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CALCIUM AND NEURONAL DEVELOPMENT
AND GROWTH

Fabienne Archer,” Rachel Ashworth,” and Stephen Bolsover

Department of Physiology
University College London
Gower Street, London WC1E 6BT, United Kingdom

1. INTRODUCTION

In the development and growth of the nervous system, as in other systems, calcium
plays an important role as a second messenger within cells. Careful spatial and temporal
coding allows a mechanism by which intracellular calcium concentration ([Ca’']) integrates
and delivers signals to specific effectors that act either directly and locally in the cytoplasm
or within the nucleus to activate longer changes in gene regulation. Calcium has been impli-
cated in so many aspects of nerve growth and development (including initial induction,
neuronal differentiation, axogenesis and pathfinding, to synaptic transformation, formation
of neural networks and neuronal survival and cell death) that it is impossible to cover all as-
pects within this chapter. We have concentrated on several steps in early neuronal develop-
ment trying where possible to define how an ubiquitous messenger like calcium modulates
many diverse processes during neuronal development and growth in a specific manner. Fur-
thermore we have focused on the more recent advances and where relevant refer to previous
reviews. Some of the aspects of later neuronal development (such as synaptic plasticity and
cell death) are dealt with in accompanying chapters.

2. CALCIUM AND EARLY NEURONAL DEVELOPMENT

2.1. Calcium and Neuronal Induction

One of the most intriguing questions in development is what determines ectoderm to
take a neural fate, i.e. the molecular mechanisms of neural induction. Recently, it has been
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shown that the bone morphogenetic proteins (BMPs) act as a signal in the ectoderm to in-
duce an epidermal fate and thus suppress neurulation (Bang and Goulding, 1996; Mehler
et al., 1997; Wilson and Hemmati-Brivanlou, 1997). Neural inducers from the organiser
region have been proposed to act antagonistically to bind BMPs, thus allowing conversion
of ectoderm to neuroectoderm, as shown in Figure 1. At present it is unknown whether the
neural induction molecules act simply to bind BMPs or stimulate signal pathways too.
Several intracellular messengers, including intracellular calcium, have been implicated as
downstream effectors of neuralizing signals (reviewed by Grunz, 1997). In an amphibian
system, neural induction in response to the heterologous inducer Concanavalin A did not
occur when ectoderm was loaded with BAPTA-AM (Moreau et al., 1994). Furthermore, it
was found that calcium influx via L-type calcium channels triggered neural induction and
that noggin, a naturally occurring candidate for neural inducer, activates L-type calcium
channels (Leclerc et al., 1997). Thus there is evidence that calcium is part of a signal cas-
cade that activates neural specific gene expression at early stages of embryo development.

2.2. Calcium and Neuronal Migration

During normal brain development extensive neuronal migration occurs. A particu-
larly well studied model of cell migration is the interaction of developing granule cells

:

1
Y T ECTODERM
Downstream signalling
pathways

Activation of other intracellular
messengers including calcium

 / : NEUROECTODERM

pavays

Figure 1. Diagrammatic representation of the proposed model for neuronal induction and how intracellular cal-
cium signalling may be involved . A. Bone morphogenetic proteins (BMPs), which are expressed in the ectoderm,
act as epidermal inducers. B. Neural induction molecules, e.g. chordin, noggin and follistatin, antagonise the ac-
tion of BMPs at the level of the receptor and allow conversion from ectoderm to neuroectoderm. Positive down-
stream neuralising signals, such as calcium, may also play a role.
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with radial glial fibres as they migrate from the external granule layer across the molecu-
lar layer eventually forming a layer of granule interneurons within the mature cerebellar
cortex, as represented in Figure 2 (Hatten, 1993; Rakic and Komuro, 1995). There are
thought to be a combination of molecular mechanisms that enable this movement to occur
including adhesion and recognition molecules, expression of neurotransmitters, receptors
and ion-channels and the cytoskeleton (Rakic et al., 1994; Rakic et al., 1996). Intracellular
calcium has been implicated as an important second messenger in granule cell migration.
Initially it was shown that immature granule cells in cerebellar slices exhibit [Ca®*]; fluc-
tuations during their migration. Buffering [Caz‘”]i with BAPTA-AM or decreasing calcium
in the bathing medium reduced the rate of cell movement (Komuro and Rakic, 1993;
Komuro and Rakic, 1992). Granule cell migration occurs by saltatory movement and each
forward movement correlates with a [Ca®*], peak (Komuro and Rakic, 1996). This move-
ment has been shown to be dependent on influx of calcium via N-type calcium channels,
whose expression appears to coincide with this migratory stage. NMDA receptors and pos-
sibly release from intracellular stores contribute too (Komuro and Rakic, 1996; Komuro
and Rakic, 1993; Komuro and Rakic, 1992). However, studies using the weaver mutant
mouse, whose granule neurons fail to migrate, show that blockade of (L-type) calcium
channels rescues granule neuron outgrowth in primary cultures, so the totality of calcium’s
actions in this system is still far from clear (Liesi and Wright, 1996).

DIRECTION OF MIGRATION

Figure 2. Migration of the cell body of a granule cell (GC) along a Bergmann glial fibre (BGF) within the mo-
lecular layer (ML) of the developing cerebellar cortex. (External germinal layer, EGL). The inset shows how intra-
cellular calcium may be raised during neuronal migration. Dotted lines indicate possible [Ca®"]; targets, including
microtubules (MT) and cell adhesion molecules (CAM). (Adapted from a model by Rakic and Kumoro, 1995).
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3. CALCIUM AND NEURONAL DIFFERENTIATION

During development nerve cells undergo subtle and sequential changes as they dif-
ferentiate to form mature neurons. There is a lot of evidence that calcium is an important
second messenger in neuronal differentiation. Studies that block calcium influx or perturb
intracellular calcium cause altered patterns of differentiation, including effects on gene
transcription, enzyme activation, neuron transmitter phenotype, and ion channel activity
and maturation, as discussed below.

3.1. Expression of Neurotrophins

The neurotrophin brain-derived neurotrophic factor (BDNF or NT2) has been shown
to increase the survival of cortical neurons grown in culture (Ghosh et al., 1994). Influx of
extracéllular calcium through L-type calcium channels increased expression of BDNF in
these cells and consequently promoted cell survival and outgrowth. However, activation of
NMDA receptors only transiently increased BDNF expression and had no effect on cell
survival indicating that the pathway of calcium entry is important in upregulation of gene
expression during neuronal differentiation (discussed further in section 4.3).

3.2. Transmitter Phenotype

Depolarisation of neonatal rat sympathetic neurons in culture reduced synthesis of
acetylcholine thus allowing adrenergic differentiation to proceed (Walicke et al., 1977).
Blockade of calcium influx with various inhibitors increased acetylcholine production and
reversed the developmental effect of depolarisation, suggesting that influx of calcium
plays a role in determining neurotransmitter phenotype in this cell type (Walicke and Pat-
terson, 1981). In a similar set of experiments KCl depolarisation of neuronal primary cul-
tures from the spinal cord of fetal mouse increased choline acetyltransferase activity, but
suppressed acetylcholinesterase activity, this effect was reversed in the presence of chan-
nel blockers and high Mg?* suggesting that calcium influx plays a role in the development
of the activity of cholinergic neurons (Ishida and Deguchi, 1983). In addition, develop-
ment of GABA immunoreactivity in cultured Xenopus spinal neurons was found to require
spontaneous and transient increases in [Ca* ], via voltage-operated calcium channels (as
discussed in more detail below) (Spitzer et al., 1993).

3.3. Ion Channel Activity

Spontaneous calcium influx is known to occur during a defined period in early de-
velopment of a variety of neuronal cell types (review Spitzer, 1991) and is thought to in-
fluence calcium sensitive mechanisms that are important during this developmental stage.
Spontaneous calcium activity and its effects on neuronal differentiation have been particu-
larly well defined using amphibian spinal neurons as a model, as summarised in Figure 3
(Spitzer, 1994).

Gu and Spitzer (1993) propose that in embryonic Xenopus spinal neurons it is the
low voltage activated (T-type) calcium current that depolarises neuronal cells activating
high voltage activated (N- and L-type) calcium currents which then promote calcium in-
flux during early development. This calcium sensitive period of development is thought to
be achieved by the slow expression of K* delayed rectifier channels which play an impor-
tant part in the subsequent conversion from Ca**-dependent to Na*-dependent action po-
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Figure 3. Schematic diagram to ise how calcium infl early neuronal development and differenta- -

tion in amphibian spinal neurons (drawn from Spitzer, 1994).

tentials during neuronal maturation both in vitro and in vivo (Desarmenien et al., 1993;
Spitzer, 1991). The increase in [Ca®*], during this calcium sensitive period may feedback,
possibly via PKC (Desarmenien and Spitzer, 1991), to up-regulate expression and matura-
tion of K" delayed rectifier channel which then suppress calcium action potentials.

3.4. Spontaneous Calcium Activity during Neuronal Differentiation

Xenopus spinal neurons taken from the neural plate stage and grown in culture show
spontaneous calcium influx: the number of cells showing [Ca®*]; transients is greatest 8 hrs
after plating and falls to low levels by 15 hrs in culture. During this early period in culture
(first 4—7hrs) influx occurs via calcium channels and removal of extracellular calcium dur-
ing this period is sufficient to perturb neuronal differentiation (Holliday and Spitzer,
1990). Calcium-induced calcium release from internal stores also plays a role in the
neuronal differentiation at this stage of development (Holliday et al., 1991). Thus cultured
Xenopus spinal neurons have a calcium sensitive period in which spontaneous influx of
calcium affects normal neuronal development.

More recently the spontaneous calcium transients described above have been further
characterised into two types of activity, termed “spikes” and “waves” (Gu et al., 1994).
Spikes are discussed in detail here and waves are discussed further in the section on
neuronal outgrowth. Calcium spikes are described as a rapid rise and fall in [Ca®"]; that
raise calcium throughout the entire neuron, and calcium is thought to propagate through
the cell with a frequency of 2—3 spikes/hr. Calcium spikes are proposed to be produced by
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Figure 4. Schematic representation of the set-point hypothesis, adapted from Kater (1991). The growth cone mo-
tility is regulated by intracellular calcium. 1) At low calcium concentrations, (below the permissive range), the
growth cone motility is reduced. 2) At the permissive range of intracellular calcium, maximal outgrowth occurs.
The growth cone is well shaped with active filopodia and lamellipodia. 3) At higher calcium levels (above the per-
missive range), filopodia and lamellipodia ceased and neurites retract. The response of the growth cone to a stimu-
lus inducing intracellular calcium changes will depend upon the resting calcium level of the growth cone and the
amplitude of this change.

may be important in the eventual response (Fields and Nelson, 1994). The location and
availability of receptors, second messenger systems, and the location and concentration of
targets activated by calcium will affect how a calcium signal is processed. The equipment
found in the growth cone to date are reported in Table 1.

The growth cone itself can be subdivided into distinct units of organization and the
view of the growth cone as a basic unit is now seen to be an oversimplification. Rehder
and Kater suggest that it is this functional compartimentalization which enables the
growth cone to read the molecular terrain it traverses and to convert this information into
precise motor events (Rehder et al., 1996). The growth cone is described as a central proc-
essor and the filopodia are viewed as peripheral devices with antennae-like function (Dav-
enport et al., 1993). Signals received at a filopodium could undergo various degree of
processing before being sent to the central processor unit, as illustrated in Figure 5. Cal-
cium is proposed as being the principal second messenger able to integrate growth cone
function by regulating intra- and inter-compartmental events. An environmental stimulus
binds to the appropriate receptor or opens appropriate channels in the filopodial mem-
brane causing a local influx of calcium (no calcium stores have been démonstrated in
filopodia). This calcium signal can cause changes in growth cone signalling and behavior
in different ways, largely depending upon the nature of local signal processing in the
filopodium. The signal could be directly linked to the central processor without being
processed at the peripheral site, that is calcium could directly diffuse to the central growth
cone and act as a second messenger, be sequestered or induce emptying of calcium stores.
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Table 1. The growth cone is well equiped for processing information. The list of
elements or molecules contained in the growth cone is constantly updated as
molecules are identified and/or localised. Only certain elements and
molecules have been reported in the filopodia

Growth cone : central unit . filopodia
organelles mitochondria S
endoplasmic reticulum X ~nd
calcium stores srond
ribosomes nd
cytoskeletal elements microfilaments microfilaments
microtubules ‘no
actin . -.actin
microtubules binding protein - nd
signalling molecules integrins Sohegd
_ and others calmodulin calmodulin
PKC nd
PKA nd
myosin-light chain kinase nd
CaM kinase II nd
Gap 43 ' nd
myosins nd
caldesmon .nd?
gelsolin nd
calcineurin nd

The signals could have a local effect as a primary messenger that is, remote processing of
calcium in filopodia could result in local effects on filopodia with no effects on the central
growth cone. Alternatively, input at the periphery may be linked to the central unit via ac-
tivation of a secondary messenger, that is calcium could activate secondary messenger
pathways (e.g. CaM, PKC, etc.) which in turn can modify appropriate targets (e.g. CaM
kinase II, MLCK, etc.). Finally the signal could result from the integration of multiple
stimuli: multiple receptors may be activated on a single filopodium inducing activation of
one or multiple messenger pathways. Summation of responses to these stimuli results in
activation of at least one signaling pathway that acts on the growth cone.

Additional variables of calcium’s action are the location of its increase and the time
course needed to restore resting levels. These critically determine which calcium target is
activated and the duration of the activation. The leading question is now to understand
how a short-lived elevation of calcium can elicit sustained and long-lasting effects.

4.2. Spontaneous Calcium Activity on Neurite Outgrowth

In cultured amphibian spinal neurons spontaneous calcium activity, termed wave ac-
tivity, has been shown to decrease neurite extension (Gu and Spitzer, 1995). Calcium
waves rise and decay slowly over secs to minutes, and occur within restricted regions of
the cell; moreover it has been observed that the waves in the soma rise and decay more
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Growth cone
central snit

Figure 5. Schematic representation of the functional compartimentalization of the growth cone. Filopodia are the
sites of different processing events : linked to Ca®* influx: 1) diffusion of Ca®* to the central unit, 2) direct and 3)
indirect local actions of Ca**, 4) diffusion of second messengers activated by Ca**(see the text for more detail).
Therefore the signal can result from the ion of multiple prc ing or multiple stimuli.

rapidly than those in the growth cone. In addition, unlike spikes (discussed in section 3.4)
which occur for a short period of time during development, waves persist in culture.
Waves can be reversibly blocked by Ni** indicating that they depend on Ca?* influx; how-
ever, they are not suppressed by blockers at concentrations which are known to suppress
voltage dependent Ca** and Na® currents, nor are they activated by depolarisation or appli-
cation of glutamate suggesting that a novel calcium influx pathway is involved. Spitzer
and coworkers suggest that calcium waves inhibit neuronal extension via a direct effect on
the cytoskeleton (Gu and Spitzer, 1995).

Spontaneous calcium transients have also been observed in growth cones and
neurites of chick DRG neurons, but never in the cell body. The calcium transients de-
creased the rate of neurite extension and like the transients described above they require
influx of extracellular calcium through non-voltage gated calcium channels which can be
reversibly blocked by La** or Ni* (Gomez et al., 1995).

4.3. Calcium and Axon Guidance

Axon guidance occurs when axons choose a distinct growth direction in response to
a source or orientation of external cues that might be diffusible or fixed. The choice is
either positive i.e. axons grow towards a chemoattractant (e.g. NGF, ACh, electrical
fields) or negative, i.e. axons avoid a chemorepellent.

4.3.1. Calcium Artificially Increased (by Depolarization) and Axon Growth. The
growth cone is rich in voltage-activated calcium channels and the distribution of the dif-
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ferent types of channels has been extensively studied (Anglister et al., 1982; Gottmann
and Lux, 1995; Li et al., 1996; Lipscombe et al., 1988; Silver et al., 1990; Vigers and
Pfenninger, 1991; Zimprich and Bolsover, 1996). Opening of these channels induced by
depolarization or action potentials, leads to an influx of extracellular calcium. N1E-115
neuroblastoma cells submitted to action potentials or K depolarization show a pro-
nounced increase of the surface area of the growth cone, associated with an increase of
neurite elongation and inhibited by blocking Ca®* channels with Cd* (Anglister et al.,
1982). The same effect is observed when artificially increasing intracellular calcium with
jonophore A23187 (Anglister et al., 1982). By comparing the effect of depolarization on
the growth of inactive phasic motor axons and active tonic motor axons of crayfish in cul-
ture, Arcaro and Lnenicka (1997) showed that depolarization or application of A23187
produces greater inhibition of phasic axon growth than tonic axon growth. The inhibitory
effects of depolarization were reduced by the calcium channels blockers La** and Mg*".
This process is calcium dependent and the difference observed is possibly due to differ-
ences in Ca®* regulation and/or sensitivity to intracellular Ca™.

4.3.2. Axon Guidance and Biochemical Cues. Numerous membrane-bound ~mole-
cules (cellular or extracellular substrates) supporting or stimulating neurite growth and a
number of soluble, diffusible factors (neurotrophins such as NGF) have been found to af-
fect growth cone behavior (review Klostermann and Bonhoeffer, 1996).

4.3.2.1. Membrane Bound Molecules. Axonal growth is mediated by interaction of
specific receptors and substrates such as cell adhesion molecules (CAMs), both of the cad-
herin and immunoglobulin (Ig), and B1-class integrin superfamily (Lander, 1989; Doherty
et al., 1995; Doherty and Walsh, 1996). It is thought that CAMs mediate interactions with
other cells, while integrins mediate interactions with extracellular matrix proteins such as
laminin. Although early models of axon growth emphasized the strictly adhesive function
of integrins and CAMs, it has been clear for some time that each class of receptor has sig-
naling functions, involving both intracellular messengers and the cytoskeleton. Tyrosine
phosphorylation is believed to be an important early step in transduction, both through in-
tegrins (Lipfert et al., 1992; Schaller et al., 1994) and through CAMs (Doherty and Walsh,
1994; Ignelzi et al., 1994). While it has become clear that CAMs must function by intra-
cellular signaling, how CAMs function is promoting neurite outgrowth is presently contro-
versial.

A role for [Ca®"], in mediating the effects of cell adhesion molecules was suggested
by results from the laboratory of Doherty and Walsh. Axon outgrowth from PC12 cells and
rat cerebellar neurons plated onto a lawn of fibroblasts engineered to express L1 was
greater than on parental fibroblasts, but this effect was eliminated if extracellular calcium
was reduced, if calcium influx channels were blocked with one of diltiazem, verapamil or
nifedipine, or if cytosolic calcium changes were buffered with BAPTA (Williams et al.,
1992). Similarly, antibodies to Thy-1, a glycoprotein at the neuronal surface whose ligand
is unknown, promoted axon outgrowth from PC12 cells, and this effect was eliminated if
extracellular calcium was reduced, if calcium influx channels were blocked with
diltiazem, or if cytosolic calcium changes were buffered with BAPTA (Doherty et al.,
1993). Doherty and Walsh proposed that CAMs activated calcium channels in the nerve
cell membrane, and the resulting calcium influx activated axon advance, as represented in
Figure 6 (Doherty and Walsh, 1994). Early experiments in which purified CAMs, or anti-
bodies that bind to CAMs, were applied to neurons revealed a marked [Ca®]; response
(Bixby et al., 1994; Bixby and Jhabvala, 1990; Schuch et al., 1989; von Bohlen und Hal-




Ca® Neuronal Development and Growth 249

L1

@ - Reorganization of the cytoskeleton
- promotion of neurite outgrowth

Figure 6. Doherty and Walsh’s model of signal transduction by which CAMs, via FGF receptor (FGFR) activa-
tion, promote neurite outgrowth. 1) Homophilic and/or heterophilic binding and triggering of CAMs. 2) Activation
of the FGFR tyrosine kinase induced by the interaction of the CAMs with the receptor. 3) Signal transduction
pathways leading to Ca" influx. 4) Effects of this signal on the neurite outgrowth.

bach et al., 1992). More recently, our laboratory has attempted to measure [Ca®*], when the
CAM system is activated at levels that promote axon outgrowth. In no case have we ob-
served a measurable calcium response, either when sensory neuron axons are growing on
a lawn of L1-expressing fibroblasts, when PC12 cells are treated with concentrations of
anti-L1 antibody that promote neurite outgrowth, or when sensory neuron axons are
treated with soluble L1-Fc chimaeras (Archer et al., 1997; Doherty et al., 1993; Harper et
al., 1994). Nevertheless, we were able to show that activation of the CAM system does
open voltage-operated calcium channels (Archer et al., 1997). We propose that physiologi-
cal levels of activation of the CAM system produce a very slight opening of high voltage
gated calcium channels, mainly L-type. Calcium flowing in through each open channel
creates a sub-micron domain of high [Ca™]; at the immediate mouth of the channel, where
target proteins can be activated, but the total calcium influx is insufficient to measurably
alter bulk growth cone [Ca™],. This mechanism has been previously proposed to explain
the activation of downstream processes in non-excitable cells by calcium influx that nev-
ertheless fails to measurably raise [Ca™], (Alkon and Rasmussen, 1988).

A very similar paradox has been reported by Kater’s lab. for the growth promoting ac-
tion of laminin on Helisoma axons. Contact with a laminin-coated bead promotes axonal
outgrowth and turning of the axon towards the bead (Kuhn et al., 1995; Williams et al.,
1995). A role for calcium influx is indicated by the finding that removing extracellular cal-
cium, blocking influx, or buffering intracellular calcium, all prevent the response. Neverthe-
less, no [Ca”]i response could be measured. In these large invertebrate cells individual
filopodia can be dissected off from the growth cone. Contact of such isolated filopodia with
laminin coated beads produced a marked [Caz*]i rise (Williams et al., 1995). Thus it appears
that under normal conditions laminin produces a very slight opening of calcium channels in
the membrane of the filopodium and creates sub-micron domains of high [Ca®], at the im-
mediate mouth of the channels, where target proteins can be activated. Diffusion of calcium
ions into the comparatively large volume represented by the main body of the growth cone
prevents bulk growth cone [Ca*"], changing to any measurable extent. In the artificial situ-
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ation of the isolated filopodium the calcium ions entering through the opened channels can
no longer escape and the resulting [Ca™], increase can be detected.

4.3.2.2. Soluble Cues. The neurotransmitter 5-HT (serotonin) alters growth cones
motility and neurite elongation in Helisoma neurons (Haydon et al., 1984). These effects
are mediated by increases in [Ca®*], within the growth cone (Cohan et al., 1987; Murrain
et al., 1990). 5-HT causes a receptor-mediated depolarization of the membrane, which re-
sults in the opening of voltage sensitive calcium channels. The resulting calcium influx
decreases both the elongation rate and the total outgrowth of neurites. Polak et al (1991)
have shown that inhibition of calmodulin completely blocked the inhibitory effect of 5-HT
on both neurite elongation and total neurite outgrowth. In the absence of SHT, inhibitors
of calmodulin caused a slight decrease in elongation rate but had no significant effect on
total outgrowth. Since an additional second messenger, cyclic AMP (cAMP), is known to
mediate many physiological effects of neurotransmitters such as 5-HT, Mattson and Kater
(1988) have investigated the possible involvement of cAMP in the regulation of neurite
outgrowth and the inter-relation between calcium and cAMP. The elevation of the level of
CAMP suppressed neurite elongation and growth cone movement. This is prevented by
blocking calcium channels or reducing extracellular calcium. However it emerges by
studying a larger neuron population that two subpopulations among the neurons whose
outgrowth is suppressed by cAMP exist. One subpopulation requires calcium influx for
cAMP to act, while the other does not (Mattson et al., 1988). The results suggest that even
within a relative small population of neuronal types (such as Helisoma neurons), second
messengers within different neurons can act and interact in different ways to regulate out-
growth.

4.4. Calcium and Turning

4.4.1. Galvanotropism. Endogenous electrical fields exist in mammalian, chick and
amphibian embryos. Their magnitude, spatial and temporal distribution are appropriate for
them to act as cues in the developing nervous system, while disturbing endogenous fields
specifically disrupts CNS development (McCaig and Erskine, 1996). DRG explant
neurites or embryonic spinal neurites from Xenopus larvae in culture show striking re-
sponse to steady electric fields. A high proportion of cultured neurites reorient, with both
turning and branching directed to the cathode. Neurite growth rates are increased and
growth is three times faster towards the cathode compared to the anode (Jaffe and Poo,
1979; Stewart et al., 1995). This field-induced cathodal reorientation is partially inhibited
by blocking voltage dependent calcium channels with ®-conotoxin and w-agatoxin GVIA
(inhibitors of N-type and P-type channels respectively) or by disrupting calcium release
from intracellular stores. In this scheme, it is the imposed asymmetry of [Ca™], within the
growth cone which results in reoriented growth through its roles in asymmetric microfila-
ment polymerisation and membrane addition.

This increase of calcium may have consequences on other downstream second mes-
sengers. The DAG lipase pathway for instance has been referred in the context of promot-
ing outgrowth effect of CAM but has not been tested in field-directed outgrowth. The
inhibition of PLC by antibiotics such as neomycin prevent cathodal reorientation (Erskine
et al., 1995). The PKC inhibitors sphingosine and H-7 both inhibit cathodal reorientation
(Ahmed et al., 1992). Thus the way an electric field is transduced into directed growth is
complex. Moreover those pathways could be shared with others guidance cues inducing a
cross-talk between activated pathways.



Ca’* Neuronal Development and Growth 251

4.4.2. Turning toward Neurotransmitters. A gradient of neurotransmitter alone can
reorient a growth cone. Gradients of NGF have been shown to have in vitro a capacity to
reorient DRG neurites (Gundersen and Barrett, 1980). Chick DRG neurites undergo a
rapid (20 min) reorientation of their direction of growth in response to a NGF concentra-
tion gradient. The growth cones turned and grew towards these NGF sources.

Recent experiments using polystyrene beads covered with NGF have shown that
growth cones rapidly turned and migrated under NGF-coated beads in a process that involved
the initial formation of the contact followed by direct flow of cytoplasm toward the point of
contact. The prevention of turning by the inhibition of the high affinity NGF receptor trkA,
suggests a role for the local activation of this receptor in chick DRG neurons (Gallo et al.,
1997). Moreover trkA has been shown to mediate an increase of intracellular calcium. While
insensitive to chelation of extracellular Ca**, this increase is abolished following depletion of
Ca** stores or blockade of intracellular Ca®* release, providing strong evidence that intracellu-
lar calcium is the main source of NGF response (De Bernardi et al., 1996).

A focal source of ACh or glutamate released in a pulsatile manner from a mi-
cropipette tip can be used to establish a gradient of neurotransmitter. Xenopus growth
cones sense this and reorient to grow up the gradient within a matter of minutes; a re-
sponse which involves an elevated intracellular calcium concentration (Zheng et al., 1996;
Zheng et al., 1994). More filopodia were observed on the side of the growth cone facing
towards the source of the gradient. A uniform increase of Ca”" at the growth cone resulting
from Ca?* influx may modulate motility of the growth cone but it is unlikely to provide the
growth cone with directional information. An asymmetric or very localized influx of Ca®*
could produce a gradient of Ca®* into the growth cone leading to growth cone turning.
Zheng (1994) showed one rare growth cone which showed a higher increase in [Ca®™]; at
the side proximal to the ACh source and eventually turned towards it. The failure to detect
such local and small increases of Ca?* in a higher fraction of the growth cones may be due
to temporal and spatial limitations of the actual imaging methods.

4.5. Calcium and Retraction/Collapse

4.5.1. Filopodia and Veil Growth/Retraction. Filopodia contain mainly actin fila-
ments (Letourneau, 1983) whose polymerization and depolymerization can be regulated
by [Ca®], (discussed below). Local elevation of [Ca®"]; by focal application of an electrical
field or transmitters can induce rapid filopodial protusion, presumably by modifying actin
dynamics (Bedlack et al., 1992; Davenport and Kater, 1992). Activity-driven Ca* “hot-
spots” have been observed in growth cones of neuroblastoma cells, rat sensory neurones
and Aplysia motoneurons (Amato et al., 1996; Connor et al., 1990; Silver et al., 1990).
This locally high [Caz"]i can trigger outgrowth of veils, perhaps by triggering exocytosis
(Lockerbie et al., 1991; Silver et al., 1990) and outgrowth of filopodia (Davenport and
Kater, 1992).

4.5.2. Calcium and Collapse.

4.5.2.1. Electrical Activities. The refinement of the developing nervous system is
achieved by mechanisms that include cell death, selective growth and loss of neurites and
the stabilization and elimination of synapses. The role of electrical activity is particularly
important in selective neurite retraction during development. In developing neurons the
frequency and duration of ongoing impulses determine the final arborizations and the pat-
tern of connections. When impulse activity is silenced, axons fail to retract branches that
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had grown to inappropriate destinations in the mammalian visual system, cerebellum and
neuromuscular junctions.

A train of action potentials in an actively growing neuron and the resulting increase
in intracellular calcium results in the abrupt retraction of filopodia, shrinkage of lamel-
lipodia and arrest or collapse of the growth cone. The source of this calcium increase is
mainly through HVA calcium channels. The growth of both mouse DRG and Helisoma
neurons is arrested when the cells are electrically stimulated (Cohan and Kater, 1986;
Fields et al., 1990). Application of K* to the external medium causes a dose-dependent
suppression of neurite elongation. Lower concentrations of K" are associated with a slow-
ing in the rate of neurite elongation, whereas higher concentration produces neurite retrac-
tion. Depolarization-induced changes in neurite elongation are blocked by application of
calcium antagonists (Cohan, 1992). Recent studies are focusing on how electrical stimula-
tion influences the magnitude, time course and regional levels of free intracellular cal-
cium. In Helisoma neurons, calcium levels increase monotonically with increasing
stimulation frequency. The increase in calcium concentration is much smaller in the cell
bodies than in the growth cones and neurites (Torreano and Cohan, 1997).

Another aspect of electrical stimulation is that DRG neuron cultures exposed to elec-
trical stimulation for several hours contained actively growing neurites with normal growth
cones which were insensitive to the stimulation (Fields et al., 1993; Fields et al., 1990).
Continuous stimulation induced a significant rise of the calcium concentration level, which
in many cases exceeded the concentration of calcium that induced collapse initially. How-
ever the growth cone does not collapse. This apparent insensitivity in neurites exposed to
chronic stimulation suggests some accomodating processes related to calcium influx, efflux,
or buffering. The rapid increase in calcium in naive growth cones may activate biochemical
processes inhibitory to growth cone structure and motility, whereas a slower increase in cal-
cium may permit time for regulatory or compensatory mechanisms to allow growth and mo-
tility. This idea is strengthened by recent results from Diefenbach & Kater (1997), showing
that the specific inhibition of CaM Kinase II in trained DRG, restore the full collapse re-
sponse when new stimulation is applied. They hypothesise that the conditioned response is
dependent on Ca**/CaMK II and this kinase would have a protective effect.

4.5.2.2. Repulsive Cues. Besides extension-promoting cues, a growth cone is also
exposed to negative guidance cues. Much less information is available on this class of re-
cently discovered guidance factors. Some cues can promote outgrowth and guidance in
one type of neuronal cells while inducing collapse in another neuronal cell type e.g. ne-
trins promote outgrowth of commissural axons in the spinal cord (Serafini et al., 1994) but
have a repulsive activity for trochlear motor axons (Colamarino and Tessier Lavigne,
1995). Moreover it is known that different cues can induce the same collapse in a given
type of cell and that two different signaling systems mediating collapse can coexist within
the neuronal growth cone (Loschinger et al., 1997).

One prominent example is NI-35, an inhibitor found in axon extract from CNS mye-
lin (Bandtlow et al., 1990; Caroni and Schwab, 1988; Schwab, 1990). Both dantrolene (a
ryanodine receptor inhibitor) and pertussis toxin have been shown to block the collapse-
inducing effect of NI-35 on growth cones of DRG cells (Bandtlow et al., 1993; Igarashi et
al., 1993). NI-35-induced collapse is clearly Ca** dependent in DRG growth cones (Losch-
inger et al., 1997) and in locus coeruleus growth cones (Moorman and Hume, 1994). In
DRG growth cones [Ca®"], increased sevenfold preceding collapse. DRG growth cones re-
cover in several hours whereas chick retinal axons recover in less than 10 min, that is, re-
covery is cell type-dependent (Bandtlow et al., 1993). Kim and coworkers (1993) have
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proposed that activation of a G-protein coupled receptor for NI-35 leads to activation of a
membrane-bound ADP ribosyl cyclase and production of cyclic-ADP ribose. Cyclic-ADP
ribose could activate ryanodine receptors inducing a release of Ca** from intracellular
stores (Galione, 1992). The recent work of Loschinger et al (1997), who showed that NI-
35-induced collapse is clearly Ca™ dependent, is consistent with this model. [Ca®"], in-
creased sevenfold preceding collapse, and both dantrolene and antibodies against NI-35
significantly reduced both the Ca®* increase and the collapse frequency.

In contrast to that example, Ca** does not seem to play a crucial role either in the ac-
tion of collapsin (Ivins et al., 1991) nor in the repulsive activity derived from the posterior
optic tectum (p-membranes) which induced collapse of chick DRG growth cones (Losch-
inger et al., 1997).

5. DOWNSTREAM PATHWAYS

5.1. Known Target Processes

5.1.1. Actin Assembly-Disassembly. Active outgrowth involves insertion of mem-
brane components (Futerman and Banker, 1996; Vogt et al., 1996), assembly and disas-
sembly of microtubules (Lankford et al., 1990), organization and reorganization of actin
filaments, and movements of organelles, as summarised in Figure 7. The cycle of filopo-
dial and lamellipodial protusion, adhesion and generation of tension to move a growth
cone results from the concerted actions of actin-binding proteins to regulate actin filament
polymerisation and assembly into networks and bundles. The direction of neurite elonga-
tion is controlled by forward movement of microtubules into growth cones. Actin fila-
ments both promote and impede the advance of microtubules in several ways.

Calcium regulates the organization and functions of actin filaments, either by bind-
ing to actin-binding proteins, or through an intermediate such as calmodulin (Janmey,
1994). Different components of the actin cytoskeleton may be differentially sensitive to
calcium changes. For example, Lankford and Letourneau (1989; 1991) showed that mod-
erate increases in intracellular calcium cause a loss of lamellipodial actin, while filipodial
actin is spared. Sobue and Kanda (1989) found calcium-sensitive and -insensitive form of
a-actinin. Ca’*-sensitive o-actinin and actin filaments are concentrated in filopodia
whereas the Ca**-insensitive protein is distributed from the body of the growth cone to the
distal portion of neurites. They speculate that Ca**-sensitive a-actinin and actin filaments
are involved in Ca**-dependent filopodial movement and Ca®*-insensitive a-actinin and
calspectin are associated with adhesion of growth cones. When [Ca®™], is elevated, actin
filament cross linking with a-actinin is disrupted, gelsolin is activated to sever and cap ac-
tin filaments and gCAP-39 is activated to sequester actin monomers. In sum, elevated
[Ca®"]; leads to breakdown of actin bundles as well as loss of microtubules, while depres-
sion of [Caz*]i may decrease dynamic remodeling of actin filament system (Kater and
Mills, 1991; Lankford and Letourneau, 1989; Lankford and Letourneau, 1991).

5.1.2. Calcium and Exocytosis in Neuronal Growth. One of the requisites of neuro-
nal growth is the insertion of new membrane materials at the growing points (Futerman
and Banker, 1996). The cellular process involved in addition of cell surface components is
presumed to be the fusion of vesicles at the sites of expansion, perhaps via the SNARE
system proposed for synaptic vesicle exocytosis (reviewed recently by Calakos and Schel-
ler, 1996; Matthews, 1996; Zucker, 1996). Evidence that this mechanism may be involved
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Figure 7. A summary of calcium targeted processes in the growth cone that may influence its growth and motility.

1) Calcium regul the organisation of actin fil ts in the body and processes of the growth cone. Calcium
can bind either to actin-binding proteins directly or act through intermediates such as calmodulin. 2) Calcium can
also influence microtubule bly and di bly in the body of the growth cone. 3) Calcium is known to play

a major role in regulated exocytosis and in the growth cone may regulate addition of new membrane at the grow-
ing points.

in neuronal growth comes firstly from application of antisense RNAs against SNAP-25
(an important component of the exocytotic machinary at the presynaptic nerve terminal)
which was shown to retard growth (Osen-Sand et al., 1993). Furthermore, proteolytic
cleavage of syntaxin (another component of the presynaptic exocytotic machinary) by
neurotoxin C1 was shown to cause growth cone collapse, further implicating this exocy-
totic mechanism in elongation at the growth cone tip (Igarashi et al., 1996). Calcium is
thought to have an important role in regulated exocytosis and there are several proposals
as to how and where calcium acts during vesicle fusion (reviewed by Bennett, 1997; Bur-
goyne and Morgan, 1995, see also Chapter 10). Thus it seems likely that calcium is also
involved in vesicle fusion at the growing points of neurites. Lockerbie and coworkers
(1991), using isolated nerve growth particles reported that influx of extracellular calcium
causes addition of new membrane to the plasmalemma and these authors suggest that this
is dissociated from transmitter release. Thus calcium may have a direct effect on neuronal
growth by causing exocytosis and thus addition of membrane at sites of growth (as shown
in figure 7). Calcium and exocytosis are described in more detail in chapter 10.

5.2. Known Target Proteins that May Mediate These Processes

5.2.1. Calmodulin (CaM). Calmodulin has 4 calcium-binding EF hand domains and
is a major intracellular receptor mediating the actions of calcium via interaction with nu-
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Figure 8. A summary of some of the calcium activated target proteins and subsequent downstream signalling cas-
cades that are located in the neuronal growth cone. Calmodulin (CaM), Protein kinase C (PKC).

merous target proteins, see Figure 8 (Niki et al., 1996). CaM is detected in both the cyto-
plasm and in the nucleus where the Ca?*/CaM complex regulates a number of different ac-
tivities (Bachs et al., 1994; Carafoli et al., 1997, see also Chapter 2). Because CaM is such
an ubiquitous messenger with so many different targets this creates difficulties in pinning
down its specific roles in neuronal growth and development. One study using Drosophila
has selectively expressed novel genes encoding CaM inhibitors or calcium binding pro-
teins in growth cones of a subset of pioneer neurons undergoing axogenesis. This selective
disruption of the signalling pathway in the growth cone caused errors in neuron extension
and guidance, evidence that Ca**/CaM has a role in neuronal pathfinding in vivo (Van-
berkum, 1996; VanBerkum and Goodman, 1995). Another study investigating the effects
of overexpressing and underexpressing calmodulin in PC12 cells showed that reduced lev-
els of calmodulin caused neurite outgrowth (Davidkova et al., 1996), thus calmodulin is
implicated in neuronal differentiation.

5.2.2. CaM Kinase. Many of the intracellular processes regulated by the Ca”/CaM
complex are controlled by phosphorylation and dephosphorylation, hence a major target
for Ca?*/CaM is a family of Ca/CaM kinases, termed CaM kinases (Nairn and Picciotti,
1994; Soderling, 1996).

CaM kinase II is probably the most well defined CaM kinase and it is particularly
abundant in neural tissue where it acts on a variety of substrates (Braun and Schulman,
1995; Hanson and Schulman, 1992, see also Chapter 2). The enzyme has the capability for
intrinsic autophosphorylation allowing it to remain active following a decrease in the cal-
cium signal and thus has been proposed to act as a frequency detector integrating calcium
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oscillations (Braun and Schulman, 1995). CaM kinase II is expressed in a variety of differ-
ent isoforms at different stages of neuronal development indicative of a functional signifi-
cance (e.g. Brocke et al., 1995; Jia et al., 1992; Nomura et al., 1997; Sakagami and
Kondo, 1993). Overexpression of the enzyme appeared to promote neurite outgrowth and
growth cone motility in neuroblastoma cell lines (Goshima et al., 1993; Nomura et al.,
1997). However activation of CaM kinase II in cultured Drosophila neurons inhibited
neurite outgrowth and branching (Broughton et al., 1996). Outgrowth of cerebellar neu-
rons in response to FGF or cell adhesion molecules is abolished by the CaM kinase II in-
hibitor KN-62 (Williams et al., 1995). This suggests that CaM kinase activity is required
downstream of calcium influx in the CaM and FGF signaling pathway leading to axonal
growth. Thus there is evidence that CaM kinase II may have a role in neuronal outgrowth
although its function is far from clear.

CaM kinase I was originally detected in brain based on its ability to phosphorylate
the synaptic vesicle protein synapsin I . It is now found to be a multifunctional enzyme ex-
pressed'in adult animals at high levels in certain areas of the brain as well as in many
other tissues (reviewed by Picciotto et al., 1996). CaM kinase I shows developmentally
regulated gene expression patterns in various regions of rat brain suggesting that it may
have a signalling role during brain development (Sawamura et al., 1996).

The other member of the CAM kinase family that has been relatively well studied is
CaM kinase I'V. Like CaM kinase I, CaM kinase IV shows differential expression in the rat
brain during development suggesting a signalling role in developing neurons and is re-
ported to have significant nuclear localisation where it can phosphorylate various tran-
scription factors (Sakagami et al., 1994; Sakagami et al., 1992).

5.2.3. Calcineurin. Calcineurin is a Ca**/CaM dependent protein phosphatase which
has an important role in the control of intracellular Ca** signalling. In brain calcineurin
has been found in high concentrations in neurons, in particular those of neurostriatum and
cerebellum (Klee et al., 1990). Calcineurin is activated by calmodulin, following calcium
entry into the cell. As the presence of calmodulin binding proteins such as calcineurin or
CaM kinase II, strongly enhances calcium binding to calmodulin, it is still very difficult to
define the extent and the timing of calcineurin activation (Guerini, 1997). During the in-
itial outgrowth of cerebellar neurons in culture, calcineurin is enriched in growth cones,
where its localization depends upon the integrity of both microtubules and actin filaments
(Ferreira et al., 1993). Thus calcineurin is well positioned to mediate interactions between
cytoskeletal systems during neurite elongation. Chang et al (1995) have indirectly shown
the role of calcineurin in neurite outgrowth and filopodial motility in cultured chick DRG
neurons. First, inhibition of calcineurin with specific inhibitors (cyclosporin A and FK506)
inhibit neurite extension. Second, focal inactivation of calcineurin in regions of growth
cones causes localized filopodial and lamellipodial retraction and influences direction of
subsequent outgrowth. At the same time, studies on the cellular mechanisms that couple
membrane depolarization and gene expression have shown that calcineurin mediates the
response by modifying the phosphorylation state of CREB (Bito et al., 1996).

5.2.4. Neuronal Calcium Sensor NCS-1. NCS-1 is a calcium binding protein with 2
calcium-binding domains that shows only 22% homology with calmodulin. NCS-1 is able
to activate directly two Ca?*/CaM-dependent enzymes (3’:5’-cyclic nucleotide phosphodi-
esterase and protein phosphatase calcineurin) (Schaad et al., 1996). NCS-1 is co-expressed
with calcineurin in several neuron populations which make this novel protein capable of
mediating multiple Ca’*-signalling pathways in the nervous system.
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5.2.5. Ras. p21™ (Ras) is a small guanine nucleotide-binding protein that functions
in signal transduction cascades that mediate cellular growth and differentiation. Ras is
highly expressed in the developing and the adult nervous system. Ras is localised to the
inner surface of the membrane and functions as a molecular switch that transmits receptor
signals to downstream mitogen-activated protein kinase (MAPK) cascades (Seger and
Krebs, 1995). Phosophorylated MAPK translocates to the nucleus and induces gene ex-
pression (Segal and Greenberg, 1996). It has been shown that influx of calcium through
voltage-gated calcium channels can activate Ras (Rosen et al., 1994). It emerges now that
four different Ca**-dependent pathways are able to activate Ras (see for Finkbeiner and
Greenberg, 1996). These pathways may have critical roles in Ca**-dependent signals and
long-term changes in neuronal differentiation, survival and synaptic strength. But because

of possible cross-talk between the pathways, the proper independence of these pathways is
far from being clear.

5.2.6. Protein Kinase C (PKC). Protein kinase C is a family of Ser/Thr kinases
which can be broadly divided into three categories, those that are calcium sensitive and re-
quire DAG for activation, those that are calcium insensitive but require DAG and those
that are described as atypical (Liu, 1996). There are differences in both the tissue and sub-
cellular localisation of the PKC isotypes suggesting a functional divergence. In the nerv-
ous system there is differential expression of isoforms during development, evidence for a
role for PKC in neuronal growth and maturation (Tanaka and Nishizuka, 1994).

Calcium dependent PKC isoenzymes have been shown to be localised within
neurites; however their role is still unclear (Campenot et al., 1994). Doherty and cowork-
ers have showed that inhibiting PKC reduces neurite outgrowth in cerebellar granule cells
(Doherty et al., 1994). Similarly, the protein kinase C inhibitors H7 and sphingosine in-
hibit outgrowth from ciliary ganglion neurons whilst the phorbol ester TPA (an activator
of protein kinase C) potentiates neurite outgrowth (Bixby, 1989). In cultured embryonic
cortical neurons inhibition of PKC led to a rapid change in the growth cone analogous to
collapse morphology (Theodore et al., 1995) and there is also evidence that PKC promotes
outgrowth of spinal neurons (Qian et al., 1994). Conversely, in neuroblastoma cells, acti-
vation of PKC inhibited neurite outgrowth whilst inhibition of PKC increased neurite out-
growth (Nomura et al., 1997; Tint et al., 1992).

5.2.7. Gap-43. GAP-43 is a protein whose expression in vivo is almost exclusively
confined to the nervous system, where it is located mainly on the cytoplasmic face of
presynaptic terminals. It is upregulated during initial development of the CNS and also in
regeneration of the PNS (see reviews Benowitz and Routtenberg, 1997; Caroni, 1997).
There is much evidence that GAP-43 is an intrinsic determinant of axonal sprouting and
elongation and it appears that the phosphorylation state of GAP-43, especially at ser41, is
important for its role in neuronal outgrowth (Aigner et al., 1995).

The role of calcium in regulating GAP-43 seems to be indirect. The GAP-43 protein
contains an IQ domain and binds CaM independently of calcium. GAP-43 is phosphory-
lated on ser41 by PKC and on two other sites by other kinases and is dephosphorylated by
both Ca-independent phosphatases and calcineurin.

There are several hypotheses as to the role of GAP-43. One suggestion is that GAP-43
can act as a CaM “sponge”, so that in low [Caz"]i conditions calmodulin is sequestered at spe-
cific submembrane regions in the axonal terminal. Consequently, upon activation, [Ca®*], mo-
bilisation at these regions would allow rapid activation of downstream signaling cascades
(Pate Skene, 1990). Alternatively, Benowitz and Routtenberg (1997) propose that because
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GAP-43 is effective in its phosphorylated (CaM independent) state, its role is more than just a
CaM buffer. Upon activation of second messengers cascades (e.g. Ca**) CaM dissociates and
the subsequent phosphorylation of GAP-43 inhibits reassociation of CaM allowing GAP-43
to remain active. The activation of Ca*/CaM sensitive messengers e.g. calcineurin may then
feedback on GAP-43 to dephosphorylate the protein (Benowitz and Routtenberg, 1997).

The fact that GAP-43 is neuron specific and located on the cytoplasmic face of the
presynaptic terminal has also led to the suggestion that GAP-43 has a role in synaptic ves-
icle docking and fusion. There is evidence that GAP-43 is involved in Ca**-dependent
neurotransmitter release (see review Calakos and Scheller, 1996); however the role of
GAP-43 in exocytosis remain to be fully determined.

5.3. Induction of Gene Expression

"Activity-dependent changes in neuronal structure and synaptic terminals depend
critically on protein synthesis. Recent studies permit identification of some of the mecha-
nisms involved in activity-dependent surface-to-nucleus signaling in neurons. The nucleus
acts as an information-processing sensor, receiving inputs derived from surface stimuli
that are transferred centrally via diverse cytoplasmic signals. Both devices (surface or nu-
cleus) are clearly sensitive to the intensity, duration and temporal pattern of incoming sig-
nals within the axon or dendrites. In neurons, voltage-dependent Ca*" channels, NMDA
and growth hormone receptors are able to respond quickly to events by generating Ca*
signals and, depending on its route of entry, calcium may activate distinct signal transduc-
tion pathways leading to different patterns of gene expression. Activation of NMDA re-
ceptors would lead to a sustained, high-amplitude Ca*" influx, while opening of voltage
gated calcium channels would lead to a transient, low-amplitude Ca*" influx. This signal-
ing cascade provides a reason why Ca®* may be an important mediator of membrane-to-
nucleus signaling (Gallin and Greenberg, 1995; Ginty, 1997, and Chapter 3).

Importance of Ca®* entry has been demonstrated by disrupting signaling to the nu-
cleus with blockers of NMDA receptors and inhibitors of voltage-gated Ca** channels
(Deisseroth et al., 1996). Calcium can stimulate gene expression via distinct pathways (i.e.
serum response factor (SRE) and CRE (cyclic AMP response element)-linked pathways)
that can operate independently of the Ras/MAP kinases signaling cascade in a cell type-
dependent manner (Johnson et al., 1997).

Most of the recent studies relate to synaptic plasticity. However it is now necessary
to determine if the signaling cascades (discussed above) exist in the developing neuron en-
countering or reaching a zone of high electrical activity (such as the polarized membrane
of a muscle cell) or a gradient of biochemical cues (e.g. growth factors, CAMs).

5.4. Exocytotic Machinery

There are several different molecules that have been put forward as targets for cal-
cium during regulated exocytosis (see chapter 10 for details) (reviewed recently in Bennett,
1997; Calakos and Scheller, 1996; Zucker, 1996). Synaptotagmin is an integral membrane
protein found in synaptic vesicles and a leading candidate as the calcium sensor for neuro-
transmission; however its precise role is still debated. It has a high affinity for calcium and
thus may act in a slower phase of release, perhaps having a role in forming a pool of readily
releasable docked vesicles. Rabphilin and doc2 are also localised to synaptic vesicles and
contain Ca’*-dependent phospholipid binding domains. Whether any of these proteins are
involved in exocytosis during neuronal growth remains to be determined.
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Syntaxin may be involved in neurite outgrowth as discussed in the section on cal-
cium and exocytosis in neuronal outgrowth. It is a plasma membrane protein localised in
axons and nerve terminals and is associated with synaptotagamin and N-type calcium
(Leveque et al., 1994; Sheng et al., 1996; Sheng et al., 1994). SNAP-25 is another synap-
tic protein which is differentially expressed during neuronal development (Oyler et al.,
1991) and is also involved in neuronal outgrowth as discussed earlier.

6. CONCLUSION

This chapter shows that calcium can control and modulate many cellular functions
during neuronal development. How calcium can act in a selective fashion is only recently
becoming more precisely defined. It is clear that the temporal and spatial encoding of the
calcium signal(e.g., local or global Ca® rises, spikes and waves) causes various different
responses within the neuron (e.g. local or global, short or longer lasting responses). One of
the next challenges is to understand how the developing neuron integrates the different as-
pects of calcium signalling during its journey to become a mature and functional neuronal
cell. Moreover, as the majority of information on calcium signalling during nerve growth
is derived from studies in vitro, it will be important in the future to define which aspects
are relevant in vivo.
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