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PREFACE

This thesis describes a growth cone specific epitope (CD’A 1), a synaptic
vesicle antigen (SVP38), and the developmental expression of each in various tissues.
Although CD’A 1 and SVP38 do not have any direct relationship to each other, I will
show that the expression of both changes over the same time period. This provides a
unifying theme for my work. I have therefore decided not to divide my thesis into
independent sections, each with its own introduction, results, and discussion, but rather
attempt to tie all of my work together into a single unit.

The thesis is divided into five chapters. The first chapter is the introduction to
the thesis, and provides a selective review of growth cones, synapses, and
synaptogenesis. The second, third, and fourth chapters present the results of my
research on the growth cone epitope, the synaptic vesicle protein, and the
developmental expression of both, respectively. The fifth and final chapter provides a
discussion of all of the results. I decided to present all of the techniques in the second
part of the appendix at the end of the thesis, for easy reference.

Our current understanding of growth cone function arises primarily from work
carried out in the century between 1860 and 1960. The first appendix is a historical
review of some of the most important of these experiments, and how they contributed to
modern ideas of growth cone structure and function. Readers who are not familiar with

the growth cone may prefer to read this section before reading the main introduction.
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CHAPTER ONE
INTRODUCTION

1. The Growth cone

1.1. Early formation

Neuronal precursors generally assume a roughly spherical shape during mitosis,
elongating their processes only after cytokinesis (Sauer, 1935). As neurons begin to
migrate, their shape changes, and they elaborate a leading process and leave behind a
trailing process. Neuronal migration has been most closely examined in the cerebral
cortex and the cerebellum (Rakic, 1971, 1972). In the cortex, cells leave the mitotic
cycle in the ventricular zone, and then migrate outwards in close apposition to radial
glia. These cells have processes that extend from the ventricular surface to the pial
surface, and function as a substrate and guide for the migration of immature neurons.
During migration, the leading tip appears to be an active region of the cell, sharing
many features with dendritic growth cones (Wise, et al., 1979; Rakic, 1972). The
trailing process is initially simpler in form, and does not end in any specializations.
However, before migration is complete, the trailing process is transformed into an
elongating axon, tipped by a growth cone (Parnavelas and Uylings, 1980; Rakic, 1971,
1972). There are fundamental differences between the leading tip of a migrating cell
and a growth cone. The leading tip tapers towards the end while the growth cone
expands, and on average the distance between the tip of the leading process and the cell
body does not change, while the growth cone steadily moves relative to the cell body.
Very little is known about the transition of the trailing process of a migrating neuron
into an axonal growth cone, or if the axon initiates elsewhere in the cell, the
mechanisms of that initiation.

The formation of axons and dendrites by dissociated neurons can be readily

observed in vitro, where it occurs in the absence of cell migration or any other cell






contacts (Collins, 1978; Dotti, et al., 1988). In hippocampal cell cultures, the spherical
cells first elaborate lamellipodia in a ring around their cell body. A few of these
lamellipodia become part of growth cones, extending away from the cell body with
neurites behind them. During the second day in culture, one of the neurites begins to
grow much faster than the others, and acquires the characteristics of an axon. A few
days later, the other processes rapidly elongate and differentiate into dendrites. The
axon always seems to develop from the longest process: if the axon is cut, then the
longest of the minor processes becomes the axon (Dotti and Banker, 1987). In vivo, as
mentioned above, cell polarity is often manifested during migration, and the counterpart
to these in vitro results is not obvious. They may provide a model for systems in which
axonal and dendritic differentiation is not coupled to neuronal migration. These cells

also provide a good system in which to compare axonal and dendritic growth cones.

1.2. Structure and general behavior

Most work on the growth cone has been on the period of elongation two to three
days after initial outgrowth. At the light microscope level, the growth cone appears to
be an amoeboid expansion of the axonal membrane. The membrane has thin veils
called lamellipodia, and fine spikes called filopodia, protruding from its main body.
The lamellipodia and filopodia exhibit rapid motility, moving from side to side,
extending and retracting as the growth cone moves forward.

Growth cone morphology can vary considerably, even within the lifetime of a
single cell. In general, growth cones become less complex as cells get older. In
cultures of rat sympathetic ganglia cells, the shape of the growth cone correlates with
their rate of outgrowth. When the growth cone moves rapidly, it consists entirely of
lamellipodia, conversely when only filopodia were present, the rate of advance is
slowest (Argiro, et al., 1984; Roufa, et al., 1983). Changes in growth cone morphology
are also observed in vivo. The growth cones of retinal ganglion cells are primarily

lamellipodial in the optic nerve and tract, are very complex with both lamelli- and filo-






podia in the chiasm, and have only filopodia when they are within their target area
(Bovolenta and Mason, 1987). This suggests that the shape of a growth cone becomes
more complex at "decision points" in its trajectory. This is supported by data on chick
spinal neurons: growth cones are larger, with more lamellipodia in regions where they
frequently "make decisions", or turn (Tosney and Landmesser, 1985).

Electron microscopy of growth cones has been primarily on aldehyde fixed
tissue. TThe structures seen using this technique differ from those seen using rapidly
frozen and freeze-substituted tissue. Aldehyde fixed axonal growth cones have a
number of very characteristic features: numerous electron-lucent, irregularly shaped
vesicles, possibly indicative of a smooth endoplasmic reticulum, a few mitochondria, no
ribosomes, very few microtubules or intermediate filaments, and numerous micro-
filaments (Yamada, et al., 1971). The plasma membrane is irregular in outline, and has
a low density of intramembranous particles, compared to the neurite or the cell body
(Pfenninger and Bunge, 1974). Not as many studies have been done on dendritic
growth cones. In the chick spinal cord, dendritic growth cones are not as large and
irregularly shaped as axonal growth cones, they have fewer microfilaments, fewer
vesicles, and unlike axons have clusters of ribosomes (Skoff and Hamburger, 1974).
No studies have been undertaken to examine whether the morphology of dendritic
growth cones also varies during the time of outgrowth. It remains possible that some of
the differences seen between axonal and dendritic growth cones are due to temporal
variation in the properties of dendritic growth cones.

Chick retinal ganglion cell axonal growth cones have also been examined
following tissue preservation by freeze-substitution. Using this technique, there is a
multilamellar stack of membrane disks (MLS) in the palm of the growth cone, which
may be an intermediate pool of membranes between the cell body source and the
growth cone plasma membrane (Cheng and Reese, 1985). Single disks that appear to

derive from the distal portion of the MLS are seen subjacent to filopodia, and may serve






as the immediate source of plasma membrane for an extending filopodium (Cheng and
Reese, 1987). Aldehyde fixation probably transforms the MLS into irregularly shaped
vesicles. The relationship of the MLS to vesicles involved in anterograde and retro-

grade transport remains unknown.

1.3. Motility and cytoskeleton

The motility of the growth cone has a number of components: filopodia and
lamellipodia extend and retract, they move relative to the growth cone without changing
their size, the growth cone body moves forward or back and changes shape, gradually
becoming the axon or dendrite. All of these motions require movement of the cytosol,
including the cytoskeleton, and the plasma membrane. The cytoskeleton is known to
play an integral role in growth cone motility, I will consider this structure first.

The cytoskeleton of the mature axon is composed of microtubules (tubulin),
intermediate filaments (neurofilaments), and a few microfilaments (actin), that lie
immediately subjacent the plasma membrane. In many immature axons neurofilaments
are not detectable morphologically or immunologically, and when expressed do not
extend into the growth cone. Therefore they do not appear to be important for process
outgrowth. Microtubules extend from the axon into the central part of the growth cone
where the bundles splay out as a fan, and never extend into the lamellipodia or filo-
podia. The only known cytoskeletal component present in most of the growth cone and
its lamelli- and filo-podia is actin. The actin filaments form a few bundles in the
growth cone palm, and run the full length of filopodia, where they are surrounded by a
network of individual filaments which are crosslinked to each other and to the inner
face of the plasma membrane (Yamada, et al., 1971; Letourneau and Ressler, 1983).
Actin is a polarized polymer, with a plus and a minus end that differ in their rate of
polymerization. Monomers are added to the plus end at a rate that is ten times faster

than to the minus end. In motile cells and in growth cones, the plus end is attached to

the plasma membrane.






Actin can generate force by polymerization or depolymerization while remain-
ing attached to a relatively stationary structure at one end and the motile structure at the
other. Actin can also be involved in motility by generating force in combination with
myosin, as it does in muscle cells. Myosin is present in growth cones, but it is not
bundled into thick filaments (Letourneau, 1981). This means that if actin/myosin
bridges are to generate force, both the actin and the myosin have to be anchored, one to
a stationary structure, the other to the motile structure.

In growth cone whole mounts examined in the electron microscope, actin micro-
filaments often appear to be attached to microtubules at the base of the growth cone
(Letourneau and Ressler, 1983). If the microtubules are relatively immobile to pushing
and pulling, then this would allow the actin to exert force on the membrane. If the actin
filaments are crosslinked to each other, then very few of them need to be linked to the
axonal microtubules at the base of the growth cone. Two of the most prominent
microtubule associated proteins, MAP2 and tau, are able to crosslink pure actin fila-
ments in vitro, and furthermore this activity is inhibited by phosphorylation of the
MAPs, for MAP2 the calmodulin dependent protein kinase II has the most effect
(Selden and Pollard, 1983; Yamauchi and Fujisawa, 1988). However, the only direct
evidence for crosslinking of actin to itself and to tubulin in the growth cone derives
from electron micrographs of extracted growth cone wholemounts. The cytoskeleton
may have suffered some artifactual crosslinking during preparation.

Drugs known to affect actin have a profound affect on growth cone motility.
Cytochalasin B, which destabilizes actin filaments, causes the growth cone to round up,
the filopodia to be withdrawn, and movement to cease in growth cones of embryonic
chick dorsal root ganglion cells (Yamada, et al., 1971). Using video enhanced differen-
tial interference contrast microscopy on cultured adult Aplysia neurons, it is possible to
see fibers under the plasma membrane in the lamellipodia that continuously move in the

retrograde direction at a rate of 3.5 um/min, even while the lamellipodia are moving






forward. The moving fibers are colocalized with phalloidin-stained actin filaments that
can be found after fixation. Cytochalasin B reversibly destroys the filaments, blocks the
retrograde movement, and eliminates most of the phalloidin-stained actin from the
lamellipodia (Forscher and Smith, 1988). Although individual subunits within the fila-
ment are moving backwards, the filament can remain apposed to the membrane, and
might even push the membrane outwards, because of constant addition of monomers to
the plus end and depolymerization at the minus end.

The above results suggest that the actin-rich lamelli- and filo-podia are moving
forward, exerting tension on the axon behind them. However, the importance of actin
in axonal elongation seems to be inversely related to the adhesivity of the substrate.
Chick embryo dorsal root ganglia cells, when plated on a highly adhesive substrate
(polyornithine), elaborate extensive neurites in the presence of cytochalasin B, despite
the absence of recognizable lamelli- or filo-podia (Marsh and Letourneau, 1984). The
neurites are curiously looped and extensively branched, suggesting that one role of the
growth cone in this situation is to steer elongation and that actin filaments are involved
in the regulation of neurite branching.

In order for the axon to elongate, not only must the growth cone move forward,
but the membrane and cytoskeleton of the growth cone must be transformed into axon.
This rather self-evident observation must be considered when discussing the mecha-
nisms of axonal pathfinding and the stopping of the growth cone at a target cell. It is
likely that in addition to regulation of growth cone motility, there are cellular control
mechanisms that regulate the rate and direction of the conversion of the trailing part of
the growth cone to axon. At the base of the growth cone, there is a transition zone
between the actin filament meshwork of the growth cone and the tubulin rich
cytoskeleton of the axon. The ordered microtubule arrays of the axon must extend

forward past this zone during axonal elongation.






Microtubule elongation could in principle take place anywhere along the axon,
as axonal microtubules do not extend uninterruptedly from cell body to growth cone
(Bray and Bunge, 1981). Four observations strongly suggest that microtubule elonga-
tion occurs at the growth cone, and that neither during development nor in the adult ,
does the cytoskeleton translocate en masse down the axon. Firstly, tubulin in the axon
(although not in the dendrite), like actin, is polar and the end to which monomers are
rapidly added is distal to the cell body (Heidemann, et al., 1981). Secondly, the axon
becomes narrower at the node of Ranvier, yet the cross-sectional density of micro-
tubules and neurofilaments remains constant, if they were all moving down the axon,
then they would have to accelerate at the nodes. Thirdly, when fluorescent tubulin is
injected into a cell and then a portion of the growing neurite photobleached, the
bleached area does not move relative to the cell body, even though the neurite is
extending (Lim, et al., 1988). Finally, microtubule depolymerizing drugs block neurite
extension when applied at the growth cone but show no effect when the same dose is
applied at the cell body (Bamburg, et al., 1986). If the cell body and growth cone are
equally permeable to the drugs, this result shows at a minimum that growth cone
microtubules are much less stable than axonal or cell body microtubules. This
instability can be utilized to closely regulate the direction of growth. However, it is not
clear what form tubulin is in during transport. When newly synthesized tubulin is
pulse-labelled, it is transported as a non-diffusing wave of polymerized tubulin (Lasek,
1982).

Branches in neurites are most frequently formed when the growth cone bifur-
cates, leaving two processes behind instead of one. Normal tubulin polymerization and
depolymerization is required for branching: low doses of the microtubule stabilizing
drug taxol inhibit the branching of embryonic chick sensory and sympathetic neurons
(Letourneau and Ressler, 1984; Letourneau, et al., 1986). This raises the possibility that

axonal and dendritic branching is regulated in vivo by endogenous agents that affect






tubulin polymerization. Cells treated with high concentrations of taxol do not extend
neurites, having only very broad, short "meganeurites." However, if taxol and
cytochalasin are added together, then long, thin neurites are extended that do not branch
and are unattached to the substrate (Spero and Roisen, 1985; Letourneau, et al., 1987).
It remains to be shown that the mode of elongation of these bizarre neurites is the same
as for untreated neurites, i.e. whether membrane and cytoskeleton are added at the tips.

I would like to summarize the role of the cytoskeleton in growth cone movement
with the following model. In normal, untreated neurites, the meshwork of actin fila-
ments is in a state that may be considered to be a dynamic equilibrium. At any given
moment, there is a mixture of actin filaments pushing and pulling on the lamellipodial
membrane and the rear portion of the growth cone. Some filaments are pushing the
membrane outward by the addition of monomers between the filament and the plasma
membrane. Others are pulling on the membrane by depolymerizing from one end while
remaining attached to the membrane at one end of the filament and to something
anchored at the base of the growth cone at the other end. If some of the "pulling" actin
filaments are anchored through the plasma membrane to an extracellular substrate, then
the forward edge of the growth cone would be extended forward. If at the same time,
the plasma membrane in the rear portion of the growth cone becomes detached from the
substrate, then the growth cone as a whole will move forward. The movement of the
growth cone actin filaments forward would contribute to the elongation of axon, either
by actively pulling the microtubules forward, or by creating a space into which they can
polymerize. Thus, the random polymerization and depolymerization of actin filaments,
coupled with the adhesive properties of the plasma membrane, I think are sufficient to
account for growth cone locomotion. Furthermore, if the adhesion is patterned or
regulated, then this would provide a selective agent that could direct the movement of
the growth cone. Under this theory, taxol blocks neurite elongation either by interfering

with the actin/microtubule interaction, or otherwise disrupting microtubule dynamics.






Cytochalasin slows down the elongation by collapsing the space between the
microtubules and the growth cone membrane. However, on adhesive substrates,
exocytosis and the polymerization of microtubules are sufficient to elongate the neurite.
When the two drugs are combined, the cytochalasin allows the taxol-treated
microtubules to move forward, in a manner that I suspect is different from what occurs

normally.

1.4. Membrane flux and neurotransmitter release

The membrane of the growth cone must also be in constant flux to support the
rapid motility of the growth cone. When lamellipodia and filopodia extend and retract,
there is a net flow of membrane into or out of these regions. As the growth cone
advances forward, there must be an addition of membrane from outside the growth
cone, equal to the increased length of the axon. Because the main body of the growth
cone is irregular and relatively large, membrane for the axon or for extension of
lamellipodia and filopodia can derive from there. When a growth cone is severed from
its cell body, its activity continues for several hours, indicating that local membrane
recycling is sufficient for growth cone motility in the short term (Shaw and Bray, 1977).
However, over the long term, there must be a net flux of membrane into the growth
cone, probably derived from anterograde transport of vesicles synthesized in the cell
body. If this membrane were added at the cell body or along the axon, then all of the
side branches would move away from the cell body at the same rate as the growth cone.
Since this does not occur, membrane must be inserted at the growth cone (Harrison,
1910; Bray, 1973). In agreement with this is the observation that carmine particles
located on the surface of the axon do not move relative to the cell body (Bray, 1970).

Another potential source for the membrane influx to growth cones is the uptake
of lipids from neighboring cells or the extracellular fluid. This source would be espe-
cially abundant during the regeneration of axons through a degenerating myelin rich

nerve. Apolipoprotein E (apo-E) is an extracellular protein that participates in the
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transport of lipids into cells (reviewed in Brown and Goldstein, 1987). Apo-E is taken
up by cells through receptor-mediated endocytosis, and the bound lipids are used by
cells for a variety of metabolic pathways, including membrane biosynthesis. Apo E is
present in the conditioned medium of cultures of injured sciatic nerves, where it is
complexed with lipid, and is readily taken up by the growth cones of differentiated
PC12 cells (Ignatius, et al., 1987). The vesicles and/or smooth endoplasmic reticulum
present in growth cones could participate in the metabolism of these lipids prior to their
insertion into the plasma membrane. This source could provide the growth cone with
local control over the amount of available membrane.

In aldehyde-fixed growth cones most vesicles are in the palm of the growth
cone, suggesting that membrane addition occurs in this region. Very few vesicles are
found in lamellipodia and filopodia in fixed preparations, suggesting that either there is
no exocytosis or endocytosis, or that vesicles are very rapidly transported or not pre-
served by fixation. Video enhanced contrast (VEC) microscopy of aplysia neurons
suggest that the first explanation is true: although many vesicles can be seen in the core
of the growth cone, only rarely do they move into the lamellipodia, and when they do,
they invariably reverse their direction and return to the core (Goldberg and Burmeister,
1986; Forscher, et al., 1987). Since rapid, directed organelle movement uses a micro-
tubule substrate, then the absence of vesicles in lamelli- and filo-podia could be a
secondary effect of the absence of microtubules (Vale, et al., 1985a,b). Alternatively,
the thinness of the lamellipodia may not allow vesicles to enter. The top lamellipodial
membrane shows continuous retrograde movement, this may serve to translocate extra-
cellular ligands towards the body of the growth cone. The source of the membrane for
this retrograde movement is not clear. It is possible that the membrane of the substrate
side of the lamellipodia moves anterogradely, or exocytosis occurs on the distal sub-
strate side of the growth cone and endocytosis on the proximal surface side of the

growth cone (Burmeister, et al., 1988). In vivo, some situations may resemble the tissue
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culture situation, as when the growth cone is growing over a basement membrane. In
other situations, all surfaces of the growth cone would be roughly equivalent, each
contacting, and perhaps adhering to other cells. The plasma membrane movements in
these cells might be quite different from what is seen in vitro.

The multilamellar stack of membrane disks (MLS) seen in the palm of the
growth cone when it is preserved by freeze substitution may be an intermediate pool of
membranes between the cell body source and the growth cone plasma membrane
(Cheng and Reese, 1985). Following incubation with cationized ferritin, coated pits
appear in the plasma membrane. The coated pits give rise to coated vesicles that ulti-
mately fuse with the MLS (Cheng and Reese, 1987). Continual recycling of membrane
would provide a convenient mechanism for retaining growth cone specific surface
components of the growth cone.

Further evidence for exocytosis of growth cone vesicles will come from the
determination of the contents of growth cone vesicles, and assaying for their release.
Embryonic frog spinal cord neurons are able to synthesize and release acetylcholine in
tissue culture (Hume, et al., 1983; Young and Poo, 1983). This release is sometimes in
a burst, suggesting that it may be due to the exocytosis of an acetylcholine containing
vesicle. However, elevated external calcium decreases burst release from growth cones,
whereas the frequency of exocytosis at a mature synapse is increased (Young, 1986).
Additionally, there is no evidence that these growth cones have acetylcholine in their
vesicles, the release may be due to a cytoplasmic leak.

During neurite extension of Aplysia buccal ganglion neurons in vitro, there is a
characteristic sequence of membrane movements that occur as lamelli- and filo-podia of
growth cones are converted to neurite. Numerous filopodia extend from the growth
cone, usually adherent to the substrate. A lamellipodium then rolls out, bounded by two
of the filopodia. Vesicles moving randomly and by directed transport move into the

lamellipodium from the body of the growth cone. The body of the growth cone then
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assumes the cylindrical shape of the axon, with bidirectional organelle transport
(Goldberg and Burmeister, 1986). This model of neurite extension suggests that the
function of the filopodia is to guide lamellipodial extension, which in turn is responsible
for neurite elongation. Consistent with the importance of lamellipodia is the observa-
tion that growth cones lacking lamellipodia grow very slowly. However, growth cones
lacking filopodia extended at the highest rates (Argiro, et al., 1984). Video-enhanced
differential interference contrast microscopy is necessary to understand the membrane
movements responsible for growth cone extension in these apparently filopodia-free
growth cones.

1.5. The effects of soluble factors on growth cone behavior and growth cone signal
transduction

The presence and potentially regulated release of soluble factors
(neurotransmitters and more traditional growth factors) provides a cellular mechanism
for the regulation of neuronal form by extrinsic signals from neighboring cells. The
neuron is most plastic during process outgrowth, and there is in vitro evidence that
some growth cones can respond to exogenously applied soluble factors.

In identified neurons of adult Helisoma in vitro, serotonin causes the lamelli-
podia and filopodia to collapse and the growth cone to cease advancing (Haydon, et al.,
1984, 1985). These effects are due to a local action of serotonin, as it has the same
effect on growth cones severed from their cell body. Other identified neurons of the
same ganglion show no response to serotonin.

One of the possible mediators of the effect of serotonin on growth cones is
calcium, as growth cones have particularly abundant calcium channels (Grinvald and
Farber, 1981; Anglister, et al., 1982). Serotonin increases intracellular calcium only in
the affected growth cones, while other agents such as membrane depolarization and the
Cat++ ionophore A23187, which elevate intracellular Ca++ have the same effect as

serotonin, and Ca++ channel blockers suppress the response of the growth cone to
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serotonin. Removal of all extracellular Ca++, however, also suppresses growth cone
activity (Cohan, et al., 1987; Mattson and Kater, 1987). These data suggest that the
level of intracellular calcium modulates growth cone motility: a moving growth cone
can be stopped by either an increase or a decrease in intracellular calcium. Mammalian
central nervous system neurons also show a correlation between growth cone calcium
levels and neurite extension (Connor, 1986). In dissociated embryonic hippocampal
cells, the application of glutamate causes the regression of dendritic growth cones while
not affecting the axons. Local application of glutamate to dendritic (but not axonal)
growth cones is sufficient for this effect. The calcium channel blocker cobalt
suppresses the effects of glutamate, suggesting that a glutamate-stimulated rise in
cytosolic calcium is responsible for dendritic retraction (Mattson, et al., 1988). Calcium
influx profoundly reduces the number of actin filaments in the growth cone, this may be
the mechanism by which extracellular factors influence growth cone form and
movement (Lankford and Letourneau, 1988).

Other intracellular second messengers also modulate neurite extension in vitro.
Increases in cyclic AMP suppresses growth cone activity in a subset of Helisoma
neurons. Within a subset of these, the effect is mediated by cyclic AMP stimulated
calcium influx (Mattson, et al., 1988). In Aplysia bag cell neurons, increases in cyclic
AMP cause the redistribution of cytoplasmic organelles from the central core of the
growth cone into what were peripheral lamellipodia (Forscher, et al., 1987). The retro-
grade waves in the lamellipodial plasma membrane are also suppressed by cyclic AMP
in these cells. Calcium affects the cyclic AMP induced spread of organelles in a subtle
way: in the presence of calcium, the vesicles move out in a saltatory manner, in the
absence of calcium, the spread appears to occur more directedly, as if on linear tracks.
Cyclic AMP is probably promoting the polymerization of microtubules into the

previously microtubule-free lamella (Vallano, et al., 1985; Jameson and Caplow, 1981).
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This would provide a substrate on which the organelles move peripherally, and would
thereby extend the palm of the growth cone forward.

Using a crudely purified growth cone preparation, it has been shown that growth
cones have largely the same second messengers present in other cells. Besides the
already mentioned abundant calcium channels, growth cones have calmodulin,
receptor-linked adenylate cyclase, calcium and cyclic AMP dependant protein kinases,
phosphoinositide kinase, phospholipase C, and protein kinase C (Hyman and
Pfenninger, 1985; Lockerbie, et al., 1988; Ellis, et al., 1985; Garafolo and Pfenninger,
1986).

1.6. Effects of other cells and the ECM

Growth cone adhesion to other cells and the extracellular matrix (ECM)
undoubtedly plays an important role in neuronal morphogenesis. The ability of cell
surface and ECM molecules to promote neurite outgrowth, or the ability of antibodies
against them to inhibit neurite outgrowth in vitro, is usually interpreted to mean that
these molecules play an important regulatory role in neuronal development. Other
explanations however must also be considered. The molecule may trigger the release of
another factor from cells in the culture, or it may bind a growth factor, serving to
concentrate it. Some molecules, such as NGF, may be able to act as adhesion
molecules in vitro, even though there is no evidence that they do so in vivo. In most
tissue culture situations, adhesion is necessary for neurite elongation, and any agent that
affects adhesion, such as an antibody to a cell surface component (MacLeish, et al.,
1983), a lectin (DeGeorge, et al., 1985), or cytoskeletal disrupting drugs (Yamada, et
al., 1971), might modulate neurite outgrowth by affecting cell adhesion. Finally, with
the exception of a few studies to be discussed below, there is no information on the site
of action of extracellular neurite-promoting molecules, i.e. whether the effect is on the

filopodia, lamellipodia, central growth cone, or axon.
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The ECM molecules collagen, laminin, and fibronectin each promote neurite
outgrowth from neurons in vitro, when the purified form is coated on the substrate
(Lander, et al., 1985; Manthorpe, et al., 1983; Hawrot, 1980; Akers, et al., 1981; Baron-
Van Evercooren, et al., 1982). A complementary approach is to analyze neurite elon-
gation over cell surfaces in which many molecules are present and to use antibodies to
determine which of them are required for neurite growth. This approach has suggested
that the calcium dependent adhesion molecule N-cadherin, the calcium independent cell
adhesion molecule NCAM, as well as the ECM components mentioned above, all play a
role in neurite extension (Bixby, et al., 1987). Retinal ganglion cell neurites lose their
responsiveness to both laminin and NCAM as they mature (Cohen, et al., 1987;
Neugebauer, et al., 1988; Hall, et al., 1987). Polycations such as polylysine and polyor-
nithine also greatly promote neurite outgrowth.

When a growth cone approaches a border between two different substrates, the
filopodia continue to palpate randomly, but those that contact the more adhesive
substrate remain adhered for longer times and seem to "pull” the growth cone along this
substrate (Letourneau, 1975a,b). In cultured adult Aplysia buccal ganglion neurons, if
growth cones contact a border between poly-lysine and untreated glass, they extend
filopodia and lamellipodia onto both substrates. However, the membrane that has
advanced onto the less adhesive substrate is resorbed, suggesting that selective
"pruning” within the growth cone might lay a role in determining the direction of

neurite elongation (Burmeister and Goldberg, 1988).

2. The Synapse

The ultimate purpose of growth cones is to establish specific connections
between the cells of the nervous system and in some cases, cells outside the nervous
system (muscles, glands). There are two types of connections in the nervous system:
chemical synapses and electrical synapses. Since very little is known about electrical

synapses, and all of my work is on chemical synapses, I will only discuss chemical
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synapses. When I use the word synapse in this thesis, I am referring exclusively to

chemical synapses.

2.1. Structure

Synapses in all regions of the nervous system, and indeed in all animals are
remarkably similar. The plasma membranes of the pre- and post-synaptic cells are
parallel, and separated by a 20-30 nm synaptic cleft (usually more than the surrounding
membrane). There are numerous electron lucent spherical vesicles of uniform diameter
(40-200 nm) along with numerous mitochondria in the presynaptic terminal. The
plasma membrane of both cells usually shows some degree of specialization. Many
presynaptic terminals, in addition to the electron lucent vesicles, have a number of
larger vesicles with an electron dense core, which are thought to contain a neuromodu-
lator or a neuropeptide.

There are several visible features that may play a role in neurotransmitter
release. Especially when stained with phosphotungstic acid, the presynaptic plasma
membrane typically has a number of regularly spaced electron-dense fuzzy projections.
The site of these electron-dense projections has become operationally known as the
active zone, because fusion of vesicles occurs in this region of the membrane. The
spacing between the presynaptic dense projections is increased following neurotrans-
mitter release (Triller and Korn, 1985). These tufts of material in the active zone might
represent a fixation or staining artifact since in rapidly frozen tissue, these projections
are not seen. Instead, there are filaments that seem to connect the vesicles to each other
and to the plasma membrane. These filaments may serve to hold the synaptic vesicles
near the active zone, and/or also regulate their availability for exocytosis. The identity
of these filaments is not known, although some of them have a shape that is said to
resemble the protein synapsin I, which is known to be present in these synapses
surrounding the vesicles (Landié, etal, 1988). The possible functions of synapsin I will

be discussed below. There are double rows of large intramembrane particles at the
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active zone of the neuromuscular junction which have been proposed to be calcium
channels, based on the binding of the calcium current blocker botulinum toxin to the

presynaptic terminal (Hirokawa and Kitamura, 1979).

2.2. Function: Neurotransmitter release and vesicular recyclying

One of the most well studied synapses is the neuromuscular junction. The
clearest evidence that cells do not communicate by membrane fusion first came from
this synapse, and the first neurotransmitter to be identified was acetylcholine (ACh), the
transmitter of this synapse. When a nerve is stimulated, there is a large release of ACh.
This is evidenced by the large membrane depolarization seen in the muscle, known as
the endplate potential (EPP). In addition, small depolarizations, called miniature
endplate potentials (MEPPs) are seen independently of nerve activity. By reducing the
extracellular calcium and/or increasing the extracellular magnesium concentrations, the
nerve-stimulated release is inhibited to the level of the MEPPs. Furthermore, fluctua-
tions in MEPPS occur which have a magnitude equal to integer multiples of the
smallest MEPPs. When ACh itself is applied, it produces a graded response, depending
on the amount reaching the postsynaptic membrane. This indicates that the depolariza-
tion produced by each molecule of ACh is too small to be experimentally resolved and
that therefore the MEPPs are due to the action of many thousands of ACh molecules
(Fatt and Katz, 1952). In other words, ACh is released in quanta by the presynaptic
terminal, and nerve stimulation increases the number of quanta by increasing the proba-
bility each one will release. The time between presynaptic depolarization and post-
synaptic response in this synapse is about 0.75 msec; roughly one tenth of that is due to
diffusion of the neurotransmitter across the synaptic cleft (Katz and Miledi, 1965). The
size of each quantum is about 10,000 molecules of ACh, as determined by applying a

known amount of ACh to the muscle and determining how much is necessary to mimic

a MEPP (Kuffler and Yoshikami, 1975).
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As indicated above, external calcium is necessary for ACh release. The
requirement for calcium is after membrane depolarization, as demonstrated by
iontophoretically applying calcium either before, during or after membrane depolariza-
tion (Katz and Miledi, 1967a). The squid (Loligo vulgaris) giant synapse has been
another fruitful synapse in which to study neurotransmitter release because both the
presynaptic terminal and the postsynaptic cell are large enough to insert several
electrodes (Bullock and Hagiwara, 1957). Although the transmitter is not ACh and is
unknown, the release is quantal, and shares all the features of neurotransmitter release
at the neuromuscular junction (Katz and Miledi, 1967b). When calcium is injected into
this terminal, neurotransmitter is released quantally, suggesting that calcium is the
proximal stimulant for neurotransmitter release (Miledi, 1973). This synapse can be
reliably voltage-clamped, so that the latency between calcium influx and neurotrans-
mitter release can be determined very accurately, at this synapse it is about 200 us
(Llinas, et al., 1981).

When electron microscopy revealed that synapses contain numerous uniformly
sized vesicles, it was an obvious hypothesis that the vesicles contain neurotransmitter
and that release occurs by vesicular exocytosis (del Castillo and Katz, 1956; Robertson,
1956). Unfortunately, the preparations that had been profitably exploited for the
physiological demonstration of calcium triggered neurotransmitter release are not
suitable for the isolation of synaptic vesicles. ACh is present in vesicles isolated from
the Torpedo electric organ endplate, an organ that is ontogenetically similar to muscle.
There are approximately 50,000 molecules of ACh per v