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A Model for Calcium Regulation of
Growth Cone Behavior

Few structures within the nervous system have received more
attention than the neuronal growth cone. Initially named by
Ramon y Cajal (1890), who recognized its dynamics and im-
portance in histological sections, the growth cone plays essential
roles in the development, repair, and modification of neuronal
circuitry. Growth cones have a diverse repertoire of behaviors
(Fig. 1). These behaviors underlie the more complex processes
of neurite elongation, pathfinding, and selective synaptogenesis.
Thus, a fundamental concern of developmental neurobiology is
the definition of environmental and intracellular cues that reg-
ulate growth cone behavior.

In this essay, we will consider the role of intracellular calcium
in the regulation of growth cone behaviors. The impetus for
envisaging such a role was provided by the elucidation of the
calcium hypothesis of the control of secretion (Douglas, 1974,
1976) and synaptic transmission (Katz and Miledi, 1965; Katz,
1969; Llinas, 1979). Accordingly, we put forward a working
hypothesis that stated, “if [intracellular] calcium falls below an
optimal level, or rises significantly above it, growth cone motility
and neurite outgrowth are inhibited” (Kater et al., 1988a).

Early Studies

The first suspicions that intracellular calcium levels were im-
portant in the regulation of neurite elongation were based on
experiments using calcium channel blockers, calcium iono-
phores, and depolarizing agents such as elevated potassium.
Schubert et al. (1978) first implicated calcium in the regulation
of neurite outgrowth, and Koike (1983) later made this link for
neurite initiation. Suspected parallels with synaptic transmis-
sion led Llinas (1979) to suggest that intracellular calcium plays
a major regulatory role in growth cone motility and neurite
outgrowth. The additional observations that actively motile
growth cones have inwardly directed calcium currents that are
absent from their immotile counterparts (Anglister et al., 1982;
Cohan et al., 1985) provided strong impetus to test the role of
calcium in growth cone behavior.
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The idea that a causal relationship exists between intracellular
calcium and growth cone behavior was controversial even in
its earliest days. For instance, addition of inorganic calcium
channel blockers to the growth medium was reported to inhibit
neurite outgrowth (Nishi and Berg, 1981; Suarez-Islaetal., 1984).
The finding that this inhibition could be reversed by moderate
increases in extracellular calcium levels led to the suggestion
that “outgrowth requires an optimal level of extracellular cal-
cium” (Suarez-Isla et al., 1984). However, other studies indi-
cated neurite outgrowth could occur not only in the presence of
calcium channel blockers (Letourneau and Wessels, 1974), but
also in the absence of extracellular calcium (Bixby and Spitzer,
1984). Moreover, treatments expected to raise intracellular cal-
cium levels were reported to increase neurite outgrowth in some
cases (Hinnen and Monard, 1980; Nishi and Berg, 1981; An-
glister et al., 1982) and to inhibit it in others (Haydon et al.,
1984; Suarez-Isla et al., 1984; see also Hantaz-Ambroise and
Trautmann, 1989; Robson and Burgoyne, 1989). With the hind-
sight provided by more recent results, it is clear that such studies
were unable to address a critical question: What effect did the
experimental manipulations actually have on intracellular cal-
cium concentrations?

With the development of the calcium indicator fura-2 (Gryn-
kiewicz et al., 1985; Tsien, 1988), it became possible to deter-
mine the relationship between intracellular and extracellular
calcium levels. Though a powerful tool, the limitations of this
method must be kept in mind. Fura-2, a buffer, is not innocuous,
and its signal is potentially limited to particular regions (e.g.,
submembranous changes may not be registered) or contami-
nated by spurious contributions from organelles. These and oth-
er limitations (Tsien, 1988, 1989) notwithstanding, several lab-
oratories have now made direct measurement of free calcium
levels within normally behaving growth cones.

Neuronal Calcium Homeostasis

Do treatments expected to alter intracellular calcium levels ac-
tually do so? Three examples from studies using the indicator
fura-2 to assay intracellular calcium illustrate that neurons can
compensate homeostatically for experimental perturbations in-
tended to produce sustained changes in intracellular calcium
levels. The neurons respond as if, in classical physiological terms,
there is a calcium “‘set point™’; despite continuous perturbation,
neurons frequently restore calcium to near basal levels (Fig. 2).
Because intracellular calcium levels are controlled by numerous
different mechanisms (Baker, 1986; Carafoli, 1987; McBurney
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Figure 1. A schematic representation of neuronal growth cone behav-
iors during events such as pathfinding and circuit formation. These
behaviors depend upon the intrinsic state of the neuron and the envi-
ronment that the growth cone encounters. /, Outgrowth in the absence
of filopodia and lamellipodia is observed both in cell culture and in
vivo. 2, Outgrowth with a distinct lamellipodium but without filopodia.
3, The most commonly encountered form: a broad flattened lamelli-
podium with many filopodia. The number and length of filopodia, as
well as the extent of the veil, are highly varied. 4, Branching is observed,
both spontaneous and in response to evoked stimuli. 5, Turning, evoked
or spontaneous, is observed both in cell culture and in vivo. 6, Arrested
forms of growth cones can be observed with, or without, filopodia ex-
tended. These arrests may be permanent or may represent transient
pauses in the motility of the growth cone. 7, Growth cone retraction as
in response to a “‘stop signal.”

and Neering, 1987), several processes may be involved in this
compensatory response.

Evoked rises in intracellular calcium levels

Intracellular calcium levels can be significantly raised by the
application of the calcium tonophore A23187 to the growth
medium. Direct measurements of intracellular calcium show
that low to moderate doses of A23187 do produce a substantial
rise in intracellular calcium levels. In many cells, however, this
rise is transient; intracellular calcium levels peak and, despite
the continued presence of ionophore, subsequently decline to-
wards the original basal level (Fig. 2). A Na+/Ca?* exchanger is
likely responsible for this regulation. The efficiency of this mech-
anism, however, is quite different in various cell types and even
in the same identified neuron at different developmental states
(Mattson et al., 1989a; Mills and Kater, 1990).

Another example of a compensatory response to rises in in-
tracellular calcium levels is provided by the inhibition of neurite
outgrowth in mouse dorsal root ganglion neurons (DRGs) by
electrical activity (Fields et al., 1990a,b; discussed in more detail
below). Electrical activity initially inhibits outgrowth; however,
outgrowth resumes after prolonged stimulation. Direct mea-
surements of intracellular calcium levels over this longer time
course show that the stimulus that produces a significant rise in
calcium early in the experiment (and thus causes inhibition of
outgrowth) no longer produces the same large calcium rise later
in the experiment, presumably due to as yet unidentified ho-
meostatic mechanisms. Increasing stimulus frequency, on the
other hand, even at this later time, inhibits outgrowth and does
produce a large rise in intracellular calcium. From examples
such as these, it is clear that the simple view of stimulus—re-
sponse must also incorporate a consideration of cellular com-
pensatory activities.

Experimental decreases in intracellular calcium levels

In accordance with the expectations of earlier investigators, ap-
plication of calcium channel blockers or elimination of extra-
cellular calcium can produce a decrease in intracellular calcium
levels. It is now clear that such decreases may be only transient.
In both snail neurons and pyramidal neurons from rat hippo-
campus, intracellular calcium concentrations return to rest lev-
els within less than 1 hr after an initial fall in response to ap-
plication of calcium-free medium (Kater et al., 1989; Rehder et
al., 1991). This indicates that neurons compensate for the re-
duced (leak) calcium influx by releasing calcium from internal
stores. It should be noted again, however, that the efficiency of
calcium homeostasis is both cell-type and cell-state specific
(Mattson et al., 1989a; Mills and Kater, 1990).

The above examples indicate that calcium homeostasis is a
very powerful process and that the interpretation of perturba-
tions that attempt to modify the calcium set point (Guthrie et
al., 1988) may therefore be subject to error. Indeed, the growth
cones of some neurons continue to elongate under calcium-free
external conditions (Bixby and Spitzer, 1984; Campenot and
Dracker, 1989). Perhaps such neurons have the capacity to com-
pensate for reductions in intracellular calcium levels. Alterna-
tively, in these cases neurite outgrowth may be regulated by
other, calcium-independent, mechanisms (Kater et al., 1988a;
Mattson et al., 1988a,b; Lankford and Letourneau, 1991).

Experimentally Evoked Growth Cone Behaviors

There have been many attempts to evoke experimentally one
or more of the different growth cone behaviors depicted in Fig-
ure 1. Several of these, examining turning or stopping behavior,
have led to direct tests of a regulatory role for intracellular
calcium.

Turning

Marsh and Beams (1946) found that neurite outgrowth turns in
the direction of an imposed electric field. This experiment was
extended to direct observations of growth cone turning by Poo
and his colleagues (Patel and Poo, 1982, 1984). McCaig (1989)
has now linked turning behavior to calcium influx; growth cone
turning evoked by discrete electric fields is prevented by calcium
channel blockers. Using a stimulus more clearly related to nor-
mal development, Gundersen and Barrett (1980) found that the
growth cones of chick DRG neurons can orient towards a source
of NGF. This turning is apparently dependent upon release of
calcium from intracellular stores, rather than calcium influx.
However, further experiments indicated that turning can also
be evoked by local increases in intracellular calcium produced
by influx: In the presence of calcium ionophore, growth cones
orient towards a point source of extracellular calcium. This study
represents one of the best demonstrations of the idea that phys-
iologically relevant stimuli producing changes in growth cone
behavior are linked to changes in intracellular calcium levels.
These examples of galvanotropism and chemotropism are par-
ticularly noteworthy because they represent some of the most
subtle of growth cone behaviors that have thus far been exper-
imentally manipulated.

Stopping

Patterson (1988) discussed the importance of “stop signals” for
neurite outgrowth. Cues that halt growth cone advance include
both bound and soluble environmental cues and intrinsic elec-
trical activity (Fig. 3).
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Figure 2. Perturbations in intracellular calcium levels can change growth cone behavior and survival of neurons. In the upper portion of the figure,
photomicrographs show a Helisoma neuron B5 (lower neuron) and a Helisoma neuron B19 (upper neuron). In response to the application of A23187,
the growth cones of neuron B5 remain motile, and elongation continues, albeit diminished, while neuron B19 is killed. These results are generalized
in the graph below, which indicates that highly regulating neurons such as Helisoma neuron B5 and neuroblastoma cells respond to the calcium
ionophore A23187 with a transient rise in intracellular calcium levels: After an initial increase, calcium levels are subsequently restored towards
basal levels by homeostatic mechanisms. In weakly regulating neurons such as Helisoma neuron B19 and hippocampal pyramidal neurons exposed
to the same dose of ionophore, intracellular calcium levels continue to rise until cell death eventually occurs. This neuron-specific response to a
calcium challenge illustrates the necessity of understanding the calcium-clearance mechanisms of individual neurons under investigation.
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Figure 3. Stop signals. Actively growing endings are characterized by a large lamellipodium and numerous filopodia. Different signals, including
action potentials (S,), depolarization (), neurotransmitters (S;), and other as yet unidentified cues (S,), can transform active growth cones (4) to
immobile endings (B). Following application of any of these stop signals, the lamellipodium and filopodia retract, and neurite elongation is inhibited

.

Environmental cues

Though many bound molecules influence growth cone behavior,
few have been investigated for their effects upon intracellular
calcium. However, calcium measurements during growth cone
collapse mediated by cell—cell contact (e.g., Kapfhammer and
Raper, 1987; Ivins and Pittman, 1989) show no change in in-
tracellular calcium concentration (Ivins et al., 1990). In contrast,
application of antibodies to two defined cell-surface molecules,
L1 and N-CAM, both evoke rises in intracellular calcium con-
centration in PC12 cells (Schuch et al., 1989). A more complete
picture of the relationship of bound molecules to intracellular
calcium is clearly required, though the work of Ivins et al. (1990)
does demonstrate an alternate, calcium-independent, path for
evoking growth cone collapse.

Work with an important class of diffusable molecules, the
neurotransmitters, provided the first direct evidence that rises
in intracellular calcium levels inhibit growth cone motility. 5-HT

exerts a highly selective and neuron-specific inhibition of the
outgrowth of particular identified neurons of the snail Helisoma
(Haydon et al., 1984, 1987). Similarly, glutamate immobilizes
growth cones of dendrites of cultured hippocampal pyramidal
neurons while leaving growth cones of axons on the same neuron
relatively unaffected (Mattson et al., 1988c). In both cases, a
near collapse of the growth cone occurs in the presence of a
sufficient concentration of the respective excitatory neurotrans-
mitters. Inhibitory neurotransmitters, by contrast, namely ACh
in the case of Helisoma neurons (McCobb and Kater, 1988a;
McCobb et al., 1988) and GABA in the case of the hippocampal
pyramidal neurons (Mattson and Kater, 1988), are essentially
without effect on growth cone behavior. However, when present
together with the corresponding excitatory neurotransmitter,
they negate the usual outgrowth inhibitory effects. These findings
suggested that the growth inhibitory effects of neurotransmitters
might be mediated by membrane potential and the consequent
opening of voltage-sensitive calcium channels. To test this idea,



McCobb and Kater (1988b) held the membrane potential of
growth cones in Helisoma neurons hyperpolarized so that the
excitatory transmitter did not cause significant depolarization.
Such conditions completely negate the growth-inhibitory effects
of 5-HT.

Direct measurements of intracellular calcium levels within
the growth cones of Helisoma neurons revealed that addition
of 5-HT produces a large rise in intracellular calcium concen-
tration. The presence of ACh, which negates the outgrowth in-
hibition by 5-HT, blocks this rise in calcium (McCobb and
Kater, 1988a) levels. Similar results were obtained from hip-
pocampal neurons whose calcium levels rise with glutamate
application. The presence of GABA, along with its potentiator
diazepam, blocks the calcium rises normally seen in response
to glutamate (Mattson and Kater, 1988). These findings support
the idea that rises in intracellular calcium levels are inhibitory
to growth cone motility (Kater et al., 1988b, 1989).

Action potentials

Electrical activity can also act as a growth cone stop signal. The
generation of action potentials inhibits neurite outgrowth in
identified neurons of Helisoma (Cohan and Kater, 1986), with
different identified neurons requiring different patterns of action
potentials for inhibition (Cohan, 1990). As expected, action
potentials produce a rise in intracellular calcium levels that is
correlated with the inhibition of outgrowth. This idea has been
extended by work on mouse DRGs (Fields et al., 1990a,b) which
confirms that initiation of action potentials inhibits growth cone
motility in a calcium-dependent fashion and also suggests that
calcium homeostatic mechanisms can override these growth
cone-inhibiting effects (as previously discussed).

Tonophore

The idea that an increase in intracellular calcium can inhibit
growth cone motility has also been examined using calcium
ionophores. While clearly nonphysiological, the use of iono-
phore offers certain experimental advantages: It produces a uni-
formly distributed and noninactivating permeability to calcium.
The activity of growth cones of Helisoma neurons and hippo-
campal neurons can be selectively regulated by the addition of
the calcium ionophore A23187. Exposure to low levels of A23187
can completely inhibit neurite outgrowth. At higher doses it can
prune arbors, and at still higher levels, cell death ensues (Matt-
son et al., 1988c¢). In addition, axonal growth cones of hippo-
campal neurons are far less sensitive to A23187 than are their
dendritic counterparts. Most recently, Lankford and Letourneau
(1989, 1991) linked the growth-inhibitory effects of A23187 to
changes in the cytoskeletal machinery underlying neurite elon-
gation.

The Integration of Multiple Stimuli

Single stimuli can clearly evoke specific growth cone behaviors
in simplified cell culture systems. In vivo, however, the growth
cone must integrate information from multiple cues (Mills and
Kater, 1989; Kater and Guthrie, 1990). The integrative capacity
of the growth cone is illustrated in Figure 4: Individual stimuli,
which have distinct effects on their own, act in concert when
applied to Helisoma growth cones. As previously discussed,
ACh can negate the rise in intracellular calcium levels, and the
subsequent inhibition of neurite outgrowth normally elicited by
5-HT (McCobb et al., 1988). A third stimulus, action potentials,
overrides both neurotransmitter stimuli: A large calcium rise
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Figure 4. The integration of multiple stimuli in the regulation of growth
cone behavior. In the absence of particular stimuli, individual growth
cones either continue outgrowth at a particular calcium level (light stip-
pling) or spontaneously terminate outgrowth accompanied by decreases
in intracellular calcium (no stippling). The generation of action poten-
tials abruptly inhibits neurite outgrowth, as does the presence of 5-HT
through a rise in intracellular calcium (solid areas). The presence of
ACh has no noticeable effects on growth cone motility or calcium levels
but can protect against 5-HT—induced inhibition of growth cone motility
and rises in intracellular calcium levels. However, in the presence of
both ACh and 5-HT, the additional stimulus of action potentials raises
intracellular calcium and results in an abrupt termination of outgrowth.
This illustration, taken from results obtained with Helisoma neurons,
exemplifies the kinds of conditions likely found in vivo where multiple
stimuli are integrated by the active neuronal growth cone.

occurs, and outgrowth is abruptly terminated (McCobb and
Kater, 1988b). Thus, for combinations of stimuli, the integration
of intracellular calcium levels results in a functional decision,
to continue, or to cease, growth cone motility.

Spontaneous Growth Cone Behaviors

In hippocampal neurons (Connor, 1986), as well as in Helisoma
neurons (Cohan et al., 1987), that have spontaneously stopped
growing, the level of intracellular calcium is lower than in their
growing counterparts. Furthermore, the range of intracellular
calcium levels associated with outgrowth is different in different
identified neurons. These observations, and those made using
calcium channel blockers, and (nominal) calcium-free media,
suggested that if calcium levels fall below a critical range, out-
growth is inhibited (Kater et al., 1988a). In view of the evidence
provided above that experimentally evoked rises in calcium
levels above a critical range may also inhibit outgrowth, it would
follow that there is a permissive range of intracellular calcium
for growth cone activity.

It should be noted, however, that Silver et al. (1989) have
correlated spontaneous growth cone behavior and intracellular
calcium levels in a neuroblastoma cell line and that their results
are not in complete agreement with those described above. They
showed that spontaneous increases in intracellular calcium in
active growth cones do indeed inhibit neurite extension, but
that calcium levels in quiescent growth cones are no lower than
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Figure 5. A model for regulation of growth cone motility by intracel-
lular calcium. Neurite elongation occurs over a range of intracellular
calcium concentrations, the outgrowth-permissive range (moderate stip-
pling). Within this range there are graded effects of changes in intra-
cellular calcium on neurite outgrowth; maximal outgrowth occurs spe-
cifically within a narrow optimal outgrowth range. At calcium
concentrations above, or below, this optimal level, but still within the
overall permissive range, outgrowth can still occur but is reduced. At
calcium levels above the permissive range (heavy stippling), filopodia
and lamellipodia retract, and elongation ceases. At calcium levels below
the permissive range (light stippling), outgrowth is inhibited, as could
occur, for example, during the conversion of an actively growing ending
to a presynaptic ending. The effects of a stimulus that changes intra-
cellular calcium will depend upon both the initial rest calcium level and
the magnitude of that change.

in their motile counterparts. The reason for this apparent dis-
crepancy with the results of Connor (1986) and Cohan et al.
(1987) may lie in the fact that other, calcium-independent,
mechanisms can also mediate transitions between growing and
nongrowing states (Mattson et al., 1988a,b; Lankford and Le-
tourneau, 1991). Thus, though changes in intraceltular calcium
levels are not necessary, they appear to provide a sufficient con-
dition for a change in growth cone behavior to occur.

Titration of Intracellular Calcium Levels

Direct demonstrations of the existence of a permissive range of
calcium concentration for growth cone motility are difficult to
accomplish due to the high capacity of neurons for calcium
homeostasis. Tolkovsky et al. (1990) attempted to overcome
this difficulty by “clamping” calcium levels while monitoring
neurite outgrowth. They suggested that constant calcium con-
ditions (at least within the cell body) are sufficient for neurite
elongation; calcium rises, or transients, are not required, though
a decline in rest calcium levels is sufficient to inhibit outgrowth.

The relationship between specific calcium levels and growth
cone activity has been directly addressed by Letourneau and
colleagues. Their initial studies (Lankford and Letourneau, 1989)
investigated the effects of changes in intracellular calcium levels
on growth cone behavior and ultrastructure of chick DRG neu-
rons. Increases in calcium levels (the addition of A23187), or
decreases in calcium levels (removal of extracellular calcium),
result in cessation of neurite outgrowth. Both effects are re-
versible. These results, which they attribute to the action of
calcium on the neuronal cytoskeleton, further suggest that there
is a permissive range of intracellular calcium for the organization
of actin filaments and, consequently, for growth cone motility.
Recently, in a study characterizing the calcium sensitivity of
growth cone behavior, they made a direct test of a permissive
range by titrating intracellular calcium within the growth cone
using A23187 to permeabilize the cells to calcium. The calcium
buffer BAPTA was then used to set the external and, accordingly,
internal, calcium levels (Lankford and Letourneau, 1991). They
found that the growth cone is highly sensitive to changes in
intracellular calcium levels; when calcium levels fall below 200
nM or rise above 300 nM, motility and outgrowth cease. Fur-
thermore, experimental alterations in calcium levels by as little
as 50 nM have effects: Growth cone motility and neurite out-
growth can be promoted or inhibited by titrating intracellular
calcium.

This investigation by Lankford and Letourneau (1991) also
provides evidence of calcium-independent pathways for growth
cone regulation. Activation of protein kinase C by addition of
phorbol ester was found to regulate growth cone behavior, but
not through effects on calcium or the cytoskeleton. Growth cones
spontaneously recovered from the growth-inhibitory effects of
phorbol ester, indicating the presence of compensatory mech-
anisms, as exist for calcium. The results of this study are similar
to results in rat hippocampal neurons where phorbol ester-me-
diated changes in neurite outgrowth were found to be indepen-
dent of intracellular calcium changes (Mattson et al., 1988a).

The Present View of Calcium as a Regulator of
Growth Cone Behavior

The initial model postulated a permissive range of intracellular
calcium levels for neurite outgrowth. This model can be refined
in light of subsequent work to incorporate the idea that there
are graded effects of calcium concentration on growth cone be-
havior (Fig. 5): Activity (e.g., outgrowth) occurs over a range of
calcium concentrations, with maximal activity occurring at an
optimal level within this generally permissive range. This ex-
panded model resembles other graded calcium-dependent pro-
cesses, such as synaptic transmission (Katz, 1969; Llinas, 1979),
insulin-stimulated glucose transport (Draznin et al., 1987), cate-
choline secretion from the adrenal medulla (Knight, 1986), and
neuronal survival (Koike et al., 1989). Many of these processes
also display a similar dependence on an optimal calcium level.

An optimal level within the permissive range

The refined model implies that, unless one takes into consid-
eration both the existing rest calcium levels and the magnitude
of the change in calcium level, one can not predict a priori
whether a given stimulus will have growth-promoting or growth-
inhibiting effects. Depending upon rest calcium levels, a given
stimulus could have opposite effects. For example, within a
neuron that is growing slowly as a result of permissive but
suboptimal levels of intracellular calcium, a given stimulus could



raise intracellular calcium closer to the optimal level and, ac-
cordingly, stimulate neurite outgrowth, On the other hand, with-
in a neuron that is already growing at a maximal rate (because
of an optimal calcium level), the same stimulus could raise the
calcium level above the permissive range and inhibit motility.
This model may explain why both ionophore (Hinnen and Mon-
ard, 1980; Anglister et al., 1982; Mattson and Kater, 1987;
Goldberg, 1988; Mills and Kater, 1990) and electrical depolar-
ization (Nishi and Berg, 1981; Anglister et al., 1982; Cohan and
Kater, 1986; Hantaz-Ambroise and Trautmann, 1989; Fields et
al., 1990a; see also Robson and Burgoyne, 1989; Cohan, 1990)
can both promote and inhibit neurite outgrowth.

Clearly, the emerging picture is complex (Fig. 6). In addition
to information on the initial and stimulated calcium levels,
knowledge of other parameters, such as the rate of change of
calcium levels, may also be critical. Also, clustering of calcium
channels in the growth cone may provide a mechanism to pro-
duce local rises in intracellular calcium. A rise in intracellular
calcium levels could be spatially inhomogeneous despite a stim-
ulus to the entire growth cone (Silver et al., 1990). One must
also take into consideration calcium homeostatic mechanisms
that modulate calcium signals. Finally, though thus far estab-
lished only for fibroblast growth factor (Mattson et al., 1989b),
exogenous agents can modify the efficacy of calcium homeosta-
sis.

Subcellular components of the permissive range

What sets the permissive range of intracellular calcium concen-
trations for neurite outgrowth (Fig. 5)? Active outgrowth un-
doubtedly involves insertion of membrane components (Bray,
1973), assembly and disassembly of microtubules (Schliwa et
al., 1981; Bamburget al., 1986), organization and reorganization
of actin filaments (Mitchison and Kirschner, 1988), and move-
ment of organelles (Hammerschlag et al., 1975; Forscher et al.,
1987). Each of these processes may have a discrete calcium
optimum that potentially overlaps those of other processes. Thus,
the permissive range is a composite of the calcium optima of
all of the processes that contribute to growth cone behavior.

Even in the case of a single process such as actin assembly,
the calcium optima can be different in different locations. For
example, titration experiments show that moderate increases in
intracellular calcium cause a loss of lamellipodial actin, while
filopodial actin is spared (Lankford and Letourneau, 1989, 1991).
Additionally, Sobue and Kanda (1989) found calcium-sensitive
and -insensitive forms of a-actinin in different locations of the
growth cone. They speculate that different ratios of calcium-
dependent, and calcium-independent, molecules such as a-ac-
tinin could well provide additional means whereby the growth
cones of different neurons could react differentially to the same
calcium load. Finally, intermediary agents such as the calpains
or calmodulin add to the loci at which calcium regulates the
growth cone machinery. In the context of work previously dis-
cussed, the inhibition by 5-HT of Helisoma growth cone mo-
tility can be negated by the presence of a calmodulin antagonist
(Polak et al., 1991). This indicates that the 5-HT-evoked rise
in calcium levels activates calmodulin, which in turn alters some
required component of growth cone motility. Similarly, the cal-
pain blocker EST can negate the dendrite-pruning effects of
A23187 in hippocampal pyramidal neurons (Song et al., 1990).
In summary, there are many defined sites of calcium action,
each of which may contribute to, or be critical for, a given growth
cone behavior.
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Figure 6. The present view of control of neuronal growth cone be-
havior by intracellular messengers. Intracellular calcium levels play a
prominent role in regulating neurite outgrowth, and changes in concen-
tration are likely to affect distinct processes such as cytoskeletal dynam-
ics and membrane insertion. Changes in intracellular calcium levels are
produced through a variety of paths, including stimuli that directly
change voltage-dependent calcium channels (S,) and stimuli that affect
other ion channels, depolarize the cell, and accordingly open voltage-
dependent channels (S,), as well as potentially through other ligand-
gated mechanisms (S,). Other stimuli (S,) affect alternate regulating
pathways. Alternate paths include second messengers such as cyclic
nucleotides or, eventually, inositol phosphate. Calcium levels are tightly
regulated through several calcium homeostatic mechanisms, some of
which are diagrammatically illustrated here, such as mitochondrial se-
questration, the sodium—calcium exchanger, and an ATP-dependent
mechanism.

Conclusions

A central role for intracellular calcium in the regulation of growth
cone behavior has been documented by many investigators. We
have made use of a model to provide a context within which
to examine data from many different organisms, and neuronal
cell types, in various states of development. While there is not
enough overlapping information to link fully the sets of data,
our current view is summarized in Figure 7. The effects of changes
in intracellular calcium levels are graded: At optimal levels,
outgrowth is profuse; lower or higher levels result in decreased
outgrowth; still lower or higher levels reduce survival. For all
of these events, it is crucial to consider that the specific calcium
optimum for different components of growth cone behavior
could be quite different, as indeed the optima are for different
neurons, or even for the dendrites and axons of the same neuron.
To this regulatory scheme, one must also add the potential
modulating effects of calcium homeostatic mechanisms.
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Figure7. Graded effect of intracellular calcium concentrations. At low
calcium concentrations, neurons fail to survive. Higher calcium con-
centrations promote successive increases in outgrowth. These graded
changes may be differentially effective on growth cones of axons and
dendrites. At still higher concentrations, outgrowth decreases, and prun-
ing of existing neurites may occur. Ultimately, at very high concentra-
tions of intracellular calcium, neuronal cell death occurs.

Many basic questions remain, among them: Do both transient
and sustained calcium signais carry information? Do calcium-
dependent processes change their responsiveness with time? How
malleable are the separate components of calcium homeostasis?
And finally, what are the relative strengths of calcium-indepen-
dent regulatory paths? Calcium regulation of cellular processes
is a rapidly expanding area of understanding in cell biology. Cell
division (Poenie et al., 1985), pinocytosis (Prusch, 1986), exo-
cytosis (Knight, 1986), cell migration (Marasco et al., 1980),
and shape changes (Hyatt et al., 1984; Heysmann and Middle-
ton, 1987) are all areas of major calcium involvement. In ad-
dition, a “calcium set point” with an optimal level of calcium
required for neuronal survival has also been described (Koike
et al., 1989; Collins et al., 1990). It remains now to sort out the
parallels and generalities of calcium regulation of different pro-
cesses in order to arrive at a comprehensive picture of how
intracellular calcium acts in the overall regulatory framework
of a neuron. The existing data on neuronal growth cone behavior
suggest that an optimal range of intracellular calcium levels is
a basic element of the control of neuronal development.
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