cone by fast axonal transport (Bray and Gilbert, 1981).

Evidence indicates, however, that microtubule function is also important for neurite

elongation. Low concentrations of colchicine, an alkaloid that depolymerizes

microtubules, reversibly inhibit neurite extension and at higher concentrations cause

the retraction of neurites that have already extended (Yamada et al., 1970; Daniels,

1975). Iontophoretic application of colchicine to the growth cone results in diminished

neurite elongation, demonstrating that local tubulin polymerization in the growth

cone may be involved in motility (Bamburg et al., 1986). Taxol, a microtubule

polymerizing agent, inhibits neurite initiation and extension in cultured neurons
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(Letourneau and Ressler, 1984). NGF-stimulated neurite outgrowth by PC12 cells is

accompanied by an induction of tubulin and microtubule-associated protein levels

(Drubin et al., 1985). As mentioned above, neurites can extend on suitably adhesive

substrates in the presence of cytochalasin B (Marsh and Letourneau 1984). The
importance of microtubules in this process is indicated by the fact that it is inhibited

by colchicine. Together these results suggest that microtubule polymerization

provides a driving force in neurite elongation.

Microtubes seem not to be critical for some of the motile processes that occur

at the leading edge of growth cones. For example, membrane ruffling and filopodial

protrusion may persist even during the retraction of neurites induced by colchicine

(Yamada et al., 1970; 1971). In some cases microtubules may actually suppress

growth cone motility. This apparent antagonistic relationship between microtubules

and actin is suggested by the observation that application of colchinine to neurites

results in the formation of growth cone-like active zones along the length of the

neurite (Bray et al., 1978). Microtubule bundles are dense in the proximal, trailing

region of the growth cone, suggesting they may be involved in the suppression of

membrane ruffling and the subsequent retraction of filopodia and lamellipodia that

occurs in the process of converting the proximal growth cone region into a cylindrical

neurite.

In the process of extending a 700 pum neurite, a neuron 15 pum in diameter

increases its surface area about 5-fold. The bulk of newly-added membrane that

accompanies this increase in membrane surface area occurs primarily at the distal end

of the neurite, probably in the growth cone itself (Bray, 1970; 1973; Pfenninger and

Johnson, 1983). This is thought to occur by the fusion of smooth-membraned

exocytic vesicles that are found scattered throughout the growth cone (Tosney and
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Wessels, 1983). Consistent with this hypothesis, release of neurotransmitter, thought

to be mediated by vesicle fusion, can be detected from motile growth cones in culture

(Hume et al., 1983; Sun and Poo, 1987). However, vesicles appear not to be highly

concentrated in the filpodia and lamellipodial veils, suggesting that vesicle fusion

does not occur primarily in these highly motile regions (Tosney and Wessels, 1983;

Goldberg and Burmeister, 1986). Regardless of where vesicle fusion occurs, these

observations imply that neurons have very specialized processes of transporting

membrane-bound vesicles to the appropriate parts of the growth cone as well as the

molecular machinery necessary for the regulated fusion of these vesicles (c.f. Bray

and Gilbert 1981).

A Model of Growth Cone Function During Guided Extension: The Adhesion/Tension

Model

Axons are not squeezed out of the neuronal cell body like toothpaste out of a

tube. Neurites that have been severed from their cell bodies continue to elongate for

several hours (Shaw and Bray, 1977). In the short term then, growth cones behave

autonomously from the cell body. Since axon growth is accomplished at its distal

end, processes that occur in the growth cone must govern the extent and orientation

of axon growth.

The "adhesion/tension" model of growth cone motility can be stated as

follows: Filopodia extend from the periphery of the growth cone, a process that may

involve actin assembly (in the case of neurite initiation, filopodia extend from the

rounded cell body where it is in contact with the substratum (Collins, 1978a; Johnston

and Wessels, 1980). Filopodial tips appear to "palpate" the adhesivity of the

substrate. Contractile forces within the filopodia, possibly mediated by actomyosin,
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exert tension on the filopodia, resulting in the retraction of some filopodia that are not

well adhered to the substrate. Tension applied to filopodia that are well adhered is

thought to pull the growth cone forward in the direction of greater adhesivity (Bray,

1982; Letourneau, 1979; 1983; 1985). (An alternative model for growth cone steering

will be discussed in chapter 6.)

Implicit in this model of growth cone guidance, sketchy as it may be, is the

idea that there must be some kind of physico-chemical sensing apparatus interposed

between the outside and the inside of the growth cone. Transmembrane

glycoproteins receptors that recognize molecules in the environment and transmit this

information to the growth cone cytoplasm are likely candidates for constituting such a

sensing mechanism. Such receptors could, in principle, mediate the adhesive

interactions between filopodia and lamellipodia and the growth substrate. Which

receptors a neuron expresses at any given point in time would determine how its

growth cone orients in the environment. Thus, two different neurons, if they

expressed different receptors, might orient differently when faced with the same

environment. Conversely, two neurons of the same type placed in two different

enviroments might extend axons with quite different trajectories (c.f. Katz and Lasek,

1979). Finally, if the level of expression and or functional state of receptors on any

given neuron were to change in a temporal fashion during development, the

sensitivity of its growth cones to environmental cues might also be expected to

change.

Growth cone guidance thus appears to be inextricably woven into the

interplay between (1) molecules, located in the environment, that in some way

influence growth cone behavior, (2) receptors that recognize and respond to these

molecules in a specific fashion, and (3) the intracellular molecular machinery that, at
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the same time, is responsible for the intrinsic motile properties of the growth cone

and is sensitive to regulation by information flowing from the cell surface receptors.

This model has several predictions: (1) Extracellular molecules that influence growth

cone behavior can be identified. This is the topic of the remainder of the

Introduction. (2) Neuronal receptors for such molecules can be identified and studied.

This is the main focus of chapters 2-5 and (3) These receptors mediate signal

transduction to the interior of the growth cone. This will be the subject of some

speculation in chapter 6.

Substrates for Axon Growth

Axon guidance during development requires that growth cones select and

respond to information in their environment. What is the nature of this information?

Molecules are likely candidates to carry spatial information. Three classes of

molecules are accessible to axons and growth cones in the embryo: 1) soluble

molecules that are secreted by cells and remain in solution, 2) molecules that are

secreted by cells and form an insoluble extracellular matrix and 3) molecules that are

an integral part of or peripherally associated with the membranes of cells, including

those of other neurons and non-neuronal cells. Electron microscopic studies of

growth cones have shown that they grow in contact with both the ECM and the

surfaces of other cells in the embryo (Alghaith and Lewis, 1984; Tosney and

Landmesser, 1985; Easter et al., 1984). Molecules associated with these surfaces are

thus likely to influence the extent and orientation of neuronal process outgrowth.

Much of what is known about molecules that affect neuronal process

outgrowth has come from studies in vitro. Early experiments by Cohen and Levi

Montalcini (1956) demonstrated the ability of NGF to stimulate neurite extension
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from neurons in explanted sensory and sympathetic ganglia. In the absence of NGF,

little, if any, process outgrowth occurred and, over a period of days, most of the

neurons died. These early experiments on a neurotrophic factor established an

experimental paradigm by which factors that influence neuronal survival and process

outgrowth can be assayed in vitro.

Constitutents of the ECM Promote Neurite Outgrowth

Neurons, when placed into culture as ganglionic explants or as single,

mechanically or enzymatically dissociated cells, extend processes called "neurites"

(Johnston and Wessels, 1980). For embryonic neurons that have extended axons prior

to explant, neurite outgrowth in culture is, in a sense, a process of regeneration.

Neurite outgrowth in culture requires physical contact with a suitably adhesive

substrate and, in the case of neurons that depend on trophic factors for their survival

during embryonic development, supplementation of the growth medium with such

factors. Although adhesion to a substrate is necessary and, in some cases, sufficient,

for neurite outgrowth, important qualitative differences exist between the properties

of different adhesive substrates. These are best exemplified by comparing both the

rapidity of neurite outgrowth and the dependence of neurite outgrowth on trophic

factors. For example, dissociated embryonic sensory, sympathetic and

parasympathetic neurons of birds and mammals will not extend neurites efficiently on

polycationic substrates in the absence of appropriate exogenous trophic factors like

NGF, ciliary neuronotrophic factor (CNTF) or brain-derived neuronotrophic factor

(BDNF) (Chun and Patterson, 1977; Manthorpe et al., 1986; Davies et al., 1986). In the

presence of such factors, neurite outgrowth commences with a discernible lag of

approximately 12-24 hours. Several years ago, it was discovered that substrates

prepared in a certain way produce markedly different responses from peripheral
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neurons cultured on them. If, instead, polycationic substrates are first coated with

medium that has been conditioned over monolayers of any of a variety of non

neuronal cells, these coated substrates stimulate neurite outgrowth not only more

rapidly than untreated substrates, but also, in some cases, in the absence of soluble

exogenous trophic factors that are required for neuronal process extension on the

untreated substrates (Collins, 1978b; 1980). This effect reflects the deposition of

material from the conditioned medium (CM) onto the substrate (Collins, 1978b; 1980;

Lander et al., 1982). Thus, factors secreted by a variety of non-neuronal cells, when

adsorbed to a substrate, strongly stimulate neuronal process outgrowth (c.f. Adler et

al., 1981). Purification of such conditioned medium neurite outgrowth-promoting

factors (CM-NOPFs) has established that in many cases the active agent consists of a

soluble, non-covalent complex containing the extracellular matrix glycoprotein

laminin (LN), a heparan sulfate proteoglycan and, in some cases, another sulfated

protein, entactin (Lander et al., 1985a and b; Davis et al., 1985; Calof and Reichardt,

1985). In the case of bovine corneal endothelial (BCE) cells, the neurite-promoting

effects of the substrate-adsorbed LN-containing BCE cell CM-NOPF are nearly

indistinguishable from those exerted by the intact ECM deposited by these cells in

culture (Lander et al., 1982). Thus, components of the ECM, most notably LN, are

potent inducers of neuronal process outgrowth.

Laminin

Laminin is a large (106 daltons) sulfated glycoprotein found in most basement

membranes (Timpl et al., 1982; 1984). Laminin can be purified from a variety of

sources, most readily from the Engelbreth-Holm-Swarm (EHS) sarcoma or the rat

yolk sac tumors which produce an abundance of this glycoprotein (Kleinman et al.,

1982; Engvall et al., 1983). When used to coat plastic substrates, laminin has many
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effects on a wide variety of cell types. These include effects on morphology,

motility, differentiation and gene expression (Timpl et al., 1982; Gospodarowicz et

al., 1980; Liotta et al., 1986). Substrate-bound LN is a potent inducer of process

outgrowth from a wide variety of central and peripheral neurons in vitro, including

motor, sensory, sympathetic, parasympathetic, retinal, spinal, hippocampal, cerebellar

and cortical neurons (Baron-vonEvercooren et al., 1982; Manthorpe et al., 1983;

Rogers et al., 1983; Lander et al., 1983; Calof and Reichardt, 1984; Faivre-Bauman et

al., 1984; Hall et al., 1987) As few as 1-10 LN molecules absorbed per um? Carl

induce rapid and profuse process outgrowth by many types of neurons (See Appendix

A). LN's effects on neurons are not limited to process outgrowth. For example, LN

also influences the survival in culture of certain types of neurons either directly (e.g.

motoneurons; Calof, 1984; 1985) or indirectly, by modulating the sensitivity of

neurons to exogenous trophic factors like NGF (e.g. sympathetic neurons; Edgar and

Thoenen, 1982; Edgar et al., 1984). LN also influences the differentiation of and

neurotransmitter synthesis by neural crest-derived adrenal chromaffin cells (Edgar et

al., 1984; Acheson et al., 1986).

Laminin Structure

Laminin consists of three distinct polypeptide chains that are held together by

disulfide bonds (Liotta et al., 1986). These are: the A chain (400 kD) and the B1 (220

kD) and B2 (200 kD) chains. Electron microscopic analysis of rotary-shadowed LN

has established that LN can exist as a cruciform structure, approximately 77 nm in the

long dimension and 36 nm in the short dimension, with globular domains that appear

as "beads on a string" at the ends of the long and short arms (Engel et al., 1981; see

Fig. 1.1). Studies combining proteolytic fragmentation of intact LN, functional and

serological studies on these LN fragements and EM analysis of rotary-shadowed
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fragments of LN have allowed the correlation of structural elements with functional

properties of LN. Elastase digestion of LN produces several fragments with unique

binding capabilities (Ott et al., 1982; Timpl et al., 1983; see Fig. 1.1). The E1-4

fragment, which apparently corresponds to the "top" of the cross, contains both a cell

binding activity and a collagen IV (Col IV)-binding site (Rao et al., 1982; Graf et al.,

1987). Fragment E1-4 has some neurite-promoting activity, but considerably less

than either intact LN or other fragments (Edgar et al., 1984). Based on the ability of

antibodies to LN fragment E3 (see below) to completely inhibit neurite outgrowth on

intact LN, it has been suggested that the neurite-promoting site in fragment E1-4 is a

cryptic site generated on proteolysis (Edgar et al., 1984; D. Hall, unpublished

observations). Further digestion of E1-4 produces another fragment, E1, that lacks the

globular end-domains present in fragment E1-4 (Fig. 1.1) and lacks Col IV-binding

(Rao et al., 1982). Two other LN fragments produced by elastase digestion, E8 and

E3, are particularly important with respect to neuronal responses. Fragment E8,

corresponding to most of the long arm and its globular end-domain, contains both

cell-binding and neurite-promoting activity (Edgar et al., 1984; Engvall et al., 1986; D.

Hall, unpublished observations). The globular end-domain (E3) contains heparin

binding activity (Sakashita et al., 1980; Ott et al., 1982) but no demonstrable neurite

promoting activity (Edgar et al., 1984). Antibodies to fragment E3 inhibit neuronal

attachment and process outgrowth on intact LN or on fragment E8, demonstrating

that neuronal interactions with an LN domain at or near the end of the long arm is

important for neuronal responses (Edgar et al., 1984; D. Hall, unpublished

observations). A finer level of analysis using monoclonal antibodies that inhibit the

neurite-promoting acitivity of intact LN suggests that a neuronal binding site lies

outside, but close to, the E3 domain (Engvall et al., 1986). This interpretation is

supported by the observations that (1) E3 does not itself stimulate neurite outgrowth

(Edgar et al., 1984; D. Hall, unpublished observations ), and (2) LN isolated from
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human placenta by pepsin treatment apparently lacks a heparin-binding E3 domain

but still promotes neurite outgrowth (Engvallet al., 1986).

LN Expression During Neural Development

The ability of LN to stimulate neurite outgrowth in vitro raises the possibility

that LN might influence axon growth and guidance during embryonic development.

Is LN expressed in regions where it could influence axon extension?

Immunohistochemical studies have clearly established that LN-like molecules

are localized in the embryo where they would be expected to play a role in axon

growth and guidance. In the visual system, LN is localized to the inner limiting

basement membrane along which retinal axons grow in the developing eye (Adler et

al., 1985; Easter et al., 1984; Cohen et al., 1987). The oriented radial growth of retinal

axons toward the optic fissure in whole-mounted avian retinal explants is disrupted

when the integrity of this basement membrane is disturbed by collagenase digestion,

suggesting something in the basement membrane is important for axon growth in the

eye (Halfter and Deiss, 1984). A possible role for LN in this process is suggested by

the observation that a monoclonal antibody, T61, that inhibits retinal ganglion cell

neurite outgrowth on LN-coated substrates (Henke-Fahle and Bonhoeffer, 1983) also

inhibits retinal axon growth in whole-mounted retinal explants (Halfter and Deiss,

1986).

LN is also expressed transiently in the optic nerve of birds and mammals at

the time when retinal axons are growing through the nerve (Cohen et al., 1987). LN

expression appears to be associated with neuroepithelial cell endfeet lining the optic

tract as well as type I astrocytes in the optic nerve as is suggested both by
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immunohistochemical localization (Cohen et al., 1987) and LN immunofluorescence

studies of primary astrocyte cultures (Liesi et al., 1983; K. Neugebauer and K.

Tomaselli, unpublished observations). Since retinal growth cones probably contact

LN-positive glial endfeet in the optic nerve during development (Silver and

Rutishauser 1984; Cohen et al., 1987), LN may play a role in promoting axon growth

in this part of the visual pathway as well. LN expression in other regions of the

developing central nervous system has been suggested (Liesi, 1985a) but has not been

well documented.

In the periphery, LN expression in the basement membrane surrounding the

neural tube and in periganglionic regions surrounding autonomic ganglia coincides

with motoneuron and sympathetic neuronal axon initiation (Rogers et al., 1986). LN is

also expressed by myotubes, the peripheral targets of spinal motoneurons, and its

expression by myotubes may be regulated by the state of innervation (Kuhl et al.,

1982; Sanes, 1982; Sanes et al., 1986). These observations, combined with the ability

of spinal motoneurons and sensory and sympathetic neurons to respond to LN in vitro

(Calof and Reichardt, 1984; 1985; Manthorpe et al., 1983; Rogers et al., 1983)

strongly suggest that LN plays some role in the growth of these neurons in vivo.

The possible role of LN in influencing axon growth and guidance in vivo will

require further investigation. To this end, LN antibodies will be of great use, both in

immunohistochemical and function-blocking studies. However, such antibodies have

some potential limitations for these types of studies. As mentioned previously, many

non-neuronal cells in vitro secrete LN in association with heparan sulfate

proteoglycan and perhaps other molecules like entactin (c.f. Lander et al., 1985b,

Davis et al., 1985). Although LN antibodies inhibit neuronal responses to purified

LN, they are generally ineffective in inhibiting neuronal responses to LN-containing
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CM-NOPF's (Lander et al., 1983; 1985a; Davis et al., 1985; Calof and Reichardt,

1985). One possible explanation for these findings is that epitopes expressed on

purified LN are either shielded or conformationally altered when LN is associated

with heparan sulfate proteoglycan and/or other molecules (Lander et al., 1985a and b;

Davis et al., 1985). Consistent with this hypothesis, a monoclonal antibody (INO) has

been described that inhibits an LN-proteoglycan complex from CM but is thought to

recognize neither LN nor the proteoglycan separately (Matthew and Patterson, 1983;

Chiu et al., 1986). The INO epitope appears to be a composite one formed by the non

covalent association of LN and proteoglycan (Chiu et al., 1986). The INO antibody

recognizes only a subset of LN-positive structures immunohistochemically,

suggesting that some, but not all, LN molecules are similarly complexed in vivo

(Chiu et al., 1986). These observations demonstrate the need for antibodies that

recognize and inhibit LN function in situ for both immunohistochemical and

function-blocking studies. Antibodies that recognize and inhibit LN-containing CM

NOPF's may prove to be useful reagents for such studies (J. Winter, unpublished

observations; see chapter 4).

A further limitation to the immunohistochemical localization of LN concerns

the potency of LN. As mentioned previously, a density of as few as 1-10 LN

molecules per um? can effectively stimulate neuronal process outgrowth in vitro.

Although LN immunoreactivity has been detected in embryonic regions through

which axons grow, observed distributions do not suggest that LN is organized into

discrete tracts or pathways. However, such distributions, if they exist at all, may be

at or near the limits of detection using standard immunocytochemical techniques.

LN and Nerve Regeneration
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It has been known for almost a century that after damage, peripheral nerves

often undergo successful regeneration while central nerve tracts do not (see Cajal,

1959). Furthermore, it has been appreciated for decades that central neurons are not

inherently incapable of undergoing regeneration, since regrowth of severed central

axons is achieved through grafts of peripheral nerve (Cajal, 1954; David and Aguayo,

1979; Benfey and Aguayo, 1982). These observations have raised two possible

explanations for the observed differences between central and peripheral neurons in

their response to injury: (1) inhibitory substances present in damaged central nerves

are absent or diminished in injured peripheral nerve and (2) substances that stimulate

axon growth are present in injured peripheral but not central nerve tracts.

Although there is evidence for factors that inhibit nerve growth (c.f.

Kapfhammer and Raper, 1987a and b), much attention has focused on the latter

possibility above. A prominent component of the severed distal peripheral nerve

stump is the Schwann cell population which, after a proliferative phase, organizes

itself into parallel arrays known as Bands of Bungner. Electron microscopic studies

of axons growing into the distal peripheral nerve stump have shown that growth

cones interdigitate between Schwann cell membranes and the surrounding basement

membranes in the Bands of Bungner. LN immunoreactivity has been localized to

basement membranes surrounding Schwann cells (Cornbooks et al., 1983) and its

expression is increased on denervation (Chiu et al., 1986) suggesting that growth cone

interactions with LN may play a role in nerve regeneration. This hypothesis gains

some support from comparisons of LN expression in transected central nerves that

either do or do not regenerate. In particular, LN expression appears to be induced in

the severed optic nerves of amphibia and goldfish, central nerves that are capable of

regenerating (Liesi, 1985b, Ford-Holevinski et al., 1985). In contrast, LN expression

in severed rat optic nerves that do not undergo regeneration is limited to basement
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membranes surrounding blood vessels (Liesi, 1985a). At present, LN expression is

only correlated with nerves that can regenerate and no definitive evidence so far

exists to support a role for LN per se in nerve regeneration. However, recent data

suggesting that this may, in part, be true, comes from experiments demonstrating that

the INO monoclonal antibody, which recognizes a putative LN-heparan sulfate

proteoglycan complex present in peripheral nerve, partially inhibits sympathetic

nerve regeneration into the iris following chemical sympathectomy (Sandrock and

Matthew, 1987a and b).

Fibronectin

LN is not the only ECM protein that can stimulate neuronal adhesion and

process extension. Substrate-bound fibronectin (FN) promotes adhesion and neurite

outgrowth from several kinds of neurons, including retinal, sympathetic, sensory and

parasympathetic neurons (Akers et al., 1981; Rogers et al., 1983; 1985; Tomaselli et

al., 1986; Hall et al., 1987). Fibronectin is a large (about 400 kD) multifunctional

ECM glycoprotein that is thought to influence cell adhesion, morphology, motility

and gene expression (reviewed in Hynes and Yamada, 1982). It is found often at sites

of contact between cells and their substrate in vitro where it participates in the

formation of the adhesion plaque, a complex structure consisting of FN and other

ECM components, organized cytoplasmic actin filament bundles, and transmembrane

glycoproteins interposed between the ECM and the cytoskeleton (see Hynes, 1981;

Burridge 1986).

FN is composed of 2 disulfide-bonded subunits that arise by alternative

splicing of a single RNA transcript (Schwarzbauer et al., 1983). The study of FN, like

that of LN, has been aided by the isolation, after limited proteolytic digestion, of
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fragments of FN with distinct binding specificites. These include binding sites for

cell surfaces, heparin, fibrin and gelatin (Hynes and Yamada, 1982). A tetrapeptide

amino acid sequence, arginine, glycine, aspartic acid, serine (RGDS), derived from a

cell-binding fragment of FN, inhibits cell attachment to substrate-bound FN

(Pierschbacher and Ruoslahti, 1984a and b). This inhibition is due to competition by

the tetrapeptide for cell surface receptors that recognize the same amino acid

sequence in intact FN (Pytela et al., 1985a). RGD-containing sequences have been

found in several other adhesive proteins including vitronectin (Suzuki et al., 1986),

collagens I and IV (Pierschbacher, 1984a and b), fibrinogen (Plow et al., 1985a and b),

von Willebrand Factor (Plow et al., 1985a and b), thrombospondin (Lawler and

Hynes, 1986; Plow et al., 1985b), myelin associated glycoprotein (Lai et al., 1987) and

Discoidin I (Springer et al., 1984; Gabius et al., 1985). Cell surface receptors that

recognize the RGD sequence in the context of some of these adhesive proteins have

been purified using RGD-containing peptides for the specific elution of receptors

from ligand affinity columns (e.g. Pytela, 1985a and b). These receptors appear to

belong to a large family of structurally related receptors termed integrins (see

discussion in Chapter 6; reviewed in Hynes, 1987).

Other ECM Proteins That May Influence Axon Growth

Other ECM proteins that have been shown to influence neuronal adhesion

and/or process extension deserve mention. Some neurons adhere well to fibrillar

collagen types I and IV, and although collagen-coated substrates are good substrates

for neurite outgrowth, they do not appear to stimulate neurite outgrowth to the same

extent as do LN or FN (Hall et al., 1987; Carbonetto et al., 1983). Collagens are

ubiquitous components of both interstitial- (Col I) and basement membrane- (Col IV)

type extracellular matrices and, thus, are likely encountered by many types of

neuronal growth cones during development. Peripheral neurons cultured in hydrated
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collagen gels extend neurites that are oriented along the longitudinal axis of collagen

fibrils (Ebendal, 1976) demonstrating that, in principal, collagen can serve to guide

growing axons.

Tenascin is another large (~106 daltons) ECM glycoprotein composed of

disulfide-bonded subunits of Mr -240, 200 and 190 kD (Chiquet-Ehrisman et al.,

1986; Bourdon et al., 1985). These subunits appear to be related both antigenically and

by one-dimensional peptide maps (Chiquet and Fambrough, 1984a and b). In the EM,

rotary shadowed tenascin can exist as a six-armed wheel-like structure (Erickson and

Inglesias, 1984). Tenascin has been identified from a number of sources including

fibroblast and myoblast conditioned medium (myotendinous antigen: Chiquet and

Fambrough, 1984a and b; Chiquet-Ehrisman et al., 1986) from preparations of cellular

fibronectin (hexabrachion: Erickson and Inglesias, 1984), chick brain (cytotactin:

Grumet et al., 1985), mouse brain (J1: Kruse et al., 1985), and human glioma

conditioned medium (GM: Bourdon et al., 1985). Tenascin or the related molecules,

cytotactin and J1, may be involved in the adhesion of neurons to brain glial cells

(Grumet et al., 1985; Kruse et al., 1985). Tenascin is also expressed in muscle basal

lamina where its expression is increased upon denervation (Sanes et al., 1986) and is

also present in the CNS of the chick embryo, where it is expressed in a rostro-caudal

wave during development (Crossin et al., 1986). Attachment of some cells, including

cortical astrocytes, to purified tenascin is inhibited by RGD-containing peptides (M.

Bourdon and K. Tomaselli, unpublished observations) suggesting that integrin-related

molecules may serve as receptors for tenascin. A recent report has, however,

presented evidence that chondroitin sulfate proteoglycans may also be receptors for

tenascin (Hoffman and Edelman, 1987).
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Neurite-Promoting Factors Are Associated With Neuronal and Non-Neuronal Cell

Surfaces

In addition to the ECM, the surfaces of other cells may serve to guide growth

cones during neural development. For example, chick motoneuron axons frequently

contact the surfaces of other axons as well as of mesodermal cells en route to their

peripheral muscle targets (Tosney and Landmesser, 1985). Pioneer sensory neurons in

the grasshopper limb grow in contact with epithelial cell surfaces, which themselves

demonstrate a gradient of adhesivity (Nardi and Kafatos, 1976; Lefcourt and Bentley,

1987). Several types of non-neuronal cells stimulate extensive process outgrowth

from neurons cultured on them. These include the central and peripheral glial cells,

astrocytes and Schwann cells (Noble et al., 1984; Fallon, 1985a and b), skeletal

myotubes (Bixby and Reichardt, 1985; 1987) and other axons (Chang et al., 1987).

Some of these cell types synthesize ECM proteins like LN and FN which could, in

principle, influence neurite extension. Astrocytes make both LN and FN in vitro, but

retain only LN on their surfaces (Liesi, 1983; Price and Hynes, 1985). Schwann cells

appear to express only LN on their surfaces and, in the presence of neurons,

incorporate it into a basement membrane (Cornbrooks et al., 1983; Carey et al., 1983).

Skeletal myotubes secrete both LN and FN (and tenascin) and deposit them into a

basement membrane (Kuhl et al., 1982; Sanes, 1982; Sanes et al., 1986). However,

observations presented in chapters 4 and 5 provide evidence that molecules that are

distinct from ECM proteins are likely to influence neurite outgrowth on these non

neuronal cell surfaces. Several kinds of cell adhesion molecules (CAMs) have been

identified in the nervous system. CAMs are distinct from substrate adhesion

molecules (SAMs) described in the previous section in that they are integral cell

surface glycoproteins that mediate cell to cell contact . Based on their wide
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distribution and adhesive properties, CAMs are likely candidates for participating in

growth cone interactions with the surfaces of other neurons and non-neuronal cells.

NCAM

NCAM was the first CAM discovered in the nervous sytem (Thiery et al.,

1977) and is expressed by nearly all neurons (Rutishauser, 1984) as well as by

Schwann cells and astrocytes (Martini and Schachner, 1986; Noble et al., 1985).

NCAM mediates Cath-independent adhesion between cells that express it, at least in

part, by binding to itself in a homophilic fashion (Rutishauser, 1984, Rutishauser et

al., 1982) The binding of NCAM to heparin-containing molecules in the ECM or on

the cell surface may influence the kinetics of the homophilic binding interaction

(Cole and Glaser, 1986; Cole et al., 1986). Several forms of NCAM have been

identified that represent products of an alternatively spliced RNA transcript (Murray

et al., 1986a and b; Cunningham et al., 1986). When glycosylated, these correspond to

glycoproteins of 180, 160 and 120 kD, differing in their C-terminal association with

the plasma membrane (Murray et al., 1986a and b; Cunningham et al., 1987). N-CAM

molecules are rich in sialic acid, the relative amount of which decreases during

development (Hoffman et al., 1982). It has been postulated that loss of sialic acid

increases the avidity of the NCAM-NCAM homophilic interaction (Hoffman and

Edelman, 1983).

NCAM’s proposed functions are many (Rutishauser, 1984). For example,

NCAM mediates, in part, neuron-neuron, neuron-astrocyte and astrocyte-astrocyte

adhesion in vitro (Keilhauer et al., 1985). Of particular interest with respect to axon

growth and guidance is the proposed role of NCAM in the development of the

retinotectal projection. Injection of NCAM antibodies into the embryonic chick eye
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disrupts fiber-fiber relationships in the optic nerve without noticeable effects on axon

growth in the retina itself (Silver and Rutishauser 1984; Thanos et al., 1984). Diffusion

of NCAM antibodies from antibody-containing agarose tectal implants reversibly

perturbs the development of the retinotopic map in the tectum of the frog (Fraser et

al., 1984) NCAM has also been proposed to mediate, in part, spinal and

parasympathetic motoneuron adhesion to and process outgrowth on myotube surfaces

in vitro (Grumet et al., 1982; Rutishauser et al., 1983; Bixby et al., 1987a and b). The

role of NCAM in the establishment of axonal projections merits further investigation,

particularly in light of the observed cell-specific expression of alternatively spliced

forms of NCAM (Pollerberg et al., 1985; Murray et al., 1986a and b).

NILE/NgCAM/L1

NILE/NgCAM/L1 was first discovered on the neuron-like pheochromocytoma

cell line, PC12, where it is induced several-fold by NGF (Schelanski and Greene,

1977). NILE (NGF-inducible large external glycoprotein) and the related or identical

molecules NgcAM (Grumet et al., 1984; Grumet and Edelman, 1984) and L1 (Rathjen

and Schachner, 1984) are expressed by many types of postmitotic neurons (Rathjen

and Schachner, 1984; Stallcup et al., 1985) and by Schwann cells (Martini and

Schachner, 1986). NILE/NgCAM/L1 is composed of several polypeptides of 70, 140,

and 200 kD (Grumet and Edelman, 1984; Grumet et al., 1984; Rathjen and Schachner,

1984; Stallcup and Beasley, 1985). Proteins that are similar to, but distinct from, L1

have recently been described (Rathjen et al., 1987) suggesting the existence of a

family of L1-related molecules.

NILE/NgCAM/L1 and related molecules are likely to subserve several

different roles during neural development. Antibodies directed against these proteins
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partially inhibit neurite fasciculation (Stallcup and Beasley, 1985; Fischer et al., 1986;

Rathjen et al., 1987) as well as sympathetic neuronal process outgrowth on other

sympathetic neurites (Chang et al., 1987). In addition to their effects on neuron

neuron interactions, NgcAM antibodies may also inhibit neuronal interactions with

some kinds of glial cells (Grumet and Edelman, 1984). The migration of embryonic

avian cerebellar granule neurons from the premigrating zone into the external granule

layer, a process that may involve interactions of granule neurons with radial Bergman

glia, is inhibited by NgCAM antibodies (Chuong et al., 1987), .

N-Cadherin

N-cadherin is a Catt-dependent CAM initially identified in mouse and

chicken nervous tissues (Hatta et al., 1985; Hatta and Takeichi, 1986). N-cadherin is a

130 kD cell surface glycoprotein expressed by neurons, glial and muscle cells during

embryonic development (Hatta et al., 1985; 1987). Antibodies to N-cadherin inhibit

the Catt-dependent aggregation of cells derived from chick and mouse brain (Hatta

et al., 1985; Hatta and Takeichi, 1986). N-cadherin expression is not restricted to

neural tissues during development, as it is expressed transiently in all three germ

layers of the embryo (Hatta et al., 1987). The roles of N-cadherin are likely to be

many. For example, N-cadherin function appears to be crucial for somite

morphogenesis (Duband et al., 1987). The transient expression of N-cadherin by

skeletal muscle coincident with mononeuron innervation suggests it may play a role

in the formation of neuromuscular connections (Hatta et al., 1987). Consistent with

this hypothesis, antibodies to N-cadherin have partial inhibitory effects on peripheral

motoneuron process outgrowth on skeletal myotubes in vitro (Bixby et al., 1987b).
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N-cadherin appears to be one member of a family of homologous Catt

dependent CAMs. In addition to N-cadherin, members of this family include 1) E

cadherin (Ogou et al., 1983), the murine equivalent of avian L-CAM (Gallin et al.,

1983) and human cell CAM 120/180 (Damsky et al., 1983), and probably identical to

uvomorulin (Hyafil et al., 1980), and 2) P-cadherin, a Cath-dependent CAM initially

identified in placenta (Nose and Takeichi, 1987). The N-terminal seven amino acids

are identical between chicken N-cadherin and mouse E-cadherin (Shirayoshi et al.,

1986). The expression of these Ca++-dependent CAMs appears to be under precise

spatial and temporal control and it seems likely that they are important in a variety of

morphogenetic processes including embryo compaction, cell association and

segregation, migration and axon extension (Hyafil et al., 1980; Damsky et al., 1983;

Duband et al., 1987; Bixby et al., 1987b).
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Summary and Experimental Rationale

An abundance of evidence indicates that axon growth and guidance depend on

the ability of neurons to respond to molecules in the environments in which they

develop. These molecules likely include constituents of the ECM and cell surface

CAMs, proteins that vary in structure, function and location within the embryo.

Neuronal cell surface receptors are, thus, expected to comprise the link between these

extracellular molecules and the intracellular response cascades that, in combination,

determine the rate and orientation of growth cone motility. This simple paradigm

provides the rationale for the experiments to be described in the followng pages.

Many important aspects of neuronal function can be studied in vitro, in

particular neuronal adhesion and process extension. The approach that will be taken

is to use immunological and biochemical tools to identify and study cell surface

proteins that mediate neuronal adhesion and process outgrowth on the ECM and on

non-neuronal cell surfaces in vitro. Knowledge and reagents gained from such an

approach will be useful for exploring the molecular basis of the specificity of axon

guidance in vivo in the developing nervous system.

In one series of experiments, antibodies will be used to identify and

characterize receptors for the ECM proteins LN and Col IV on a rat neuronal cell

line, PC12. Such cell lines have advantages over primary neuronal cultures for

biochemical studies since they represent a homogeneous population of cells available

in large quantities. In a second series of experiments, antibodies that recognize avian

homologues of the PC12 cell ECM receptors will be used in combination with

antibodies to the Catt-dependent and -independent CAMs, N-cadherin and NCAM,
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to study the respective roles of cell-substrate receptors and cell-cell receptors in

peripheral and central neuronal process outgrowth on both ECMs and non-neuronal

cell surfaces in vitro.
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Figure 1.1 Structure of laminin. Laminin is composed of three disulfide-bonded

subunits (A, B1 and B2) arranged in a cruciform structure. Proteolysis of intact

laminin with elastase produces several fragments (E1-4, E1, E3 and E8) with distinct

biological functions (see text).
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LAMININ

E 1-4

|E 8
Modeled after Graf et al., 1987.
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CHAPTER TWO

Interactions of a Neuronal Cell Line (PC12) With Laminin, Collagen IV and

Fibronectin: Identification of Integrin-Related Glycoproteins Involved in

Attachment and Process Outgrowth

Abbreviations used in this chapter: Col IV, collagen IV; CSAT antibody, cell

substrate attachment antibody; ECM, extracellular matrix; FN, fibronectin; GRGDSP,

Glycine-Arginine-Glycine-Aspartic Acid-Serine-Proline; GRGESP, Glycine

Arginine-Glycine-Glutamic Acid-Serine-Proline; LN, laminin; NGF, nerve growth

factor.
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SUMMARY

Neuronal responses to extracellular matrix (ECM) constituents are likely to

play an important role in nervous system development and regeneration. We have

studied the interactions of a neuron-like rat pheochromocytoma cell line, PC12, with

ECM protein-coated substrates. Using a quantitative cell attachment assay, PC12

cells were shown to adhere readily to laminin (LN) or collagen IV (Col IV) but

poorly to fibronectin (FN). The specificity of attachment to these ECM proteins was

demonstrated using ligand-specific antibodies and synthetic peptides. In order to

identify PC12 cell surface proteins that mediate interactions with LN, Col IV, and

FN, two different antisera to putative ECM receptors purified from mammalian cells

were tested for their effects on PC12 cell adhesion and neuritic process outgrowth.

Antibodies to a 140 kD FN receptor heterodimer purified from chinese hamster

ovarian (CHO) cells (anti-FNR; Brown and Juliano, 1986; J. Cell Biol., 103:1595

1603) inhibited attachment to LN and FN but not to Col IV. Antibodies to an ECM

receptor preparation purified from baby hamster kidney (BHK) fibroblastic cells

(anti-ECMR; Knudsen et al., 1981; Proc. Natl. Acad. Sci. USA 78:6071-6075)

inhibited attachment to LN, FN and Col IV, but did not prevent attachment to other

adhesive substrates. In addition to its effects on adhesion, the anti-ECMR serum

inhibited both PC12 cell and sympathetic neuronal process outgrowth on LN

substrates. Immunoprecipitation of surface-iodinated or 3H-glucosamine-labelled

PC12 cells with either the anti-FNR or anti-ECMR sera identified three prominent

cell surface glycoproteins of 120, 140 and 180 kD under non-reducing conditions.

The 120 kD glycoprotein, which could be labelled with 32P- orthophosphate and

appeared to be non-covalently associated with the 140 and 180 kD proteins, cross

reacted with antibodies to the 3 subunit (Band 3) of the avian CSAT/Integrin

complex, itself a receptor or receptors for the ECM constituents LN, FN and some

collagens.
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MATERIALS AND METHODS

Animals: Newborn Sprague-Dawley rat pups were purchased from Bantin and

Kingman (Fremont, CA).

Chemicals and Reagents: Laminin and collagen IV were purified from Engelbreth

Holm-Swarm (EHS) sarcoma tumors using published methods (Kleinman et al.,

1982; Timpl et al., 1982) and were the generous gifts of Drs. A.D. Lander, J.L.

Bixby, J. Winter and D. Hall. Human plasma fibronectin was from Collaborative

Research (Lexington, MA). Rat tail collagen was prepared as described in Bornstein

(1958). Aquasol was purchased from New England Nuclear (Boston, MA). N-octyl

3-D-glucopyranoside was purchased from Calbiochem (La Jolla, CA). Protein A

coupled to Sepharose CL-4B and Sepharose CL-4B were purchased from Pharmacia

(Piscataway, N.J.). Affi-gel 10 was purchased from BioPad (Richmond, CA). Beta

nerve growth factor (3-NGF) was purified from adult male mouse submaxillary

glands as described (Mobley et al., 1976) and was a generous gift from Dr. David

Shelton. The Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) and Gly-Arg-Gly-Glu-Ser-Pro

(GRGESP) hexapeptides were purchased from Peninsula Labs (Belmont, CA). All

other chemicals were from Sigma (St. Louis, MO).

Antibodies: Rabbit anti-LN serum was prepared by Dr. Janet Winter using LN

purified from the EHS sarcoma. A rabbit antiserum to the purified E3 fragment of

LN (Ott et al., 1982) was the generous gift of Dr. Deborah Hall. Rabbit anti-N-CAM

serum was the generous gift of Dr. J.L. Bixby. Rabbit anti-NILE glycoprotein (or

anti-Ng-CAM) was kindly provided by Dr. W. Stallcup. Affinity-purified antibodies

to murine collagen IV were purchased from Dr. H. Furthmayr, Yale University, New

Haven, CT. An antiserum to a purified preparation of 140 kD adhesion-related,
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integral membrane glycoproteins purified from BHK cells was generated in goats as

previously described and was a generous gift from Dr. Karen Knudsen (anti-gp140,

here referred to as anti-ECMR; Knudsen et al., 1981; Damsky et al., 1982). Fab

fragments of anti-ECMR IgG were prepared as described in Parham (1986).

Immunoglobulin (IgG) from a goat antiserum to a purified 140 kD FN receptor

heterodimer from CHO cells was the very generous gift of Dr. R. Juliano (here

referred to as anti-FNR; Brown and Juliano, 1985; 1986). A rabbit serum against the

purified 31 subunit (Band 3) of the avian CSAT/Integrin ECM receptor complex was

a very generous gift from Dr. Clayton Buck (Bucket al., 1986).

Cell Culture: Rat pheochromocytoma (PC12) cells (Tischler and Greene, 1975) were

grown in monolayer culture in Dulbecco's Modified Eagle's medium with 4.5 g/l

glucose (DME H-21; UCSF Cell Culture Facility) supplemented with 10% heat

inactivated horse serum, 5% newborn calf serum, glutamine (2mm) and

penicillin/streptomycin (100 U/ml) and were carried for no more than 10 passages.

PC12 cells were "primed" with NGF as described (Greene, 1977; Greene et al., 1982).

For studies on process outgrowth, NGF-primed PC12 cells were passaged and

mechanically divested of their neurites by trituration through a narrow-bore 9-inch

pasteur pipet. After washing 3 times in growth medium, cells were resuspended at a

concentration of 105 cells/ml in growth medium with or without 50 ng/ml NGF (see

table and figure legends), and 100 pil of this cell suspension were added per well

(0.28 cm2 surface area).

A mouse muscle cell line, C2 (Yaffe and Saxel, 1977), was grown in monolayer

culture in Dulbecco's Modified Eagle's medium with 1 g/l glucose (DME H-16;

UCSF Cell Culture Facility) supplemented with 20% fetal calf serum, 0.5% chick
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embryo extract (Gibco, Grand Island, NY), glutamine (2 mM) and penicillin

streptomycin (100 U/ml).

Sympathetic neurons were enzymatically dissociated from newborn rat superior

cervical ganglia (SCG) as previously described (Lander et al., 1982) and were grown

in DME H-21 supplemented with 10% heat-inactivated horse serum, glutamine (2

mM) and penicillin/streptomycin (100 U/ml).

The normal rat kidney (NRK) and BHK fibroblastic cell lines were grown in

monolayer culture in DME H-21 supplemented with 10% fetal calf serum, glutamine

(2 mM) and penicillin/streptomycin (100 U/ml).

Substrate Preparation: LN, FN and Col IV were diluted in Catt-/Mg++-free PBS to

the concentrations indicated in figure legends. Poly-D-lysine was dissolved in H2O

at a concentration of 1 mg/ml. 100 pil of the appropriate solution were used to coat

the 0.28 cm2 surface area of a 96 well tissue culture well (Linbro cat #76-032-05;

McLean, VA) by incubation overnight at 4 OC. Plates to be used for PC12 cell

process outgrowth assays were washed five times with sterile PBS before the addition

of about 104 cells/0.28 cm2 well in 100 ul of growth medium. For sympathetic

neurite outgrowth assays, neurons were plated in microwells that had first been

coated with poly-D-lysine (1 mg/ml), washed with H2O and then coated with LN or

FN.

Cell Attachment Assay: The assay used to measure attachment of PC12 cells is

similar to that used by Hall et al. (1987) to measure retinal cell attachment. Briefly,

protein-coated microwells were rinsed three times with PBS and blocked for three

hours with 10 mg/ml bovine serum albumin (BSA) in PBS. 100 pil of PBS (with 1
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mM CaCl2 and 0.5 mM MgCl2) or PBS plus 2X concentration of the desired

antibodies or peptides were added to each well. Antisera used in attachment assays

were heat inactivated at 56 OC for one hour prior to use. PC12 cells to be used in the

attachment assays were harvested in 5mM EDTA in Catt/Mg++-free PBS, washed

twice in PBS containing 1 mM Catt and 0.5mm Mg++, and adjusted to a density of

5x105 cells/ml in Ca++-/Mg++-containing PBS. 100 pil of this cell suspension

(5x104 cells) were added to each 96 well plate well. To ensure rapid and even

distribution of the added cells onto the bottom of the wells, plates were spun at 100

xg for 2 min. Cells were allowed to attach for 90 min. at 37 OC. Unattached cells

were dislodged from the bottom of the well by forceful ejection of 50 pil of PBS to

each of two sides of the microwell and then supernatants and unattached cells were

removed. This wash procedure was repeated once to ensure complete removal of

unattached cells. Two different methods of quantitation were used in the present

study. In one (cf. Fig. 3), PC12 cells that had been labeled overnight with 35S

methionine were used. At the end of the assay, attached cells were extracted in 100

pil of 1% SDS in PBS, mixed with 5 ml of Aquasol, and counted in a scintillation

counter. In the second method (cf. Table 2; Figs. 4 and 5), attached cells were fixed

and stained with trypan blue as described (Koda et al., 1986). After rinsing with PBS,

the A690 nm of individual wells was measured using a microtiter plate reader (Flow

Laboratories, McLean, VA). Wells coated with 1 mg/ml poly-D-lysine served as the

positive control to which attachment to other substrates was compared. Using either

method of quantitation, it was demonstrated that approximately 60%–80% of the

input cells attached to poly-D-lysine-coated wells, compared to less than 2% on BSA

blocked plastic alone. All attachment experiments were repeated at least once with

quantitatively similar results.
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Radiolabelling of PC12, NRK, and BHK Cells: PC12 cells were metabollically

labelled for 16 hrs. with either 50 uCi/ml of 33S-methionine (Amersham, Arlington
Hts., Ill.) in methionine-free DME-H21 supplemented with 10% normal growth

medium or with 50 puCi/ml of [3H-6-D-]-glucosamine (New England Nuclear,

Boston, MA) in normal growth medium. PC12 cells were also labelled metabolically

in suspension with 100 puCi/ml of 32P-orthophosphate (Amersham) in phosphate

free DME H-21 plus 10% normal growth medium and 50 mM sodium vanadate for

three hours at 37 OC with gentle rocking. Lactoperoxidase-catalyzed iodination of

PC12, NRK, and BHK cells was carried out as previously described (Pesando et al.,

1981).

Immunoprecipitations: For immunoprecipitations with the anti-ECMR serum,

radiolabelled PC12 cells were washed three times in PBS and resuspended in PBS

with 2 mg/ml hemoglobin at a concentration of about 5x106 cells/ml. 20 pil of goat

anti-ECMR serum or control goat serum were added to a one ml aliquot of a

suspension of intact cells and the suspension was rocked for 2 hr. at 4 OC (Giancotti

et al., 1985). Cells were pelleted by centrifugation at 1000 xg for 5 min. and the

supernatants were removed. The cell pellets were extracted for 30 min on ice in

Cat-E-■ Mg++-containing PBS plus 100 mM n-octyl-3-D-glucopyranoside

(octylglucoside) and 1mM phenylmethylsulfonylfluoride (PMSF), 1 mg/ml pepstatin

A and 1mg/ml leupeptin. Detergent insoluble material was removed by

centrifugation at 12,000xg for 15 min at 4 OC. The cleared cell lysates were diluted

with an equal volume of PBS to bring the concentration of octylglucoside to 50 mM

and were adsorbed twice (2 hrs each at 4 OC) with 100 pil packed volume of

Sepharose CL-4B that had been washed twice in PBS plus 50 mM octylglucoside and

1 mM PMSF (wash buffer). Immune complexes were recovered from the

supernatants by incubation for 30 min at 4 OC with 50 pil packed volume of Protein
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A-Sepharose CL-4B that had been washed twice in wash buffer. Protein A

Sepharose beads were recovered and washed five times with wash buffer by

centrifugation at 1500 xg for 1 minute. Proteins were eluted by heating at 100 OC for

5 min. in SDS gel sample buffer (Laemmli, 1970) with or without 5% b

mercaptoethanol, and were frozen at -20 OC until SDS gel analysis. Detergent

extraction and immunoprecipitation of 32P-labelled PC12 cell proteins with the anti

ECMR serum was carried out as described above except that the extraction,

immunoprecipitation and washes were done in PBS plus 0.5% Triton X-100, 0.3%

sodium deoxycholate, 0.3% SDS, 1 mM PMSF and 50 puM sodium vanadate. For

immunoprecipitations with rabbit anti-CSAT Band 3, rabbit anti-NCAM, rabbit anti

NgCAM or normal rabbit serum, labelled cells were extracted with 100mM

octylglucoside (anti-CSAT Band 3) or 1% Triton X-100 (anti NCAM and anti

NgCAM) before addition of 20 pil of the antisera.

Immunoprecipitation of surface-iodinated PC12, NRK, and BHK cells with anti-FNR

IgG was performed as described (Brown and Juliano, 1986). Briefly, labelled cells

were extracted in 50 mM Tris HCl pH 7.5 with 150 mM NaCl, 1% Triton X-100 and

2 mM PMSF. Cell extracts were spun at 12,000 xg for 15 minutes at 4 OC, and the

cleared cell lysates were adsorbed twice (two hours each at 4 OC) with BSA coupled

to Affi-gel 10 (100 pil packed volume of beads; 10mg BSA/ml of gel). Anti-FNR

IgG or control goat IgG were coupled to Affi-gel 10 at a concentration of 6 mg

IgG/ml of gel following manufacturer's instructions. 100 pil of packed beads were

added to precleared cell extracts and incubated for four hours at 4 OC. Antibody

conjugated beads were recovered and washed five times with cell extraction buffer

plus 0.5% sodium deoxycholate and 0.1% SDS. Bound proteins were eluted as

described above and stored at -20 OC until use.
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SDS Polyacrylamide Gel Electrophoresis (SDS PAGE) and Antigen Blots:

Immunoprecipitates were analyzed on 7% polyacrylamide SDS gels (Laemmli, 1970)

in the presence (reducing) or absence (non-reducing) of 5% ■ -mercaptoethanol.

Coomassie Blue stained and dried gels were exposed to X-ray film (Kodak, XAR,

Rochester, NY) at -80 OC with intensifying screens (Dupont Lightning Plus,

Wilmington, Del.) The molecular weight standards used were myosin (200kD), 3

galactosidase (116kD), phosphorylase a (97kD), and bovine serum albumin (68kD).

For antigen blots using antibodies to purified Band 3 of the avian CSAT/ECM

receptor complex (anti-CSAT Band 3), about 5x107 surface-labelled PC12 cells

were incubated with 70 pil of the anti-ECMR serum and then extracted for

immunoprecipitation as described above. Immune complexes recovered with Protein

A-Sepharose were run in a single lane of a 7% SDS gel under non-reducing

conditions and electrophoretically transferred to nitrocellulose paper by the method of

Towbin (1979). The area of the nitrocellulose corresponding to the

immunoprecipitated and transferred PC12 cell proteins was cut into 2 strips and

incubated 3 hours at 25 OC with either the anti-CSAT-Band 3 serum or a control

rabbit antiserum diluted 1:100 in 50 mM Tris HCl pH 7.5, 150 mM. NaCl, and 5%

non-fat dry milk (Carnation, Los Angeles, CA). Unbound antibody was removed by

washing 5 times (5 minutes each) in 50 mM Tris HCl pH 7.5, 150 mM NaCl, 1%

Triton X-100, 0.5% sodium deoxycholate and 0.1% SDS. Bound antibody was

detected by incubating the nitrocellulose for one hour at 25 OC in goat anti-rabbit IgG

coupled to horseradish peroxidase diluted 1:1000 in 50 mM Tris HCl pH 7.5, 150

mM NaCl and 5% non-fat dry milk. Unbound second antibody was removed by

washing as described above, and the antigen blot was developed using H2O2 and 4

chloronapthol as described by Hawkes et al (1982). The dried antigen blot was then
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subjected to autoradiography to visualize the PC12 cell proteins originally

immunoprecipitated by the anti-ECMR serum.

Microscopy: Cultured cells were fixed in 2.5% glutaraldehyde in PBS plus 5%

sucrose for 1 hour at 25 OC, washed twice with PBS and then viewed and

photographed using a 40X water immersion lense (n.a =0.70) on a Zeiss IM

microscope using phase contrast optics.
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RESULTS

Characterization of PC12 Cell Interactions with Purified ECM Proteins

The ECM proteins LN and FN stimulate adhesion and process outgrowth by

many types of neurons (Manthorpe et al., 1983; Rogers et al., 1983 and 1985; Hall et

al., 1987). The ability of the neuron-like PC12 cell line to extend neurites on

substrates coated with LN and FN was compared to the response of neonatal rat

sympathetic neurons on these same substrates. The rat pheochromocytoma cell line,

PC12, displays properties of differentiated sympathetic neurons after long-term

exposure to nerve growth factor (NGF), including process outgrowth, electrical

excitability, and functional synapse formation (Tischler and Greene, 1975; Schubert et

al., 1977). In order to study neurite extension, PC12 cells were first differentiated by

growth in 50 ng/ml NGF for 10 days. These "NGF-primed" PC12 cells (Greene,

1977) were then passaged onto substrates coated with either poly-D-lysine, LN, or

FN and cultured for 24 hours in the absence of added NGF. Under these conditions,

fewer than 10% of individual cells or small clumps of cells regenerated neurites on

poly-D-lysine or FN , compared to 44% on LN (Table 2.1; Figure 2.1, A-C).

Dissociated sympathetic neurons showed a similar response to these substrates. In

the absence of added NGF, fewer than 10% of the neurons extended processes in 16

hours on either poly-D-lysine or FN, while LN substrates supported process

outgrowth from 55% of the neurons (Table 2.1; Figure 2.1 D-F). In contrast to

previous studies using PC12 cells or sympathetic neurons (see Akeson and Warren,

1986; Rogers et al., 1983; 1985), process outgrowth was studied here in the absence of

added NGF, since NGF itself has neurite outgrowth-promoting activity. Based on the

apparent similarity between PC12 cells and sympathetic neurons with respect to

process outgrowth on these adhesive substrates, experiments were done to
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characterize PC12 cell interactions with LN and other ECM constituents in more

detail.

A quantitative assay was used to study attachment of undifferentiated PC12

cells to substrates coated with adhesive proteins. Using this assay, PC12 cells were

shown to attach readily to poly-D-lysine, LN or Col IV (Table 2.2). By comparison,

PC12 cells attached poorly to substrates coated with FN and failed to attach

appreciably to substrates coated with bovine serum albumin (Table 2.2). Attachment

of PC12 cells to LN or Col IV was accompanied by spreading and flattening of a

large percentage of the cells within 2 hours (Fig. 2.2A & B). On FN or poly-D-

lysine, PC12 cells did not spread or flatten, but remained round and phase-bright (Fig.

2.2C & D).

PC12 cell attachment to LN and Col IV was concentration-dependent (Figure

2.3). Half-maximal attachment to LN or Col IV was attained at substrate-coating

concentrations of about 200 ng/ml and 60 ng/ml for LN and Col IV respectively (Fig.

2.3). Since Col IV is adsorbed to the plastic plates used in this assay about 3-fold

more effectively than LN (Hall et al., 1987), Col IV and LN appear to be equally

effective on a weight basis in promoting PC12 cell attachment. Although only a

small percentage of PC12 cells attached to FN, attachment was concentration

dependent, with half-maximal attachment occurring at about 1 pig■ ml of FN (Fig.

2.3).

The specificity of PC12 cell attachment to LN and Col IV was demonstrated

using specific antibodies. Attachment to LN was largely inhibited by antisera either

to intact LN or to the E3 fragment of LN (Fig 2.4A), but was not affected by

preimmune serum or by affinity purified antibodies to murine Col IV (Fig. 2.4A).
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Previous studies have demonstrated that the interactions of both sympathetic neurons

and adrenal chromaffin cells with intact LN are inhibited by antibodies to the E3

fragment of LN (Edgar et al., 1984; Acheson et al., 1986). Our results extend these

observations to PC12 cells and suggest a common specificity with which PC12 cells

and sympathetic neurons interact with LN. PC12 cell attachment to Col IV was

inhibited by affinity-purified anti-Col IV antibodies but was largely unaffected by

anti-LN or anti-LN fragment E3 sera (Fig. 2.4A).

PC12 cell attachment to LN, Col IV and FN was studied in the presence of a

hexapeptide (GRGDSP), derived from a cell binding domain of FN, and a control

hexapeptide (GRGESP) which lacks blocking activity (Pierschbacher and Ruoslahti,

1984a and b). In separate experiments, the GRGDSP peptide, but not GRGESP,

inhibited the attachment of BHK fibroblastic cells and primary rat muscle-derived

fibroblasts to FN substrates (unpublished observations). The RGD-containing

hexapeptide inhibited the small percentage of PC12 cells that attached to FN-coated

substrates, while the RGE-containing hexapeptide had no detectable blocking activity

(Fig 2.4B). Neither peptide had noticeable effects on PC12 cell attachment to LN or

Col IV (Figure 2.4B).

Effects of Antisera to Purified Mammalian ECM Receptor Preparations on PC12 Cell

Attachment to ECM Proteins.

Two different antisera to mammalian cell surface proteins involved in adhesion

to ECM proteins were tested for their effects on PC12 cell attachment to LN, Col IV

and FN. The anti-ECMR serum was prepared against a purified preparation of

adhesion-related 140 kD BHK cell surface glycoproteins and induces the detachment

of a wide variety of adherent murine and rat cell types when added to their culture

medium at a concentration of 1% (Knudsen et al., 1981; Damsky et al., 1982). A 1%
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concentration of the anti-ECMR serum largely prevented PC12 cell attachment to

LN, Col IV and FN, while the same concentration of the control serum did not (Fig.

2.5A). Fab fragments of anti-ECMR IgG also inhibited attachment to LN, Col IV,

and FN by greater than 90% (Fig. 2.5A), and this inhibition was concentration

dependent (not shown). The effects of the anti-ECMR serum were specific for ECM

derived substrates: attachment to poly-D-lysine or to the surfaces of a mouse muscle

cell line (C2) was not affected by concentrations of serum 4-fold higher than those

needed to effectively inhibit attachment to LN, Col IV or FN (Fig. 2.5A). In addition

to preventing the initial adhesion of PC12 cells to LN or Col IV, the anti-ECMR

serum caused a rapid detachment of cells that had already spread on LN or Col IV

(Fig. 2.2E and F).

Antibodies to a purified FN receptor heterodimer maximally inhibit CHO cell

attachment to FN at a concentration of 10 mg/ml (Brown and Juliano, 1986). This

high concentration of anti-FNR IgG specifically inhibited PC12 cell attachment to

FN and LN without noticeably affecting attachment to either Col IV or poly-D-lysine

(Fig. 2.5B). Attachment to FN was also inhibited about 90% by concentrations of the

anti-FNR IgG (1 mg/ml) that had little effect on attachment to LN (Fig. 2.5B). Anti

FNR IgG inhibition of PC12 cell attachment to LN and FN was also concentration

dependent (not shown).

Effects of the Anti-ECMR Serum on Process Outgrowth by PC12 Cells and

Sympathetic Neurons

To study effects of the anti-ECMR serum on PC12 cell process outgrowth,

NGF-primed PC12 cells were passaged onto LN-coated substrates in the presence of

the anti-ECMR serum or a control serum. Cells passaged onto LN substrates in the

continued presence of 50 ng/ml NGF extended neurites rapidly and profusely (Fig.
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2.6A). Process outgrowth on LN in the presence of NGF was more pronounced than

that seen on LN in the absence of NGF illustrated in Figure 1B. This response was

completely inhibited by a 1% concentration of the anti-ECMR serum (Fig. 2.6B).

When dose-dependence was examined, half-maximal inhibition of process outgrowth

occurred at a 0.2% concentration of the anti-ECMR serum (not shown), and appeared

to be primarily a result of inhibiting cell attachment, spreading, and filopodial

extension on the LN substrate (Arrowhead in Fig. 2.6B). Process outgrowth by NGF

primed PC12 cells on poly-D-lysine substrates in the presence of 50 ng/ml NGF was

modest, though clearly less than on LN substrates (compare Fig. 2.6A and C). A 2%

concentration of the anti-EMCR serum completely inhibited NGF-stimulated process

outgrowth on poly-D-lysine substrates (Fig. 2.6D), while the same concentration of

the control serum had no effect (Fig. 2.6C). PC12 cell attachment to poly-D-lysine

was not affected by the anti-ECMR serum, however, as is apparent from the presence

of microspikes in contact with the substrate (Arrowheads in Fig. 2.6D). The effects

of the anti-ECMR serum on process outgrowth on either LN or poly-D-lysine

substrates appeared to be reversible after removal of the antibody (Fig. 2.6E and F).

Sympathetic neuronal process outgrowth on LN substrates was also sensitive to

the anti-ECMR serum. Neurons cultured on a mixed substrate of LN and poly-D-

lysine in the presence of control serum exhibited profuse process outgrowth (Fig.

2.6G). This response was completely prevented by the anti-ECMR serum (Fig. 2.6H)

and when dose-dependence was examined, half-maximal inhibition was achieved at a

0.04% concentration of the anti-ECMR serum (not shown). The anti-ECMR serum

appeared not to affect neuronal adhesion to the mixed LN/poly-D-lysine substrates

(Fig. 2.6H). However, when LN was used to coat a substrate to which neurons did

not readily adhere, namely glass coverslips, neuronal attachment to LN was inhibited

about 80% by the anti-ECMR serum (not shown).



Characterization of PC12 Cell Proteins Recognized by the Anti-ECMR and Anti

FNR Sera.

PC12 cell proteins recognized by anti-ECMR and anti-FNR were identified by

immunoprecipitation of radiolabelled cells followed by SDS PAGE analysis (Fig.

2.7). When octylglucoside extracts of surface-labelled PC12 cells were

immunoprecipitated with the anti-ECMR serum, three prominently labelled protein

bands were identified. Under non-reducing conditions these proteins migrated as

diffuse bands with apparent molecular weights centered at 120, 140 and 180 kD (Fig

2.7A, Lane 2). Long autoradiographic exposures of some of these

immunoprecipitates revealed the presence of a very faintly labelled protein band at

about 60 kD (Fig 2.7A, lane 3). A faint protein band at about 170 kD under non

reducing conditions was non-specifically immunoprecipitated in equal amounts by

the anti-ECMR serum and a control goat serum (Fig 2.7A, lanes 1 and 2). Under

reducing conditions, the mobility of this non-specific protein band appeared to shift

from 170 kD to about 40 kD (Fig. 2.7A, compare lanes 1 and 4). When the proteins

bound by the anti-ECMR serum were separated under reducing conditions, the 120

and 140 kD bands appeared to merge into a diffuse band centered at about 130 kD

and the faint 60 kD protein shifted to about 75 kD (Fig. 2.7A, lane 5). Identical

proteins were immunoprecipitated by the anti-ECMR serum in extracts of labelled

PC12 cells prepared with 1% Triton X-100 (not shown). The proteins recognized by

the anti-ECMR serum were distinct from cell-cell adhesion molecules recognized by

anti-N-CAM or anti-NILE (anti-Ng-CAM ) antibodies (Fig 2.7A, lanes 6-8). To

determine if proteins recognized by the anti-ECMR serum are glycoproteins

synthesized by PC12 cells, 3H-glucosamine-labelled cells were immunoprecipitated

as above (Fig 2.7B). The anti-ECMR specifically recognized three prominently

labelled glycoprotein bands of 120, 140 and 180 kD and a weakly labelled
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glycoprotein of 60 kD under non-reducing conditions (Fig. 2.7B, lane 2). Under

reducing conditions, the 120 and 140 kD bands appeared to migrate as a single

diffuse band at about 130 kD and the 60 kD protein shifted to about 75 kD (Fig. 2.7B,

lane 3). The iodinated 170 kD protein that was non-specifically immunoprecipitated

by the control goat serum (Fig. 2.7A, lane 1) was unlabelled by 3H-glucosamine (Fig.

2.7B, lane 1) and, therefore, may be a serum protein adsorbed to PC12 cell surfaces.

To determine if any of the PC12 cell glycoproteins recognized by the anti

ECMR serum are phosphoproteins, 32P-labelled PC12 cells were

immunoprecipitated with the anti-ECMR serum or with control goat serum. A single

labelled protein migrating at about 120 kD under non-reducing conditions was

specifically immunoprecipitated by the anti-ECMR serum (Fig. 2.7C, lane 2). Based

on its ability to label with 125I, 32P, and 3H-glucosamine, the 120 kD glycoprotein is

likely to be an integral membrane glycoprotein with exposed cytoplasmic and

extracellular domains.

Proteins recognized by the anti-FNR IgG were identified in 1% Triton X-100

extracts of surface-labelled BHK, NRK and PC12 cells using anti-FNR IgG coupled

to Affi-gel 10 (Fig. 2.7D). Immunoprecipitation of a control hamster cell line, BHK,

with anti-FNR IgG yielded two diffuse protein bands of Mr 110 and 130 kD under

non-reducing conditions (Fig. 2.7D, lane 2). These 2 proteins are probably identical

to proteins recognized by this antiserum on CHO cells (Brown and Juliano, 1986) and

constitute an FN receptor heterodimer (Brown and Juliano, 1985; 1986; see also Pytela

et al., 1985). Immunoprecipitation of surface-labelled PC12 cell extracts with the anti

FNR IgG identified three labelled PC12 cell protein bands migrating at 120, 140, and

180 kD under non-reducing conditions (Fig. 2.7D, lane 6). Upon reduction of

disulfide bonds, the 120 and 140 kD bands appeared to migrate as a single diffuse
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band centered at 130 kD (Fig. 2.7D, Lane 7). The PC12 cell proteins recognized by

the anti-FNR IgG comigrated with those recognized by the anti-ECMR serum under

both reducing and non-reducing conditions. Immunoprecipitation of another rat cell

line, NRK, with the anti-FNR IgG identified predominantly four labelled proteins

(Fig. 2.7D, lane 4). Three of these appeared to correspond to the 120, 140, and 180

kD proteins in PC12 cells. The fourth, a diffuse band centered at about 160 kD under

non-reducing conditions, was absent from PC12 cell extracts (Fig. 2.7D, compare

lanes 4 and 6).

To determine if any of the PC12 cell proteins recognized by the anti-FNR or

anti-ECMR sera are related to characterized components of the avian CSAT/integrin

ECM receptor complex, surface-iodinated PC12 cells were extracted in

octylglucoside and immunoprecipitated with the anti-ECMR serum. Bound proteins

were separated on an SDS gel under non-reducing conditions, transferred

electrophoretically to nitrocellulose paper, and overlaid with an antiserum to the

purified 31 (Band 3) of the avian ECM receptor complex recognized by the CSAT

monoclonal antibody (Bucket al., 1986). The CSAT monoclonal antibody itself could

not be used in this protocol since it does not react with SDS-denatured proteins and

does not cross-react with rat proteins. Autoradiography of the nitrocellulose

revealed proteins of 120, 140, and 180 kD that were immunoprecipitated by the anti

ECMR serum (Fig. 2.8A, lanes 1 and 2). Specific binding of the anti-CSAT Band 3

serum to proteins immunoprecipitated by the anti-ECMR serum, monitored with an

HRP-conjugated secondary antibody, was confined to a single protein band centered

at 120 kD (Fig. 2.8A, lanes 3 & 4). Thus, the 120 kD glycoprotein recognized by the

anti-ECMR serum cross-reacts with antibodies to Band 3 of the avian CSAT/integrin

ECM receptor complex. When the anti-CSAT Band 3 serum was used to

immunoprecipitate proteins from octylglucoside extracts of surface-labelled PC12
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cells, the 140 and 180 kD glycoproteins were brought down in addition to the 120 kD

glycoprotein (Fig 2.8B, lanes 2 and 4). The mobilities of the 120 and 140 kD proteins

under non-reducing conditions was distorted due to the presence of non-reduced

rabbit IgG running at about 120-150 kD. An additional protein at 95kD under non

reducing conditions was also recognized by this serum (Fig. 2.8B, lane 2). Under

reducing conditions, the 120 and 140 kD protein bands appeared to merge into a

single diffuse band centered at about 130 kD and the 180 kD protein was clearly

visible (Fig. 2.8B, lane 4). These observations, coupled with the fact that the anti

CSAT Band 3 serum recognized only the 120 kD glycoprotein in antigen blots (Fig.

2.8A, lane 3), suggest that the 140 and 180 kD proteins are non-covalently associated

with the 120 kD protein in detergent extracts of PC12 cells.
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DISCUSSION

Studies aimed at the molecular characterization of neuronal interactions with

ECM proteins are made difficult by the need for pure neuronal preparations in

quantities suitable for cell biological and biochemical analysis. Some of these

difficulties can be circumvented by studying cell lines with neuronal characteristics.

Observations presented here show that the interactions of the PC12 cell line with LN

and other ECM proteins approximate those of neurons: Firstly, rapid, NGF

independent process outgrowth by NGF-primed PC12 cells in response to LN and FN

substrates is similar to the response of sympathetic neurons on these substrates (cf.

Table 2.1 and Fig. 2.1). Secondly, PC12 cells and sympathetic neurons both interact

selectively with distinct structural domains of LN and FN, suggesting that they share

receptors with common specificities. In the case of LN, both cell types interact with

a domain at or near the end of the long arm of the cruciform LN molecule (c.f. Fig.

2.4A; see also Edgar et al., 1983; Acheson et al., 1986; Engvall et al., 1986). Cell

surface receptors for LN on PC12 cells and sympathetic neurons may be structurally

homologous, since the anti-ECMR serum inhibits attachment and process outgrowth

of both cell types on LN substrates (cf. Fig. 2.6). In the case of FN, PC12 cells and

sympathetic neurons appear to interact with a domain that contains the sequence

RGDS (Fig. 2.4B; see also Rogers et al., 1985). Finally, PC12 cell attachment to the

surfaces of a mouse muscle cell line, C2, is not inhibited by the anti-ECMR serum

(cf. Fig. 2.5). Although C2 cells make LN and can express it on their surfaces (Olwin

and Hall, 1986), other proteins, most notably cell-cell adhesion molecules, are likely

to contribute to PC12 cell attachment to C2 cell surfaces. In these types of

interactions, PC12 cells may also behave like neurons, whose interactions with a

variety of non-neuronal cells (e.g. Schwann cells, myotubes and astrocytes) are
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mediated by a combination of both ECM receptors and cell-cell adhesion molecules

(Tomaselli et al., 1986a; Bixby et al., 1987).

The ability of Fab fragments of anti-ECMR IgG to inhibit attachment of PC12

cells to LN, FN, and Col IV suggests that PC12 cell surface proteins recognized by

this antiserum are involved either directly or indirectly in attachment to LN, Col IV,

and FN. Two lines of evidence suggest that the anti-ECMR serum acts directly to

inhibit receptors for ECM proteins: a) We have used the anti-ECMR serum to purify

the 120, 140, and 180 kD glycoproteins from PC12 cells. When preincubated with

the anti-ECMR serum, these purified proteins completely neutralize the adhesion

blocking activity of this serum, demonstrating that all of the adhesion-blocking

activity can be accounted for by proteins that are immunoprecipitated by the anti

ECMR serum. (K. Tomaselli et al., manuscript in preparation). b) The proteins

immunoprecipitated from PC12 cells by the anti-ECMR serum bear a strong

resemblance to receptors for ECM proteins purified from other sources, in particular

to glycoproteins of about 110, 140, and 160 kD immunoprecipitated from avian

myoblasts, fibroblasts, and retinal neurons by the CSAT and JG22 antibodies

(Chapman, 1984; Knudsen et al., 1985; Horwitz et al., 1985; 1986; Hasegawa et al.,

1985; Akiyama et al., 1986; Bozyczko et al., 1986; Hall et al., 1987). The ECM

receptor proteins recognized by the CSAT and JG22 antibodies on avian cells belong

to the integrin family of adhesive protein receptors. Members of this receptor family

are characterized by a heterodimeric structure in which different of subunits are non

covalently complexed to a common B subunit (Pytela et al., 1986; Kishimoto et al.,

1987; Hemler et al., 1987; reviewed in Hynes, 1987). Sequence homology of cDNA

clones encoding the CSAT-Band 3 glycoprotein with cDNA’s encoding a human FN

receptor 3 subunit and the 3 subunit of the leukocyte adhesion receptors has

established that the 110 kD CSAT-Band 3 glycoprotein is a 31 subunit of the integrin
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family (Tamkun et al., 1986; Kishimoto et al., 1987; Hynes, 1987). A functional

association between Band 3 and one or more putative of subunits (either the 140 kD

[Band 2) or 160 kD [Band 1] proteins) is required for LN- and FN-binding (Bucket

al., 1986). The CSAT monoclonal antibody, which binds to Band 3 in equilibrium gel

filtration experiments (Buck et al., 1986), inhibits cell attachment to LN, FN and Col

IV (Horwitz et al., 1985; Hall et al., 1987).

By analogy to the ECM receptor proteins recognized by the CSAT antibody on

avian cells, the PC12 cell glycoproteins described here and identified by the anti

ECMR and anti-FNR sera appear to belong to the integrin family of adhesive protein

receptors. The 120 kD glycoprotein appears to be a 31-like subunit since it is

recognized by antibodies to avian integrin B1 (anti-CSAT Band 3; cf. Fig. 2.8A).

Also, like CSAT-Band 3, the 120 kD PC12 cell protein is a phosphoprotein (cf. Fig.

2.7C; Hirst et al., 1986). The 140 and 180 kD glycoproteins may correspond to O.

subunits that are non-covalently associated with the 120 kD 31 subunit, since

antibodies that recognize only the 120 kD glycoprotein band (anti-CSAT Band 3) co

precipitate the 140 and 180 kD proteins (cf. Fig. 2.8B). In a similar fashion,

antibodies directed against the common 130 kD 31 subunit of the human T-cell VLA

protein heterodimers co-precipitate five different of subunits in the 150-200 kD range

(Hemler et al., 1987). Some of the VLA protein heterodimers have recently been

shown to cross-react with polyclonal antibodies to the avian CSAT/integrin complex

and to be involved in cell attachment to LN and FN (Takada et al., 1987). Although

initially discovered and characterized on human T-cells (Hemler et al., 1985; 1987),

the VLA protein heterodimers are also present on human neuronal cell lines (Pischel

et al., 1986) where they may subserve neuronal adhesion to ECM proteins. Although

the observations presented above suggest that the PC12 cell proteins described here

function as receptor heterodimers for ECM proteins, definitive statements
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concerning structure and ligand-binding await experiments with the purified receptor

proteins.

PC12 cells attach and spread poorly on FN in comparison with LN and Col IV.

One possible explanation for this observation is that PC12 cells express a low level of

FN receptors on their surface relative to other cell types that adhere well to FN (e.g.

fibroblasts). This is suggested by the fact that anti-FNR IgG inhibits PC12 cell

attachment to FN at concentrations (1mg/ml) that have little effect on CHO cell

attachment to FN (see Brown and Juliano, 1986). Since mammalian FN receptors are

o/3 heterodimers (Pytela et al., 1985; Patel and Lodish, 1986; Brown and Juliano,

1986), absence or low level expression of either the o or 3 subunit could account for

the low level of PC12 cell attachment to FN. The rat fibroblastic cell line, NRK,

attaches well to FN, in addition to LN and Col. IV (K. Tomaselli, unpublished

observations). Immunoprecipitation of surface-labelled NRK cells with the anti-FNR

IgG identifies a set of proteins similar to those recognized in PC12 cell extracts

except for an additional prominent band centered at 160 kD that is absent from PC12

extracts (cf. Fig. 2.7D). The correlation between the absence or low levels of this

surface protein on PC12 cells and the relative inability of these cells to attach to FN

merits further investigation. Alternatively, PC12 cells could express a normal level

of FN receptor heterodimers that are unable to bind FN, as appears to be the case for

the IIb/IIIa FN-binding heterodimer on unactivated platelets (Gardner and Hynes,

1986). Although a previous study (Akeson and Warren, 1986) demonstrated

apparently high levels of attachment of PC12 cells to FN, differences in the cell line

or the conditions used to measure attachment could account for the quantitative

differences in levels of attachment to FN seen in the present study.
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A distinguishing feature of several recently purified receptors for adhesive

proteins is that they recognize the tripeptide sequence, Arg-Gly-Asp (RGD), present

in the cell-binding domains of their cognate ligand(s) (reviewed in Ruoslahti, 1986).

Consistent with these observations, the low level of PC12 cell attachment to FN is

inhibited by an RGD-containing hexapeptide (c.f. Fig. 2.4B; see also Akeson and

Warren, 1986). This peptide has no effect, however, on PC12 cell attachment to LN

or Col IV, suggesting that receptors for these matrix proteins are functionally distinct

from FN receptors. Avian neural retinal cells also appear to have distinct receptors

for these matrix proteins (Hall et al., 1987; see also Pytela et al., 1985). Although Col

IV apparently contains several RGD sequences, the same RGD-containing peptides

that block cell attachment to FN do not inhibit attachment to Col IV (Pierschbacher et

al., 1984a and b; see also Dedhar et al., 1987). It is presently unknown whether LN

contains an RGD sequence, however, a nonapeptide (CDPGYIGSR) derived from a

LN B1 chain sequence has recently been shown to inhibit the attachment of epithelial

cells to intact LN (Graf et al., 1987). This peptide appears to compete for the binding

of a high affinity 68 kD LN-binding protein to LN (Graf et al., 1987). The

nonapeptide sequence, and presumably the 68 kD LN receptor binding site, is located

near the intersection of the two arms of the LN molecule, a site that is distinct from

the PC12 cell and neuronal binding site located near the end of the long arm of LN

(Edgar et al., 1984; Engvallet al., 1986). PC12 cell interactions with LN appear not to

involve a 68 kD LN-binding protein similar to that described on other cell types

(Malinoff and Wicha, 1983; Lesot et al., 1983; Terranova et al., 1983), since antibodies

to an endothelial cell 68 kD LN-binding protein failed to detect a 68 kD protein in

PC12 cell extracts by immunoprecipitation or antigen blotting (unpublished

observations).
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PC12 cell and neuronal surface proteins recognized by the anti-ECMR serum

appear to be involved in two related but separable phenomena: attachment and

process outgrowth on LN-coated substrates. We have previously shown that

homologous receptors defined by the CSAT antibody on avian neurons are required

for LN-dependent process outgrowth on mixed LN/poly-D-lysine substrates where

neuronal adhesion is unaffected by the CSAT antibody (Tomaselli et al., 1986a).

Process outgrowth thus appears to require more selective interactions than does

adhesion. Somewhat surprisingly, results in this paper show that the anti-ECMR

serum inhibits NGF-stimulated process outgrowth from NGF-primed PC12 cells even

on poly-D-lysine when attachment is unaffected by the anti-ECMR serum (cf. Fig.

2.6). There are two possible explanations for this result. First, since PC12 cells do

secrete some laminin (Lander et al., 1985a), process outgrowth on poly-D-lysine

could conceivably require ECM receptor interactions with PC12 cell-derived LN. In

light of this possibility, it is interesting that antibodies to an LN-containing protein

complex inhibits NGF-dependent sympathetic neuronal process outgrowth on poly

D-lysine substrates (Coughlin et al., 1982). Alternatively, a direct interaction of ECM

receptors with poly-D-lysine may be required for PC12 process outgrowth on this

substrate. ECM proteins are clearly not the only ligands that can activate the

functions of ECM receptors, since substrate-bound CSAT antibody can itself promote

attachment and process outgrowth by avian neurons (Hall et al., 1987).

In summary, we have shown that PC12 cells are a useful model for studying

neuronal interactions with ECM constitutents. Antibodies that perturb PC12 cell

interactions with LN, Col IV and FN recognize predominantly 3 glycoprotein bands

of 120, 140 and 180 kD. Based on structural and functional similarities to avian

ECM receptors recognized by the CSAT antibody, we propose that glycoproteins

recognized by the anti-ECMR and anti-FNR sera are members of the integrin family
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of adhesive protein receptors and may be responsible, in part, for PC12 cell and

neuronal interactions with LN, Col IV and FN.
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Table 2.1

% cells with neurites

Cells Poly-D-lysine LN FN

NGF-primed PC12 7+/-1 44+/-2 9+/-3
cells

Rat sympathetic 1+/-1 55+/-4 6+/-1
neurOnS

Legend: Process outgrowth from NGF-primed PC12 cells and neonatal rat

sympathetic neurons on substrates coated with poly-D-lysine, LN, or FN in the

absence of NGF. NGF-primed PC12 cells or dissociated rat sympathetic neurons

were cultured 24 and 16 hours respectively on substrates coated with poly-D-lysine (1

mg/ml), LN (10 pg/ml) or FN (20 pg/ml). Fixed cells were scored for the

percentage of individual cells (or small clumps of less than 10 cells in the case of

PC12 cells) with a process greater than 2 cell diameters in length. Values represent

the average and range of determinations made on duplicate cultures run in parallel.

At least 200 cells or clumps of cells were counted for each value.
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Table 2.2

PC12 Cell Attachment

Substrate Attachment: % Positive Control

Poly-D-Lysine 100

Bovine Serum Albumin 3+/- 0.5

Laminin 100 +/- 4

Collagen IV 106 +/- 21

Fibronectin 19 +/- 2

Legend: PC12 cell attachment to substrates coated with poly-D-lysine (1mg/ml),

bovine serum albumin (1 mg/ml), laminin (5 pig■ ml), collagen IV (2 pig■ ml) or

fibronectin (20 pg/ml). Each value represents the mean and standard deviation of

determinations made on triplicate cultures run in parallel and is expressed as % of the

positive control, poly-D-lysine.



77

Figure 2.1: Process outgrowth by NGF-primed PC12 cells or dissociated neonatal rat

sympathetic neurons in the absence of NGF. NGF-primed PC12 cells were passaged

and grown 24 hours in the absence of added NGF on substrates coated with 1 mg/ml

poly-D-lysine (A), 10 pg/ml LN (B), or 20 pg/ml FN (C). Rat sympathetic neurons

were cultured 16 hours in the absence of added NGF on substrates coated with 1

mg/ml poly-D-lysine (D), 10 pg/ml LN (E), or 20 pg/ml FN (F). Scale bar:10 pum.
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Figure 2.2: PC12 cells spread on LN or Col IV but not on FN or poly-D-lysine. PCl2

cells were passaged with PBS/5mm EDTA and grown in serum-free medium with 1

mg/ml BSA for 2 hours on A) LN (10 pg/ml), B) Col IV (5 pig■ ml), C) FN (100

pig■ ml) or D) poly-D-lysine (1 mg/ml). Arrowheads in A and B mark phase-dark

cells that have spread on LN and Col IV respectively. Cells on FN or poly-D-lysine

(C and D) do not spread appreciably as indicated by their round, phase-bright

appearance. E & F: The anti-ECMR serum causes detachment of PC12 cells that

have spread on LN or Col IV. After PC12 cells were allowed to attach and spread for

5 hrs. in serum-containing medium on LN (E) or Col IV (F), the anti-ECMR serum

was added to a final concentration of 1%. Cells rounded up within 1 hr. after addition

of the anti-ECMR serum. Normal goat serum had no effect on cell morphology (not

shown). Scale bar: 10 p.m.



80



81

Figure 2,3: Concentration-dependent attachment of PC12 cells to LN, Col IV and

FN. 35S-methionine-labelled PC12 cells were allowed to attach for 90 min at 37 OC

to substrates coated with varying concentrations of LN (open circles), Col IV

(triangles) or FN (closed circles). After removal of non-adherent cells, attached cells

were solubilized in 1% SDS and counted. Each value represents the mean and

standard deviation of determinations made on triplicate cultures run in parallel and is

expressed as % of attachment to the positive control, poly-D-lysine.
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Figure 2.4: Specificity of PC12 cell attachment to LN, FN, and Col IV. A.) PC12 cell

attachment to substrates coated with LN (1 pig■ ml; open bars) or Col IV (0.5 pig■ ml;

solid bars) was studied in the presence of preimmune rabbit serum (NRS; 1:20

dilution), a rabbit anti-LN serum (1:20 dilution), a rabbit antiserum to the E3

fragment of LN (anti-E3; 1:20 dilution), normal rabbit IgG (RIgG; 50 pg/ml) or

affinity-purified rabbit anti-Col IV IgG (50 pg/ml). Attachment is expressed as % of

the positive control, poly-D-lysine. The mean and standard deviation of triplicate

points is shown for each condition. B) Effects of RGD-containing hexapeptides on

PC12 cell attachment. Cells were allowed to attach to LN (10 pig■ ml; open bars), Col

IV (2 pg/ml; solid bars) or FN (20 pg/ml; stipled bars) in the presence of 2 mg/ml of

the control hexapeptide, GRGESP (RGES), or in the presence of 2 mg/ml of the

hexapeptide GRGDSP (RGDS). Values represent the mean and standard deviation of

determinations made on triplicate cultures run in parallel and are expressed as % of

the positive control, poly-D-lysine. Attachment to LN, Col IV or FN in the presence

of GRGESP was not significantly different from attachment in the absence of added

peptides.
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Figure 2.5: Effects of anti-FNR and anti-ECMR on PC12 cell attachment to adhesive

substrates. Substrates were coated with either poly-D-lysine (1 mg/ml), LN (3

pig■ ml), Col IV (2 pg/ml) or C2 cells (1000 cells/mm2). A) PC12 cells were

allowed to attach to various substrates in the presence of normal goat serum (1%

concentration; 4% concentration on poly-D-lysine and on C2 cells; open bars), the

anti-ECMR serum (1% concentration; 4% concentration on poly-D-lysine and on C2

cells; solid bars) or anti-ECMR FAB (1 mg/ml, stipled bars). B) PC12 cells were

allowed to attach to various substrates in the presence of preimmune goat IgG (open

bars; 10 mg/ml on poly-D-lysine, LN and Col IV; 1 mg/ml on FN) or anti-FNR IgG

(closed bars: 1 mg/ml; stipled bars: 10 mg/ml). Values represent the mean and

standard deviation of determinations made on triplicate cultures run in parallel and

are expressed as % of the positive control, poly-D-lysine, in the absence of added

antibodies.
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Figure 2.6: Effects of the anti-ECMR serum on process outgrowth by NGF-primed

PC12 cells or neonatal rat sympathetic neurons. PC12 cells that were primed for 10

days in 50 ng/ml NGF were passaged in the continued presence of 50 ng/ml NGF

onto substrates coated with LN (10 pg/ml; A,B, and E) or poly-D-lysine (1 mg/ml;

C, D, and F) and grown 24 hours in the presence of normal goat serum (2%

concentration; A and C) or goat anti-ECMR serum (1% in B; 2% in D). Arrowhead

in B denotes a clump of cells that are not well attached or spread and have failed to

extend neurites on the LN substrate in the presence of the anti-ECMR serum.

Arrowheads in D denote cells that are apparently well attached to the poly-D-lysine

substrate but lack neurites in the presence of the anti-ECMR serum. Note NGF

stimulated process outgrowth is more pronounced on LN than on poly-D-lysine

(compare A and C). PC12 cells recovered the ability to grow neurites when cultured

in the continued presence of 50 ng/ml NGF an additional 24 hours on LN (E) or poly

D-lysine (F) after removal of the anti-ECMR serum. G and H): Effects of anti

ECMR serum on sympathetic neuronal process outgrowth. Neonatal rat sympathetic

neurons were grown 12 hours on mixed LN/poly-D-lysine substrates in the presence

of control goat serum (0.6% concentration; G) or the anti-ECMR serum (0.3%

concentration; H). Arrowhead in H marks one of several neuronal cell bodies that

has been prevented from growing neurites on LN in the presence of the anti-ECMR

serum. Scale bar:10 pum
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Figure 2,7: Immunoprecipitation and 7% SDS PAGE analysis of surface-iodinated

(panels A & D), 3H-glucosamine-labelled (panel B) or 32 P-labelled (panel C)

proteins with the anti-ECMR serum (panels A-C) or the anti-FNR IgG (panel D). A)

Surface-labelled PC12 cells were immunoprecipitated with control goat serum (lane

1, non-reduced; lane 4, reduced), anti-ECMR serum (lanes 2 and 3, non-reduced; lane

5, reduced; lane 3 is an overexposure of lane 2 to facilitate visualization of a faintly

labelled 60 kD protein), preimmune rabbit serum (lane 6, reduced), anti-Ng-CAM

(lane 7, reduced), or anti-NCAM (lane 8, reduced). B) 3H-glucosamine-labelled

PC12 cells were immunoprecipitated with control goat serum (lane 1, non-reduced)

or anti-ECMR serum (lane 2, non-reduced; lane 3, reduced). C) 32P-labelled PC12

cell proteins were immunoprecipitated with control goat serum (lane 1, non-reduced)

or anti-ECMR serum (lane 2, non-reduced). D) Immunoprecipitation of surface

labelled BHK (lanes 1 and 2), NRK (lanes 3 and 4) or PC12 (lanes 5-7) cells with

preimmune IgG (lanes 1, 3 and 5, non-reduced) or anti-FNR IgG (lanes 2,4, and 6,

non-reduced; lane 7, reduced). Molecular weight markers indicated are myosin (200

kD), 3-galactosidase (116 kD), phosphorylase a (97kD) and bovine serum albumin

(68 kD).
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Figure 2.8: A) Relationship of the 120 kD PC12 cell surface glycoprotein recognized

by the anti-ECMR serum to the integrin 31 subunit (Band 3) of the CSAT/ECM

receptor complex. Surface-iodinated PC12 cell proteins were immunoprecipitated

with the anti-ECMR serum, separated on a 7% polyacrylamide gel under non

reducing conditions, and transferred electrophoretically to nitrocellulose paper. The

nitrocellulose was cut into 2 unequal strips and overlaid with either the anti-CSAT

Band 3-specific serum or a control rabbit serum. Lanes 1 and 2: Autoradiograms of

nitrocellulose strips showing iodinated PC12 cell proteins immunoprecipitated by the

anti-ECMR serum. Lane 3: HRP reaction-product identifying anti-CSAT Band 3

antibodies bound to nitrocellulose strip shown in lane 1. Lane 4: HRP reaction

product identifying control rabbit serum antibodies bound to the nitrocellulose strip

shown in lane 2. Note that the anti-CSAT Band 3 antibodies specifically recognize

only the labelled 120 kD protein bound by the anti-ECMR serum. A second

unlabelled protein band is recognized by both the anti-CSAT Band 3 and normal

rabbit serum (lanes 3 and 4). B) Immunoprecipitation of detergent extracts of

surface-iodinated PC12 cells with the anti-CSAT Band 3 serum. Lanes 1 and 3:

Proteins immunoprecipitated by control rabbit serum analyzed under non-reducing

(lane 1) or reducing (lane 3) conditions. Lanes 2 and 4: PC12 cell proteins

immunoprecipitated with anti-CSAT Band 3 serum analyzed under non-reducing

(lane 2) or reducing (lane 4) conditions. In lane 2, the juxtaposition of the 120 and

140 kD proteins is distorted due to the presence of non-reduced anti-CSAT Band 3

IgG migrating at about 120-150 kD. Molecular weight markers indicated are myosin

(200kD), 3-galactosidase (lló kD) phosphorylase a (97 kD) and bovine serum

albumin (68 kD).
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CHAPTER THREE

Purification and Characterization of Mammalian Integrins Expressed by a Rat

Neuronal Cell Line (PC12): Evidence That They Function as Receptors for

Laminin and Type IV Collagen.

Abbreviations used in this chapter: ECM, extracellular matrix; anti-ECMR, anti-ECM

receptor serum; Col IV, collagen IV; DSP, dithiobis (succinimidyl) propionate; FN,

fibronectin; Hgb, hemoglobin; IgG, immunoglobulin; LN, laminin; octylglucoside, n

octyl-b-D-glucopyranoside, PAGE, polyacrylamide gel electrophoresis; PBS,

phosphate-buffered saline; PMSF, phenylmethylsulfonylfluoride; RGD, arginine

glycine-aspartic acid; SDS, sodium dodecyl sulfate; VLA, very late activation; WGA,

wheat germ agglutinin;
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SUMMARY

Interactions with extracellular matrix proteins are likely to be important in

neuronal process outgrowth and guidance during neural development. Cells of the rat

neuronal cell line, PC12, adhere well to substrates coated with laminin and type IV

collagen, but attach poorly to fibronectin. Adhesion to these extracellular matrix

proteins is inhibited by Fab fragments of an antiserum (anti-ECMR) that recognizes

integrin-related PC12 cell glycoproteins of 120, 140, and 180 kD (Tomaselli et al.,

1987). In the present report, we have used a combination of lectin and anti-ECMR

antibody affinity chromatography to purify these proteins from detergent extracts of

PC12 cells. We show that 1) the immunopurified 120, 140, and 180 kD glycoproteins

completely neutralize the ability of the anti-ECMR serum to inhibit PC12 cell

adhesion to laminin, collagen IV and fibronectin; 2) all three glycoproteins can be

incorporated into phosphatidylcholine vesicles; 3) that the glycoprotein-containing

liposomes bind specifically to substrates coated with laminin and collagen IV but not

to fibronectin, while empty liposomes fail to bind to any of these proteins; and 4)

that, based on studies of the hydrodynamic properties of the purified proteins and on

cross-linking and immunoprecipitation studies, the 120, 140 and 180 kD

glycoproteins appear to be organized as integrin O■ 3 heterodimeric complexes.

These results demonstrate that, when purified and incorporated into lipid vesicles,

mammalian integrins expressed on a neuronal cell line can function as receptors for

laminin and collagen IV.
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MATERIALS AND METHODS

Materials: LN and Col IV were purified from Engelbreth-Holm-Swarm (EHS)

sarcoma tumors using published methods (Kleinman et al., 1982; Timpl et al., 1982)

and were the generous gifts of Drs. J.L. Bixby, A.D. Lander, and J. Winter. Human

plasma FN was from Collaborative Research (Lexington, MA). Cyanogen bromide

activated (CNBr.) Sepharose CL-4B and Protein A Sepharose CL-4B were purchased

from Pharmacia (Piscataway, NJ). Affi-gel 10 was from BioFad Laboratories

(Richmond, CA). Wheat germ agglutinin (WGA), N-acetyl-D-glucosamine, and n

octyl-3-D-glucopyranoside (octylglucoside) were from Calbiochem (LaJolla, CA).

Aquasol and 3H-phosphatidylcholine, (L-o-dipalmitoyl [2-palmitoyl-9,10-3H(N)))
were from New England Nuclear (Boston, MA). Na125I was purchased from

Amersham (Arlington Heights, IL). Aca 22 chromatography resin was from LKB

Instruments Inc. (Gaithersburg, MD). Dithiobis (succinimidyl) propionate (DSP) was

from Pierce Chemical Company (Rockford, IL). All other chemicals were from

Sigma (St. Louis, MO).

Antibodies: The anti-ECMR serum was made in goats to a preparation of 120-160

kD cell-substrate adhesion-related, integral membrane glycoproteins purified from

baby hamster kidney (BHK) fibroblastic cells as described in Knudsen et al. (1981).

IgG was prepared from the ECMR antiserum by sodium sulfate precipitation as

described in Wylie et al.(1979). ECMR IgG used in the preparation of ECMR IgG

Sepharose CL-4B for affinity chromatography was further purified on Protein A

Sepharose CL-4B before coupling to Sepharose CL-4B. Fab fragments of anti-ECMR

IgG were prepared by digestion with papain as described in Parham (1986). Rabbit

anti-LN serum was the generous gift of Dr. J. Winter. Col IV antibodies were

purchased from Dr. H. Furthmayr, Yale University, New Haven, CT.
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Cell Culture: Rat pheochromocytoma (PC12) cells (Tischler and Greene, 1975) were

grown in monolayer culture in Dulbecco's Modified Eagle’s medium with 4.5 g/l of

glucose (DME H-21; UCSF Cell Culture Facility) supplemented with 10% heat

inactivated horse serum, 5% newborn calf serum, 2mm glutamine and 100 U/ml of

penicillin/streptomycin. Cells were passaged with Catt-/Mg++-free phosphate

buffered saline (PBS) containing 5 mM EDTA.

Cell Labelling and Purification of PC12 Cell Proteins: For analytical studies (cf Figs.

3.1A, 3.3 and 3.5) approximately 108 PC12 cells were surface-labelled by

lactoperoxidase-catalyzed iodination as previously described (Tomaselli et al., 1987).

Labelled cells were extracted for 30 minutes on ice in 5 ml of ice cold PBS

containing 1.0 mM CaCl2, 0.5 mM MgCl2, 200 mM octylglucoside, 1 mM PMSF, 1

mg/ml leupeptin and 1 mg/ml pepstatin (extraction buffer). Detergent insoluble

material was removed by centrifugation at 12,000 xg for 20 minutes at 40C. For the

purification of larger amounts of protein used in functional studies (cf. Figs. 3.1B, 3.2

and 3.4), about 5x109 PC12 cells were extracted with stirring as described above in

about 20 mls of extraction buffer and insoluble material was removed by

centrifugation at 12,000xg for 30 min. at 40C. This cell extract was then mixed with

a 5 ml extract of about 108 PC12 cells that had been surface-labelled and extracted

with octylglucoside as described above. Before continuing with the purification,

PC12 cell extracts were mixed with an equal volume of extraction buffer without

detergent to yield a final octylglucoside concentration of 100 mM. Extracts were

mixed for 5 hours at 40C by end-over-end rotation with 10ml packed volume of

WGA coupled to Affi-gel 10 (coupling of 10 mg of WGA/ml of Affi-gel 10 was

achieved following manufacturer's instructions). The slurry was loaded into a

column (15cm x 3cm) and washed with 30 column volumes of extraction buffer
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containing 50 mM octylglucoside (wash buffer). Bound proteins were eluted with 5%

N-acetyl-D-glucosamine in wash buffer, and the peak 125I-containing fractions were

pooled and mixed for 2 hours at 40C with 10 ml packed volume of normal goat IgG

coupled to Sepharose CL-4B (coupling of 10 mg of goat IgG per ml of CNBr

activated Sepharose was achieved using manufacturer’s instructions). The gel slurry

was loaded into a column (15 cm x 3 cm) and the unbound, flow-thru material was

collected and mixed end-over-end with 1.5 ml of anti-ECMR IgG coupled to

Sepharose CL-4B (4 mg of ECMR IgG/ml of gel) for 3-4 hours at 40C. The anti

ECMR IgG-Sepharose CL-4B was loaded into a column (1cm x 5cm), the flow-thru

was collected, and the column was washed with 50-100 ml of wash buffer followed

by 10 ml of wash buffer containing 0.5 M NaCl at a flow rate of about 1ml/min.

Bound proteins were eluted with 50 mM diethylamine pH 11.5, 1.0 mM CaCl2, 0.5

mM MgCl2, 0.1 M NaCl, 50 mM octylglucoside and 1 mM PMSF and immediately

neutralized with 1M 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)

pH 7.4.

Neutralization of Anti-ECMR Serum with Purified PC12 Cell Proteins:

Immunopurified PC12 cell proteins (about 5 pig in 2 ml of elution buffer as judged

from silver stained gels by comparison to known amounts of bovine serum albumin)

were concentrated 8-fold by centrifuging at 2500 xg for 20 minutes at 40C through an

Amicon filter with a 30,000 dalton cutoff (Centricon 30, Amicon, Danvers, MA).

Concentrated proteins (in about 250 pul) were mixed with 50 pil of normal goat

serum (to help minimize protein loss in subsequent manipulations) and dialyzed for

48 hours at 40C against four 1 liter changes of PBS with 1.0 mM CaCl2 and 0.5 mM

MgCl2 to remove the octylglucoside. Dialyzed proteins were mixed with the anti

ECMR serum and incubated 30 minutes at 250C before testing the ECMR antiserum

for its ability to inhibit PC12 cell attachment. As a control, ECMR IgG-column
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elution buffer was mixed with 50 pil of normal goat serum, diakyzed, and mixed with

the ECMR antiserum. PC12 cell attachment was measured in the presence of the

anti-ECMR serum that had been pre-mixed with either purified proteins or sham

purified material using a cell attachment assay described previously (Hall et al., 1987;

Tomaselli et al., 1987).

Reconstitution of Purified PC12 Cell Glycoproteins into Lipid Vesicles:

Immunopurified proteins (~20 pig as judged by silver stained gels) were concentrated

to 1 ml using a Centricon 30 as described in the preceding section. A mixture of

unlabelled phosphatidylcholine [100 pig for analytical studies (Fig. 3.3); 50 pig for

liposome binding experiments (Fig. 3.4)] and 3H-phosphatidylcholine [106 cpm for
analytical studies (Fig. 3.3); 107 cpm for liposome binding experiments (Fig. 3.4)]

was dried onto a glass tube under a stream of N2 and then redissolved in the antibody

column elution buffer containing the purified proteins. Liposomes were formed by

detergent dialysis as described in Mimms et al. (1981). Liposomes that were formed

by dialyzing for 36 hours at 40C against four 1 liter changes of PBS containing 1mM

CaCl2 and 0.5mm MgCl2 were made 45% in sucrose, overlaid with 2 ml of 30%

sucrose and then 2 ml of 10% sucrose in PBS plus Cat-Hand Mg++ and centrifuged at

45,000 rpm for 18-24 hours in a Beckman SW 60 rotor. The resulting sucrose

gradient was fractionated and fractions were analyzed for the presence of 3H

phosphatidylcholine by scintillation counting and for the presence of 125I-labelled

proteins by gamma counting. 3H-labelled liposomes were recovered as an opaque

band at the top of the gradient.

Liposome Attachment Assay: LN, Col IV, FN, and hemoglobin (Hgb) were diluted

in Cat-E-■ Mg++-free PBS to the concentrations indicated in the figure legend and 100

pil were used to coat microtiter wells (0.28 cm2 surface area; Linbro, McLean, VA)
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by incubation overnight at 40C. Wells were washed twice with PBS and blocked for

2-3 hours with PBS plus 10 mg/ml hemoglobin. Wells were rinsed again with PBS

before the addition of about 105 cpm of 3H-labelled lipsomes suspended in PBS plus

1.0 mM CaCl2, 0.5 mM MgCl2 and 2 mg/ml hemoglobin. Liposomes were allowed

to attach for 4-5 hours at 40C and then the supernatants were removed and the wells

were washed twice with ice cold PBS containing 1.0 mM CaCl2 and 0.5 mM MgCl2.

Bound liposomes were dissolved in 1% SDS (100 pil well), mixed with 3 ml of

Aquasol and counted in a scintillation counter.

Sucrose Gradient Analysis of Immunopurified PC12 Cell Proteins: Aliquots of

immunopurified surface-labelled PC12 cell proteins (500 pil, ~10,000 cpm) were

dialyzed into PBS plus 50 mM octylglucoside, 1.0 mM CaCl2 and 0.5 mM MgCl2

and mixed with protein standards exhibiting known sedimentation coefficients

(s20,w). The protein standards were: fumarose: 9.09 S; aldolase: 7.35 S; bovine

serum albumin: 4.7 S. Proteins were layered onto a 5-20% sucrose gradient (11 ml) in

PBS plus 1 mM CaCl2, 0.5 mM MgCl2, and 50 mM octylglucoside. The tubes were

centrifuged at 40,000 rpm for 20 hours at 40C in a Beckman SW 41 Ti Rotor.

Fractions were collected and were assayed for protein content by amido black

staining (to identify the positions of the sedimentation standards) and for 125I by

gamma counting (to identify the positions of the PC12 cell proteins). The s20,w for

the PC12 cell proteins was determined graphically by plotting the known s20.w

values of the sedimentation standards versus fraction number and interpolating the

value for PC12 peak fractions.

Molecular Sieve Chromatography of Immunopurified PC12 Cell Proteins: An aliquot

of immunopurified, surface-labelled PC12 cell proteins (~200 pul; ~10,000 cpm) was

dialyzed into PBS plus 50 mm octylglucoside, 1.0 mM CaCl2 and 0.5mm MgCl2 and
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layered onto a column (29 x 0.7 cm) of Aca 22 resin (LKB) that had been pre

calibrated with blue dextran (Vo), phenol red (Vt), and standards of known Stokes

radii (thyroglobulin 85 A; 3-galactosidase 69 A; and bovine serum albumin 36 A).

The column was run in PBS plus 1 mM CaCl2, 0.5 mM MgCl2 and 50 mM

octylglucoside at a flow rate of about 2 ml/hour and 0.25 ml fractions were collected

and assayed for 125I-containing PC12 cell proteins by gamma counting. The

distribution coefficients of the standards were calculated and plotted against known

values for their Stokes radii. The value for the Stokes radius of the PC12 cell proteins

was then interpolated.

Cross-Linking and Immunoprecipitation: 125I surface-labelled PC12 cells were

extracted in 10 mM Tris HCl pH 7.9 plus 0.14 M NaCl, 0.02% sodium azide, 1%

Triton X-100 and 1 mm PMSF (extraction buffer) for 30 minutes on ice. Detergent

insoluble material was removed by centrifugation at 12,000 xg for 15 minutes at 40C.

800 pil aliquots of the protein extracts were cross-linked with 100 pig■ ml dithiobis

succinimidyl propionate (DSP, 5 mg/ml stock in dimethyl formamide) by incubation

for 1 hour at 250C as described in Hemler et al. (1985; 1987). The cross-linked

extracts were then dialyzed for 16 hours against two 1 liter changes of the extraction

buffer. Cross-linked extracts were immunoprecipitated with normal goat serum (20

pul) or goat anti-ECMR serum (20 pul) and Protein A-Sepharose CL4B as described

in Tomaselli et al. (1987). Immunoprecipitated proteins were eluted by boiling for 5

minutes in SDS gel sample buffer (Laemmli, 1970) with either 5% B

mercaptoethanol (reducing conditions) or 50 mM iodoacetamide (non-reducing

conditions) and stored at -200C until use.

SDS PAGE Analysis: Samples were run on polyacrylamide gels according to

Laemmli (1970). Gels were stained with either coomasie blue or reducing silver
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(Merril et al., 1981), dried and subjected to autoradiography at -800C using Kodak

XAR X-ray film and intensifying screens (Dupont Lightning Plus; Newtown, CT).

Molecular mass standards used were myosin (200 kD), 3-galactosidase (116 kD),

phosphorylase a (97 kD) and bovine serum albumin (68 kD).
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RESULTS

Affinity Purification of PC12 Cell Integrins.

Previous studies have demonstrated that PC12 cells attach and spread

efficiently on substrates coated with LN or Col IV but attach poorly and fail to spread

on FN substrates (Tomaselli et al., 1987; Turner et al., 1987). Antibodies (anti

ECMR) that recognize putative mammalian ECM receptors belonging to the integrin

family of adhesive protein receptors (Knudsen et al., 1981; Damsky et al., 1982)

inhibits PC12 cell attachment to LN, Col IV and FN. These antibodies recognize

three integrin-like glycoproteins of 120, 140 and 180 kD in detergent extracts of

PC12 cells when analyzed under non-reducing conditions (Tomaselli et al., 1987).

These glycoproteins were purified using a procedure that combined WGA and ECMR

antibody affinity chromatography and the purification was monitored by SDS-PAGE

(Fig. 3.1A). Octylglucoside extracts of surface-iodinated PC12 cells (Fig. 3.1A, lane

1) were passed over WGA-Affi-gel 10 and eluted with N-acetyl-D-glucosamine. This

procedure appeared to enrich for cell surface glycoproteins in the 80-200 kD range

representing about 5-10% of the total surface-iodinated PC12 cell proteins (Fig. 3.1A,

Lane 3). Subsequent adsorption of the WGA-eluted proteins to anti-ECMR IgG

coupled to Sepharose and elution at pH 11.5 yielded three labelled glycoproteins of

molecular mass 120, 140, and 180 kD under non-reducing conditions (Fig. 3.1A,

Lane 6). These were the only surface-iodinated proteins purified by this procedure

(Fig. 3.1A, Lane 6; Fig. 3.1B, Lane 2). Silver stained gels confirmed that the 120, 140

and 180 kD glycoproteins were the major cellular proteins purified by this procedure

(Fig. 3.1B, Lane 1), however a protein of about 60 kD was also seen in addition to

other faintly stained proteins (Fig. 3.1B, Lane 1). These additional proteins were

unlabelled by lactoperoxidase-catalyzed cell surface iodination and, therefore, may be

contaminating intracellular or serum proteins (Fig. 3.1B, Lane 2).
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Neutralization of the Anti-ECMR Serum with Purified PC12 Cell Integrins.

The purified PC12 cell integrins were tested for their ability to neutralize the

adhesion-blocking activity of the anti-ECMR serum. We showed previously that a

0.6% concentration of the the anti-ECMR serum inhibits PC12 cell attachment to LN,

Col IV or FN (Tomaselli et al., 1987). When mixed with the purified 120, 140 and

180 kD PC12 cell glycoproteins that had been dialyzed free of detergent, the anti

ECMR serum was rendered incapable of inhibiting PC12 cell attachment to any of

these ECM proteins (Fig. 3.2). In contrast, when the anti-ECMR serum was mixed

with control proteins, it remained fully active in inhibiting PC12 cell attachment (Fig.

3.2). Thus, it appears that all of the adhesion-blocking antibodies in the anti-ECMR

serum recognize epitopes on the 120, 140 or 180 kD cell surface glycoproteins.

Incorporation of PC12 Cell Integrins into Liposomes.

To determine if the surface-labelled, purified PC12 cell integrins could be

incorporated into artificial phosphatidylcholine vesicles, the purified proteins were

mixed with 3H-phosphatidylcholine and lipsomes were formed by detergent dialysis

(Mimms et al., 1981). Liposomes were separated on 10-45% sucrose gradients and

fractions were analyzed for 3H-phosphatidylcholine and 125I-labelled protein. Under

these conditions, liposomes were recovered at the top of the gradient as reflected by

the presence of a peak of 3H in fractions from the top of the gradient (Fig. 3.3). In the

presence of phosphatidylcholine, about 70% of the added 125I-labelled

immunopurified PC12 cell proteins co-migrated with the liposomes to the top of the

gradient (Fig. 3.3). When phosphatidylcholine was omitted, virtually all of the 125I

labelled protein could be recovered in the bottom fractions of the sucrose gradient

(Fig. 3.3). In additional control experiments, less than 10% of added bovine serum

albumin co-migrated with 3H-phosphatidylcholine-containing liposomes to the top of
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the gradient, indicating that little protein-trapping during liposome formation occurs

(not shown). SDS gel analysis of liposome-containing fractions from the top of the

gradient revealed that all 3 PC12 cell glycoproteins were incorporated into the lipid

vesicles (Fig. 3.3, insert).

Binding of Reconstituted Liposomes to ECM Proteins

3H-labelled liposomes prepared containing the purified PC12 cell integrins

were tested for their ability to bind to ECM protein-coated substrates. Integrin

containing lipsomes bound to LN-coated substrates at a level of twice the background

binding to hemoglobin-coated wells (Fig. 3.4A). Binding of liposomes to LN was

inhibited either by Fab fragments of anti-ECMR IgG or by anti-LN serum, but was

not inhibited by preimmune IgG (Fig. 3.4A). Integrin-containing liposomes also

bound to Col TV-coated substrates at a level of about 2.3 times background levels of

binding to hemoglobin (Fig. 3.4A). Liposome binding to Col IV was inhibited either

by Fab fragments of anti-ECMR IgG or by antibodies to Col IV, but not by

preimmune IgG (Fig. 3.4A). In contrast, integrin-containing liposomes did not bind to

FN-coated substrates significantly above background binding to hemoglobin (Fig.

3.4A). 3H-labelled liposomes formed in the absence of purified PC12 cell integrins

did not bind significantly to either LN, Col IV or FN (Fig. 3.4B). The background

levels of binding of empty liposomes to these ECM proteins was not reduced by anti

ECMR Fab or by either LN or Col IV antibodies (not shown). Thus, liposomes

containing the 120, 140 and 180 kD PC12 cell integrins bound specifically but at low

levels to LN and Col IV but not to FN.

Comparison of the Hydrodynamic Properties of the PC12 Cell Integrins with Those

of Other Integrins.
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Our previous study demonstrated that the 140 and 180 kD PC12 cell

glycoproteins are both non-covalently associated with the 120 kD integrin B1-like

PC12 cell surface glycoprotein (Tomaselli et al., 1987), suggesting that these three

proteins exist in detergent solution as either a heterotrimer or as two heterodimers

with a shared integrin 31 subunit. To determine if the PC12 cell integrins have the

physical properties expected of O■ 3 heterodimers, the hydrodynamic properties of

the purified PC12 cell integrins were studied and compared to the known

hydrodynamic properties of other well characterized integrin o/3 heterodimers.

When 125I-labelled PC12 cell proteins were subjected to centrifugation in a

5-20% sucrose density gradient, 2 peaks centered at 5.0 S and 8.8 S were observed

(Fig. 3.5A). SDS gel analysis of fractions from this gradient demonstrated that the

purified 120,140 and 180 kD glycoproteins were present in both peaks (Fig. 3.6A,

lanes 3 and 4). The presence of all 3 proteins in both peaks suggests that the heavier

8.8 Speak contains proteins that are either aggregated or non-covalently associated

with each other, perhaps as dimers or larger oligomers, while the 5 S peak might

contain monomeric proteins. Consistent with this interpretation, the pooled trailing

fractions of the 5 S peak were found to contain predominantly the smaller 120 kD

protein (Fig. 3.6A, lane 2), while the pooled peak and leading fractions contained all

three proteins (Fig. 3.6A, lane 3). This is what one might expect if the 5 S peak

represented three partially superimposed peaks corresponding to integrin monomers

of 120, 140 and 180 kD. In contrast, all three proteins appeared to be present in all

fractions from the 8.8 Speak (Fig. 3.6A, lane 4).

The sedimentation coefficient of the putative PC12 cell integrin dimers (8.8 S)

is similar to that for the human platelet integrin 33 heterodimer, IIb/IIIa (Table 3.1),

and the avian integrin 31 heterodimers recognized by the CSAT monoclonal
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antibody (Table 3.1). The sedimentation coefficient of the more slowly sedimenting

form of the PC12 cell proteins (5.0 S) is similar to that determined for the monomeric

o, and 3 subunits of the platelet integrin 33 dimer and that of the avian integrin 31

subunit monomer (Table 3.1).

When 125I-labelled, immunopurified PC12 cell proteins were subjected to

molecular sieve chromatography on Aca 22, a single broad peak with a Stokes radius

centered at 68 A was observed (Fig. 3.5B). The Stokes radius of the PC12 cell

integrins is similar to those of the platelet IIb/IIIa heterodimer (Table 3.1) and the

avian integrin 31 dimers recognized by the CSAT monoclonal antibody (Table 3.1).

The presence of a single peak by molecular sieve chromatography is in contrast to the

presence of two peaks in sucrose density gradients (compare Fig. 3.5A and B). A

possible explanation for this is that the Stokes radii of the two populations of PC12

cell proteins seen in sucrose density gradients (putative monomers and dimers) are

too similar to be resolved on the Aca 22 column. Support for this hypothesis comes

from the observation that the Stokes radii of the platelet integrin monomers IIb and

IIIa are similar to that observed for the IIb/IIIa heterodimer complex (Table 3.1). This

close similarity in the effective Stokes radii of monomers and dimers is what one

would expect if the dimers were composed of monomers with the shape of rods or

prolate ellipsoids.

Cross-Linking of PC12 Cell Integrins.

The association between the 120, 140 and 180 kD proteins was further

examined by cross-linking and immunoprecipitation with the anti ECMR serum.

When detergent extracts of 125I-labelled PC12 cells were cross-linked with DSP and

immunoprecipitated with the anti-ECMR serum, labelled protein bands of 120, 140

and 180 kD were observed in addition to higher molecular mass cross-linked products
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of 225, 265 and 320 kD (Fig. 3.6B, lane 1). Of these, the 265 kD cross-linked product

was most prevalent. The prevalence of the higher molecular weight, cross-linked

proteins increased with increasing concentrations of DSP (not shown), and cross

linked products were not observed when the anti-ECMR immunoprecipitates were

reduced with 3-mercaptoethanol prior to SDS PAGE (Fig. 3.6B, lane 3). The

molecular masses of the 265 and 320 kD cross-linked products correspond to those

expected for heterodimers of 120/140 and 120/180 kD respectively. The 225 kD

cross-linked product does not correspond to any predicted O/3 heterodimer, and may

indicate the presence of additional integrin O. subunits on the surface of PC12 cells.

No higher molecular weight products that would correspond to cross-linked

heterotrimers Were observed (Fig. 3.6B, lane 1).
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DISCUSSION

In the present study, we have used an antiserum (anti-ECMR) that inhibits the

attachment of a rat neuronal cell line, PC12, to LN, Col IV and FN to immunopurify

integrin-related cell surface glycoproteins from detergent extracts of PC12 cells. A

previous study (Tomaselli et al., 1987) demonstrated that the anti-ECMR serum

immunoprecipitates 3 cell surface glycoproteins of 120, 140 and 180 kD from PC12

cells. This study also showed that the 120 kD PC12 cell glycoprotein is related

antigenically to the integrin B1 subunit recognized by the CSAT monoclonal

antibody on avian cells. The PC12 cell 120 kD integrin B1 subunit also appeared to

be non-covalently associated with both the 140 and 180 kD proteins, suggesting that

these latter two proteins correspond to integrin O. subunits that are each non

covalently associated with the 120 kD integrin B1 subunit. In this study we have

immunopurified and further characterized the PC12 cell integrins. The

immunopurified 120, 140 and 180 kD PC12 cell integrins completely neutralize the

ability of the anti-ECMR serum to inhibit PC12 cell attachment to LN, Col IV and

FN (cf. Fig. 3.2). Thus, these proteins must either be involved directly in PC12 cell

adhesion to these ECM proteins or, when bound by Fab fragments of anti-ECMR

IgG, must interfere with the adhesion of PC12 cells to these but not to other adhesive

substrates (Tomaselli et al., 1987). To test directly if the 120, 140 and 180 kD PC12

cell integrins can bind to LN, Col IV or FN, the immunopurified proteins were

incorporated into lipid vesicles. Like previously characterized integrin o■■

heterodimers (see Pytela et al., 1985a and b), the 120, 140 and 180 kD glycoproteins

were readily incorporated into phosphatidylcholine liposomes (cf. Fig. 3.3). These

protein-containing liposomes bound specifically, but at low levels, to substrates

coated with LN or Col IV but failed to bind significantly to FN or hemoglobin (cf.

Fig. 3.4). In contrast, empty liposomes did not bind significantly to any of these ECM
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protein-coated substrates. This pattern of protein-reconstituted liposome binding to

purified ECM proteins reflects the adhesive specificity of intact PC12 cells, namely:

LN=Col IV->FN (Tomaselli et al., 1987; Turner et al., 1987).

The binding of PC12 cell integrin-containing liposomes to LN and Col IV

demonstrated in the present study is consistent with the hypothesis that these proteins

function directly as receptors for LN and Col IV. These findings are also consistent

with previous observations that 1) avian integrins purified by the integrin 31-specific

monoclonal antibody (CSAT) can interact with LN (Horwitz et al., 1985) and 2)

integrin 31 antibodies (CSAT) inhibit neural retinal cell attachment to both LN and

Col IV (Hall et al., 1987). However, since the levels of liposome binding in the

present experiments are low (2-3 fold above background), we cannot completely

exclude the possibility that other proteins that were purified in trace amounts relative

to the 120, 140, and 180 kD glycoproteins (c.f. Fig. 3.1B) contributed to the liposome

binding observed. We consider this possibility unlikely for two reasons: 1) additional

cellular proteins purified by our procedure appeared not to be efficiently labelled by

lactoperoxidase-catalyzed cell surface iodination, as would be expected of cell

sureface proteins, and 2) since the same mixture of purified proteins was used for

both the ECMR antibody neutralization experiments and the liposome binding

studies, containminating proteins that might mediate liposome binding to LN and Col

IV would have to be present at sufficiently high concentrations to neutralize the

adhesion-blocking ECMR antibodies. There are several alternative explanations for

the low levels of binding exhibited by the integrin-containing vesicles. (1) Elution of

the glycoproteins from the ECMR antibody column was effected at pH 11.5, a

condition that denatures some proteins. Although avian integrin b1 receptor

complexes are capable of binding to LN and FN after elution at pH 11.5 from a

CSAT antibody affinity column, this binding is difficult to detect and may represent
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binding of only a fraction of the purified proteins (see Horwitz et al., 1985; Buck et

al., 1986). The elution conditions used here have been reported to denature one of the

human integrin 31 heterodimers, VLA 4, into monomers (Hemler et al., 1985; 1987).

Thus, some of the putative PC12 cell integrin heterodimers may have been denatured

by the conditions used to elute them from the ECMR antibody affinity columns. An

observation that is consistent with this hypothesis is the finding that >50% of the

eluted proteins have a sedimentation coefficient expected of integrin monomers (c.f.

Fig. 3.5A and Table 3.1). (2) The binding affinities of these integrin-related receptors

for LN and Col IV may be quite low. Detergent-solubilized avian integrin 31

receptors bind LN and FN with an estimated kD of about 10-7M (Horwitz et al.,

1985). Due to the "weak" nature of these interactions, one would expect the binding of

liposomes containing these receptors to depend critically on the incorporation of large

numbers of intact, functional receptors. We estimate that each liposome contained

about 10–20 molecules of each of the 120, 140 and 180 kD proteins. Since only some

of these are expected to be inserted in the right orientation (extracellular domains

facing outward) and since some of the receptor complexes are probably denatured

(see above), the actual number of functional receptors per liposome may be quite low.

Liposomes containing comparable amounts of integrin 31 or 33 receptor

heterodimers to those used here have been shown to bind to FN and vitronectin at

levels of about 5-10-fold above background. However, it is likely that a smaller

proportion of these receptors was denatured, since they were purified from ECM

protein affinity columns using milder RGD-containing peptide elution conditions

(Pytela et al., 1985a and b). In addition, these liposomes probably contained only one

type of heterodimer in contrast to the lipsome prepared in this study which may have

contained a mixture of at least two heterodimers (see below).
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Our previous studies using antibodies (anti-avian integrin B1) that recognize

only the 120 kD PC12 cell glycoprotein in antigen blots demonstrated that the 120 kD

integrin b1-like subunit is noncovalently associated with both the 140 and 180 kD

glycoproteins (Tomaselli et al., 1987). Thus the 120, 140 and 180 kD PC12 cell

proteins are likely to comprise either a single heterotrimer or two non-covalently

associated o/3 heterodimers with a shared 31 subunit. Data presented here support

the latter alternative: 1) the sedimentation coefficient, stokes radius and estimated

molecular weight of the putative PC12 cell integrin dimers are very similar to those

of both the integrin 33 heterodimer, platelet glycoprotein IIb/IIIa, and the avian

integrin 31 heterodimers recognized by the CSAT monoclonal antibody (c.f. Table

3.1) and 2) cross-linking of proteins recognized by ECMR antibodies in detergent

extracts of PC12 cells produced cross-linked products with molecular masses

expected of heterodimers and not heterotrimers (c.f. Fig. 3.6B). Direct evidence that

the 140 and 180 kD glycoproteins are each separately associated with the 120 kD 31

subunit awaits immunoprecipitation experiments with antibodies that specifically

recognize either of the two putative a subunits (the 140 and 180 kD glycoproteins).

Assuming that these PC12 cell integrins are, in fact, o/3 heterodimers, it is

interesting that, after elution from the ECMR antibody column, about 50% of the

proteins exist as monomers (as judged by their sedimentation coefficient; c.f. Fig.

3.5A and Table 3.1). It is unclear whether this reflects the presence of unassociated,

monomeric subunits on the PC12 cell surface, or whether elution at pH 11.5

conditions denatures a proportion of the dimers into monomers (see above).

The results presented here also do not allow assignment of LN- and Col IV

binding to a specific protein, but only to a group of proteins. Since the 120, 140 and

180 kD glycoproteins are probably organized as two distinct O■ 3 heterodimeric

complexes (see above), it is possible that separate heterodimers bind individually to
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LN or Col IV. Alternatively, a single heterodimer may bind to both LN and Col IV.

Several observations suggest the latter alternative may be true. First, Turner et al.

(1987) have suggested, based on the close similarity in the magnesium-dependence of

PC12 cell attachment to both LN and Col IV, that the PC12 cell receptors for LN and

Col IV are very similar, if not identical. Second, Wayner and Carter (1987) have

recently shown that attachment of HT 1080 human fibrosarcoma cells to LN, Col IV

and FN is inhibited by a monoclonal antibody that appears to recognize a single

integrin O. subunit that is non-covalently associated with the human integrin 31

subunits. The migration of this putative LN-, Col IV- and FN- binding human

integrin heterodimer under reducing and non-reducing conditions is similar to that of

the putative 120/140 kD PC12 cell heterodimer (see Chapter Two). It is, thus,

possible that a single PC12 cell surface integrin heterodimer (corresponding to the

120 and 140 kD glycoproteins) binds to both LN and Col IV. A possibility that is not

ruled out by the present study is that integrin monomers bind to LN or Col IV, since

the liposomes contained about 50% monomeric protein subunits (c.f. 3.5A). It is

important to note that, in addition to the LN and Col IV-binding proteins described

here, other PC12 cell surface proteins may interact with LN or Col IV. LN and Col

IV are both large, multidomain adhesive proteins and, thus, probably recognize more

than one cell surface component. LN, for example, appears to have more than one

cell-binding domain (Graf et al., 1987; Engvallet al., 1986) as does FN (Humphries et

al., 1986; 1987; Bernardi et al., 1987). Similarly, more than one putative cell surface

receptor for collagens has recently been described (Wayner and Carter, 1987; Dedhar

et al., 1987).

The relative inability of the integrin-containing liposomes to bind to FN is

consistent with the observation that PC12 cells bind poorly to FN (Tomaselli et al.,

1987; Turner et al., 1987). However, the present results do not allow one to explain



113

conclusively why PC12 cells attach at all to FN and why the low levels of attachment

observed are inhibited by RGD-containing peptides and the anti-ECMR serum (see

Tomaselli et al., 1987; Akeson and Warren, 1986). Two possible explanations for

these results are 1) PC12 cells express low levels of a rat homologue of the human

integrin 31/ OF (VLA-5) FN receptor heterodimer. This FN receptor heterodimer,

which is expressed on many cell types, interacts with the RGD sequence in FN (c.f.

Pytela et al., 1985a; Brown and Juliano, 1986; Patel and Lodish, 1986; see Hynes, 1987

for integrin nomenclature). The presence of low levels of a rat integrin B1/O.F FN

receptor on PC12 cells could account for the low level of RGD-dependent attachment

to FN. Such a PC12 cell integrin B1/o:F heterodimer would be expected to share the

common 120 kD 31 subunit and, thus, would be inhibited by the ECMR antiserum.

The integrin B1/o:F dimer would be distinct from the putative LN and Col IV

integrin 31 receptor heterodimers described here which appear to be expressed at

relatively high levels. Low levels of PC12 cell integrin B1/o:F FN receptors would be

immunopurified in correspondingly small quantities by the methods used here and,

thus, would not be expected to be incorporated into lipsomes at high enough levels to

mediate efficient binding of the liposomes to FN. 2) The integrins purified here, in

their native conformation on the surface of PC12 cells, are capable of binding to FN,

but much less efficiently than to LN or Col IV and, thus, themselves could account

for the small amount of PC12 cell attachment to FN. If this second alternative is true,

the FN-binding activity of these dimers is either destroyed during purification and

reconstitution or is below the limits of detection of the liposome binding assay.

In summary, we have immunopurified 3 PC12 cell surface glycoproteins that

belong to the integrin family of adhesive protein receptor heterodimers. These

glycoproteins have properties which strongly suggest they comprise two O/3

heterodimers with a shared integrin [31 subunit. Liposomes containing these integrin
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heterodimers bind specifically but at low levels to LN and Col IV, suggesting that

they mediate, in part, PC12 cell attachment and process outgrowth in response to LN
and Col IV. As we have shown previously that the ECMR antiserum inhibits

sympathetic neuronal attachment to and process outgrowth on LN substrates

(Tomaselli et al., 1987), neurons may use similar types of receptors for interacting

with these ECM proteins.
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L5G END: The sedimentation coefficients ($20 w), Stokes radii (Rs) and estimated molecular

weight (¥,) of the purified PC12 cell integrins were compared to the published values for the

H. i. º. an integrin 53 heterodimer, platelet IIb/IIIa, and the avian integrin 31 heterodimers

; : cºgnized by the CSAT monoclonal antibody.
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TABU E. 3.1Comparison of the Hydrodynamic Properties of the Purified PC12 Cell Integrins

with those of Other Integrin Heterodimers.

Integrins
- -

Dimers
o

Rs (A) $20,w
PC 12 cell integrins 68 8.8

Platelet [Ib/IIIa" 71 8.6

Avian integrin a,b 60 8.6

a} data from Jennings and Phillips, 1982.

b) data from Horwitz et al., 1985.

c) , alues for platelet IIb monomers.

d) values for platelet IIIa monomers.

M.
269,000°

265,000

235,000

Monomers
o

Rs (A) $20,w

-
5.0

61°,674 4.7°.3.2d

-
4.0

e) an estimate cf the molecular weight (Mr.) of the PC12 cell integrins was calculated from the

formula:

Mr =
6FMRss 20, w

| -pv

o

Where R;=68A, $20 w-8.8 S and the value for the partial molar volume (V) of the antigen was

taken to be equivalent to that of the avian integrin 81 heterodimers (0.75 ml/g) determined

experimentally in Horwitz et al. (1985).
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Figure 3.1: SDS PAGE analysis of PC12 cell integrin purification. A)

Autoradiogram of an 8% non-reducing SDS gel showing fractions from different

stages of the purification. Lane 1: Surface-iodinated and detergent-extracted PC12

cell starting material (about 100,000 cpm); lane 2: material that flowed through

WGA-Sepharose (100,000 cpm); lane 3: material that bound to WGA-Sepharose and

was eluted with N-acetyl-D-glucosamine (30,000 cpm); lane 4: material that flowed

through normal goat IgG-Sepharose (30,000 cpm); lane 5: material that flowed

through the anti-ECMR IgG-Sepharose (30,000 cpm); lane 6: proteins eluted from

anti-ECMR IgG-Sepharose at pH 11.5 (2000 cpm). Longer exposures of

autoradiograms of this and other purifications failed to identify any labelled proteins

other than the 120, 140 and 180 kD proteins shown in Lane 6. B) Protein silver stain

and autoradiographic analysis of purified material used for ECMR antiserum

neutralization and liposome reconstitution and binding experiments. Proteins were

separated on a 6.8% SDS gel under non-reducing conditions. Lane 1: silver stain of

material eluted from the anti-ECMR IgG column. Lane 2: autoradiogram of material

eluted from the anti-ECMR IgG column. Note the silver-stained 60 kD contaminating

protein was not labelled by cell surface iodination. Molecular mass markers indicated

are myosin (200 kD), 3-galactosidase (116 kD), phosphorylase a (97 kD) and bovine

serum albumin (68 kD).
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Figure 3.2: Neutralization of the adhesion-blocking activity of the anti-ECMR serum

by immunopurified PC12 cell integrins. PC12 cell attachment to substrates coated

with LN (5 pig■ ml), Col IV (2 pg/ml) or FN (20 pg/ml) substrates was tested in the

absence of added antibodies (open bars), in the presence of a 0.6% concentration of

the anti-ECMR serum that had been mixed with antibody column-elution buffer plus

20% normal goat serum as a control (closed bars) or in the presence of a 0.6%

concentration of the anti-ECMR serum that had been mixed with the immunopurified

and dialyzed PC12 cell proteins in addition to 20% normal goat serum (stipled bars).

Values represent the average and range of determinations made on duplicate cultures

run in parallel and are expressed as % of cell attachment to the positive control, poly

D-lysine.



120

||T-|
[

CDCDOOOOOOCO<†CN
ºr

|OJ■ uOO■ A■■■ SOd
9%

CD
FNCo■ IVLN



121

Figure 3,3: Incorporation of surface-labelled and immunopurified PC12 cell

glycoproteins into liposomes. Purified proteins in 50 mM octylglucoside were either

mixed with 3H-phosphatidylcholine and dialyzed against PBS (open and closed bars)

or just dialyzed against PBS without added phosphatidylcholine (stipled bars). The

dialysates were fractionated by sucrose gradient centrifugation and aliquots of

fractions were analyzed for 3H-phosphatidylcholine (open bars) or 125I-labelled

protein (closed and stipled bars). Fraction number 1 represents the top of the sucrose

gradient. Insert: Autoradiogram of 125I-labelled proteins recovered in fraction 1 and

run on a 7% SDS polyacrylamide gel under non-reducing conditions. Arrowheads

indicate the position of the molecular mass markers myosin (200 kD; upper

arrowhead) and B-galactosidase (116 kD; lower arrowhead).
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Figure 3.4: Binding of 3H-labelled liposomes formed in the presence (A) or absence

(B) of the immunopurified PC12 cell integrins. Binding to hemoglobin (Hgb;

10pg/ml), FN (20 pg/ml), LN (20 pg/ml), or Col IV (10 pg/ml) was measured in

the absence of added antibodies (open bars), or in the presence of either 1 mg/ml of

preimmune goat IgG (closed bars), 1 mg/ml anti-ECMR Fab (stipled bars) a 1:20

dilution of rabbit anti-LN serum (hatched bar on LN), or 100 mg/ml of anti-Col. IV

IgG (hatched bar on Col IV). Values from one experiment are shown here and

represent the average and range of 3H cpm bound to duplicate wells run in parallel.

Liposome binding experiments were repeated twice using different preparations of

immunopurified PC12 cell glycoproteins with quantitatively similar results.
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Figure 3.5: A) 5-20% sucrose density gradient analysis of immunopurified 125I

labelled PC12 cell integrins. Fractions were analyzed for 125I-labelled proteins (solid

circles) and for sedimentation standards (empty circles; 1: BSA, 4.7 S; 2: aldolase,

7.35 S; 3: fumarase, 9.09 S). Inset; plot of the sedimentation coefficients (s20,w) of

the standards versus fraction number. Arrows indicate the positions of the 2 PC12 cell

protein peaks. B) Aca 22 molecular sieve chromatography of purified 125I-labelled

PC12 cell integrins. Proteins were run on a column that had been pre-calibrated with

protein standards of known stokes radii (empty circles; 1: thyroglobulin, 85 A; 2: B

galactosidase, 69 A; 3: BSA, 36 A). Fractions were analyzed for 125I-labelled

proteins (solid circles). Inset: plot of the distribution coefficients (KD) versus stokes

radius (Rs) of the calibration standards. The arrow indicates the position of the PC12

cell protein peak.
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Figure 3.6: A) Non-reducing 7% SDS gel analysis of 125I-labelled proteins in

fractions from the sucrose gradient shown in Figure 5A. Lane 1: purified starting

material which contains 3 proteins of 120, 140 and 180 kD; lane 2: fractions 10-12

from the 5.0 Speak; lane 3: fractions 13-16 from the 5.0 Speak; lane 4: fractions 20

24 from the 8.8 Speak. Molecular mass markers indicated are myosin (200 kD), 3

galactosidase (116 kD), phosphorylase a (97 kD) and bovine serum albumin (68 kD).

B) 5% SDS PAGE of anti-ECMR immunoprecipitates of cross-linked 125I-labelled

PC12 cell proteins. Lane 1: Cross-linked proteins immunoprecipitated with ECMR

antibodies and run under non-reducing conditions. Lane 2: Cross-linked proteins

immunoprecipitated with control serum. Lane 3: Cross-linked proteins

immunoprecipitated with ECMR antibodies and run under reducing conditions. Note

the absence of higher molecular weight cross-linked products under reducing

conditions. The molecular masses indicated by arrowheads were calculated based on

the migration of the molecular mass standards myosin (200 kD), immunoglobulin

(150 kD) 3-galactosidase (116 kD) and phosphorylase a (97kD).
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CHAPTER FOUR

Distinct Molecular Interactions Mediate Neuronal Process

Outgrowth on Non-Neuronal Cell Surfaces and Extracellular

Matrices

Abbreviations used in this chapter: BCE, bovine corneal endothelial; CG, ciliary

ganglion; CM, conditioned medium; ECM, extracellular matrix; FN, fibronectin;

IgG, immunoglobulin G, LN, laminin; NOPF, neurite outgrowth-promoting factor;

PBS, phosphate buffered saline.
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SUMMARY

We have compared neurite outgrowth on extracellular matrix constituents to

outgrowth on glial and muscle cell surfaces. Embryonic chick ciliary ganglion (CG)

neurons regenerate neurites rapidly on surfaces coated with laminin (LN), fibronectin

(FN), conditioned media (CM) from several non-neuronal cell types that secrete LN,

and on intact extracellular matrices. Neurite outgrowth on all of these substrates is

blocked by two monoclonal antibodies - CSAT and JG22 - that recognize the avian

integrin 31 subunit and prevent the adhesion of many avian cells, including neurons,

to the ECM constituents LN, FN, and collagen. Neurite outgrowth is inhibited by

integrin B1 antibodies even on mixed LN/poly-D-lysine substrates where neuronal

attachment is independent of LN. Therefore, neuronal process outgrowth on

extracellular matrices requires the function of neuronal cell surface molecules

recognized by these antibodies.

The surfaces of cultured astrocytes, Schwann cells and skeletal myotubes also

promote rapid process outgrowth from CG neurons. Neurite outgrowth on these

surfaces, though, is not prevented by integrin [31 antibodies. In addition, antibodies

to a LN/proteoglycan complex that block neurite outgrowth on several LN-containing

CM factors and on an ECM extract failed to inhibit cell surface-stimulated neurite

outgrowth. After extraction with a nonionic detergent, Schwann cells and myotubes

continue to support rapid neurite outgrowth. However, the activity associated with

the detergent insoluble residue, is blocked by integrin 31 antibodies. Detergent

extraction of astrocytes, in contrast, removes all neurite-promoting activity.

These results provide evidence for at least two types of neuronal interactions

with cells that promote neurite outgrowth. One involves adhesive proteins present in

the ECM and ECM receptors on neurons. The second is mediated through detergent

extractable macromolecules present on non-neuronal cell surfaces and different,
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uncharacterized receptor(s) on neurons. Schwann cells and skeletal myotubes appear

to promote neurite outgrowth by both mechanisms.
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MATERIALS AND METHODS

Animals: Fertile White Leghorn chicken eggs were purchased from Feather Hill

Farm (Petaluma, CA) and kept at 380C and 95% humidity until use. Newborn

Sprague-Dawley rat pups were purchased from Bantin and Kingman (Fremont, CA).

Chemicals and Reagents: Laminin was purified from Engelbreth-Holm-Swarm

(EHS) sarcoma tumors using published methods (Kleinman et al., 1982; Timpl et al.,

1982). Fibronectin was purified from human plasma and was a generous gift of Dr.

Janet Winter. Partially purified glial growth factor and forskolin used in Schwann

cell cultures were generously provided by Dr. Greg Lemke. Rat tail collagen was

prepared as described (Bornstein, 1958). DEAE-cellulose (DE-52) was from

Whatman (Clifton, N.J.), DEAE Affi-Gel Blue was from BioFad (Richmond, CA)

and EHS tumor extract (Matri-gel) was purchased from Collaborative Research

(Lexington, MA). All other chemicals were from Sigma (St. Louis, MO).

Antibodies: The CSAT hybridoma cell line was kindly provided by Dr. Alan F.

Horwitz; the JG22 and 1A6 hybridomas were kindly provided by Dr. David Gottlieb.

Immunoglobulin G (IgG) was purified from ascites fluid on DEAE Affi-Gel Blue

(Bruck et al., 1982) or by ammonium sulfate precipitation and ion exchange

chromatography on DEAE-cellulose as described elsewhere (Hudson and Hay, 1980).

FAB fragments of JG22 and 1A6 IgG were produced by digestion with papain

followed by chromatography on DEAE cellulose (Hudson and Hay, 1980). Rabbit

antiserum to N-CAM and IgG from this serum were prepared as described (Bixby and

Reichardt, 1986). Anti-LN antiserum was raised in New Zealand White rabbits

against LN purified from the EHS sarcoma by Dr. Janet Winter. An antiserum to a

partially purified, LN-containing rat myotube conditioned medium neurite outgrowth



133

promoting factor (MCM-NOPF) was raised in New Zealand White rabbits. The

MCM-NOPF was partially purified using a combination of steps from the purification

and characterization of other CM-NOPF's (Lander et al., 1985b). Briefly, rat

myotube CM was incubated with gelatin-Sepharose to remove fibronectin, followed

by centrifugation at 40,000 rpm for 13 hours in a 45 Ti rotor (Beckman) to pellet the

NOPF. The resuspended pellet was chromatographed on Sepharose CL-4B and the

NOPF was recovered in fractions just behind the void volume (Winter and Reichardt,

in preparation). In addition to recognizing LN in protein blots of myotube CM, this

serum blocks the neurite outgrowth-promoting activities of both LN- and MCM

coated substrates (Winter and Reichardt, unpublished observations). Both anti-LN

and anti-NOPF Sera were heated at 560C for 15 mins. to inactivate Serum

complement components before use. Rabbit anti-alpha-melanocyte stimulating

hormone, (anti-alpha-MSH) which cross-reacts with chick neurofilaments (Drager et

al., 1983), was purchased from Immunonuclear Corp. (Stillwater, MN). Goat anti

rabbit IgG coupled to fluorescein isothiocyanate (Goat anti-rabbit FITC) and goat

anti-mouse IgG coupled to rhodamine isothiocyanate (Goat anti-mouse RITC) were

purchased from Cappel (Malverne, PA).

Cell Culture: Ciliary ganglion neurons were enzymatically dissociated from

embryonic day 8 (E8) chick ciliary ganglia (Nishi and Berg, 1977) and cultured as

described (Bixby and Reichardt, 1985). Cell densities were 1000 neurons per 0.28

cm2 well and 10-15,000 neurons per 2 cm2 well (96 and 24 well plates, respectively;

Costar, Cambridge, MA)

Chick myoblasts were prepared from 11 day chick pectoral muscle and

cultured as described (Bixby and Reichardt, 1985).
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Embryonic chick fibroblasts were prepared from E11 pectoral muscle by

culture of cells that bound to tissue culture plastic during the pre-plating step in the

myoblast preparation. After growth for 2-4 days, these cells were removed with

trypsin/EDTA and replated on collagen-coated coverslips in the same medium used

to culture myoblasts.

Schwann cells were isolated from newborn Sprague Dawley rat sciatic nerve

following the procedure of Brockes et al., (1979) and were a generous gift from Dr.

Greg Lemke. Schwann cells were grown on poly-D-lysine (1 mg/ml in distilled

H2O) coated tissue culture dishes, in Dulbecco's Modified Eagle's medium (DME

with 1.0g/l glucose (DME H-16), UCSF Cell Culture Facility) supplemented with

10% fetal calf serum, partially purified glial growth factor (12 pg/ml), forskolin (200

puM), glutamine (2mVM), and penicillin/streptomycin (100 U/ml), following a

procedure kindly provided by Dr. Greg Lemke. The partially purified glial growth

factor used in these experiments was prepared from a bovine pituitary extract by

differential ammonium sulfate precipitation and carboxymethyl cellulose

chromatography (Brockes et al., 1980).

Astrocytes were derived from 1 day old rat cortex following the procedure of

Fallon (1985b) and were grown in DME H-16 plus 10% horse serum, 5% newborn

calf serum, glutamine (2mm) and penicillin/streptomycin (100 U/ml).

Rat fibroblasts were obtained by digesting E20 rat leg muscles with 20%

trypsin for 10 minutes at 370C. Cells in the supernatant were washed in sterile PBS,

plated in 100mm tissue culture dishes and grown in Dulbecco's Modified Eagle's

medium (DME with 4.5 g/l glucose (DME H-21), UCSF Cell Culture Facility)
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supplemented with 10% horse serum, glutamine (2mm) and penicillin/streptomycin,

(100 U/ml).

Conditioned Media Preparation: Rat pheochromocytoma (PC12) cells, rat

Schwannoma (RN22) cells and bovine corneal endothelial (BCE) cells were cultured

as described elsewhere (Lander et al., 1985a). Schwann cells, astrocytes and

fibroblasts were cultured as described above. Medium which had been conditioned

for 5-7 days over nearly confluent cultures was collected, filtered through 0.45 pum

nitrocellulose filters (Millipore, Bedford, MA) and stored at -200C until use. Rat

myotube CM was a generous gift from Dr. Janet Winter.

Substrate Preparation: LN and FN were diluted in Ca ++/Mg++-free phosphate

buffered saline (PBS) to 10 pg/ml and 100 pg/ml respectively (unless otherwise

stated in figure legends). Approximately 100 pil was used to coat the 0.28 cm2

surface area of a 96 well tissue culture plate well (Costar, Cambridge, MA) by

incubation overnight at 40C, Conditioned medium (CM) substrates were prepared by

coating 0.28 cm2 wells for 1 hour at 250C with 100 pil of a 1 mg/ml solution of poly

D-lysine in distilled water. After washing extensively with distilled water and

sterilizing with UV irradiation, the wells were incubated with 100 pil of CM

overnight at 40C, LN, FN and CM coated wells were washed three times with sterile

PBS before use. Glass coverslips coated with BCE cell ECM were a generous gift

from Dr. Dennis Fujii (Fujii et al., 1982). Coverslips coated with a 2 M urea extract

of EHS sarcoma ECM (Matri-Gel) were prepared following instructions provided by

the supplier (Collaborative Research). In brief, 500pul aliquots of frozen matrix

extract were thawed and used to coat 13 mm glass coverslips at 250C for 15-20

minutes. The EHS sarcoma extract is a viscous liquid when cold, but upon warming,

polymerizes into a semi-rigid gel. For experiments done with the anti-MCM-NOPF
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antiserum on EHS sarcoma extract, Matri-Gel was diluted 1:100 in sterile PBS and

used to coat microwells as described for the preparation of CM substrates. For

antibody-containing CG cultures, growth medium plus 2x concentration of antibody

was added (50 pil for 0.28 cm2 wells; 300 pil for 2 cm2 wells) 30 minutes prior to

addition of neurons in an equal volume of growth medium.

Island Cocultures: Acid cleaned 13 mm glass coverslips were placed in Costar 24

well plates and coated with LN (0.5 ml of 10 pg/ml) overnight at 49C. Alternatively,

some coverslips were coated with rat tail collagen as described above and sterilized

by UV irradiation. After washing the coverslips three times with PBS, 0.5 ml of the

appropriate cell culture medium was added to each well. Cloning rings (5 mm in

diameter, 1.5 cm in height) were made by cutting the bottoms from 500 pil

polypropylene microfuge tubes. These were autoclaved and fixed to the center of

LN- coated coverslips using autoclaved vacuum grease. Astrocytes, Schwann cells

and fibroblasts were passaged with trypsin/EDTA and 5,000-10,000 cells were added

per cloning ring in 100 pil of growth medium. Cells were allowed to attach overnight

and cloning rings were removed. These "island monolayers" were always grown at

least 24 hours before coculture with CG neurons. For chick skeletal myotube island

cultures, about 10,000 myoblasts were plated per cloning ring and allowed to fuse

over several days. At the start of coculture experiments, the culture medium was

removed and replaced with 0.3 ml of CG neuron growth medium with a 2X

concentration of the desired antibody. Dissociated neurons were then plated in an

equal volume of growth medium and cultured for 16-24 hours.

Immunofluorescence and Microscopy: Cocultures were fixed with PBS plus 10%

formalin and 5% sucrose for 15 minutes at 250C. After permeabilization and

blocking in PBS/0.1% Saponin/5% goat serum for 15 minutes, the coverslips were
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incubated for 1-2 hours at 250C with rabbit anti-alpha-MSH (1:500 dilution in PBS

0.1% saponin/1% goat serum) and/or a 1:500 dilution of 1A6 mouse monoclonal anti

N-CAM ascites. After washing five times in PBS, coverslips were incubated in goat

anti-rabbit FITC and/or goat anti-mouse RITC (1:100 dilution in PBS/1% goat

serum) for 1 hour. After washing five times in PBS and once in distilled water,

coverslips were mounted in Elvanol on microscope slides and viewed with a 63X

(n.a. 1.4) oil immersion lens on a Zeiss microscope equipped with rhodamine and

fluorescein optics. Coverslips were examined systematically for neuronal cell bodies,

which were identified by their morphology and immunoreactivity with anti-alpha

MSH or anti-N-CAM antibodies. Identified neurons were scored as having neurites if

a process greater than 2 cell body diameters in length could be seen.

Detergent Extraction of Non-neuronal Cell Monolayers: Cultures of embryonic chick

skeletal myotubes or chick muscle-derived fibroblasts on rat tail collagen-coated

glass coverslips were extracted in sterile growth medium plus 0.1% Triton X-100 for

30 minutes at 370C and then washed 3 times with sterile PBS before use. In one

experiment, some myotube cultures were instead extracted with 0.5% CHAPS in the

same medium. Cultures of astrocytes and Schwann cells which were extracted with

growth medium plus 0.1% Triton X-100 for 10 minutes at 370C were often lost from

poly-D-lysine-coated glass coverslips during the subsequent PBS washes and culture

conditions. Hence, astrocytes and Schwann cells were lightly fixed in PBS plus 1%

formalin and 0.5% sucrose for 1 minute at 250C prior to detergent extraction.
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RESULTS

Characterization of the Interactions Required for Neurite Outgrowth on Simple and

Complex ECM-Derived Substrates.

Dissociated chick ciliary ganglion (CG) neurons develop extensive networks

of processes in less than 16 hours when grown on LN-coated tissue culture plastic

(Fig. 4.1A). FN-coated substrates also stimulate process outgrowth by these neurons

(Fig. 4.1B), although a smaller percentage of neurons respond over this time period

(Fig. 4.2). While the neurons adhere readily to surfaces coated with poly-D-lysine or

rat tail collagen, little if any outgrowth is seen on either substrate in 16 hours (Fig. 4.1

C & D). Rapid process outgrowth by CG neurons appears, therefore, to require more

than simple adhesion to the substrate.

Two monoclonal antibodies, CSAT and JG22, that recognize the avian

integrin B1 subunit and interfere with the attachment of many cell types to LN and

FN (Greve and Gottlieb, 1982; Horwitz et al., 1985) essentially eliminate rapid

neurite outgrowth by CG neurons on LN- and FN-coated substrates (Fig. 4.1 E & F;

Fig. 4.2A & B). Similar observations have been reported by Bozyczko and Horwitz

(1986). Neurites that grow in the presence of CSAT and JG22 antibodies are rarely

more than several cell diameters in length and are most often associated with the non

neuronal cells in the culture. The inhibition of LN-induced process outgrowth by

CSAT or JG22 IgG is dose-dependent and is also seen with monovalent fragments of

JG22 IgG (Fig. 4.2A). In contrast, comparable concentrations of monovalent

fragments of a monoclonal anti-N-CAM antibody, 1A6, do not affect neurite

regeneration over the time course examined (Fig. 4.2A). The effects of the antibodies

are not due to cytotoxicity, since they are reversible (Fig. 4.1G). Addition of CSAT
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IgG after process outgrowth on LN has proceeded leads to the retraction of virtually

all the neurites in the culture (Fig 4.1H).

Examination of CSAT-and JG22-containing cultures before fixation shows

that the antibodies prevent the attachment of many of the neurons to the LN substrate,

and thus could prevent neurite outgrowth as a consequence of their effects on

adhesion. To distinguish the effects of the antibodies on adhesion from those on

neurite extension, we studied the effects of CSAT antibody under conditions in which

neuronal attachment is independent of LN. CG neurons were grown on a mixed

LN/poly-D-lysine substrate, one which promotes vigorous process outgrowth (Fig.

4.1I). In the presence of CSAT IgG, process outgrowth on the mixed substrate is

blocked, despite attachment and spreading of the neuronal cell bodies on the substrate

(Fig. 4.1.J). Similar observations were made using a mixed LN/anti-N-CAM IgG

substrate (not shown).

As LN is associated in vivo with LN-binding proteins and proteoglycans

(Timpl et al., 1984; Dziadek and Timpl, 1985) we tested the effects of CSAT and

JG22 antibodies on neurite regeneration by neurons grown on more complex LN

containing substrates. In one set of experiments, poly-D-lysine-coated substrates

were incubated with medium conditioned by one of several different cell types, each

of which has been shown to secrete a substrate-binding, neurite outgrowth-promoting

factor (NOPF) (cf. Adler et al., 1981; Lander et al., 1982). The neurite outgrowth

promoting activities of these factors appear to be associated with LN (Lander et al.,

1985, a, b, Davis et al. 1985; Calof & Reichardt, 1985). Neurite regeneration by CG

neurons in response to these conditioned-medium (CM) substrates is greatly reduced

by CSAT and JG22 IgG at concentrations which block on purified LN substrates

(Table 4.1; Fig. 4.3 E & F). Adhesion of neurons to these poly-D-lysine/CM
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substrates is efficient even in the presence of CSAT or JG22 antibodies (compare Fig.

4.1C and 4.3F).

Process outgrowth on some of these CM substrates is also inhibited by

antibodies to a LN-containing NOPF partially purified from rat myotube CM (Table

4.1). This serum (anti-NOPF) prevents neurite outgrowth on substrates coated with

LN, or CM from a variety of cell types, including rat myotubes (Winter and

Reichardt, in preparation), astrocytes and Schwann cells (Table 4.1). In agreement

with previous observations (Manthorpe et al., 1983; Lander et al.,1983, 1985a),

antibodies to LN are not able to inhibit the outgrowth-promoting activity of these CM

substrates, despite the fact that LN is probably the active factor (Table 4.1; for

discussion see Lander et al., 1985 a, b).

Two LN-containing substrates that resemble natural extracellular matrices are

a 2M urea extract of the ECM produced by the EHS sarcoma (Kleinman et al., 1986)

and the ECM deposited by BCE cells grown in culture (Gospodarowicz et al., 1980).

Both of these substrates stimulate vigorous process outgrowth by CG neurons (Table

4.1; Fig. 4.3A, B; see also Lander et al., 1982). In the presence of CSAT IgG, neurite

outgrowth is greatly reduced on both ECM substrates (Table 4.1; Fig. 4.3C & D).

The anti-NOPF antibodies are also capable of inhibiting neurite outgrowth on

the EHS sarcoma extract (Table 4.1). They were not tested on the BCE ECM,

because they do not affect outgrowth on substrates coated with CM from these same

cells, probably because of restricted species cross-reactivity (Winter and Reichardt, in

preparation).
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In summary, a variety of LN- and FN-containing substrates, both simple and

complex, promote rapid and extensive neurite outgrowth by ciliary ganglion neurons.

Monoclonal antibodies (CSAT and JG22) to a set of cell surface glycoproteins that

mediate the interaction of cells with LN and FN are able to prevent this outgrowth,

even in conditions in which neuronal adhesion does not depend on the function of

molecules recognized by these antibodies.

Characterization of the Interactions Required for Neurite Outgrowth on Schwann

Cell, Myotube, Astrocyte and Fibroblast Cell Surfaces.

Skeletal myotubes, Schwann cells, astrocytes, and fibroblasts are all potential

substrates for axon growth during development and regeneration in vivo. Previous

studies have shown that glial cells, compared to fibroblasts, are preferred substrates

for process outgrowth in vitro (Noble et al., 1984; Fallon et al., 1985a, b). Skeletal

myotubes, Schwann cells and astrocytes make LN and/or FN in vitro (Sanes, 1982;

Cornbrooks et al., 1983; Liesi et al., 1983, 1986; Price and Hynes, 1985) which could

provide a stimulus for neurite outgrowth from neurons cultured on their surfaces.

Experiments were designed to determine whether neurite outgrowth on the surfaces

of these cells requires the same interactions as those necessary for outgrowth on the

ECM and its constituents.

Each of the non-neuronal cell types was cultured as an "island" monolayer 5

mm in diameter on LN-coated 13 mm glass coverslips. CG neurons seeded onto the

coverslips were grown for 16-24 hours in the presence or absence of CSAT or JG22

IgG. Following fixation, neuronal cell bodies and neurites were distinguished from

the underlying non-neuronal cell monolayer by immunofluorescence using anti

neurofilament antibodies, and were scored for the presence or absence of neurites.

Table 4.2 quantifies the results of these island coculture experiments. In control
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cultures containing no antibody or antibody vehicle solution, extensive neurite

regeneration occurs on myotube, Schwann cell, astrocyte and fibroblast monolayers

as well as on the surrounding LN substrate. In the presence of CSAT or JG22 IgG at

concentrations far in excess of those required to block process outgrowth on LN

substrates (up to 1 mg/ml of JG22 IgG), neurite outgrowth on the surrounding LN is

almost completely blocked while that on myotube, Schwann cell or astrocyte

monolayers remains, and is quantitatively similar to controls (Table 4.2). The

possibility of more subtle effects of the antibodies, for example, on neuronal growth

rates or branching patterns, was not examined in this study. Representative

micrographs of myotube and Schwann cell island cocultures are shown in Figures 4.4

and 4.5 respectively. That functional CSAT and JG22 antibodies were present

throughout the island coculture period was demonstrated by removing the antibody

containing growth medium prior to fixation and showing that it could still block CG

neurite outgrowth on LN (data not shown). The presence of CSAT or JG22 IgG in

the cocultures appeared to restrict the growth of neurites to cell surfaces. Examples

of this were seen at the borders of the island monolayers where neurites growing on

cell surfaces in the presence of CSAT IgG were apparently prevented from extending

onto the adjacent LN substrate, which they often did in control cultures (data not

shown).

In contrast to process outgrowth on Schwann cell, myotube, and astrocyte

monolayers, growth on fibroblast monolayers is clearly sensitive to CSAT and JG22

antibodies. The percentage of neurite-bearing cells is reduced by about 50% on both

rat and chick muscle-derived fibroblasts in the presence of CSAT or JG22 IgG (Table

4.2). Neurites that grow on fibroblasts in the presence of these antibodies tend to be

shorter than those in control cultures (Fig 4.6). In cocultures containing rat non

neuronal cells, any effects of the antibodies could be attributed to their binding to the
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neurons, since the epitopes recognized by CSAT and JG22 antibodies are not

demonstrable on rat cells.

The observations that CSAT and JG22 antibodies block neurite outgrowth on

substrates coated with LN-containing CM-NOPF's derived from Schwann cells,

myotubes, and astrocytes (Table 4.1), but fail to block growth on these same cell

surfaces, suggest that cell-associated factors other than LN may function to promote

process outgrowth by CG neurons. Alternatively, cell surface-associated LN might

stimulate process outgrowth via a CSAT/JG22-independent neuronal receptor system.

Antisera capable of blocking the functions of LN in ECM complexes could provide

more convincing evidence that something other than LN on glial or muscle cells

promotes axon outgrowth. However, antisera raised against purified LN are generally

unable to block outgrowth on more complex, LN-containing NOPF's (Table 4.1;

Lander et al., 1983, 1985a; Davis et al., 1985; Calof and Reichardt, 1985). We

therefore used the anti-NOPF antiserum to examine this issue, since anti-NOPF

inhibits neurite outgrowth on CM from non-neuronal cells and on the EHS ECM

extract (Table 4.1). The inclusion of anti-NOPF in Schwann cell and astrocyte island

cocultures at sufficiently high concentrations to inhibit outgrowth on either Schwann

cell or astrocyte CM fails to inhibit process outgrowth by CG neurons on Schwann

cell or astrocyte monolayers (Table 4.2; Fig. 4.7). Antibodies to LN are also

ineffective at blocking CG neurite outgrowth on Schwann cell or astrocyte cell

surfaces, despite blocking on the surrounding LN substrate (Table 4.2).

Detergent Extraction of Non-Neuronal Cell Monolayers Reveals Two Classes of

Neurite Outgrowth-Promoting Activity Associated with Myotubes and Schwann

Cells.
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The results of the island coculture experiments suggest that cell surface

associated NOPF's distinct from LN may be involved in process outgrowth on glial

and muscle cells. To determine if additional NOPF's are associated with cell

membranes, as opposed to the ECM, we compared the abilities of myotube, Schwann

cell, astrocyte and fibroblast monolayers to promote neurite outgrowth before and

after extraction with detergent. Cultures of embryonic chick myotubes which have

been extracted with the nonionic detergent Triton X-100 are not obviously

diminished in their ability to elicit neurite outgrowth from CG neurons (Table 4.3;

Fig. 4.8A & B.) More than 80% of CG neurons grown on Triton X-100 extracted

myotubes regenerate neurites within 20 hours. Similar results were seen after

extraction with the zwitterionic detergent CHAPS (not shown). However, in contrast

to that on unextracted myotube surfaces, process outgrowth on the detergent insoluble

residue is almost completely blocked by JG22 antibodies (Table 4.3; Fig. 4.8C & D).

Similarly, chick fibroblasts extracted with nonionic detergent support neurite

outgrowth, and this is almost completely inhibited by JG22 antibodies (Table 4.3).

Since most of the Schwann cells were lost from the coverslip after even brief

detergent extraction, these cells were lightly fixed (1% formalin for 1 minute) prior to

extraction with Triton X-100. Table 4.3 shows that light fixation does not noticeably

affect the ability of Schwann cells or myotubes to promote neurite outgrowth. A high

percentage of neurons regenerate neurites on these cells after fixation and, like that on

unfixed cells, this outgrowth is not blocked by CSAT or JG22 antibodies (Table 4.3).

Schwann cells that have been fixed and extracted still promote neurite outgrowth, but

this activity can now also be inhibited by CSAT IgG (Table 4.3). In contrast,

detergent extraction of fixed astrocytes eliminates their ability to support rapid

neurite outgrowth (Table 4.3; Figure 4.8E & F).
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Since myotubes and Schwann cells both produce a variety of ECM molecules,

including LN, in vitro (Sanes, 1982; Bayne et al., 1985; Cornbrooks et al., 1983;

Carey et al., 1984) it is likely that the residual CSAT/JG22-sensitive neurite

outgrowth-promoting activity of detergent extracted myotubes and Schwann cells is

associated with the ECM. To examine this issue further, CG neurons were grown on

the residue from fixed and extracted Schwann cells in the presence of the anti-NOPF

serum. Despite the loss of most of the visible Schwann cell residue from the

substrate in these cultures, more than 60% of CG neurons developed processes on the

remaining substrate-associated material (Table 4.3). The outgrowth-promoting

activity of this Schwann cell microexudate, like that found in Schwann cell CM, is

inhibited by antibodies to the LN-containing NOPF (Table 4.3).
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DISCUSSION

Our observations lead to two main conclusions concerning neurite outgrowth

in vitro. First, the ability of both simple and complex ECM-derived substrates to

stimulate neurite outgrowth depends on the function of the neuronal integrins

recognized by CSAT and JG22 antibodies. Second, neuronal process outgrowth on

some nonneuronal cell surfaces involves at least two distinct classes of interaction,

one of which is independent of receptors recognized by CSAT and JG22 antibodies.

Proteins recognized by CSAT and JG22 antibodies have been identified on

embryonic chick peripheral and retinal neurons and appear to be involved in neuronal

attachment and growth on LN, FN, and collagen substrates (Bozycko and Horwitz,

1986; Hall et al., 1986). Our findings are consistent with these studies, and extend

them in two ways. First, although CSAT and JG22 antibodies largely prevent

attachment of neurons and their neurites to LN and FN substrates, our mixed

substrate experiments demonstrate that these antibodies also prevent neurite

outgrowth induced by LN in conditions where attachment is not noticeably affected.

Second, the inhibition by CSAT/JG22 of neurite outgrowth on CM factors from non

neuronal cells as well as on intact ECM’s suggests that these proteins are required for

the function of receptors capable of recognizing LN and/or FN in a variety of

COntextS.

Whereas process outgrowth on intact Schwann cells and myotubes is not

grossly affected by CSAT/JG22 antibodies, outgrowth on detergent extracted cells is

inhibited. These observations suggest that Schwann cells and myotubes normally

have at least two mechanisms for stimulating neurite extension. These mechanisms

involve an ECM-associated NOPF whose action depends on the proteins recognized

by CSAT and JG22 antibodies, and a cell membrane-associated NOPF, whose action
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is not sensitive to these antibodies. On Schwann cells and myotubes, the membrane

associated NOPF can be extracted with nonionic detergent, leaving behind a matrix

associated NOPF. This is consistent with the observation that skeletal myotubes are

capable of synthesizing and secreting an ECM which contains LN and/or FN in vitro

(Bayne et al., 1984). In the case of Schwann cells, LN is likely to be the active

component of the detergent-resistant NOPF, since neurite outgrowth on the

microexudate remaining after fixation and detergent extraction is blocked by an

antiserum to a LN-containing NOPF (anti-NOPF). Although Schwann cells

apparently do not assemble an intact ECM when cultured in the absence of neurons

(Carey et al., 1983), LN is associated with their cell surfaces (Cornbrooks et al.,

1983).

Astrocytes appear to differ from myotubes, Schwann cells and fibroblasts by

their lack of a detergent-resistant, CSAT/JG22 antibody-sensitive stimulus for

neuronal growth. Though astrocytes can produce LN and FN in vitro, they apparently

do not incorporate them under standard culture conditions (Liesi et al., 1983, 1986;

Price and Hynes, 1985;). The differences observed in vitro between the NOPF's

present on astrocytes compared to those on other cell types may reflect the relative

contributions of ECM molecules to axon growth in the central nervous system as

compared to the periphery. Glial precursors, which are likely to interact with

growing axons in the developing central nervous system, may differ from the

astrocytes examined in this study.

The demonstration of a potent cell-surface mechanism for the induction of

neurite outgrowth raises the question of the identity of the molecules involved. Since

neurite outgrowth is clearly dependent on adhesion, cell surface molecules previously

identified on the basis of their adhesion-promoting properties are likely candidates for
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mediating neuronal interactions with non-neuronal cell surfaces. For myotubes these

include N-CAM, N-Cadherin and J1, or cytotactin (Rutishauser et al., 1983; Hatta et

al., 1985; Kruse et al., 1985; Grumet et al., 1985 and Sanes et al., 1986). Similarly,

Ng-CAM (or L1) (Grumet et al., 1984; Lindner et al., 1983) and J1, or cytotactin, are

present on astrocytes and could be important in neuronal growth on glial cells. The

relatively poor growth of neurons on fibroblasts in the presence of CSAT or JG22

antibodies could reflect the paucity of neuronal adhesion molecules associated with

the fibroblast Surface.

The molecules responsible for neurite outgrowth on defined substrates in vitro

are likely to be important for axonal growth and guidance in vivo. For neurons in

peripheral sensory and sympathetic ganglia, motoneurons in the spinal cord, and

ganglion cells in the neural retina, axon initiation takes place in regions containing

the ECM molecules LN and/or FN (Rogers et al., 1986; Adler et al., 1985; see also

Easter et al., 1984). Continued axon growth toward the synaptic target occurs along

pathways comprising cell surfaces and ECM (Tosney and Landmesser, 1985; Silver

and Rutishauser, 1984; Rogers et al., 1986). Recent experiments suggest that both

types of neuronal interactions are important in vivo. Antibodies that block cell

matrix interactions and N-CAM function have both been shown to disrupt the

development of the chick retino-tectal projection (Halfter and Deiss, 1986; Thanos

and Bonhoeffer, 1984; Silver and Rutishauser, 1984). Changes in the response of

retinal neurons to different substrates may influence axon growth at different stages

of development. Between E6 and E11, a time that correlates with the movement of

retinal ganglion cell growth cones from eye cup to the optic nerve and tectum, these

neurons lose the ability to interact with LN and FN, but remain able to interact with

collagen and to extend neurites on astrocyte cell surfaces (Cohen et al., 1986; Hall et

al., 1986).
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In summary, our studies suggest that molecularly distinct mechanisms for

axon growth exist on individual neurons in the form of receptors that are selective for

ECM- and cell surface-associated NOPF's. Furthermore, some cells, e.g. Schwann

cells and skeletal myotubes, produce at least two classes of NOPF's to which neurons

can respond. Developmental regulation of these NOPF's and their corresponding

neuronal receptors is likely to play an important part in neuronal growth and pathway

selection.
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Table II. Percent Neurons with Neurites

Non-neuronal cell On cell On cell-free
monolayer/substrate island monolayer LN surround

Chick skeletal myotubes/LN
-

Control 93, 95 94, 97
JG22 (530 pg/ml) 85, 94 2, 7

Rat Schwann cells/LN

Control 91 + 2.5 84 + 2
JG22 (500 ug/ml) 89 + 6 7 + 1
C■ AT (500 ugml) 80 1
Normal rabbit scrum (1:20) 86 + 2 79 + 3
anti-NOPF (1:20) 82 + 2.5 ! I + 3.5
anti-LN (1:20) 84 + 1.5 7 + 2.5

Rat astrocytes/LN
Control 62 + 2 75 + 2.5
CSAT (100 ugm/) 62 + 0.5 ! it 0.5
JG22 (500 ug/ml) 53 + 1.5 3 + 2.5
Normal rabbit serum (1:20) 72 + 0.5 64 + 0
anti-NOPF (1:20) 81 + 2.5 14 + 5
anti-LN (1:20) 77 – 3 5 + 0

Rat fibroblasts/collagen
Control 32 + 0.5

-

CSAT (100 ugm/) | 1 + 2
-

JG22 (500 ugml) | | + |
-

Chick fibroblasts/collagen
Control 87

-

JG22 (530 ug/ml) 48 -

Effects of CSAT, JG22, and anti-NOPF antibodies in CG neuron/non
neuronal island monolay cr co-cultures. CG neurons were cultured 16–20 h on
substrates consisting of an island of non-neuronal cells 5 mm in diameter cen
tercd on a 13 mm LN-coated glass coverslip. Fibroblasts were cultured as
conflucrit monolayers on rat tail collagen-coated coverslips. CSAT IgG. JG22
IgG. normal rabbit serum. anti-LN serum. anti-LN-containing NOPF scrum
(anti-NOPF), or antibody vehicle solution alone (control) were added to the
cultures at the time of plating at the indicated concentrations. After inmu.
nofluorescent staining with anti-neurofilament or anti-N-CAM antibodies, the
percentagcs of neurite-bearing CG neurons were counted on the cell island and
on the LN-coated surround. Values represent the average and range for deter
minations made on duplicate cultures run in parallel, exccpt for single values,
which represcnt determinations on individual cultures. At least 200 neurons
werc c Xarnincg for each data point.
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TableIII.PercentNeuronswithNcurites

Fix.cdonlyFixedandextractedExtractedonly

CellmonolayerControlCSAT/JG22Control

csatug,
-

Normalabbisenim--
anti-NorfcontoCSAT/JG22

chickmyotube9697-
T
-T-82,607,16 RatSchwanncell9|9262+3.513+3.566+33+0.5-- Ratastrocytc9()909+1.59+0.5---- Chickfibroblast

------8723 CGneuronoutgrowth
on■ ixcqand/ordetergcht-extracted
cellsurfaceswasstudicil
intheabsence(control)
or
presence
ofCSATIgG(100■ ug/mlin
astrocyte culturcs)

orJG22IgG(500jig■ mlin
myotube,Schwanncell,and■ ibroblastcultures)andintheprescnce
ofnormalrabbitscrum(1:25dilution),
oran
antiserum

toan
LN-containingNOPI(anti-NOPF,1:25dilution).Somenon-neuronalcellmonolayerswere■ ixcilin1%
■ ormalin/PBS
■ or
1
minat25°Cbeforcco-culture. Detergentextractionwasingrowthmcdiumplus0.1%TritonX-100for10min(Schwanncellsandastrocytes)

or30min(myotubesandfibroblasts)
at37°C. Thepcrocntagcs

of
neuritc-bearingneuronsa■ ter16–20
hofgrowthwerecounteda■ terimmunostaining
cellbodiesandneuriteswith
anti-neuro■ ilamentantibodics. Valuesrepresenttheaverageandrangeof

determinationsmadeon
duplicateculturesrunin
parallcl.except■ orsinglevalues,whichrepresentscparatcdetermina tionsmadeon

individualcultures.Atlcast200neuronswereexamincilforeachdatapoint.
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Figure 4.1: Embryonic day 8 (E8) chick ciliary ganglia were grown for 12-16 hours

on various substrates in the presence or absence of CSAT or JG22 antibodies. After

fixation in 2.5% glutaraldehyde/PBS, representative fields were selected and

photographed. A) CG neurons grown 16 hours on a LN (10 pg/ml) substrate. Scale

bar equals 10pm. B) CG neurons grown 16 hours on a FN (100 pg/ml) substrate. C)

CG neurons grown 16 hours on a poly-D-lysine substrate. Arrowhead marks area of

adhesion and spreading of neuronal cell soma. D) CG neurons grown 16 hours on a

rat tail collagen substrate. E) CG neurons grown 16 hours on a LN substrate in the

presence of 10 pg/ml CSAT IgG. F) CG neurons grown 16 hours on a FN substrate

in the presence of 50 pg/ml JG22 IgG. G.) CG neurons grown 16 hours on a LN

substrate in the presence of 10 pg/ml CSAT IgG and then grown an additional 24

hours after removal of the antibody. H) CG neurons grown 16 hours on a LN

substrate in the absence of added antibody and then an additional 24 hours in the

presence of 50 pg/ml CSAT IgG. I.) CG neurons grown 16 hours on a mixed

LN/poly-D-lysine substrate. J) CG neurons grown 16 hours on a mixed LN/poly-D-

lysine substrate in the presence of 10 pg/ml CSAT IgG. Process outgrowth is

blocked despite attachment and spreading of neuronal cell bodies on poly-D-lysine

(arrowhead).
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Figure 4,2: A) Dose-dependent inhibition of LN-induced CG neuron process

outgrowth by CSAT and JG22 antibodies. Neurons were cultured for 16 hours on LN

substrates (10 pg/ml) in varying concentrations of CSAT IgG (9), JG22 IgG (), JG22

FAB (A), or 1A6 monoclonal anti-N-CAM FAB (*). Following fixation, the

percentages of round, phase-bright neurons bearing processes greater than 2 cell

diameters in length were determined for duplicate cultures run in parallel and

averaged. Error bars indicate the range of determinations made on duplicate cultures.

The error bars associated with some data points from cultures containing CSAT and

JG22 IgG are smaller than the symbols used to indicate the points. Data points for

cultures containing JG22 and 1A6 FAB represent single determinations made on

individual cultures. B) CSAT antibody blockade of FN-induced CG neuron process

outgrowth. CG neurons were grown for 16 hours on a FN (100 pg/ml) substrate in

the presence of 10 pg/ml CSAT IgG or a 1:20 dilution of 1A6 ascites. Following

fixation, the percentages of neurite-bearing cells were determined for duplicate

cultures run in parallel and averaged. Error bars indicate the range of determinations

made on duplicate cultures.
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Figure 4,3: CSAT antibody blocks CG neuronal process outgrowth on LN-containing

bovine corneal endothelial cell extracellular matrix (BCE ECM, A - D) and BCE

conditioned medium neurite outgrowth-promoting factor (BCE CM, E & F). A)

Phase contrast micrograph of CG neurons grown 16 hours on a BCE ECM-coated

glass coverslip in the absence of added antibody. Round, phase bright neuronal cell

bodies can be seen against the ECM meshwork. Scale bar equals 10 p.m. B) Anti

neurofilament immunofluorescent staining of the same field as in A to visualize

neuronal cell bodies and neurites over the ECM meshwork. C) Phase contrast

micrograph of CG neurons grown 16 hours on BCE ECM in the presence of 100

pig■ ml CSAT IgG. D.) Anti-neurofilament immunofluorescent staining of the same

field as in C. Note the absence of neurites in the CSAT-treated culture. E) CG

neurons grown 16 hours on a BCE CM-coated substrate in the absence of added

antibody. Scale bar equals 10 p.m. F) CG neurons grown 16 hours on BCE CM in

the presence of 5 pig■ ml CSAT IgG. Note the absence of neurites despite attachment

and spreading of neuronal cell bodies (arrowhead).
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Figure 4,4: CG neuron process outgrowth on chick myotube cell surfaces is not

blocked by high concentrations of JG22 IgG. A.) Phase contrast micrograph of CG

neurons grown 20 hours on embryonic chick myotubes in the absence of added

antibody. Scale bar equals 10 pum. B) Anti-neurofilament immunofluorescent

staining of the same field as in A to visualize neurites which have grown out over the

myotube surface. C) Phase contrast micrograph of CG neurons grown 20 hours on

embryonic chick myotubes in the presence of 530 pig■ ml JG22 IgG. D) Anti

neurofilament immunofluorescent staining of the same field as in C. Neurite

outgrowth on myotube cell surfaces persists in the presence of high concentrations of

JG22 IgG.
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Figure 4.5: Effects of CSAT IgG on Schwann cell island/CG neuron cocultures.

Schwann cells were cultured as islands 5mm in diameter on 13mm LN-coated glass

coverslips. 20,000 CG neurons were seeded onto these surfaces and cultured for 20

hours in the absence (A & C) or presence (B & D) of 50 pig■ ml CSAT IgG. Neuronal

processes were visualized by immunofluorescent staining with anti-neurofilament

antibodies. A) Profuse neurite outgrowth on the Schwann cell island in control

cultures. Scale bar equals 10 pum. B) Process outgrowth on the Schwann cell island

persists in the presence of 50 pg/ml CSAT IgG, C) Neurite growth on the LN

substrate surrounding the Schwann cell island in the same culture as in A in the

absence of added antibody. D) Neurite outgrowth on the surrounding LN substrate in

the culture shown in B is completely blocked by 50 pg/ml CSAT IgG.
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Figure 4.6: CSAT antibody inhibits neurite outgrowth by CG neurons on fibroblast

monolayers. CG neurons were cultured for 20 hours on a monolayer of rat muscle

derived fibroblasts in the absence (A) or presence (B & C) of 100 pg/ml CSAT IgG.

CG neuronal cell bodies and neurites were visualized by immunofluorescent staining

with anti-neurofilament antibodies. A) CG neuron process outgrowth on a fibroblast

monolayer in the absence of antibodies (control culture). Scale bar equals 10 pum. B)

Group of CG neurons cultured on a fibroblast monolayer in the presence of 100

pig■ ml CSAT IgG. Process outgrowth from this group of neurons is blocked. C). A

neuron from the same culture as those shown in B. Neurites which grow on

fibroblast monolayers in the presence of CSAT IgG are shorter than in control

cultures. CSAT IgG had no noticeable effects on the fibroblast monolayer.
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Figure 4,7: Antibodies to a LN-containing, CM-NOPF block process outgrowth on

astrocyte CM but not on astrocyte cell surfaces. CG neurons were grown 16–20 hours

on substrates coated with astrocyte conditioned medium (A & B) or on astrocyte cell

surfaces (C & D). CG neurons grown on astrocyte monolayers were visualized by

immunofluorescent staining with the 1A6 monoclonal anti-N-CAM antibody.

Neurite outgrowth on astrocyte CM (A) is blocked by a 1:20 dilution of anti-NOPF

antiserum (B). Process outgrowth on astrocyte cell surfaces (C) is not noticeably

affected by a 1:20 dilution of the anti-NOPF antiserum (D) Scale bars equal 10 p.m.

H.
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Figure 4.8: CG neuron process outgrowth on detergent extracted chick skeletal

myotubes and on fixed and extracted astrocytes. CG neurons were grown 16-20

hours on cultures of chick myotubes which had been extracted with 0.1% Triton X

100 for 30 minutes at 370 C (A-D) or on astrocyte monolayers which were either

fixed in 1% formalin/PBS for 1 minute at 25oC (E) or fixed and then extracted with

0.1% Triton X-100 for 10 minutes at 370C (F). A) Phase contrast micrograph of CG

neurons grown on detergent extracted myotubes in the absence of added antibodies.

Scale bar equals 10 p.m. B) Anti-neurofilament immunofluorescent staining of the

same field as in A showing neurites growing on the detergent insoluble myotube

fraction. C) Phase contrast micrograph of CG neurons grown on detergent extracted

myotubes in the presence of 530 pg/ml JG22 IgG. D) Anti-neurofilament

immunofluorescent staining of same field as in C. JG22 IgG blocks process

outgrowth on detergent extracted myotubes. Arrowheads in C and D point to a

neuronal cell soma in contact with an extracted myotube. E) Phase contrast

micrograph of CG neurons grown 16 hours on fixed astrocytes. Scale bar equals 10

pum. F) Phase contrast micrograph of CG neurons grown 16 hours on fixed and

extracted astrocytes. No residual neurite outgrowth-promoting activity remains

associated with fixed astrocytes after detergent extraction. Arrowhead in (F) marks

the nucleus of a fixed and extracted astrocyte.
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CHAPTER FIVE

N-cadherin and Integrins: Two Receptor Systems That Mediate Neurite

Outgrowth on Astrocyte Surfaces

Abbreviations used in this chapter: Astrocyte CM: Astrocyte-conditioned medium;

CAM: Cell-cell adhesion molecule; ECM: Extracellular matrix; FN: Fibronectin; LN:

Laminin; PBS: Phosphate-buffered saline; IgG: Immunoglobulin G.
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SUMMARY

Astrocytes play an important role in guiding neuronal migration and axon

growth in vivo and are also a good substrate for central and peripheral neuronal

process outgrowth in vitro. Using antibodies to neuronal cell surface proteins, we

have identified two neuronal receptor systems that together mediate neurite

outgrowth by chick ciliary ganglion (CG) neurons on astrocyte surfaces in vitro.

These are: N-cadherin, a cell-cell adhesion molecule (CAM) that belongs to the

cadherin family of Cat-E-dependent CAMs, and integrin 31 heterodimers that

function as receptors for the neurite-promoting extracellular matrix (ECM) proteins

laminin (LN) and fibronectin (FN). CG neurite extension on astrocytes was strongly

inhibited by N-cadherin antibodies and, to a lesser extent, by antibodies to the avian

integrin 31 subunit. Inhibition of both N-cadherin and integrin function virtually

eliminates CG neurite outgrowth on astrocytes. In contrast, antibodies to the neural

CAM, NCAM, had no demonstrable inhibitory effects on CG neurite outgrowth on

astrocytes. CG neurons isolated from older (E14) embryos were unable to attach to or

extend neurites on LN-containing substrates, but remained capable of extending

neurites on astrocytes in an N-cadherin-dependent manner. Thus, N-cadherin and

integrin B1 receptors appear to both function independently and to be regulated

independently during neural development. Both receptor systems are likely to be

important in vivo in regulating axon growth on astrocytes during development and in

response to injury.



171

MATERIALS AND METHODS

Animals: Newborn Sprague-Dawley rats were purchased from Bantin and Kingman

(Fremont, CA). Fertile White Leghorn chicks were from Feather Hill Farm

(Petaluma, CA) and were incubated at 380C and 95% humidity until use.

Chemicals and Reagents: Murine LN was purified from Engelbreth-Holm-Swarm

sarcoma tumors using published procedures (Timpl et al., 1982; Kleinman et al.,

1982). DEAE cellulose (DE52) was from Whatman (Clifton, N.J.). Protein A

Sepharose CL-4B was from Pharmacia (Piscataway, NJ). All other chemicals were

purchased from Sigma (St.Louis, MO).

Antibodies: The hybridoma cell line secreting the CSAT monoclonal antibody (Neff

et al., 1982) was the generous gift of Dr. A.F. Horwitz . Hybridoma cell lines

secreting the JG22 (Greve and Gottlieb, 1982) and the 224-1A6-A1 (referred to here

as 1A6; Lemmon et al., 1982) monoclonal antibodies were kindly provided by Dr.

D.I. Gottlieb. The 1A6 monoclonal antibody is identical to the 105 monoclonal

antibody, which binds to an extracellular NCAM epitope that is close to the cell

membrane and spatially distinct from the NCAM binding domains (Watanabe et al.,

1987). The hybridoma cell line secreting the A2B5 monoclonal antibody was

purchased from the American Type Culture Collection (Rockville, MD). 1A6 and

JG22 IgG were purified from ascites fluid by ammonium sulfate precipitation and ion

exchange chromatography on DEAE cellulose as described in Hudson and Hay

(1980). CSAT IgG was purified on Protein A Sepharose CL-4B as described in Neff

et al. (1982). Fab fragments of 1A6, CSAT, and JG22 IgG were prepared by

digestion with papain followed by chromatography on DEAE cellulose (Hudson and

Hay, 1980). Anti-NCAM serum was generated in New Zealand White rabbits against
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NCAM purified from embryonic chick brain as described in Bixby and Reichardt

(1987). The NCAM antiserum recognizes all three forms of NCAM (ld,sd, and ssd) in

immunoblots of embryonic chick brain proteins (Bixby and Reichardt, 1987). Anti-N-

cadherin serum was generated in New Zealand White rabbits against a purified 90 kD

proteolytic fragment of an embryonic avian retinal Cattdependent CAM (Crittenden

et al., 1987). The anti-N-cadherin serum recognizes a single 130 kD protein in

immunoblots of chick retinal membrane proteins separated by 2-dimensional gel

electrophoresis (Crittenden et al., 1987). This protein, which was previously termed

NcalCAM (Crittenden et al., 1987; Bixby et al., 1987), cross-reacts with monoclonal

antibodies to chick N-cadherin kindly provided by Dr. M. Takeichi (Lilien et al.,

unpublished observations). Anti-NCAM and anti-N-cadherin IgG were purified by

ammonium sulfate precipitation and ion exchange chromatography on DEAE

cellulose as described in Hudson and Hay, (1980). Fab' fragments of anti-NCAM and

anti-N-cadherin IgG were prepared by pepsin digestion followed by reduction and

alkylation as described in Hudson and Hay (1980). Antibodies to glial fibrillary

acidic protein (GFAP) were kindly provided by Dr. L.F. Eng.

Cell Culture: Astrocytes were prepared from neonatal rat cortices following

published procedures (Noble et al., 1984; Fallon, 1985a and b). Briefly, cortices were

dissected free of other brain tissue, including the olfactory bulbs and hippocampi.

Following trypsinization, cortices were triturated into a single cell suspension using a

pasteur pipet. The cell suspension was filtered through sterile lens paper before

plating at a density of about 5x106 viable cells per 25 cm2 tissue culture flask. Cells

were grown until nearly confluent (approximately 7-10 days) in Dulbecco's Modified

Eagle's Medium (DME H21; UCSF cell culture facility) supplemented with 10%

fetal calf serum, penicillin/streptomycin (100 U/ml) and glutamine (2mm). Cultures

were then shaken vigorously on a platform shaker (~120 rpm) overnight at 370C.
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Adherent cells were then passaged in PBS with 0.05% trypsin and 5 mM EDTA and

split 1:3. 16 hours later, the cultures were pulsed twice for 48 hrs each with growth

medium supplemented with 10-5 M cytosine arabinoside. Astrocyte cultures

generated in this way were then stable for several weeks. Immunofluorescent studies

demonstrated that about 90% of the cells in these cultures expressed the astrocyte

marker, glial fibrillary acidic protein (GFAP). Most of the GFAP-positive cells were

flat and polygonal in shape and are similar to type I astrocytes derived from rat optic

nerve (Raff et al., 1983 a and b). About 5-10% of the GFAP-positive cells were

process-bearing and, like type II astrocytes, expressed the cell surface ganglioside

recognized by the A2B5 monoclonal antibody (Raffet al., 1983a and b).

Ciliary ganglia from 8-day or 14-day embryonic White Leghorn chick

embryos were enzymatically dissociated in Cat-E-■ Mg++-free PBS with 0.1% trypsin

and neurons were cultured as previously described (Bixby and Reichardt, 1985;

Collins and Lee, 1982).

Substrate Preparation: Tissue culture microwells (0.28 cm2 surface area) were coated

overnight at 40C with LN (10 pg/ml in PBS). For astrocyte CM substrates,

microwells were first coated with poly-D-lysine (1 mg/ml in H2O) overnight at 40C.

After rinsing with sterile PBS, the wells were incubated with 100 pil of medium that

had been conditioned for seven days over confluent astrocyte cultures. LN- or

astrocyte CM-coated substrates were washed with sterile PBS and dissociated

neurons were plated at a density of about 50 neurons/mm2 in 100 ul of growth
medium with or without antibodies and cultured 16–20 hours.

CG Neuron Attachment Assay: The attachment of E8 and E14 CG neurons to LN

coated substrates was measured using an assay described in Hall et al. (1987). Briefly,
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LN-coated microwells were blocked for 3 hours at 250C with PBS plus 10 mg/ml

BSA. Dissociated CG neurons were resuspended in PBS plus 1 mM CaCl2 and 0.5

mM MgCl2 and allowed to attach in the absence or presence of integrin 31

antibodies for 90 minutes at 370C (~10,000 neurons/0.28 cm2 well). Unattached cells

were removed by pipetting 50 pil of PBS down each of two opposite sides of the well

and supernatants were carefully removed. Attached neurons were unambiguously

identified on morphological criteria and were counted on a Zeiss IM microscope

using a 40X water immersion lense. Attachment of neurons to LN was compared to

attachment to the highly adhesive substrate, poly-D-lysine, to which about 80% of the

neurons attached (Hall et al., 1987). Less than 5% of the input cells attached to

uncoated microwells that had been blocked with BSA.

CG Neuron/Astrocyte Cocultures: Since the N-cadherin, NCAM, CSAT and JG22

antibodies were all generated against avian glycoproteins, embryonic chick CG

neurons were selected for culturing on rat astrocytes to study the role of these target

antigens in neurite outgrowth. For neuron/astrocyte cocultures, astrocytes were

passaged onto 13 mm round glass coverslips that had been precoated with 1mg/ml

poly-D-lysine in H20. For some experiments, approximately 50,000 astrocytes were

plated per coverslip and cultured at least 24 hours to yield a monolayer of cells

covering the entire coverslip. In some experiments, small "island monolayers" of

astrocytes (about 5mm in diameter) were prepared in the center of LN-coated

coverslips as previously described (Tomaselli et al., 1986). About 5-10,000 CG

neurons were added per coverslip and cultured 16-24 hrs. in the absence or presence

of antibodies that had been sterile-filtered through 0.22 pum nitrocellulose filters

(Millipore, Bedford, MA). Each antibody was added to cultures at concentrations that

were previously determined to be saturating with respect to inhibition of their target

antigens (c.f. Tomaselli et al., 1986; Crittenden et al., 1987; Bixby et al., 1987).
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Immunofluorescence: Neuron/astrocyte cocultures were fixed in PBS plus 3.7%

paraformaldehyde and 5% sucrose, permeabilized with 0.05% saponin in PBS and

incubated 60 min at 250C with mouse monoclonal antibody A2B5 ascites fluid

diluted 1:500 in PBS plus 0.05% saponin and 1% goat serum. The A2B5 antibody

brightly stains the cell bodies, neurites and growth cones of embryonic chick ciliary

ganglion neurons (unpublished observations). After washing in PBS, cells were

incubated in a 1:150 dilution of goat anti-mouse antibodies coupled to rhodamine

isothiocyanate and processed as previously described (Tomaselli et al., 1986).

Analysis of Neurite Outgrowth on Astrocyte Surfaces: CG neuron/astrocyte

cocultures that were fixed and stained with the A2B5 monoclonal antibody were

viewed with a Zeiss IM microscope equipped with rhodamine optics. Tracings of

fluorescent CG neurites in contact with the astrocyte monolayer were drawn to scale

using a camera lucida. Neurons were selected randomly and only those neurites that

could be visualized in their entire extent and were not fasciculated with other neurites

were traced. Tracings were measured on a computerized digitizing pad (GTCO Inc.,

Rockville, MD) and standardized with tracings of known length made previously

using a stage micrometer and an eyepiece micrometer. Neurites from 30-35 neurons

were measured for each experimental condition and the total neuritic output of each

neuron was computed by summing the lengths of individual neurites. The data for

each experimental condition were normalized to the percentage of neurons in each

culture with neurites greater than two cell body diameters in length (approximately 20

pum), that had been counted earlier on the same coverslips, to yield the final length

distribution curves (cf. Fig. 5.3).
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RESULTS

Neonatal rat cortical astrocytes produce at least two distinct factors that

stimulate neurite outgrowth by dissociated embryonic chick ciliary ganglion (CG)

neurons (Fig. 5.1). One of these is secreted by astrocytes into their culture medium

(astrocyte CM). When immobilized on a polycationic substrate, molecules in

astrocyte CM stimulated neurite outgrowth by embryonic day 8 (E8) CG neurons

(Fig. 5.1a; Table 5.1a). Previous studies have shown that LN is probably the active

neurite-promoting molecule in astrocyte CM (Lander et al., 1985; Tomaselli et al.,

1986; Cohen et al., 1987; Selak et al., 1985). E8 CG neurite outgrowth on astrocyte

CM, like that on LN, is inhibited by either of two monoclonal antibodies, CSAT or

JG22 (Fig. 5.1c; Table 5.1a). These antibodies will be referred to as anti-integin B1,

since they recognize the integrin 31 subunit shared by avian receptors for LN and FN

(Horwitz et al., 1985; Buck et al., 1986; Tamkun et al., 1986; see Hynes, 1987 for

integrin nomenclature). A second neurite-promoting factor is associated with

astrocyte surfaces (Fig. 5.1b; Table 5.1a). This factor is distinct from that in astrocyte

CM, since integrin 31 antibodies affected only the overall length of CG neurites on

astrocytes (see below) without affecting the number of neurons that extended neurites

(Fig. 5.1d; Table 5.1a).

CG neurons use distinct receptors for interacting with these two astrocyte

derived neurite-promoting factors. This is demonstrated by comparing E8 and E14

CG neurite outgrowth on astrocyte CM and on astrocyte surfaces. Unlike E8

neurons, E14 CG neurons failed to extend neurites on either astrocyte CM or on LN

(Fig. 5.1e; Table 5.1a). The inability of E14 CG neurons to extend neurites on either

of these substrates may be due to diminished LN receptor function, since E14 neurons

also attached poorly to LN compared to E8 neurons (Table 5.1b). However, when
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cultured on astrocytes, about half of the E14 CG neurons extended neurites in less

than 16 hours (Fig. 5.1f; Table 5.1a) and this percentage was not diminished by

integrin 31 antibodies (Table 5.1a). Thus, as is also true for embryonic chick retinal

neurons (Cohen et al., 1986; Hall et al., 1987), CG neurons that have lost the ability

to extend neurites on either astrocyte CM or LN remain responsive to factors

produced by astrocytes. These factors have been postulated to be associated with the

astrocyte membrane (Tomaselli et al., 1986; Cohen et al., 1986, 1987), but could also

be diffusible neurite-promoting factors secreted by astrocytes (c.f. Lindsay, 1979;

Assouline et al., 1987). In support of the former possibility, neurite extension by E14

neurons was dependent on contact with astrocyte surfaces. When E14 CG neurons

were grown on small island monolayers of astrocytes centered on LN-coated

coverslips, their growth cones did not grow off the astrocytes onto the surrounding

LN substrate (Fig. 5.1 g). In contrast, E8 CG neurons, which are capable of

responding to LN, often grew from the astrocyte monolayers onto the surrounding LN

substrates (Fig. 5.1.h).

To identify molecules involved in neuronal process outgrowth on astrocyte

cell surfaces, E8 and E14 neurons were cultured for 16–20 hours on confluent

monolayers of astrocytes in the presence of antibodies to neuronal cell surface

proteins. These included antibodies to CAM’s as well as antibodies to ECM

receptors. The percentage of neurons with neurites and the lengths of neurites that

grew on astrocyte surfaces in the presence or absence of these antibodies were

measured and compared. Anti-N-cadherin recognizes a 130 kD Cath-dependent

CAM expressed on the surfaces of avian neurons (Crittenden et al., 1987). When

added at a concentration that is known to maximally inhibit N-cadherin function,

anti-N-cadherin IgG had a strong inhibitory effect on both E8 and E14 CG neuronal

process outgrowth on astrocyte surfaces. A 1 mg/ml concentration of anti-N-cadherin



178

IgG reduced the number of E8 neurons that extended neurites on astrocytes by about

75% (Fig. 5.2b and c; Fig. 5.3a, closed diamonds). In addition, the average length of

those neurites that were extended in the presence of anti-N-cadherin IgG was reduced

by about 65% (Fig. 5.4a). Similarly, anti-N-cadherin IgG reduced the percentage of

E14 neurons with neurites by about 85% (Fig. 5.2,e and f, Fig. 5.3c, closed

diamonds) with a corresponding decrease of about 80% in the average length of those

neurites that grew (Fig. 5.4b). N-cadherin antibodies did not appear to prevent the

attachment of CG neurons to the astrocyte monolayers, since many neurons remained

adherent to the astrocyte monolayers without extending neurites (cf. Fig. 5.2). Fab'

fragments of anti-N-cadherin IgG had similar, but weaker, effects on neurite

outgrowth by both E8 (Fig. 5.3b, closed diamonds; Fig. 5.4a) and E14 neurons (Fig.

5.3c, closed diamonds; Fig. 5.4b). This probably reflects the fact that a 1 mg/ml

concentration of anti-N-cadherin Fab does not completely inhibit N-cadherin function

(K. Neugebauer, unpublished observations). Thus, N-cadherin plays an important role

in neuronal process outgrowth on astrocyte surfaces. N-cadherin functions

independently of neuronal receptors for LN, since N-cadherin antibodies had no

demonstrable inhibitory effect on neurite extension on LN substrates (Fig. 5.4c).

Two antibodies to the neural CAM (NCAM) were also tested for their effects

on neurite outgrowth on astrocytes: a monoclonal antibody, 1A6, that recognizes

NCAM but apparently does not inhibit its function on CG neurons (Lemmon et al.,

1982; Watanabe et al., 1987; Bixby et al., 1987) and a polyclonal anti-NCAM serum

that decreases neurite outgrowth by chick CG neurons on myotube surfaces (Bixby et

al., 1987). Neither NCAM antibody significantly diminished either the percentage of

neurons with neurites or the average length of neurites (Fig. 5.2a and b; Fig. 5.3b and

c; Fig. 5.4a and b). This was true either when NCAM antibodies were added alone
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(Fig. 5.3b, closed squares; Fig. 5.3c, closed squares; Fig. 5.4a and b) or in

combination with integrin 31 antibodies (Fig. 5.3b; open squares; Fig. 5.4a and b).

Since astrocytes express ECM proteins on their surfaces in culture (Liesi et

al., 1983; Asch et al., 1986), ECM receptor antibodies might also be expected to

affect neuronal process extension on astrocytes. In contrast to the effects of N

cadherin antibodies, anti-integrin 31 IgG did not significantly diminish the

percentage of CG neurons that had extended neurites in 16 hours (Fig. 5.3a, compare

closed triangles to closed diamonds). However, the average length of E8 neurites that

grew in the presence of anti-integrin 31 IgG was consistently reduced by about 25%

(Fig. 5.3a, closed triangles; Fig. 5.4a). Fab fragments of anti-integrin B1 IgG had

similar effects on E8 neurons (Fig. 5.3b, closed triangles; Fig. 5.4a). In contrast,

integrin B1 antibodies had little or no effect on E14 neurite outgrowth on astrocytes

(Fig. 5.3c, closed triangles; Fig. 5.4b). Thus, in addition to N-cadherin, ECM

receptors whose functions are inhibited by antibodies to the integrin 31 subunit play

a role in E8 CG neurite outgrowth on astrocytes. When added together with anti-N-

cadherin to cultures of E8 CG neurons, anti-integrin 31 IgG appeared to enhance the

inhibitory effect seen with anti-N-cadherin alone, further reducing both the

percentage of E8 neurons with neurites (Fig. 5.3a and b, open diamonds) and the

average length of neurites that grew (Fig. 5.4a). This enhanced inhibitory effect was

not simply a result of binding two different antibodies to the neuronal surface since

1) addition of both integrin 31 and NCAM antibodies did not significantly augment

the inhibition produced by anti-integrin B1 alone (Fig. 5.3b, open squares; Fig. 5.4a)

and 2) addition of both N-cadherin and integrin 31 antibodies to E14 CG neurons did

not significantly enhance the inhibition seen with anti-N-cadherin alone (Fig. 5.3c,

open diamonds; Fig. 5.4b).
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DISCUSSION

By using antibodies that selectively inhibit neuronal interactions with cell

membrane-associated adhesive proteins (anti-N-cadherin) or with ECM-derived

substrates (anti-integrin B1), we have identified two distinct adhesive systems that

contribute independently to neuronal process outgrowth on astrocytes surfaces. Of the

two, the interaction mediated by N-cadherin appears to be more important, since N

cadherin antibodies greatly reduced both the percentage of neurons that initiated

neurites and the average length of those neurites that grew. The mechanism(s) by

which a small percentage of CG neurons extend short neurites in the presence of both

N-cadherin and integrin 31 antibodies is unknown. This residual outgrowth could be

due to incomplete inhibition by the antibodies or could reflect neurite-promoting

activity by other adhesive proteins, such as tenascin (also called cytotactin),

thrombospondin, or AMOG, that are associated with glial cells in vitro (Grumet et

al., 1985; Asch et al., 1986; Antonicek et al., 1987).

N-cadherin is a Cat-E-dependent CAM initially identified in avian neural

retina (Grunwald et al., 1982; Crittenden et al., 1987) and mouse brain (Hatta et al.,

1985), and more recently was found to be expressed in many tissues during embryonic

development (Hatta et al., 1987). N-cadherin and the related molecules E-cadherin

(Ogou et al., 1983; see also Gallin et al., 1983; Hyafil et al., 1980; Damsky et al., 1983)

and P-cadherin (Nose and Takeichi, 1986) constitute a family of closely related Ca++

-dependent CAMs with differing tissue distributions (Shirayoshi et al., 1986). The

proposed roles of N-cadherin in tissue morphogenesis are many, and include somite

formation (Duband et al., 1987) and intercellular adherens junction formation (Volk

and Geiger, 1986 a and b; Volk et al., 1987). The transient expression of N-cadherin in

embryonic muscle during the period of motoneuron innervation suggests that N
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cadherin is involved in adhesion between nerve and muscle in vivo (Hatta et al.,

1987). Consistent with this hypothesis, it has recently been shown that N-cadherin

functions in peripheral motoneuron outgrowth on skeletal myotube surfaces in vitro

(Bixby et al., 1987). In contrast to the impressive effects of N-cadherin antibodies on

CG neurite outgrowth on astrocytes, however, anti-N-cadherin, when applied alone,

has only a small effect on CG neurite outgrowth on myotubes (Bixby et al., 1987).

This appears to reflect the presence of several additional adhesive systems, including

NCAM and ECM proteins. that act in concert with N-cadherin to stimulate process

outgrowth on myotubes (Bixby et al., 1987). N-cadherin antibodies have much

stronger effects on CG neurite outgrowth on skeletal myotubes when the functions of

these two additional adhesive systems are inhibited (Bixby et al., 1987).

The inhibition of process extension by N-cadherin antibodies appears not to

be a trivial consequence of preventing neuronal attachment to the astrocyte

monolayers. Instead, neurons grown on astrocytes in the presence of N-cadherin

antibodies appeared to adhere efficiently to the astrocyte monolayers and, in some

cases, extended short neurites with abundant filopodia and enlarged growth cones

(c.f. Fig. 5.2c and f). These observations suggest that the adhesive interactions that

are important for process extension on astrocytes may be only a subset of those that,

in sum, contribute to neuron/astrocyte adhesion. For example, the glycoproteins

NCAM, AMOG, and tenascin (or cytotactin) may function in neuronal adhesion to

astrocytes (Keilhauer et al., 1985; Antonicek et al., 1987; Kruse et al., 1985; Grumet et

al., 1985). Thrombospondin, an ECM protein synthesized by astrocytes (Asch et al.,

1986), may also serve similar adhesive functions. Despite the adhesive properties of

these glycoproteins, they appear not to simulate neurite outgrowth efficiently when

N-cadherin function is inhibited. Thus, although N-cadherin may be only one of

several adhesive factors that mediate neuronal attachment to astrocytes, the binding
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of N-cadherin to its ligand on astrocyte surfaces appears to play a particularly

prominent role in neurite extension. In contrast, our results do not support a role for

another adhesion molecule, NCAM, in CG neurite extension on astrocytes.

The inhibitory effects of antibodies to the integrin 31 subunit on CG neurite

outgrowth on astrocytes demonstrate a role for ECM receptors in mediating neuronal

interactions with CNS glia. Since integrin 31 antibodies have been shown to inhibit

neuronal interactions with several ECM proteins, including LN, FN, and type IV

collagen (Bozyczko and Horwitz, 1986; Tomaselli et al., 1986; Hall et al., 1987), it is

difficult to state conclusively which, if any, of these proteins contribute(s) to process

outgrowth on astrocytes. However, LN expression on the surfaces of astrocytes or

astroglial precursors in vitro (Liesi et al., 1983; Selak et al., 1985) and in vivo

(Liesi, 1985a and b; Liesi et al., 1984; Cohen et al., 1987), is consistent with a role for

LN in neuron/astrocyte interactions. It has been suggested that the failure of

astrocytes to express LN after injury is responsible, in part, for the inability of

mammalian CNS neurons to regenerate (McLoon, 1986; Carbonetto et al., 1987; Smith

et al., 1986). However, data presented here suggest that interactions involving LN

may be less effective than those involving N-cadherin in stimulating neurite

outgrowth on astrocytes.

E14 CG neurons that have lost the ability to extend neurites on either LN or

astrocyte CM (or heart cell CM; see Collins and Lee, 1982) remain capable of

extending neurites on astrocytes in an N-cadherin-dependent fashion (cf. Fig. 5.2e

and f). Thus, CG neuronal responses to ECM- and cell-associated neurite-promoting

factors appear to be regulated independently during neural development. In this

respect, CG neurons are similar to embryonic avian retinal ganglion neurons that,

between E6 and E11, also lose the ability to extend neurites on LN but remain
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responsive to astrocyte surfaces (Cohen et al., 1986; 1987; Hall et al., 1987). In

contrast to their younger counterparts, most E14 CG axons and E12 retinal ganglion

cell axons have contacted and synapsed on their target cells in the eye or optic tectum

respectively (Landmesser and Pilar, 1974 a and b; Goldberg, 1974). This raises the

possibility that contact with synaptic targets regulates neuronal responses to LN (cf.

Cohen et al., 1987). The diminished capacity of both E14 CG neurons and E12 retinal

neurons to attach to LN (cf. Table 5.1b; Hall et al., 1987) suggests that LN receptor

function is modified during neural development. Since integrins function as receptors

for LN (Horwitz et al., 1985; Bucket al., 1986; Tomaselli et al., 1987a and c), changes

in the levels of expression and/or the functional state of neuronal integrins could

account for decreased LN-binding by CG and retinal neurons. Differences in the

expression of integrin subunits have been observed between E6 and E12 avian

neuroretinal cells (Hall et al., 1987). Phosphorylation of the cytoplasmic domain of

the avian fibroblast integrin B1 subunit reduces the binding of the solubilized integrin

complex to the ECM protein FN (Buck and Horwitz, 1987). Similar post-translational

modifications of neuronal integrins might account for decreased neuronal adhesion to

LN. It is also possible, however, that the loss of LN-binding reflects changes in other

cell surface proteins that may also participate in neuronal responses to LN (cf.

Smallheiser and Schwartz, 1987).

The molecular mechanisms underlying growth cone guidance are largely

unknown, but have been the subject of much speculation (cf. Harrison, 1935; Sperry,

1963; Letourneau, 1985). It has long been suggested that growth cones express

specific receptors that regulate the extent and orientation of axon growth. In the

present report, we have identified two distinct neuronal receptor systems that mediate

neurite outgrowth on astrocyte surfaces. One recognizes adhesive proteins in the

ECM and one recognizes adhesive proteins expressed on the surfaces of other cells.
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These two receptor systems function independently (since inhibition of one does not

prevent neurite outgrowth mediated by the other; c.f. Fig. 5.4c) but, together,

contribute to process extension. N-cadherin and integrins probably represent only two

of many neuronal receptors that function in neurite outgrowth (c.f. Chang et al., 1987;

Bixby et al., 1987). The mechanisms by which growth cone guidance is affected by

the binding of these and other membrane receptors to adhesive molecules that are

associated with the growth substrate are unknown. However, the fact that both

integrin 31 receptors and N-cadherin appear to interact with proteins that regulate

cytoskeletal function (Horwitz et al., 1986; Geiger et al., 1985; Volk et al., 1987)

suggests one possible way in which growth cone morphology and motility are

regulated by the binding of neuronal cell surface receptors to adhesive proteins

expressed along axon pathways.
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TABLE 5.1

a. Process Outgrowth: % neurons with neurites
Substrates

LN Astrocyte CM Astrocytes

anti-integrin anti-integrin anti-integrin
Neurons Control Fab Control IgG Control Fab

E8 CG 77+/-5 4+/-l 55+/-4 13+/-3' 87+/- 30+/-2
E14 CC 2+/-l 1+/-l 3+/- 1 1+/-0 45+/-3 48+/-2
*

data from Tomaselli et al., 1986

b. Attachment: % positive control

LN Substrate

Neurons Control anti-integrin IgG

E8 CG 87+/-4 4+/-l

El 4 CG 25+/-l 3+/- 1

TABLE 5.1 LEGEND a) E8 and E14 CG neurons were grown 16–20 hours in the

absence (control) or presence of anti-integrin [1 (JG22 IgG: 100 pig■ ml or JG22

Fab: 0.5 mg/ml on LN; 1 mg/ml on astrocytes) on substrates coated with laminin

(i.N), astrocyte-conditioned medium (astrocyte CM) or on astrocyte monolayers.

Fixed neurons were scored for the percentage bearing a process > 2 cell diameters in

iength. Values represent the average and range of determinations made on duplicate

cultures run in parallel. At least 200 neurons were counted for each value. b) E8 and

E14 CG neuronal attachment to LN-coated substrates was measured in the absence

(control) or presence of anti-integrin 31 IgG (JG22: 50 pg/ml). The number of

adherent neurons in 10 random microscope fields/well was counted and averaged.

Values represent the average and range of determinations made on duplicate wells

run in parallel and are expressed as % attachment relative to the highly adhesive

substrate, poly-D-lysine.
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Figure 5.1: E8 and E14 CG neuronal process outgrowth on primary cortical

astrocytes and on substrates coated with astrocyte CM. Neurons were visualized

either by phase contrast or, when grown on astrocyte monolayers, by

immunofluorescent staining with the A2B5 monoclonal antibody. a) E8 CG neurons

grown 16 hours on astrocyte CM. b) E8 CG neurons grown 16 hours on a monolayer

of astrocytes. c) E8 CG neurons grown 16 hours on an astrocyte CM substrate in the

presence of 100 pig■ ml anti-integrin B1 (JG22) IgG . Note process outgrowth is

inhibited. d) E8 CG neurons grown 16 hours on astrocyte surfaces in the presence of

1 mg/ml anti-integrin 31 (JG22) Fab. Note process outgrowth is not prevented as it

is on astrocyte CM. e) E14 CG neurons grown 16 hours on astrocyte CM. Arrows

mark E14 neurons that do not respond to astrocyte CM. f) E14 CG neurons grown 16

hours on astrocyte surfaces. g) When E14 CG neurons were cultured on small

astrocyte islands centered on LN-coated, glass coverslips, their neurites did not

extend off of the astrocyte monolayers. In contrast, E8 neurites often grew off the

astrocyte surfaces onto the surrounding LN substrates (h). Arrowheads in g and h

mark the boundary between the astrocytes and the LN substrates. Scale bars: 10 pum.

Bar in a also applies to c and e, bar in b also applies to d and f-h.
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Figure 5,2: E8 (a-c) and E14 (d-f) CG neuronal process outgrowth on astrocyte

surfaces in the presence of antibodies to neuronal cell surface proteins. Neurons were

grown 16 hours on astrocyte surfaces in the presence of polyclonal anti-NCAM IgG

(a and d: 1 mg/ml), anti-N-cadherin IgG (b and c; 1 mg/ml) or anti-N-cadherin Fab'(e

and f, 1 mg/ml). The majority of E8 and E14 CG neurons were prevented from

initiating neurites in the presence of N-cadherin antibodies. However short neurites

with enlarged growth cones were sometimes seen (arrows in c and f). Process

outgrowth in the presence of anti-NCAM appears to be unaffected (a and d).

Neurons were visualized by immunofluorescent staining with the A2B5 monoclonal

antibody and were readily distinguished from A2B5-positive astrocytes using

morphological criteria. Scale bar:10 p.m.
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Figure 5.3: Distribution of CG neurite lengths grown on astrocyte surfaces in the

presence of antibodies to N-cadherin, NCAM and integrin B1. E8 (a and b) or E14

(c) CG neurons were cultured 16–20 hours on astrocyte monolayers in the presence of

different antibodies and camera lucida tracings of fixed and stained neurites were

measured. The percentage of neurons with neurites greater than a certain length

(vertical axis) is expressed as a function of neurite length (horizontal axis). Each

graph consists of determinations made on individual cultures from the same

experiment. a) Distribution of neurite lengths of E8 CG neurons grown on astrocytes

in the presence of IA6 IgG (~500 pg/ml; open triangles), anti-integrin B1 (CSAT)

IgG (100 pig■ ml; closed triangles), anti-N-cadherin IgG (1 mg/ml; closed diamonds)

or anti-integrin B1 (CSAT) IgG plus anti-N-cadherin IgG (100 pg/ml and 1 mg/ml

respectively; open diamonds). In this experiment, 1A6 IgG served as the control since

it has no significant effect on neurite outgrowth on astrocyte surfaces (see Fig. 5.4a

and b). b) Distribution of neurite lengths of E8 CG neurons grown on astrocytes in

the absence of antibodies (open triangles) or in the presence of anti-NCAM Fab'

(1 mg/ml; closed squares), anti-integrin B1 (JG22) Fab (1mg/ml; closed triangles),

anti-integrin 31 (JG22) Fab plus anti-NCAM Fab’ (1 mg/ml each; open squares),

anti-N-cadherin Fab’ (1 mg/ml; closed diamonds) or anti-integrin 31 (JG22) Fab plus

anti-N-cadherin Fab’ (1 mg/ml each; open diamonds). c) Distribution of neurite

lengths of E14 CG neurons grown on astrocytes in the absence of antibody (open

triangles) or in the presence of anti-NCAM Fab’ (1 mg/ml; closed squares), anti

integrin 31(JG22) Fab (1 mg/ml; closed triangles), anti-N-cadherin Fab’ (1 mg/ml;

closed diamonds), anti-N-cadherin Fab' plus anti-integrin 31 (JG22) Fab (1 mg/ml

each; open diamonds), or anti-N-cadherin IgG (1 mg/ml, open squares).



(url)q■ 6.ua/

00900º00€0020010

D-D=Q-Q-C=O-O-Q-Q-O-O-O-O-C-C-C-|-0 §===::=?=?=?=$€ÖSEx-x<3<3•—•SNSË••§<eC--■ ,~º\N\NËcaeº■ +0! |-■ -J

C|{2-}/500£7]ES;-■ S(=;=;

00900900€00200!0

d-d-a-d=■ =3<9–9–9s5–5–3–3
:FËS--,■ **■ ~~~~N.NÑ<`N.\*<<.cae

N.\\
§N

C|{2-}/5008E
|q

00t?09900909■ 200209109.09}
<==<■ --=====<

\_*J*J-~|„ |-■ \
^J\<■ +0×

^<]><.
\_\ ■ 6I/■ O8E\■ --

08

I6I-!2

+O2

+09.

+Off

--09

+O2

+0×

+-09

TOco

X
u16ual
zsay■inauunlawsuoInauJo24



192

Figure 5.4: Average total neuritic output of E8 (a and c) or E14 (b) CG neurons

grown on astrocytes (a and b) or on LN (c) in the presence of different antibodies.

Values are expressed as % of the neurite length in the absence of added antibodies

(positive control). In (a), error bars represent the standard error of determinations

made on 30-35 neurons per condition. In (b), error bars represent the range of

average neurite lengths from 2 different experiments (total 60-70 neurons per

condition). a) E8 CG neurons were grown 16–20 hours on astrocytes in the absence

of antibodies or in the presence of: IA6 Fab (1 mg/ml); anti-NCAM IgG (1 mg/ml);

anti-NCAM Fab’ (1 mg/ml); anti-integrin 31(CSAT) IgG (100 pg/ml); anti-integrin

B1 (JG22) Fab (1 mg/ml); anti-integrin 31 (JG22) Fab plus anti-NCAM Fab’ (1

mg/ml each); anti-N-cadherin IgG (1 mg/ml); anti-N-cadherin Fab’ (1 mg/ml); anti

N-cadherin Fab' plus anti-integrin fl1 (JG22) Fab (1 mg/ml each); anti-N-cadherin

IgG plus anti-integrin 31 (CSAT) IgG (1 mg/ml and 100 pg/ml respectively). b)

E14 CG neurons were grown 16–20 hours on astrocytes in the presence of: IA6 Fab

(1mg/ml); anti-NCAM Fab’ (1 mg/ml); anti-integrin 31 (JG22) Fab (1 mg/ml); anti

N-cadherin Fab’ (1 mg/ml); anti-N-cadherin Fab' plus anti-integrin 31 (JG22) Fab (1

mg/ml each) or anti-N-cadherin IgG (1 mg/ml). c) E8 CG neurons were grown 16

hours on LN substrates in the absence of added antibodies or in the presence of 1

mg/ml anti-N-cadherin IgG.
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CHAPTER SIX

DISCUSSION
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Growth cones are faced with environments that are comprised of a

staggeringly complex arrangement of molecules, yet respond selectively to this

molecular information. Directed growth cone extension is presumably influenced by

the interaction of specific neuronal cell surface receptors with extracellular proteins

that influence adhesion, process extension or both in either a positive or negative

manner. Neurons expressing different combinations of such receptors will

presumably behave differently in similar environments and, thus, will be

differentially guided. Within a single neuron, fluctuations in the expression or

function of receptors combined with changes in the extracellular molecular

topography will shape, in time, the behavior of individual growth cones. Receptor

mediated transduction of information from extracellular ligands to intracellular

response cascades is, thus, viewed as a crucial determinant of growth cone guidance.

Neuronal Receptors and Process Outgrowth

In the present study, two neuronal cell surface receptor systems have been

identified that mediate neuronal adhesion and/or process outgrowth on either

extracellular matrix proteins or non-neuronal cell surfaces, two prominent substrates

for axon growth in the embryo. These receptors belong to two families of adhesive

protein receptors, the integrins and the cadherins. On surfaces that express ligands

recognized by both receptor types (e.g. astrocyte cell surfaces), growth cone motility

appears to be affected by the simultaneous but independent activation of both

neuronal receptor systems.
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Integrins

A neuronal cell line, PC12, was used to identify and characterize, using

immunological probes, cell surface proteins that mediate adhesion and process

extension by these cells on the ECM constituents, LN, FN and Col IV. These cell

surface glycoproteins belong to a large family of cell surface o■■ receptor

heterodimers for adhesive proteins: the integrin family (reviewed in Hynes, 1987).

There is good reason to believe, based on evidence presented here and elsewhere

(Bozyczko and Horwitz 1986), that receptors belonging to the integrin B1 family are

also present on neurons and mediate, in part, adhesion and process outgrowth on a

wide range of neurite-promoting substrates including (1) purified ECM molecules (2)

more complex, native ECMs similar to those formed in vivo and (3) the surfaces of

cells, like astrocytes and myotubes, that express ECM proteins.

Based primarily on cDNA and protein sequence data, in combination with

serological studies, the integrin family of receptor heterodimers can be divided into 3

subfamilies, grouped according to the 3 subunit that is shared among heterodimer

members of each subfamily (Table 6.1). For the purposes of discussion, I have

adopted and modified the terminology outlined in Hynes (1987). The integrin 31

subfamily consists of at least five distinct o/3 heterodimers with a common B1

subunit of 110-130 kD, depending on species and electrophoretic conditions. These

five heterodimers correspond to the five very late activation (VLA) antigens initially

identified and characterized on human T cells (Hemler, 1985; 1987; Takada et al.,

1987a,b). Other well characterized members of the integrin 31 family include FN

receptor heterodimers purified from a human osteosarcoma cell line (Pytela et al.,

1985a), human lymphoid cells (Patel and Lodish, 1986) and a hamster fibroblastic cell

line (Brown and Juliano, 1985; 1986). The avian receptor complex for FN and LN that
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is recognized by the CSAT and JG22 monoclonal antibodies (Horwitz et al., 1985;

Buck et al., 1986; Akiyama et al., 1986) also belongs to the integrin 31 subfamily

(Tamkun et al., 1986) as do the PC12 cell receptors described in chapters 2 and 3.

Integrin 31 antibodies (e.g. anti-ECMR and CSAT) inhibit both adhesion and

process extension by neurons on LN, FN and Col IV (c.f. chapters 2 and 4; see also

Bozyczko and Horwitz, 1986; Hall et al., 1987; Cohen et al., 1987). Thus, the function

of integrin 31 receptor heterodimers on neurons is important for their interactions

with the ECM constituents LN, FN, Col IV and, perhaps, other adhesive proteins.

It is unknown if neurons express integrin 32 or 33 receptor heterodimers.

The 32 subfamily consists of the leukocyte adhesion receptors LFA-1, Mac 1 and p

150, 95 which appear to be restricted to lymphoid and myeloid cells (c.f. Kishimoto

et al., 1987; see Table 6.1) The integrin 33 subfamily is characterized by a 3 subunit

originally identified as glycoprotein IIIa of the human platelet IIb/IIIa glycoprotein

complex (Jennings and Phillips 1982; Fitzgerald et al., 1987) and subsequently as the

human osteosarcoma vitronectin receptor 3 subunit (Pytela et al., 1985b, Suzuki et

al., 1986; 1987). Expression of integrin [3 receptor heterodimers by neurons has not

been directly addressed. Indirect evidence suggests, however, that some types of

neurons may express integrin receptors that are distinct from the £1 subfamily.

Embryonic avian retinal cells have recently been shown to adhere to another ECM

protein, vitronectin (K. Neugebauer, unpublished observations). Retinal cell adhesion

to vitronectin is inhibited by RGD-containing peptides but is not inhibited by integrin

B1 antibodies (CSAT) (K. Neugebauer, unpublished observations). These

observations suggest that avian retinal neurons interact with vitronectin via receptors

that may belong to the integrin 33 subfamily.
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Integrin receptor heterodimers recognize a variety of adhesive proteins, many

of which contain the sequence RGD (reviewed in Ruoslahti and Pierschbacher, 1986).

Some of these receptors exhibit exquisite selectivity for RGD sequences in only

certain molecular contexts. For example, the integrin 31/0.5 FN receptor heterodimer

(VLA-5; Table 6.1) purified from human osteosarcoma cells apparently binds only to

FN and not to other RGD-containing proteins like vitronectin (VN) or even to RGD

peptides themselves (Pytela et al., 1985a). In contrast, the platelet heterodimer IIb/IIIa

(integrin B3/09, see Table 6.1) and the human osteosarcoma VN receptor (integrin

33/0.10; Pytela et al., 1985b), are more "promiscuous" with respect to RGD

sequences. For example, platelet integrin 33/09 heterodimers apparently recognize

RGD sequences in several adhesive proteins including FN, VN, fibrinogen, and von

Willebrand factor (see Hynes, 1987). The ligand specificities of different integrin

heterodimers may lie in the particular combination of O. and 3 subunits. Thus,

different combinations of O. and 3 subunits produce receptors with a broad range of

ligand specificities (for example, compare 31/0.5 with 33/09). Expression of a

small number of integrin O. and B subunit combinations may, thus, provide neurons

with a spectrum of sensitivities to different substrate-associated adhesive proteins.

Furthermore, independent regulation of either of or 3 subunit expression could

provide a means by which neurons subtly alter their responsiveness at different stages

of development.

Cadherins

As discussed in chapters 4 and 5, neuronal receptors that are distinct from the

integrins described above are important for neuronal process extension on the

surfaces of non-neuronal cells. For neurons cultures on astrocytes, glycoproteins

belonging to the cadherin family of cell-cell adhesion molecules (N-cadherin) play a
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prominent role in neurite extension. N-cadherin also plays a similar, though less

prominent, role in neurite outgrowth on myotube surfaces (Bixby et al., 1987). N

cadherin is one member of a family of Catt-dependent CAMs, the cadherins, that

includes the related molecules E-cadherin and P-cadherin (Ogou et al., 1983;

Yoshida-Noro et al., 1984; Nose and Takeichi, 1986; Shirayoshi et el., 1986.). The

cadherins are expressed by a broad range of cell types and, in many cases, expression

is regulated during development (Hatta et al., 1987). N-cadherin is the only cadherin

known to be expressed by neurons (Hatta et al., 1987).

It is interesting that for both the integrins and cadherins, molecules initially

identified as mediating cell contact and adhesion play an important role in "active"

processes like growth cone motility. It is likely that other "adhesion" molecules

function in similar ways. For example, cell surface glycoproteins belonging to

another protein family, the L1/NgCAM family, are important in neurite fasciculation

and neuronal process outgrowth on other neuronal surfaces (Stallcup and Beasley,

1985; Rathjen et al., 1987; Chang et al., 1987). A purified member of this family, the

8D9 antigen, can also promote neurite outgrowth directly when adsorbed to

nitrocellulose-coated substrates (Lemmon et al., 1987).

In vitro studies have thus established that individual neurons are capable of

simultaneously expressing several distinct receptors that can influence adhesion and

neurite outgrowth. In many cases (i.e. integrin 31: Bozyczko et al., 1986; N-cadherin:

Hatta et al., 1985; 1987; L1/NgCAM: Rathjen et al., 1987; NCAM: Van den Pohl et al.,

1986) these proteins have been localized to neuronal growth cones in vitro. These and

other yet to be discovered adhesive receptor systems appear likely to function in

growth cone steering in vivo. Since individual growth cones can apparently express
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several receptors at any one time, the combined function of these receptors would

contribute to the overall behavior of individual growth cones.

Regulation of Adhesive Receptor Function

The expression and function of neuronal adhesive protein receptors are not

static, but are regulated within individual neurons at different developmental stages.

There are obviously several loci at which regulatory influences can be exerted.

L1/NgCAM provides a good example of regulation at the level of gene expression.

Neurons apparently begin expressing L1/NgCAM only after becoming postmitotic

(Thiery et al., 1985; Rathjen and Schachner, 1984). In contrast, NCAM is likely

expressed by neuronal precursors as well as postmitotic neurons (Rutishauser, 1984).

Alternative splicing of gene transcripts may also regulate receptor function in

different neurons at different developmental stages, as appears to be the case for

NCAM (Pollerberg et al., 1985; Murray et al., 1986b). Post-translational modifications

may also play an important role in the modulation of receptor function and, hence, in

growth cone function. NCAM, for example, undergoes a conversion from a sialic

acid-rich low-affinity embryonic form to a scialic acid-poor, high-affinity adult form

during development (Hoffman and Edelman, 1983). Integrin B1 receptor

heterodimers are subject to regulation by tyrosine phosphorylation of the cytoplasmic

domain of the 31 subunit (Hirst et al., 1986). Phosphorylation of the cytoplasmic

domain of the avian integrin fl1 subunit may influence both extracelular ligand

binding as well as receptor interactions with cytoskeletal components (Buck et al.,

1987). This observation is particularly interesting in light of the observed loss of LN

binding by both central (Cohen et al., 1986; Hall et al., 1987) and peripheral (Chapter

4) neurons during embryonic development.
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Receptor-Mediated Signal Transduction

As depicted in the above discussion, receptor-mediated signal transduction

across the growth cone membrane is envisioned as a crucial determinant of axon

guidance. How is ligand binding by these receptors signalled to the cell interior? In

the case of integrin 31 receptor heterodimers, evidence exists for a direct association

with the cytoskeleton (Fig. 6.1) Purified avian integrin 31 receptors interact with a

cytoskeletal-associated protein, talin (Horwitz et al., 1986). Interactions with talin,

like those with extracellular ligands like LN and FN, appear to require the oligomeric

integrity of the multi-subunit receptor (Buck et al., 1986). Talin, a 230 kD

cytoplasmic protein (Molony et al., 1987; Burridge et al., 1983), colocalizes with

integrin 31 in adhesion plaques of adherent fibroblasts (Damsky et al., 1985). Talin,

in turn, has been shown to bind to vinculin in antigen blots (Burridge and Mangeat,

1984). Vinculin, a 130 kD cytoplasmic protein (Rosenfeld et al., 1985), may interact

with actin microfilaments either directly or through additional intermediary proteins

(Wilkins and Lin, 1986; Jockusch and Isenberg, 1981). Thus, ECM receptors

belonging to the integrin [31 family could represent a link between extracellular

adhesive proteins and the actin microfilament system that is concentrated in motile

regions of the growth cone. Such a linkage would represent one channel for funneling

information from the extracellular environment to the interior of the growth cone (see

Fig. 6.1). The interaction of integrin B1 receptors with talin and presumably the

microfilament system appears to be inhibited by tyrosine phosphorylation of the

cytoplasmic domain of the integrin 31 subunit (Buck et al., 1987). Thus, tyrosine

directed protein kinases present in the growth cone margins may also play a role in

regulating neuronal ECM receptor signal transduction. The consequences of

extracellular ligand-binding in modulating the interaction of integrin B1 cytoplasmic
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domains with the cytoskeleton is an interesting problem that has not yet been

addressed experimentally.

N-cadherin may also constitute a transmembrane link to the cytoskeleton (Fig.

6.1). Recent studies on a Catt-dependent receptor of adherens junctions, A-CAM,

that appears to be similar if not identical to N-cadherin, are consistent with this

hypothesis (Volk and Geiger, 1986a and b). Immunolocalization studies have

demonstrated the co-localization of A-CAM with vinculin and actin filament bundles

at the sites of intercellular junctions (Volk and Geiger, 1986a and b). A-CAM may,

thus, be connected to the cytoskeleton in a manner similar to that for integrin B1

receptors. However, in contrast to sites of cell-substrate contact, talin appears to be

absent from intercellular adherens junctions (Geiger et al., 1985a and b). It is, thus,

unclear whether A-CAM binds directly to vinculin or to an intermediary protein. It is

expected, however, that subtle functional differences exist in the transduction by

integrin 31 and A-CAM (or N-cadherin) to the cytoskeleton and that these

differences reflect differences in the molecular nature of the linkages between each

cell surface receptor and the actin network (Fig. 6.1).

In summary, the mechanisms by which receptors like the integrins and

cadherins transduce signals to the cell interior are largely unknown. It seems likely

that a direct association with cytoskeletal-associated proteins plays an important role

in signal transduction and may be a common feature of many "adhesion receptors."

For example, NCAM 180 may bind directly to the cytoskeletal-associated protein,

brain spectrin, via its cytoplasmic domain (Pollerberg personal communication). The

role of other second messenger systems in signal transduction by these types of

transmembrane receptors is currently largely unexplored.
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Changes in Axonal Environments

Growth cones navigate through environments that are also in a state of flux.

These environments can probably be best described as consisting of a mosaic of

molecular signals, made and deposited on and around other cells, whose spatial

distributions change over time. During axon growth and guidance in the embryo, a

changing environment thus complements the dynamic expression and function of

growth cone receptors. ECM constituents, for example, are expressed in interesting

spatiotemporal patterns. LN expression in the avian optic nerve is transient, occuring

during development at a time that coincides with retinal ganglion cell responsiveness

to LN in vitro (Cohen et al., 1986; 1987; Hall et al., 1986). LN expression in the ECM

of myotubes and Schwann cells appears to be regulated by neuronal contact (Sanes et

al., 1986; Chiu et al., 1987; Carey et al., 1983). FN expression is correlated with avian

neural crest cell migration (Thiery et al., 1982). Tenascin is expressed in a rostro

caudal wave in the developing neural tube (Crossin et al., 1986). In a similar fashion,

CAM expression is regulated in space and time during embryogenesis, sometimes in

cyclical patterns within a given group of cells (Edelman, 1985). N-cadherin, a CAM

that is important for peripheral motoneuron outgrowth on myotube surfaces (Bixby et

al., 1987), is expressed transiently by muscle cells at a time when motor nerves invade

muscle masses and form their initial synapses (Hatta et al., 1987).

Growth cones themselves also alter their environments in at least two

important ways. Growth cones secrete molecules, in particular, proteases and

protease inhibitors (Pittman, 1985; Krystosek and Seeds, 1981). These molecules may

be important in regulating the function of molecules in the environment as well as

receptors on the growth cone membrane. Growth cones are also unique in that they

leave a permanent physical trace of their travels, the axon. Axons themselves exert
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guiding influences on other growth cones that later encounter them. The important

role of selective fasciculation by growth cones onto other axons in nervous system

development is well documented (Raper et al., 1983a and b; 1984) and is likely a

major force in axon guidance.

A Model for Growth Cone Guidance

A model for growth cone guidance is presented with the following

characteristics:

1. Growth cones are highly specialized, motile subcellular organelles with an

inexorable tendency to translocate. Filopodia and lamellipodia protrude incessantly

from the growth cone margin and appear to interact with the underlying substrate.

2. Two gross features characterize growth cone behavior: (1) unperturbed, on

uniform, homogeneous substrates, they tend to grow in nearly linear trajectories

(Katz, 1986) and (2) filopodial and lamellipodial sampling of and apparent adhesion

to the substrate influences the orientation of growth cone extension. Thus, processes

occurring in or near filopodia or lamellipodial veils may serve to channel or direct

intracellular motile processes.

3. Growth cones express several different kinds of receptors on their surfaces.

These may be uniformly distributed over the entire growth cone surface or may be

localized to different regions (e.g. filopodia and veils vs. the base of the growth

cone).
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4. These receptors bind to proteins that are distributed anisotropically in the

environment of the growth cone. Extracellular proteins affect, through receptor

mediated interactions, growth cone adhesion, morphology and motility. In particular,

neurite-promoting molecules like LN may act to stimulate or exacerbate the intrinsic

processes of growth cone motility such that neurite elongation occurs at a faster rate

than on "permissive" substrates like poly-D-lysine(see below).

5. Ligand-binding by receptors on the growth cone is transduced to the growth

cone interior either through direct interactions of receptor cytoplasmic domains with

cytoskeletal proteins (integrin 31 receptors and cadherins) or through the stimulation

of second messenger systems.

6. Receptor-mediated signal transduction produces local signals in discrete

subdomains of the growth cone. These signals interface with the motile machinery

within the growth cone and lead to the consolidation of axoplasmic flow

preferentially into subdomains of the growth cone. The anisotropic accumulation of

transduced signals within the growth cone directly determines the orientation of

growth cone motility.

Evidence discussed thus far is consistent with points 1-5 of the above model.

Evidence for the final point is lacking and, thus, is more speculative in nature.

However, despite its speculative nature, a discussion of how this model might predict

growth cone behavior will be useful. Such a discussion is rooted in the nature of the

processes underlying growth cone motility.

The Filopodial Adhesion/Tension Model of Growth Cone Guidance Revisited
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Growth cones are guided preferentially along pathways of higher relative

adhesivity (Letourneau, 1975a and b). The role of filopodial adhesion in this response

has been suggested by observations that growth cones can be steered by selectively

detaching filpodia from one side of the growth cone (Wessels and Nutall, 1978).

Contractile forces generated in adherent filopodia have been postulated to pull the

growth cone forward in the direction of greater adhesivity (Bray, 1979; Bray et al.,

1982; Letourneau, 1985). According to this model, filopodial adhesion is not only

required for motility, but the strength of adhesion between filopodia and the substrate

can provide a directing influence. Contractile forces generated in folopodia that are

less well adhered to the substratum lead to filopodial retraction rather than growth

cone advance (Bray, 1982; Letourneau, 1985).

Several observations suggest that this model is incomplete. First, when

sensory neurons are grown on substrates consisting of dots of LN on a Col IV

background, neurite outgrowth is confined to the LN pattern (Gundersen, 1987).

According to the adhesion/tension model, one would expect the strength of growth

cone adhesion to LN to be greater than to col IV. However, using a sensitive assay for

adhesive strength, it has been shown that growth cones adhere less strongly to LN

than to col IV (Gundersen, 1987). In fact, adhesion of some types of neurons (e.g.

ciliary ganglion neurons) to LN is so weak that it is difficult to demonstrate over and

above adhesion to "non-adhesive" control proteins like BSA and hemoglobin (K.

Tomaselli, unpublished observation). In this example, growth cones are guided by an

LN substrate of lesser adhesivity, even though they have the capacity to extend on the

more adhesive Col IV substrate. Thus, the quality of the adhesive interaction between

growth cone and substrate appears to be more important than the quantity of adhesive

force. The strength of adhesion may be important, however, in situations where
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growth cones are faced with two biologically inert substrates of differing adhesivity

(Letourneau, 1975a and b).

A second postulate of the adhesion/tension model is the role of filopodial

tension or contraction in pulling the growth cone forward. Experiments in which

neurons are cultured in high concentrations of cytochalasin B have demonstrated that

neurites elongate under conditions where actin-based filopodial contraction is

abolished (Marsh and Letourneau, 1986). Actin-independent neurite elongation of this

sort likely depends on microtubule function, since both taxol and colchicine, drugs

that interfere with normal microtubule function, paralyze neurite elongation

(Letourneau et al.,1982; Bamburg et al., 1986). Actin-based growth cone motility is

required, however, for directed axon growth. This is demonstrated in vitro by the

aberrant, highly contorted patterns of neurite growth seen in the presence of

cytocholasin B (Marsh and Letourneau, 1986) and in vivo by the disorienting effects

of cytochalasin B on sensory pioneer neuronal pathfinding in the developing

grasshopper limb (Bentley and Torvian-Raymond, 1986). These observations suggest

that filopodia may function to temper or direct the intrinsic microtubule-based

elongation mechanisms.

An Alternative Guidance Model: Preferential Lamellipodial Veil Maturation

Careful observations of growth cones in vitro suggest that the

protrusion and gradual filling of lamellipodial veils with membranous vesicles and

organelles represents a key step in the process of neurite elongation (Goldberg and

Burnmeister, 1986; K. Tomaselli, unpublished observations). Flat organelle-free veils

protrude between borders defined by filopodia. These protrusions may be transient,

withdrawing rapidly, or may remain protruded for extended periods of time (up to 40
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minutes) before being populated by vesicles and organelles through fast axonal

transport and Brownian motion (Goldberg and Burmeister, 1986). Although

individual growth cones may have extended several veils at any given time, not all

veils remain extended or become invaded by organelles. Elongation occurs in the

direction of those veils that preferentially become filled with vesicle and organelles.

The veil thus appears to mature into the body of the neurite. Processes that influence

the formation, stabilization, and maturation of veils may be important in determining

the rate and orientation of elongation (Goldberg and Burmeister, 1986).

In the above description of axon formation, growth cone elongation does not

appear to depend on filopodial contraction, as has been suggested before (Bray, 1982;

Letourneau, 1985). In fact, careful observations show that the growth cone is not

actually pulled forward by adherent filopodia. Instead, filopodia appear to serve more

as structural guides for the protrusion of veils than as pulleys attached to the substrate

that, through traction, hoist the growth cone forward (Goldberg and Burmeister,

1986). Instead, net elongation occurs through the maturation or conversion of the veil

into the axon. This is accomplished through the gradual filling of the veil with

vesicles and organelles, a process that may involve fast axonal transport along

microtubules that form in the proximal regions of the veils (Goldberg and Burmeister,

1986; Bamburg et al., 1986).

Members of the integrin and cadherin families of adhesive protein receptors

are integral membrane glycoproteins that are involved in neuronal adhesion and

process extension. Both classes of receptors communicate directly with the internal

actin cytoskeleton (Horwitz et al., 1986; Bucket al., 1986; Volk and Geiger, 1986a and

b), suggesting that their function is to transduce binding of their cognate ligands to

the motile apparatus of the cell. The function of these receptors in veil stabilization or



209

maturation is unknown, but their presence on growth cones and their known

interactions with cytoskeletal components is suggestive of such a role.

In the present model, the rate and orientation of growth cone advance is

determined respectively by the rate of veil maturation and by which of the many veils

extended by a growth cone mature. These parameters in turn are influenced by

substrate molecules that act through cell surface receptors via as yet unspecified

transduction mechanisms. Binding of receptors on the growth cone membrane might

influence veil maturation in at least two ways. First, by stabilizing protruded veils

against retraction, the lifetime of the veil and, hence, the probability that the

stabilized veil will mature might be increased. Since elongation may be viewed as

arising out of an imbalance between veil protrusion and retraction, elongation would

be favored in the direction of stabilized veils. Stabilization could conceivably occur

through the formation of close contacts or adherens junction-like structures between

veils and the substrate. Integrins and cadherins both participate in such contacts

between cells and the ECM or the surfaces of other cells (Damsky et al., 1985; Volk

and Geiger, 1986a). Examination of growth cones on planar substrates using

interference reflection microscopy has revealed the presence of close contact-like

specializations in the growth cone (Letourneau, 1985). A second means by which

receptors might be involved in preferential veil maturation is by influencing the

direction of vesicle and organelle flow into some veils and not into others. This could

be accomplished, for example, by orientation or stabilization of the microfilament

and microtubule cytoskeleton into discrete subdomains of the growth cone. Once

organized, vesicles and organelles could be actively transported preferentially into

these regions, leading to net axoplasmic flow into subdomains where these

cytoskeletal structures are most highly concentrated or organized. The mechanisms
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by which receptors like the integrins and cadherins might organize the cytoskeleton

are unknown.

Axon Guidance: One Scenario

Figure 6.2 illustrates how the processes described above might combine to

guide growth cone movements along a patterned substrate. In panel A, the growth

cone is seen extending along a narrow strip of LN. Several factors act to restrict

elongation to this narrow strip of LN. First, intrinsic factors cause the growth cone to

follow a fairly linear trajectory (see Katz, 1985). Second, filopodia extending from the

growth cone margin are divided into two groups: a) those that are adherent to the LN

and b) those that are adherent to the adjacent poly-D-lysine substrate. Those in

category "a" are further distinguished from those in "b" in that LN receptors present

on the filopodia are bound by LN and are "activated." This interaction leads to local

changes in cytoskeletal structure and function in subdomains of the growth cone

corresponding to regions associated with "a-type" filopodia. Veil formation may or

may not be favored in association with these filopodia. Veils that form are also of two

types, "a-type" that are in contact with LN and "b-type" that contact poly-D-lysine.

LN receptors on "a-type" veils are activated upon binding LN and, possibly through

interactions with the cytoskeleton of the type found in close contacts, are stabilized.

Subdomains are thus established within the growth cone, some of which contain a

higher proportion of filopodia and veils that are stabilized by receptor-mediated

interactions. A mechanism by which the active transport of membrane vesicles and

organelles is directed into these stablized growth cone subdomains would lead to

maturation and axonal flow into regions in contact with the LN substrates.
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In panel B, the growth cone has advanced further along the narrow strip of LN

and has encountered a second narrow strip oriented tangentially. This second strip is

composed of N-cadherin (the presumed homophilic ligand for the N-cadherin on the

growth cone membrane) in addition to LN. The growth cone is faced with two

alternate pathways: one composed of a single neurite-promoting substance (LN) and

one composed of two neurite-promoting substances (LN and N-cadherin). Like those

in panel A, the filopodia and veils in panel B are of two types: a) those bound to the

substrate by both LN receptors N-cadherin simultaneously and b) those bound to the

substraste only by receptors for LN. Again, the growth cone is subdivided into

distinct subdomains demarcated by the a- and b-type filopodia and veils. These

subdomains might be viewed as "competing" for the flow of axoplasm that

accompanies veil maturation. Subdomains, in this case a-type domains, that contain

more bound and activated receptors are viewed as being at a competitive advantage

over other domains. A mechanism by which the a-type domains "capture" the

maturation processes would lead to the eventual reorientation of the axoplasmic flow

towards the pathway that contains both neurite promoting factors, as is shown in

panel C.

Several features of this model are different from those of previous models of

axon guidance. First, the strength of filopodial adhesion is not viewed as the primary

determinant of growth cone orientation (Letourneau, 1975a and b). Instead, the nature

of filopodial and veil interactions with the substrate, particularly with respect to

receptor-mediated binding of growth cones to the substrate, is of primary importance.

Second, the growth cone is not pulled forward by actin-based filopodial contraction,

but rather flows forward from its distal margin by a process that may involve actin

and tubulin polymeryzation accompanying veil formation and maturation (Goldberg

and Burmeister, 1986). Third, oriented growth is achieved through directed
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axoplasmic flow into some but not all subdomains of the growth cone. These

subdomains reflect the distributions of extracellular proteins, bound and un-bound

transmembrane receptors, and internal cytoskeletal components that interact with

receptors. Subdomains are demarcated by filopodia, between and along which veils

protrude. Preferential maturation of veils by transport of organelles and vesicles

therein represents a major step in the commitment of the axoplasmic flow towards a

particular direction.

Predictions and Future Directions

The present model of growth cone steering makes several predictions. Some

of these have already been tested while some may be tested in the future.

1) Axons can elongate in the absence of actin-based filopodial and

lamellipodial activity, a process that likely depends on microtubule polymeryzation

and stabilization. Such extension will tend to be unguided (Marsh and Letourneau,

1984; Bentley and Toroian-Raymond, 1986).

2) Neurites can be guided by substrates of lesser adhesive strength

(Gundersen, 1987; Collins and Garret, 1980).

3) Growth cones will grow up a gradient of neurite-promoting molecules like

LN. Although growth cones are guided along discrete pathways of LN in vitro (e.g.

Hammarbach et al., 1985), gradients have not been examined.
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4) Receptors like integrins and cadherins should be present on filopodia and

lamellipodia. This appears to be the case for another adhesion molecule, NCAM (van

den Pohl et al., 1986).

5) Guidance along patterns of biologically inert adhesive substrates like poly

D-lysine (e.g. Letourneau, 1975a and b) may involve the "non-specific activation" of

these or other receptor systems in filopodia and lamellipodia (see discussion chapters

2 and 4).

6) Growth cone steering depends on the ability of filopodia and lamellipodial

veils to "temper" or redirect the intrinsic tendency of neurites to extend along a linear

trajectory. The importance of filopodia in growth cone steering is well documented in

vitro and in vivo (Wessels and Nutall, 1978; Bentley and Toroian-Raymond, 1986).

7) Steering would be compromised by interfering with the function of discrete

proteins in the growth cone interior, especially those that interact directly with the

cytoplasmic domains of cell surface receptors.

8) Steering of growth cones could be accomplished experimentally by

artificially establishing growth cone subdomains by activating neuronal receptors for

neurite-promoting molecules on discrete portions of the growth cone perimeter. Such

anisotropic activation of receptors would establish chemical microheterogeneity

within the growth cone that might serve as a signal for growth cone reorientation.

9) Molecules that inhibit growth cone motility might also act through

receptors that suppress processes involved in veil protrusion and/or maturation.

Molecules that inhibit axon growth have been postulated to be important in axon
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guidance (Tosney and Landmesser, 1985; Caroni and Schwab, 1987; Kapfhammer et

al., 1987a and b).

CONCLUSION

Growth cones are viewed as highly specialized, motile, cellular structures,

whose protrusive behavior is driven primarily by actin- and tubulin-based chemistry.

Transmembrane receptors expressed on the growth cone membrane, including

members of the integrin and cadherin families, bind specifically to extracellular

adhesive proteins. Anisotropies in the distribution of substrate-associated neurite

promoting or -inhibiting molecules are mapped onto subdomains of the growth cone

interior by receptor-mediated signal transduction. Growth cone orientation may

result from a compromise between the intrinsically linear flow of axoplasm within the

growth cone and its reorrientation into growth cone subdomains that are rich in

second messenger signals generated by the binding of cell membrane receptors to

extracellular molecules.

-
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Table 6.1: The integrin family of adhesive protein receptor heterodimers. Three

subfamilies, corresponding to three distinct but homologous B subunits are shown.

Each 3 subunit (B1, 32 and 33) can form a non-covalent heterodimeric complex

with one of several distinct but homologous O. subunits. The ligand-binding

specificity of each o■■ receptor heterodimer depends on the particular combination

of O. and 3 subunits.



Subfamilies: B, (110/130kD)
NR/R CSATBand

3 FNR
■ *Pcí2120kD

PlateletIla VLA
B

INTEGRINFAMILYOF
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NR/R 02 (150/165kD)
NR/R 03 (150/135kD)

NR/R Q
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Figure 6.1: Proposed interaction of integrin B1 receptor heterodimers and N

cadherin with the intracellular actin microfilament system.
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Figure 6.2: Schematic illustration of a growth cone moving on a narrow strip of

laminin (circles) and an adjoining strip of both laminin and N-cadherin (asterisks).
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APPENDIX A

Calculation of Density of LN Molecules Needed to Promote Neurite Outgrowth.

LN promotes neurite outgrowth maximally when 50 pil are used to coat a

0.28 cm2 surface at a concentration of 1 pg/ml (50ng total). Since only about 1% of

the LN binds to the substrate (Hall et al., 1987), then as little as 0.5 ng of LN bound

over a 0.28 cm2 surface area can promote neurite outgrowth.

0.5 x 10-9 g of LN (106 daltons) = 3 x 108 molecules of LN
3 x 108 molecules per 0.28 cm2 =~10 LN molecules/um?
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