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Summary 

This study examines the mechanisms of spontaneous 
and induced [Ca=+]~ spiking in nerve growth cones and 
the effect of spikes on growth cone migration. Over 
a 10-20 min observation period, 29% of DRG growth 
cones undergo spontaneous and transient elevations 
in physiological extracellular Ca =+ ((Ca2+)o; 2 mM), 
whereas 67% of growth cones exposed to 20 mM 
(Ca=+)o exhibit similar [Ca2+]~ spikes. Spontaneous 
[Ca=+], spiking was not observed in neuronal cell bod- 
ies or nonneuronal cells. Ca =* influx through non- 
voltage-gated Ca =+ channels was required for sponta- 
neous [Ca=+], spikes in growth cones, since removal 
of (Ca=+)o, or addition of the general Ca =+ channel 
blockers La 3+ or Ni 2÷, reversibly blocked [Ca=+], spik- 
ing, while blockers of the voltage-gated Ca =+ channels 
did not. Experiments using agents that influence intra- 
cellular Ca =+ stores suggest that Ca =+ stores may buffer 
and release Ca =+ during growth cone [Ca2+], spikes. 
Growth cone migration was immediately and tran- 
siently inhibited by [Ca=+]i spikes, but eventually re- 
turned to prespike rates. 

Introduction 

The complex morphology of adult neurons and the inter- 
connections between neurons and target tissues are de- 
pendent in large part on growth cone migration and path- 
finding during neural development. Several intracellular 
second messengers have been implicated as mediators 
of growth cone migration by extrinsic and intrinsic factors 
(Mattson et al., 1988b; Bixby, 1989; Lankford and Letour- 
neau, 1991; Letourneau and Cypher, 1991; Lahof et al., 
1992; Wu and Goldberg, 1993; Doherty et al., 1994). The 
best studied second messenger in growth cones is Ca =+ 
(reviewed in Kater and Mills, 1991; Kater et al., 1988). 
Advance (Suarez-lsla et al., 1984; Mattson and Kater, 
1987; Bedlack et al., 1992; Williams et al., 1992) and re- 
traction (Haydon et al., 1984; Cohan and Kater, 1986; Sil- 
ver et al., t989; Fields et al., 1990; Bandtlow et al., 1993) 
of both vertebrate and invertebrate growth cones may be 
regulated by changes in growth cone intracellular Ca 2÷ 
concentration ([Ca2+]~). For example, large and sustained 
increases in the [Ca=+]~ of a growth cone can lead to growth 
cone collapse by mechanisms thought to involve the dis- 
ruption of actin filaments (Lankford and Letourneau, 
1989). On the other hand, small or transient increases in 
growth cone [Ca2÷]~ can result in more subtle changes in 
growth cone behavior, such as veil and filopodia protrusion 

(Goldberg, 1988; Silver et al., 1990; Davenport and Kater, 
1992; Rehder and Kater, 1992) and process orientation 
(Gundersen and Barrett, 1980; Zheng et al., 1994). There- 
fore, the homeostatic mechanisms controlling the [Ca2÷]~ of 
a growth cone are likely to be important signal transduction 
processes that regulate growth cone migration following 
the interactions between cell surface receptors and envi- 
ronmental cues. 

A number of Ca2÷-regulated systems that influence mo- 
tility may operate within growth cones. For example, sev- 
eral Ca2÷-activated enzymes have been shown to control 
cytoskeletal organization in other systems. These include 
proteins associated with the polymerization/depolymeri- 
zation (Keith et al., 1983; Bengtsson et al., 1993; Rosen- 
mund and Westbrook, t993), bundling/crosslinking (Sobue 
and Kanda, 1989), severing/nucleating (Cunningham et 
al., 1991), and enzymatic degradation (Billger et al., 1988; 
Shea et al., 1991) of cytoskeletal components (for review, 
see Stossel et al., 1985). In addition, Ca 2÷ regulates inter- 
actions between the cytoskeleton and the plasma mem- 
brane (Volberg et al., 1986). Therefore, alteration of growth 
cone [Ca2+]~ could have multiple effects on cytoskeletal 
dynamics important for growth cone migration. Ca 2~ also 
influences the actin/myosin force-generation system, 
which may be important in the production of filopodial ten- 
sion (Letourneau, 1981; Smith, 1988). Thus, filopodial dy- 
namics could be controlled by changes in growth cone 
[Ca2+]~. Lastly, vesicle fusion to the plasma membrane is 
controlled by [Ca2+]i in many systems (reviewed in Au- 
gustine et al., 1987). Therefore, changes in [Ca=+]~ may 
affect polarized membrane insertion necessary for pro- 
cess outgrowth. 

[Ca=+]~ transients or oscillations are a common response 
to agonist activation in many excitable and nonexcitable 
cells. Several theories have been proposed regarding the 
advantages of transient versus sustained elevation of cyto- 
solic Ca =÷ (reviewed in Tsien and Tsien, 1990; Meyer and 
Stryer, 1991; Fewtrell, 1993). [Ca2+]~ transients may pro- 
vide a means of triggering effector pathways, while 
avoiding cell damage that may result from tonic elevation 
of [Ca=÷]~ (Berridge et al., 1988). Consistent with this theory 
is the finding that the frequency, but not the amplitude, 
of [Ca=+]~ spikes encodes the strength of agonist stimula- 
tion in several cell types (Kuba and Nishi, 1976; Woods 
et al., 1986). Considering the sensitivity of growth cones to 
elevated [Ca=+]~ and the number of Ca=+-activated proteins 
expressed by growth cones, the generation of [Ca=+]~ tran- 
sients in growth cones could be an important response to 
activation by extracellular ligands. 

Several mechanisms have been proposed to be respon- 
sible for [Ca2+]~ spiking (reviewed in Tsien and Tsien, 1990; 
Meyer and Stryer, 1991; Fewtrell, 1993). [Ca=+]i transients 
rely on contributions of Ca =÷ from extracellular and intra- 
cellular sources, by way of Ca 2+ channels, pumps, ex- 
changers, and binding proteins associated with both the 
plasma membrane and internal Ca =+ stores. Plasma mem- 
brane Ca =+ channels regulate Ca =+ influx from the extracel- 
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Figure 1. Migrating Chick Neuronal Growth 
Cones Exhibit Spontaneous [Ca~-]i Spikes un- 
der Normal Conditions In Vitro 
The [Ca2*]~ of a growth cone migrating in F14 
medium (2 mM (Ca2*)o) is plotted every 30 s. 
Comparison of the [Ca~+]i of the growth cone 
with that of a representative cell body, taken 
from a separate experiment, indicates that 
growth cone [Ca2+]i is more dynamically regu- 
lated and that [Ca~+]~ spikes periodically occur 
on top of the dynamic baseline of the growth 
cone. 

lular space and are activated by stimuli such as voltage 
changes (Fox et al., 1987) and/or extracellular ligands (Be- 
nham and Tsien, 1987; Ascher et al., 1988). Intracellular 
Ca 2+ stores release Ca 2+ into the cytosol in response to 
second messengers, such as inositol trisphosphate (IP3; 
Berridge, 1993) and Ca 2+ itself (Fabiato, 1983). To counter- 
act Ca 2+ influx and release, several Ca2+-restorative mech- 
anisms, such as Ca2÷-ATPase pumps and the Na+-Ca 2* 
exchanger, extrude Ca 2÷ from the cytosol into internal 
stores and across the plasma membrane. Alteration in the 
activity of any component in this system could result in 
dramatic changes of Ca 2+ exchange with the cytosol and 
may thereby lead to [Ca2+]~ transients. 

In this study, we examined spontaneous and induced 
[Ca2+]~ transients in neuronal growth cones. We observed 
[Ca2+]~ spikes in growth cones and neurites of chick dorsal 
root ganglia (DRGs), but never in neuronal cell bodies or 
nonneuronal cells. The goals of the present study were 
first to characterize [Ca2+]~ spikes in growth cones, then 
to determine the mechanism by which the spikes were 
generated, and finally to begin to assess the functional 
consequences of [Ca2+]~ transients on growth cone be- 
havior. 

Results 

Characterization of [Ca=+]~ Spikes 
[Ca2+]~ Spiking in 2 mM Extracellular Ca 2. 
Chick DRG growth cones exhibit periodic spontaneous 
[Ca2*]i spikes in physiological conditions, i.e., 2 mM extra- 
cellular Ca 2÷ ((Ca2+)o). Initial experiments conducted in F14 
medium indicated that the [Ca2+]= of growth cones fluctu- 
ates more than the [Ca2÷]i of neuronal cell bodies, and that 
spontaneous [Ca2÷]~ spikes periodically occur on top of the 
dynamic [Ca2+]~ baseline of a growth cone (Figure 1). To 
prevent the precipitation of polyvalent cations during ex- 
perimental procedures, growth cones were first shifted 
into a medium free of all phosphate, carbonate, and sulfate 
anions (base medium; see Experimental Procedures). 
Growth cones that were shifted rapidly from F14 medium 
(containing 2 mM Ca 2÷) to base medium (containing 2 mM 
Ca ~+) exhibited little change in their baseline [Ca2+]~ (mean 
increase = 7 _ 4 nM; n = 24)and no increased incidence 

of spiking. Most experiments were therefore conducted 
on growth cones that were first shifted to the base medium 
containing 2 mM Ca 2+. [Ca2+]~ transients were observed in 
29% of all growth cones followed for up to 20 min while 
migrating in physiological (Ca2÷)o conditions (Figure 2). 
Therefore, spontaneous [Ca2+]~ spikes appear to be a nor- 
mal physiological process in migrating DRG growth cones. 
Induced [Ca~+]~ Spikes 
Elevating the [Ca2+]o in the bathing medium from 2 to 20 
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Figure 2. Probability of Spontaneous Spikes in 2 and 20 mM (Ca2*)o 
Growth cones were observed for variable lengths of time (t = observa- 
tion period in minutes) while migrating in 2 mM (A) and 20 mM (B) 
(Ca~-)o. Values on the ordinate indicate the least number of [Ca~]~ 
spikes exhibited by individual growth cones. The probability of observ- 
ing 1 or more spontaneous [Ca2*]~ spikes increases in 20 mM (Ca2*)o 
for all observation periods (n = 338 [2 mM] or 198 [20 mM]). 
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Table 1. [Ca2+], Spike Characteristics 

Baseline [Ca2+]i (nm) Spike Amplitude (nM) Periodicity (min) Delay to Peak (s) Duration (s) 

2 mM 20 mM 2 mM 20 mM 2 mM 20 mM 2 mM 2 mM 2 mM 20 mM 
(Ca2+)e (Ca2+)o (Ca2+)o (Ca2+)o (Ca~+)o (Ca2+)o (CaZ*)o (Ca2+)o (Ca~)o (Ca2+)o 

Growth cone 101 -+ 35 a 142 .+ 63' 149 .+ 58 b 203 _+ 124 b 8.4 .4- 5 c 9.9 _+ 5.2 ~ <20 -+ 13 d <19 .+ 13 d <55 - 21 ~ <48 .+ 26 ° 
Neurite ND ND 100 .+ 61 a 135 __. 96 a ND ND ND ND ND ND 

A comparison of [Ca~-]= and spike kinetics indicates significant differences in baselines and spike amplitudes for neurons bathed in 2 and 20 mM 
(CaZ+)o. All values are represented as mean _+ SD. p values were determined using unpaired Student's t tests. Growth cone [Ca~+]i spike amplitudes 
were significantly different in 2 and 20 -nM (Ca~)o. In addition, the [Ca2+]= spike amplitudes of growth cones were significantly greater than those 
of neurites (10 p.m region below base of growth cone) in both 2 and 20 mM (Ca~)o. The time between spikes (periodicity) was determined from 
only those growth cones that were obsarved for at least 10 min. Since images were captured at 10 s intervals, delay to peak and spike duration 
are presented as less than the maximum average time. The true average delay to peak and spike duration may be up to 10 s less than the stated 
value. Spikes were not observed in cell bodies or nonneuronal cells. However, when shifted from 2 to 20 mM (Ca2+)o, cell body and nonneuronal 
[Ca2*]~ baselines increased from 75 _+ 51 nM to 91 _+ 70 nM for cell bodies and from 103 _+ 60 nM to 114 _+ 57 nM for nonneuronal cells. ND, 
not determined. 
a p < .001. 
b p < .002. 
c p < .29. 
a p < .829. 
e p < .295. 
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Figure 3. [Ca2*], Spiking Patterns Vary among Individual Growth Cones 
All growth cones were shifted from 2 to 20 mM (Ca2+)o where indicated 
by horizontal lines below the graphs. Growth cones 1 and 2 in (D) are 
from different neurons in the same experiment. Some growth cones 
begin spiking immediately upon elevation of (Ca2*)o (A and D, growth 

mM increased the probabi l i ty of [Ca2+]~ spik ing in growth 
cones (see Figures 2-6).  The longer the observat ion pe- 
riod and exposure to 20 mM (Ca2+)o, the higher the proba- 
bi l i ty of observ ing a growth cone [Ca2+]~ transient. For all 
observat ion periods, the probabi l i ty  of observ ing a [Ca2+]~ 
transient more than doubled in 20 mM (Ca2÷)o (Figure 2). 
[Ca2+]i spiking in growth cones induced by 20 mM (Ca2+)o 
typical ly occurred at an e levated [Ca2+]i basel ine and a 
higher peak ampl i tude compared with [Ca2+], spiking gen- 
erated in 2 m M (Ca2+)o (Table 1). However ,  other character- 
istics of [Ca2+]~ spikes, such as periodici ty (i.e., interspike 
interval), rise t ime, and durat ion, were not signif icantly 
di f ferent for spikes produced in 2 versus 20 mM (Ca2+)o 
(Table 1). Unl ike growth cones, spontaneous [Ca2+]i spikes 
were never seen in neuronal cell bodies (see Figure 5D; 
n = 26; observed an average of 11 min in 20 mM (Ca2+)o) 
or  in nonneurona l  cells (see Figure 5A; n = 17; observed 
an average of 9 min in 20 mM (Ca2+)o). 

The [Ca2+]~ spiking patterns expressed by individual 
growth cones in 20 mM (Ca2÷)o were diverse (Figure 3). 
For example ,  some growth cones responded immediate ly  
to e levated (Ca2÷)o (Figures 3A and 3D, Growth Cone 1), 
whereas  others exhibi ted a de lay between the increase 
in [Ca2+]o and the first [Ca2+]~ spike (Figures 3B and 3C). Still 
o ther  growth cones exhib i ted only an increased basel ine 
[Ca2÷]~ upon e levat ion of [Ca2+]o (Figure 3D, Growth Cone 
2). These f indings suggest  that  Ca 2÷ is not s imply diffusing 
into a growth cone through a channel  of constant perme- 
abil i ty, but that a tr iggered change in a Ca 2+ homeostat ic  
mechanism(s) may be occurr ing. Other character ist ics of 
[Ca2+]~ transients such as spike f requency,  durat ion, and 
ampl i tude are also var iable between growth cones and 

cone 1), while other growth cones exhibit some delay between the 
increase in [Ca2*]o and the first [CaZ+]~ spike (B and C). The frequency, 
duration, and amplitude of spikes vary between individual growth 
cones. Some growth cones display only a baseline increase upon 
elevation of [Ca2+]o (D, growth cone 2). 
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Figure 4, Movement of Elevated [Ca2*]~ within Growth Cones and Neurites 
Pseudocolor images depicting [Ca2+]~ are displayed at 10 s intervals. [Ca2÷]o was elevated to 20 mM at 1 min prior to the first image. Spikes appear 
to originate within each growth cone (lower growth cone in [D]) and pass down the neurites beyond the branch point. The cell body of this neuron 
was just above the images shown. Bar, 20 ~m. 

within the same growth cone (Figure 3). Smaller increases 
in [Ca2+]o also promoted [Ca2+]~ spiking (see Figure 5A), 
however with a lower probability. 
Movement of Elevated [Ca2+]i within Growth Cones 
and Neurites 
Growth cones appear to generate [Ca2+]~ transients auton- 
omously; however, elevated [Ca2÷]i can move within neu- 
rites, and in branched neurites elevated [Ca2÷]~ can pass 
from one growth cone to another. Figure 4 illustrates [Ca2+]~ 
spiking in 2 growth cones of a branched neurite. This neu- 
ron was shifted to medium containing 20 mM (Ca2+)o at 1 
min prior to the first frame. The first [Ca2+]~ spike by this 
branched neurite was initiated in the growth cone to the 
right, followed by a spike in the second growth cone begin- 
ning 10 s later. A wave of elevated [Ca2÷]~ moved down 
each neurite, past the branch point, and into the parent 
neurite. Approximately 80 s after the initial rise, the [Ca2+li 
in the right growth cone returned to near baseline, followed 
shortly after by a drop in the other growth cone. At the 
end of this sequence, a second [Ca2+]i transient began in 
the right growth cone. Although not shown in this short 

sequence, elevated [Ca2+]~ did appear to pass from one 
growth cone to another, over a 1 min period later in the 
sequence. The maximum rate of elevated [Ca2+]i move- 
ment within the neurite was estimated at 22 p~m every 
10 s, which is consistent with the rate of Ca 2+ diffusion 
(Meyer and Stryer, 1991). 

Movement of elevated [Ca2+]i from growth cone to neu- 
rite, as shown in Figure 4, occurred in many neurons; 
however, the distance along a neurite that elevated [Ca2+]i 
traveled was variable. For growth cones bathed in either 
2 or 20 mM (Ca2+)o, the peak amplitude of a [Ca2+]~ spike 
within a neurite, 10 I~m proximal to the base of a growth 
cone, reached an average of 66% - 42% of the peak 
[Ca2+]~ spike within the growth cone (Table 1). In some 
neurons, elevated [Ca2÷]i occurred >50 I~m down the neu- 
rite (Figure 4), whereas other spikes were not propagated 
beyond the growth cone. Typically [Ca2÷]~ transients were 
initiated within the growth cone, but in some instances 
the [Ca2+]~ rise appeared first within the neurite (7 of 125 
cases). These results suggest that [Ca2+]~ spikes are gener- 
ated in the growth cone or neurite, independently of the cell 
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Figure 5. [Ca2+]~ Transients Are Dependent on Ca ~* Influx through a 
Non-Voltage-Gated Channel(s) 
In all graphs, changes in bathing solutions are indicated by horizontal 
lines below the graphs. 
(A) Elevating the [Ca2+]o to 3 mM has little effect on growth cone [Ca2*]~ 
transients; however, spikes immediately stop when medium is 
changed to nominally Ca2+-free. Nonneuronal cells do not exhibit 
[Ca2+]~ transients and undergo little change in baseline [Ca~+]= with 
changes in the [Ca2*]o. 
(13) NF* (1 mM) reversibly blocks [Ca2+]~ spiking in 2 mM (Ca2+)o. 
(C) La 3+ (100 p.M) inhibits [Ca2*]i spiking in 2 mM (Ca=+)o; however, 1 
mM La 3. is required to inhibit spiking in 20 mM (Ca~*)o. 
(D) Blockers to the N-, L-, and T-type voltage-operated Ca 2+ channels 
(VOC blockers; see text for details) inhibit [Ca2+]~ transients in both 
cell bodies and growth cones elicited with 40 mM K ÷, but do not block 
spontaneous [Ca2+]~ transients in 2 or 20 mM (Ca2+)o. 

body. The finding that [Ca2+]~ transients are propagated 
a variable distance down a neurite and are occasionally 
initiated within a neurite suggests that, to different de- 
grees, neurites and growth cones possess similar mecha- 
nisms for generating [Ca2÷]~ transients. 

Small local hot spots of elevated [Ca2+]i were also appar- 
ent in many growth cones and neurites during [Ca2÷]~ tran- 
sients (Figure 4). The [Ca2+]~ in these regions often ex- 
ceeded 1 p,M, but owing to their small size, no further 
quantitative analysis was performed on them. 

Mechanisms of [C#*]j Spiking 
Role of Ca 2÷ Influx 
(Ca2÷)o is required for both the generation and mainte- 
nance of [Ca2+]~ spikes in growth cones. Removing (Ca2÷)o 
stopped [Ca2+]i spiking in all growth cones examined (12 
growth cones from 7 experiments) and lowered the base- 
line [Ca2+]~ to a stable, steady-state level (Figure 5A). Typi- 
cally, it took 20-30 s after the removal of (Ca2÷)o to begin 
imaging a growth cone again. With this delay, we observed 
only 1 growth cone undergo 1 [Ca2+]t spike in the absence 
of (Ca2+)o; this spike occurred several minutes after the 
removal of (Ca2+)o, presumably owing to the release of 
Ca 2÷ from intracellular stores. Therefore, Ca 2÷ influx plays 
an important and possibly dominant role in the generation 
of [Ca2+]~ transients in growth cones. 

Polyvalent cations such as NF ÷ and La 3÷ are used as 
general Ca 2÷ channel blockers in combination with Fura 
2 Ca 2÷ imaging (Schilling et al., 1989; Clementi et al., 1992; 
Demaurex et al., 1992; Laskey et al., 1992). These block- 
ers compete with Ca 2+ for access to the channel pore, and 
in some cases they may permeate Ca 2+ channels. Since 
both NF ÷ and La 8÷ will bind Fura 2 and alter its fluorescent 
properties, we first determined whether these ions perme- 
ate growth cones to an extent that would confound [Ca2÷]~ 
measurements during their use as Ca 2÷ channel blockers. 
The association of NF ÷ with Fura 2 in a cell-free solution 
quenches fluorescence emissions at all excitation wave- 
lengths (Shibuya and Douglas, 1992; and our unpublished 
data using Fura 2 salt in cell-free solutions). However, in 
no instance were Fura 2 emissions quenched in growth 
cones exposed to up to 10 mM Ni 2+, Furthermore, shifts 
in the intracellular Fura 2 emission ratio, in the presence 
of extracellular NF ÷, were the result of appropriate 350 
and 380 nm wavelength changes. Therefore, NF ÷ does 
not appear to enter growth cones and confound its use 
as a Ca 2÷ channel blocker in combination with Fura 2 Ca 2÷ 
imaging. On the other hand, the binding of La 3÷ to Fura 
2 increases the 350:380 emission ratio just as Ca 2÷ does 
(unpublished data using Fura 2 salt in cell-free solutions). 
However, in intact melanotrophs, an increased Fura 2 
emission ratio in response to La 3÷ appears to be irrevers- 
ible (Shibuya and Douglas, 1992), suggesting that upon 
entering cells La 3÷ cannot be extruded or irreversibly binds 
Fura 2. Therefore, entry of La 3÷ into growth cones would 
result in an apparent, irreversible [Ca2÷]~ baseline increase. 
Consistent with this notion, the addition of up to 1 mM 
La 3÷ sometimes caused slow, steady, and irreversible Fura 
2 ratio increases in growth cones (Figure 5C). However, 
these minor increases in the apparent [Ca~÷]~ baseline did 
not affect subsequent [Ca2+]~ transients, suggesting that 
La 3+ enters growth cones gradually, but does not signifi- 
cantly affect the determination of [Ca2÷]~ changes over the 
time course over which we used this blocker. Therefore, 
when used with caution, La 3÷ also appears to be a valid 
Ca 2+ channel blocker in combination with Fura 2 Ca 2÷ im- 
aging. 

Ions that block Ca 2÷ channels inhibit [Ca2÷]i spiking in 
the presence of (Ca2+)o, but only if the ratio of the concen- 
tration of (Ca2÷)o to that of the channel-blocking ion ex- 
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ceeds a threshold level. Spontaneous [Ca2+]~ transients in 
2 mM (Ca2+)o (Figure 5B; n = 16), but not in 20 mM (Ca2+)o 
(data not shown; n = 7), were blocked by 1 mM NF +. 
Similarly, 100 p.M La 3+ effectively blocked [Ca2+]i spiking 
in 2 mM (Ca2+)o (Figure 5C; n = 6), but at least I mM La 3+ 
was required to inhibit [Ca2+]~ spiking in 20 mM (Ca2+)o 
(Figure 5C; n = 9). These results confirm that Ca 2+ com- 
petes with other cations for access to the plasma mem- 
brane channels. Active feedback control of [Ca2+]~ is indi- 
cated by the immediate and transient rise in [Ca~]~ that 
often occurred upon removal of the channel-blocking 
agent (Figure 5B). Such a feedback mechanism may re- 
flect Ca2+-dependent stimulation of a Ca2÷-ATPase and/ 
or a Ca2+-induced inhibition of an influx pathway. Although 
these results demonstrate a need for Ca 2+ influx in the 
initiation and maintenance of [Ca2+]~ spikes, they do not 
indicate which Ca 2+ channels are involved. 

[Ca2÷]~ transients generated by Ca 2÷ influx through volt- 
age-sensitive channels have been described in a number 
of other systems (reviewed in Tsien et al., 1988; Bean, 
1989). To determine whether voltage-sensitive Ca 2÷ cur- 
rents are necessary for [Ca2+]~ spiking in growth cones, 
we blocked the N-, L-, and T-type Ca ~÷ channels, which 
are the predominant voltage-gated channels of DRGs (Fox 
et al., 1987), and tested for an effect on spontaneous 
[Ca2+]~ transients. A cocktail consisting of 1 I~M Q-cono- 
toxin, 10 pM verapamil, 100 nM nifedipine, and 50 ~M 
NF ÷ was first tested for its ability to inhibit depolarization- 
dependent Ca ~+ influx. Blocking the N-, L-, and T-type volt- 
age-sensitive Ca ~÷ channels completely suppressed depo- 
larization-dependent Ca =+ entry into growth cones and cell 
bodies (Figure 5D; n = 8), suggesting that these are the 
predominant voltage-sensitive Ca 2+ channels expressed 
on DRG cell bodies and growth cones. In contrast, in no 
case did blocking voltage-gated Ca =÷ channels inhibit the 
generation of spontaneous growth cone [Ca=÷]~ spikes in 
2 or 20 mM (Ca~+)o (Figure 5D; n = 6). Additionally, [Ca~+]~ 
spikes were also observed in the presence of 60 nM 
Q-agatoxin IVA, a P-type voltage-gated Ca 2+ channel 
blocker (n -- 3) and 1 I~M tetrodotoxin (n -- 2; both gener- 
ous gifts of Dr. S. Thayer, University of Minnesota). These 
findings suggest that Ca ~÷ influx into a growth cone during 
[Ca~+]~ transients occurs primarily through a non-voltage- 
gated Ca~+-channel(s), and that membrane voltage 
changes are not responsible for [Ca~+]~ spikes in growth 
cones. The identity of this Ca ~+ entry pathway is presently 
unknown. 
Role of Intracellular Ca ~+ Stores and Pumps 
We tested for the presence of intracellular Ca ~÷ storage 
organelles in growth cones by exposing them to thapsigar- 
gin (TG) and the structurally dissimilar cyclopiazonic acid 
(CPA), which are inhibitors of Ca~+-ATPase activity associ- 
ated with endoplasmic and sarcoplasmic reticulum, re- 
spectively (Seidler et al., 1989; Thastrup et al., 1990). TG 
(irreversible) and CPA (slowly reversible) have been 
shown to mobilize Ca ~+ specifically from IP~-sensitive Ca ~+ 
stores (Foskett and Wong11992), presumably by inhibiting 
Ca 2+ sequestration into these pools, leading to store deple- 
tion by a persistent Ca ~+ leak. We tested for the presence of 

TG/CPA-releasable Ca 2+ storage organelles by exposing 
growth cones in Ca2+-free medium (1 mM EGTA) to 1 p.M 
TG or 30 p.M CPA. In the absence of (Ca2÷)o, TG and CPA 
increased the [Ca2+]~ in 75% of growth cones tested (Figure 
6A; peak release = 59 _ 49 nM over 3.4 ± 2.9 rain; 
n = 12). Interestingly, TG/CPA-sensitive stores are not 
the only Ca 2+ pools within growth cones, since large iono- 
mycin-releasable stores are still intact within growth 
cones, even after exposure to TG or CPA, in the continued 
absence of (Ca2+)o (Figure 6A). 

To determine whether IP3-sensitive Ca 2+ stores are re- 
quired for the generation of [Ca2+]i spikes in growth cones, 
we depleted these pools, in Ca2*-containing media, using 
TG or CPA. Addition of 1 pM TG or 30 p.M CPA to growth 
cones spontaneously spiking in 2 or 20 mM (Ca2+)o did not 
block [Ca2+]i transients (7 of 11 growth cones spiked during 
observation period following addition of TG or CPA; Figure 
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Figure 6. Inhibition of Ca2+-ATPases That Refill Intracellular Ca =+ 
Stores Potentiates [Ca=+]h Spiking in Growth Cones When (Ca=+)o Is 
Present 
(A) A growth cone that was spiking in 20 mM (Ca=+)o was exposed to 
30 p.M CPA in the absence of (Ca~+)o. CPA (applied at first arrowhead) 
elicits a small biphasic [Ca=+]= rise in Ca2+-free media, indicating that 
Ca 2+ has been released from intracellular stores. A second release of 
Ca z+ can be elicited by ionomycin (second arrowhead), in the continued 
absenCe of (Ca2+)o, suggesting that additional stores are present. 
(B) Two growth cones from the same neuron were shifted from 2 to 
20 mM (Ca~)o, both in the absence and in the presence of 1 p.M TG. 
[Ca~-]~ transients are of greater amplitude in 20 mM (Ca~*)o with TG 
present. 
(C) Brief application of CPA, a slowly reversible CaZ+-ATPase inhibitor, 
induced long-lasting [Ca2*]~ spikes in 2 growth cones of a branched 
neurite that were bathed continuously in 2 mM (Ca=+)o. 
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6B). To the contrary, TG and CPA induced robust [Ca2+]~ 
spiking in 36% of growth cones that were not spiking prior 
to TG or CPA addition (Figure 6C; n = 33). Furthermore, 
the mean peak amplitude of growth cone [Ca2+]~ transients 
was significantly greater after exposure to TG or CPA in 
both 2 and 20 mM (Ca2+)o (cf. Table 1 ; peak amplitude in 
2 mM (Ca2+)o with TG or CPA = 197 _ 74 nM [p < .03; 
n = 10]; peak amplitude in 20 mM (Ca2+)o with TG or 
CPA = 302 +_ 160 nM [p < .02; n = 9]; Figure 6B). Since 
the I Pa-sensitive Ca 2+ stores remain continuously depleted 
during TG and CPA treatments (Foskett et al., 1991), these 
pools are not likely to be involved in the generation of 
[Ca2+]~ transients. The apparent enhancement of [Ca2+]~ 
spiking in growth cones by blocking the refilling of the 
IPa-sensitive Ca 2+ stores suggests that these Ca 2+ stores 
normally buffer [Ca2÷]i transients in growth cones. 
[Ca2+]~ Spiking Is Caffeine Sensitive 
[Ca2+]i spiking in some cell types has been attributed to 
Ca2+-induced Ca 2+ release (CICR), in which Ca 2÷ influx 
induces Ca 2÷ release from intracellular organelles through 
a ryanodine-, caffeine-, and cADP ribose-sensitive chan- 
nel, termed the ryanodine receptor (Fabiato, 1983; Hua 
et al., 1994). Caffeine is believed to modulate or induce 
Ca 2÷ release through this channel by lowering the sensitiv- 
ity of the channel to release by endogenous Ca 2÷ and cADP 
ribose (Rousseau and Meissner, 1989; Lee, 1993). Caf- 
feine generates [Ca2÷]~ spiking in many cell types by acti- 
vating the ryanodine receptor (Kuba and Nishi, 1976; Wa- 
kui et al., 1990; Friel and Tsien, 1992); however, caffeine 
has also been shown to modulate [Ca2+]~ by inhibiting phos- 
phodiesterases (Neyses et al., 1985) and by directly inhib- 
iting Ca 2÷ influx (Lipscombe et al., 1988a; Martin et al., 
1989; Hughes et al., 1990; No~ck et al., 1990; Nohmi et 
al., 1992). 

We used a similar experimental paradigm as described 
above to test for the presence of caffeine-releasable Ca 2÷ 
storage organelles in growth cones. In contrast to release 
from the IP3-sensitive stores, but consistent with previous 
findings (Lipscombe et al., 1988b; Thayer et al., 1988b), 
10 mM caffeine stimulated a small and more transient 
[Ca2+]~ increase in only 23% of growth cones tested (Figure 
7A; peak release = 38 _+ 28 nM over <1 min; n = 13). 
Furthermore, a second Ca 2+ release, in the continued ab- 
sence of (Ca2+)o, could often be elicited with Ca2÷-ATPase 
inhibitors after exposure to caffeine (Figure 7A). There- 
fore, caffeine-releasable stores are likely to be a subset 
of the CPNTG-sensitive Ca 2+ stores and in only a subpopu- 
lation of DRG growth cones. Again, the large ionomycin- 
releasable source of Ca 2+ is still present within growth 
cones, even after stimulation with caffeine and CPA (Fig- 
ure 7A). This ionomycin-releasable source of Ca 2÷ is not 
likely to be mitochondrial, since under similar conditions 
no changes in [Ca2+]i were  observed in response to the 
mitochondrial poison FCCP (data not shown). Therefore, 
growth cones appear to possess multiple types of Ca 2+ 
storage organelles, some of which are not released by 
caffeine or CPA/TG. 

Despite the low percentage of growth cones that pos- 
sess caffeine-releasable intracellular Ca 2+ stores, we 

tested the effect of caffeine on [Ca2+]~ spiking in growth 
cones. We found that caffeine potentiated spontaneous 
[Ca2+]i spiking in a subset of growth cones bathed in 20 
m M (Ca2+)o (Figure 7B). Potentiation of spontaneous [Ca2+]i 
spiking was indicated by a decreased interspike interval. 
The most obvious elevation of spike frequency occurred 
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Figure 7. Caffeine and Ryanodine Have Opposite Effects on [Ca2+]~ 
Spiking in Growth Cones 
(A) A growth cone that was spiking in 20 mM (Ca~*)o was exposed to 
10 mM caffeine simultaneously with removing (Ca~+)o. The break in the 
graph represents an 18 min period when no spikes occurred. Caffeine 
(applied at first arrowhead) elicits a small biphasic [Ca2+]= rise in Ca 2+- 
free media, indicating that Ca 2. has been released from intracellular 
stores. Subsequent application of CPA (second arrowhead), in Ca 2*- 
free media, often induces a second biphasic [Ca2+]~ rise. Release of 
Ca 2+ by CPA following caffeine treatment was seen in several growth 
cones (data not shown), suggesting that caffeine-releasable stores 
make up a subset of, or are distinct from, CPA-releasable stores in 
growth cones. Furthermore, in the continued absence of (Ca2*)o, after 
exposure to both caffeine and CPA, large ionomycin-releasable Ca z+ 
stores (ionomycin applied at third arrowhead) still exist within this 
growth cone. 
(B) A growth cone that exhibits small [Ca=+]~ spikes in 20 mM (Ca2+)o 
begins robust spiking shortly after exposure to 5 mM caffeine. 
(C) Ryanodine reversibly decreases [Ca2+]= spike amplitude. Addition 
of 10 I~M ryanodine to a growth cone exhibiting large [Ca2+]~ transients 
reduces spike amplitude, but does not completely block spikes. The 
single large spike shortly after the addition of ryanodine is consistent 
with the use dependence or slow association kinetics of this drug 
(Thayer et al., 1988a). [Ca2+]~ spikes return to pretreatment amplitude 
immediately upon removal of ryanodine. The mean peak spike ampli- 
tude for 6 growth cones prior to ryanodine treatment (312 nM) was 
significantly greater than that during ryanodine treatment (150 nM; 
p < .001, paired t test). 



Neuron 
1240 

in 21% (n = 28) of growth cones exposed to 5 or 10 mM 
caffeine in 20 mM (Ca2÷)o (mean spike period = 2.7 _+ 
1.5; n = 6; p < .002). Although not directly tested, the 
population of growth cones stimulated by caffeine may 
be the same as that found to possess caffeine-releasable 
intracellular Ca 2÷ stores (see above). 

As a caveat, spontaneous [Ca2+]~ transients in growth 
cones were apparently inhibited by caffeine when the con- 
centration of caffeine exceeded [Ca2+]o by a threshold level 
(2.5- to 5-fold; n = 50). However, we believethe caffeine- 
induced inhibition of [Ca2*]= spiking in growth cones to be 
an artifact due to physical effects of caffeine on Fura 2 
fluorescence. Similar to the findings of Nohmi et al. (1992), 
we found that, in a concentration-dependent manner, caf- 
feine increased the fluorescence of cell-free Fura 2 salt 
(see Experimental Procedures) at all excitation wave- 
lengths. However, caffeine increased Fura 2 emissions 
at longer excitation wavelengths more than it increased 
emissions at shorter ones (380 > 360 > 350), resulting in 
a drop in the 350:380 emission ratio, which would predict 
a lower [Ca2÷]i. Furthermore, 50 mM caffeine attenuated 
ratio increases induced by increasing [Ca2+]o. These re- 
sults indicate that Ca 2+ imaging using Fura 2 on our appa- 
ratus may be compromised in the presence of a high con- 
centration of caffeine, and that [Ca2+]i spiking observed in 
a lower concentration of caffeine may be more pronounced 
than indicated. 
[Ca2+]1 Spiking Is Ryanodine Sensitive 
Lastly, the plant alkaloid ryanodine is a drug that binds 
with high specificity to the Ca 2+ release channel in brain 
and muscle thought to be responsible for CICR (Imagawa 
et al., 1987; McPherson et al., 1991). Ryanodine is be- 
lieved to inhibit CICR by locking channels into completely 
closed or subconducting states, leading to store depletion 
(Lai et al., 1989). We applied 1 or 10 I~M ryanodine to 
growth cones spiking in 2 and 20 mM (Ca2*)o and found that 
ryanodine reversibly attenuated [Ca2÷], spike amplitude in 
all growth cones tested (Figure 7C; n = 6). The reduction 
in spike amplitude is consistent with the notion that [Ca2÷]~ 
spikes in growth cones are driven by Ca 2+ influx, but may 
be amplified by release of Ca 2+ from Ca2+-sensitive stores. 
It is unclear why all growth cones responded to ryanodine 
when only a small percentage responded to caffeine; how- 
ever, this may indicate the presence caffeine-insensitive 
ryanodine receptors in growth cones (Giannini et al., 
1992). 

Effect of [Ca=+]~ Spiking on Growth Cone Behavior 
The occurrence of a [Ca2+]i spike is associated with a de- 
crease in the rate of growth cone migration. This was dem- 
onstrated by comparing the mean distance migrated dur- 
ing three 5 min periods: immediately before, immediately 
after, and 5-10 min after the peak of a [Ca~÷]~ transient 
(Figure 8). The average distance migrated was signifi- 
cantly less during the first 5 min after a spontaneous spike 
than during the 5 min period before the peak of the [Ca2+]j 
transient (Figure 8B). Between 5 and 10 min after the peak 
of a [Ca2+]~ spike, the mean distance migrated increased 
to approach the prespike level (Figure 8). The prespike 
migration rate was not different from the mean migration 

rate during 5 min periods not associated with a [Ca2+]~ 
spike as defined above. This suggests that changes in 
growth cone migration were an effect of a [Ca2+]i spike, 
not a cause. Although not quantified, the spike amplitude 
and duration appeared to correlate with the extent to which 
growth cone  migration slowed (Figure 8A). 

In a separate set of experiments, the rate of neurite 
outgrowth was determined before and after a shift from 
2 to 20 mM (Ca2÷)o, while monitoring growth cone migration 
with time-lapse phase-contrast microscopy only. Growth 
cones were recorded for at least 1 hr in 2 mM (Ca2*)o, then 
for at least 1 hr more after switching to 20 mM (Ca2+)o. 
Neurites elongated an average of 0.60 _+ 0.2 i~m/min in 
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Figure 8. [Ca2+], Spikes Decrease the Rate of Growth Cone Migration 
(A) The [Ca2*]~ and distance migrated over time are plotted for a growth 
cone migrating in 2 mM (Ca2*)o. Two [Ca~]~ transients that exceeded 
the baseline [CaZ+]~ by at least 100 nM (indicated by asterisk) are each 
associated with an immediate reduction in the rate of migration that 
lasts for several minutes before returning to the prespike level. 
(B) Determination of growth cone migration during 5 rain periods before 
and after [Ca2*]~ spikes (mean ± SEM). Growth cone migration was 
separated into four periods of 5 min each. The periods included: 5 
min immediately before the spike peak (i), 5 min immediately after the 
spike peak (ii), 5-10 rain after the spike peak (iii), and all other 5 min 
periods that did not overlap any of the first three (iv). A total of 16 
spikes from 9 growth cones in both 2 and 20 mM (Ca2*)o were analyzed 
in this way; 5 growth cones were bathed continuously in 2 mM (Ca2+)o, 
and 4 growth cones were shifted into 20 mM (Ca~-)o. In some instances, 
the growth cone was not observed for a full 5 min before or after the 
spike peak, in which case that period was excluded from the data set. 
The distance migrated by growth cones was significantly less in the 
5 min period after the peak of a [Ca2÷]= spike (ii) than in the 5 min 
before (i; p < .005). The mean distance migrated 5-10 rain after the 
spike peak (iii) increased but was not significantly different compared 
with the distance migrated immediately after the spike peak (p =. 126), 
or compared with any other 5 rain period. The distance migrated by 
growth cones during all other 5 min periods (iv) was also significantly 
greater than the distance migrated immediately following a [Ca~-]~ tran- 
sient (ii; p < .005), but was not significantly different from the 5 rain 
prespike periods (i). 
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2 mM (Ca~+)o, but the elongation rate dropped to 0.20 _ 
0.2 I~m/min in 20 mM (Ca~÷)o (p < .0001, paired t test; 
n = 19). Although [Ca~+]~ was not monitored in these exper- 
iments, these results are consistent with the findings that 
[Ca~+]~ transients are more frequent in 20 mM (Ca~÷)o, and 
that spikes are associated with a decreased rate of neurite 
outgrowth. However, high [Ca~÷]o may affect growth cone 
migration by processes that are independent of an in- 
creased frequency and amplitude of [Ca~+]~ spikes. 

Discussion 

We have used high resolution video imaging of Fura 2 
fluorescence to show that migrating chick DRG growth 
cones exhibit spontaneous transient elevations in [Ca2+]~ 
in vitro. [Ca2+]i spikes were initiated primarily within growth 
cones; however, elevated [Ca2÷iti traveled variable dis- 
tances down neurites. These [Ca2÷]~ transients were initi- 
ated by Ca 2÷ influx through a non-voltage-gated channel(s) 
that was blocked by high levels of Ni 2+ and La 3+. Further- 
more, release of Ca 2+ from TG- or CPA-sensitive i ntracellu- 
lar stores was not required for [Ca2÷]~ transients. Instead, 
these stores may buffer rapid changes in [Ca2÷]~. Amplifica- 
tion of [Ca2+]~ transients by release of Ca 2+ from intracellu- 
lar stores may occur in a subset of growth cones, since 
caffeine and ryanodine altered [Ca2÷]~ spiking in some 
cases. Autonomous [Ca2+]~ transients in nerve growth 
cones were associated with decreases in the rate of growth 
cone migration. 

Characterization of [Ca2+]= Spikes 
The spatial and temporal regulation of [Ca2÷]= was more 
dynamic within neuronal processes, as compared with cell 
bodies and nonneuronal cells. The baseline [Ca2÷]~ nor- 
mally fluctuated more in growth cones than in neurites or 
cell bodies, and [Ca2÷]~ spikes commonly occurred within 
growth cones. Furthermore, altering the [Ca2÷]o had a 
greater effect on the baseline [Ca2+]i and on the incidence 
of [Ca2÷]~ spikes in growth cones. What properties ex- 
pressed by growth cones underlie such dramatic differ- 
ences in their regulation of [Ca2+]i? 

The flat morphology of growth cones is one characteris- 
tic that distinguishes them from neuronal cell bodies. The 
high surface to volume ratio of growth cones may be one 
important factor contributing to their very dynamic [Ca2+]i; 
however, it is not likely to be the only distinguishing charac- 
teristic, since nonneuronal cells (Schwann cells and fibro- 
blasts), which do not exhibit spontaneous [Ca2÷]= tran- 
sients, also have higher surface to volume ratios than 
neuronal perikarya. Therefore, growth cones likely ex- 
press unique Ca2+-homeostatic systems. 

The kinetics of [Ca2+]~ spikes in growth cones suggest 
that they are generated by influx cf extracellular Ca 2+. The 
mean rise time of [Ca2÷]~ spikes was nearly 20 s in both 
2 mM and 20 mM (Ca2÷)o, and the duration of spikeswas 
just under 1 min (Table 1). These rates are considerably 
longer than would be expected if spikes were generated 
by intracellular Ca 2÷ release in response to either IP3 or 

Ca 2÷ (CICR) (Meyer and Stryer, 1991). Interestingly, [Ca2÷]~ 
spikes of similar rise time and duration have been identi- 
fied in other cell types (Lewis and Cahalan, 1989; Kojima 
et al., 1992; Laskey et al., 1992), where it was concluded 
that the spikes were generated by Ca 2÷ influx. In view of 
the large surface of plasma membrane, it is not surprising 
that Ca 2+ influx is critical to spiking in growth cones. 

Regional analysis of elevated [Ca2÷]~ indicates that Ca 2+ 
travels from growth cones into neurites to varying degrees. 
During a growth cone [Ca2÷]~ transient, the average [Ca2+]~ 
elevation within a neurite, 10 I~m proximal to the growth 
cone, was 66% __ 42% of the growth cone level (Table 
1). The reduced spike amplitude and high variability of 
Ca 2÷ movement suggest that elevated [Ca2+]~ normally di- 
minishes within neurites. However, [Ca2÷]~ can reach an 
equal or even greater level in some neurites, punctuated 
by the observation that [Ca2÷]i spikes in 5.6% of neurons 
were initiated within a neurite. These results suggest that 
the cellular machinery underlying [Ca2÷]~ spikes is un- 
equally distributed along processes and may vary between 
neurons. 

[Ca2+]~ Spikes Are Dependent upon Ca 2+ Inf lux 
We conclude that Ca 2÷ influx is required for [Ca2+]~ spiking 
in growth cones, because rapid removal of (Ca~+)o or addi- 
tion of channel-blocking cations immediately stopped spik- 
ing. In addition, growth cones shifted from 2 to 20 mM 
(Ca2+)o displayed an elevated [Ca2+]~ baseline and a greater 
probability of [Ca2÷]~ spikes, which were of a higher peak 
amplitude, but similar duration and frequency (Table 1). 
The elevated peak spike amplitude and baseline [Ca2÷]~ 
in 20 mM (Ca2÷)o reflect an increased force driving Ca 2+ into 
the growth cone and further indicate that influx dominates 
[Ca2÷]~ transients. 

The increased incidence of [Ca2÷]~ spiking in 20 mM 
(Ca2÷)o (see Figure 2) may reflect Ca2÷-dependent regula- 
tion of Ca 2+ influx or efflux by a negative feedback mecha- 
nism, as suggested for other cell types exhibiting [Ca2÷]~ 
oscillations (Lewis and Cahalan, 1989). In support of this 
notion is the observation that spikes often occurred imme- 
diately upon elevation of (Ca2+)o (see Figures 3A and 3D), 
or after the removal of a channel-blocking cation (see Fig- 
ure 5B). Feedback control of Ca 2÷ entry could be due to 
inhibition of an influx pathway or activation of a Ca 2÷ extru- 
sion pump following a [Ca2+]~ rise in response to increased 
force driving Ca 2+ into a growth cone. Interestingly, some 
investigators report that Ca 2÷ channel conductances are 
activated upon elevation of [Ca2÷]~ (Marban and Tsien, 
1982; Gurney et al., 1989; Friel and Tsien, 1992), whereas 
others report they are inhibited (Brehm and Eckert, 1978; 
Lewis and Cahalan, 1989). These findings suggest an intri- 
guing possibility, that [Ca2+]i transients in growth cones 
arise by Ca 2+ influx through plasma membrane channels 
that are regulated in a similar manner as CICR through 
ryanodine receptors (Fabiato, 1983). Because blockers of 
the voltage-operated Ca 2+ channels do not inhibit [Ca2*]i 
spikes, we propose that Ca 2÷ enters growth cones through 
non-voltage-gated channels during spontaneous tran- 
sients. 
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Role of Intracellular Ca =+ Stores 
In many cell types, Ca 2. influx is the first step in a process 
that stimulates Ca =* release from intracellular organelles 
(reviewed in Tsien and Tsien, 1990; Meyer and Stryer, 
1991; Fewtrell, 1993). One model proposes that [Ca=*]~ 
spikes depend on the repetitive release and reuptake of 
Ca =+ from organelles in response to elevated [Ca=+]i (Kuba 
and Takeshita, 1981). Release-dependent [Ca2÷]~ spikes 
are clearly demonstrated by the persistence of spikes for 
one or more cycles after removal of (Ca2÷)o, and by stimula- 
tion or inhibition of transients by agents that activate the 
channels responsible for Ca =÷ release from intracellular 
organelles. Based on these criteria, [Ca=÷]i spikes in chick 
DRG growth cones do not require release of Ca 2+ from 
intracellular stores. [Ca2+]= spikes were not observed in 
nominally Ca2÷-free medium or in the presence of general 
Ca 2÷ channel blockers. Enhancement of [Ca2÷]i spiking by 
caffeine occurred in a small percentage of growth cones 
(see Figure 7B). Ryanodine, a blocker of CICR, attenuated 
but did not completely block spiking (see Figure 7C). The 
inconsistent responses of growth cones to caffeine and 
ryanodine indicate that Ca 2+ release may contribute to 
[Ca=+]~ transients in some growth cones, but that Ca 2÷ influx 
is the primary contributor to [Ca2+]i spikes in most growth 
cones. 

Three observations support the possibility that [Ca2+]i 
spikes in growth cones could be amplified by Ca 2÷ release 
from IP3- and/or caffeine-insensitive stores. First, [Ca2+]~ 
spiking continued in the presence of TG and CPA (see 
Figures 6A and 6B), which are thought to release Ca 2÷ 
from IP3-sensitive organelles (Foskett and Wong, 1992). 
Second, ionomycin releases additional Ca 2÷ following deple- 
tion of stores with TG, CPA, and/or caffeine, suggesting 
that additional stores are available to release Ca =* in the 
presence of these drugs (see Figure 6A and Figure 7A). 
Third, ryanodine reduced the amplitude of [Ca=÷]~ tran- 
sients in all growth cones examined (see Figure 7C). If 
repetitive release and reuptake of Ca 2+ from an intracellu- 
lar store contribute to [Ca2+]i spikes in growth cones, the 
refilling of the stores must occur either by a TG/CPA- 
insensitive Ca2+-ATPase or by a mechanism that does not 
involve Ca2*-ATPase activity. 

Physiological Relevance of [Ca=+]~ Spikes 
in Growth Cones 
Many previous studies have implicated [Ca2*]~ as a regula- 
tor of neurite outgrowth (Anglister et al., 1982; Suarez-lsla 
et al., 1984; Cohan and Kater, 1986; Connor, 1986; Matt- 
son and Kater, 1987; Silver et al., 1989, 1990; Fields et 
al., 1990; Bedlack et al., 1992; Davenport and Kater, 1992; 
however, for exceptions see Campenot and Draker, 1989; 
Tolkovsky et al., 1990; Garyantes and Regeh r, 1992), lead- 
ing to the notion that alteration of growth cone [Ca=+]~, 
above or below an optimum range, inhibits neurite out- 
growth (Ca 2+ "set point" hypothesis reviewed in Kater and 
Mills, 1991). Consistent with this theory are studies show- 
ing that agents which elevate [Ca=÷]i stop neu rite outgrowth 
(Haydon et al., 1984; Cohan and Kater, 1986; Mattson et 
al., 1988a; Lankford and Letourneau, 1989; Fields et al., 
1990), and it is believed that environmental factors may 

operate in this way in vivo to halt growth cone advance in 
preparation for synapse formation, turning, and branching 
(Zoran et al., 1993; Snow et al., 1994). Interestingly, growth 
cones can eventually adapt to prolonged elevation of 
[Ca2+]i and resume growth with an altered Ca 2+ set point 
(Fields et al., 1993). Furthermore, chronically stimulated 
growth cones become resistant to the inhibitory effects of 
subsequent stimulation. Transient changes in [Ca2*]~ may 
allow growth cone activity to be regulated by brief eleva- 
tions of [Ca2+]~ above a set point, without inducing adapta- 
tion in the homeostatic mechanisms. Therefore, [Ca2÷]~ 
spiking could regulate growth cone migration during the 
entire period of neurite outgrowth and synapse formation. 

Consistent with previous findings, our results indicate 
that spontaneous [Ca2+]~ spikes in growth cones slow mi- 
gration. We compared the rate of migration of 9 growth 
cones before and after 16 [Ca2+]~ transients and found that 
neurite outgrowth was significantly reduced immediately 
and transiently following [Ca2+]~ spikes (see Figure 8). Fur- 
thermore, growth cone migration recovered to a near pre- 
spike rate usually within 10 min after the spike peak. Al- 
though not quantified, the degree and duration of slowing 
appeared to be dependent on both the amplitude and dura- 
tion of the [Ca2+]i transient. Using phase-contrast time- 
lapse microscopy, we examined the behavior of many 
more growth cones during shifts from 2 to 20 mM (Ca2+)o. 
The average rate of migration of growth cones in 20 mM 
(Ca2+)o decreased to 33°/o of the rate in 2 mM (Ca2+)o. These 
findings are consistent with the fact that 20 mM (Ca2*)o 
increased the percentage of growth cones that spike, and 
that [Ca2+]~ spiking is associated with a reduced rate of 
migration. As an alternative, 20 mM (Ca2÷)o may reduce 
the rate of neurite outgrowth by increasing the baseline 
[Ca2+]~ of the growth cone. As indicated in Table 1, elevat- 
ing [Ca2+]o to 20 mM increased the baseline [Ca2*]~ of 
growth cones by an average of 41 + 28 nM, which may 
be sufficient to reduce growth cone motility (Lankford and 
Letourneau, 1991). However, it was noted that 31% of 
growth cones showed little rate change in 20 mM (Ca2+)o 
(decreased to 82% of control), and although [Ca2+]~ was not 
measured, it is interesting to speculate that these growth 
cones exhibited baseline [Ca2+]~ changes, but no [Ca2+]i 
transients. 

[Ca2+]i spiking provides several advantages to a growth 
cone over sustained elevation of [Ca2÷]~. One striking fea- 
ture is the clear difference between nonspike noise and the 
sharp, transient changes of spikes. [Ca2+]~ spiking enables 
different downstream Ca2+-regulated effectors to operate 
with specific kinetics of activation and deactivation. This 
system can be further regulated by agents that lower or 
raise the threshold for spiking or the threshold for protein 
activation by Ca =÷. Sustained elevation of [Ca=+]i, on the 
other hand, can only encode the strength of a stimulus 
by the amplitude or duration of the elevated [Ca=+]~. The 
strength of a stimulus in an oscillating system can be en- 
coded by the number or frequency of spikes. A system 
that relies on sustained changes in [Ca=+]~ is less precise 
and more apt to produce damaging effects when the [Ca2*]~ 
exceeds the level necessary to activate many enzymes. 

Spatially localized changes in [Ca=+]~ may affect growth 
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cone behavior differently than global [Ca2+]~ changes (see 
above). Focally appl ied electric fields and soluble factors 
that locally elevate [Ca2÷]~ have been shown to orient pro- 

cess outgrowth in a Ca 2÷ in f lux-dependent  fashion (Gund- 
ersen and Barrett, 1980; Goldberg, 1988; Bedlack et al., 
1992; Davenport  and Kater, 1992; Zheng et al., 1994). 
Local elevation of [Ca2+]~ may direct neurite outgrowth by 
activating Ca2+-dependent proteins that cause local reor- 
ganization of the cytoskeleton. For example, local eleva- 
tion of [Ca2+]~ may cause a focused disruption of actin fila- 

ment networks and subsequent nucleation of new actin 
fi laments in response to Ca 2+ binding of gelsolin and 
a-actinin (Stossel et al., 1985). "The spontaneous [Ca2÷]i 
transients we observed in growth cones typical ly involved 
the entire growth cone; however, localized hot spots of 
elevated [Ca2+]~ often occurred (see Figure 4). In both 2 
and 20 mM (Ca2+)o, [Ca2+]~ hot spots apparent ly exceeded 
1 I~M, which would locally activate proteins sensitive to 

this concentrat ion of Ca 2+. [Ca2÷]~ hot spots within growth 
cones following electrical activity have been associated 
with local morphological changes (Silver et al., 1990). 
Spontaneous [Ca2+]~ transients within growth cones could 
arise locally, if Ca 2+ currents associated with transients 
were locally activated. Local activation of Ca 2+ currents 

may result from receptor- l igand interactions, possibly at 
the tips of f i lopodia, when growth cones encounter re- 
stricted expression of growth-influencing molecules in v ivo 
(Davenport et al., 1993; Gomez and Letourneau, 1994). 

We have observed that [Ca2+li transients in individual 
neurons pass down a neurite to different degrees and, in 
some cases, are initiated from within the neurite. There- 
fore, [Ca2+]= spikes may influence the neurite proximal t o  
the growth cone and could, in the shorter, newly initiated, 
or newly branched processes, signal back to the cell body 
or between growth cones. Ca 2+ signals that reach the cell 
body may influence gene expression (Spitzer, 1991), while 
changes that are initiated within neurites could be associ- 
ated with back-branching (Simon and O'Leary, 1992; Wil- 
l iams et al., 1993, Soc. Neurosci., abstract). 

Experimental Procedures 

Cell Culture 
Acid-washed coverslips were mounted over 22 mm holes drilled into 
the bottom of 35 m m tissue culture dishes. Each dish was UV-sterilized 
for 1-2 hr. Human plasma fibronectin (25 p.g/ml; generous gift of Dr. 
J. McCarthy, University of Minnesota) was coated onto each coverslip 
for 6-12 hr at room temperature. Each coverslip was washed exten- 
sively with PBS (pH 7.1) prior to cell seeding. 

DRGs of the lumbosacral enlargement were dissected from embry- 
onic day 8-11 white Leghorn chicken embryos and dissociated with 
0.25% crude trypsin in Ca 2.- and Mg2+-free PBS (pH 7.89) as described 
previously (Luduefia, 1973). Dissociated cells were suspended in se- 
rum-free medium consisting of 10 mM HEPES-buffered F14 medium 
(special order; GIBCO Laboratories, Grand Island, NY) supplemented 
with 2 mM L-glutamate, 5 ng/ml sodium selenite, 5 ng/ml sodium pyr- 
uvate, 5 mM phosphocreatine, 20 nM progesterone, 5 p.g/ml insulin, 
100 p.g/ml transferrin (all from Sigma Chemical Co., St. Louis, MO), 
and 15-50 ng/ml 2.5s nerve growth factor (~-NGF; R & D systems, 
Minneapolis, MN). An antibiotic/antimycotic solution (penicillin, strep- 
tomycin, fungizone; Sigma) was also added. Approximately 1.0 x 105 
to 2.0 x 10 s cells were seeded onto each coverslip in 1.0 ml of growth 
medium and incubated in a humidified air chamber at 40°C for at least 
6 hr. This plating density typically allowed us to observe growth cones 

that were isolated from contact with neighboring cells; however, in 
some cases growth cones did contact one another or, more commonly, 
were in contact with other neurites. No obvious differences in [Ca~*]~ 
homeostasis was recognized for growth cones in isolation as com- 
pared with those in contact with other cells. 

Videomicroscopy 
Following incubation, a culture dish was placed on an inverted micro- 
scope (Diaphot; Nikon Inc., Garden City, NY) under an air curtain 
incubator (AS1400; Carl Zeiss, Inc., Thornwood, NY) keeping the me- 
dium at a constant 40°C. For behavioral studies, growth cones were 
monitored with phase-contrast optics. Images were captured using a 
10 x phase 1 air objective (Nikon), a Newvicon video camera (NC-65; 
Dage-MTI, Inc., Michigan City, IN), and image enhancement software 
(Image 1; Universal Imaging, Inc., West Chester, PA)running on a 4861 
33 computer system (Gateway 2000, North Sioux City, SD). Images, 
viewed with a video monitor (Trinitron; Sony Corp. of America, New 
York, NY), were recorded every minute with an optical disc recorder 
(TQ-2026F; Panasonic Industrial Computers, Secaucus, NJ). 

Fura 2 Loading 
The [Ca2+]i of growth cones, nerve cell bodies, and nonneuronal cells 
(judged morphologically by large, flattened lamellar surface and no 
naurites) was estimated using the Ca 2. indicator Fura 2 (Molecular 
Probes, Eugene, OR). Cells were loaded with the cell-permeant, acet- 
oxymethyl ester form of Fura 2 by incubating 8- to 24-hr-old cultures, 
which had obvious process outgrowth, with 2-5 pM Fura 2, diluted in 
culture medium, for 30-45 rain at 40°C. The cells were subsequently 
washed six times with warm culture medium, and the dye was allowed 
to de-esterify for an additional 30-60 min in the humidified chamber. 
The Furs 2 loading solutions were made from 1 mM stock solutions 
of Fure 2 diluted in dimethylsulfoxide (Sigma). 

Ca 2+ Measurements 
All Ca 2* measurements were made using a Nikon Diaphot inverted 
microscope (Nikon) equipped with a 100 W HBO epiillumination light 
source. A software-driven (Image l/Fluor; Universal Imaging, Inc.) filter 
wheel (AZI; Atlantex and Zieler Instrument Corp., Avon, MA) switched 
excitation wavelengths between 350 _ 5 nm and 380 _+ 5 nm. Experi- 
ments examining the effect of Ni 2., La 3+, and caffeine on cell-free Fura 
2 fluorescence were performed on glass coverslips using a 359 _+ 2 
nm excitation filter, as well as the 350 and 380 nm filters, to excite 
Fura 2 at its isosbestic point. To prevent UV photodamage of the 
growth cones and photobleaching of the dye, quartz UV-grade neutral 
density filters of optical density totaling 2.1 and 2.3 were placed in 
front of the 350 and 380 nm excitation filters, respectively. All optical 
filters were obtained from Omega Optical (Brattleboro, VT). Excitation 
and emission wavelengths were separated with a 400 nm dichroic 
mirror (Nikon), and cells were observed with a Zeiss 100x phase- 
contrast oil-immersion neofluor objective (NA = 1.3). Images were 
captured using a intensified CCD camera (Paultek Imaging, Nevada 
City, CA) connected to a 486•33 computer system (Gateway 2000), 
running Image l/AT digital image processing software (Universal Im- 
aging, Inc.) that was set to average 16 frames, correct for background 
fluorescence (based on a cell-free portion of the culture dish), and 
record the subsequent image to an optical disc (TQ-2026F). Upon 
completion of the experiment, the recorded images were ratioed using 
the Image 1/AT software, and the average [Ca2*]~ within a user-defined 
region of the growth cone, cell body, or nonneuronal cell was estimated 
using a calibrated scale. Free [Ca2+]= was estimated using the equation 
of Grynkiewicz et al. (1985): 

[Ca~]~ = KoI~[(R - R,~n)/Rm~ - R)], 

where R is the 350:380 nm fluorescence emission ratio. The maximum 
ratio (Rm~), minimum ratio (Brain), and ~ value (emission ratio of free 
to bound Fura 2 at 380 nm) were determined in ionomycin- 
permeabilized cell bodies in Ca2÷-free (1 mM EGTA) and saturating 
Ca w+ (10 mM Ca 2.) media. For our microscope, Rm~n is 0.47, Rm~ is 3.9, 
and !3 is 4.84. The dissociation constant of Fura 2 for Ca 2÷ (Ko) was 
assumed to be 224 nM (Grynkiewicz et al., 1985). 
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Solution Changes 
After Fura 2 Ioading and de-esterification, culture dishes were removed 
from the incubator, and 300 I~m thick spacers were placed at each 
corner, upon which a second coverslip was placed. The chamber was 
sealed along its length using high vacuum grease (Dow Coming Corp., 
Midland, MI). Both ends of the "coverslip sandwich" were left open for 
exchange of solutions. This arrangement produced a chamber volume 
of - 250  pl and allowed us to exchange solutions rapidly 3-4 times 
this volume. The culture dish was then placed on the microscope stage 
and kept at a constant 40°C with an air-curtain incubator (ASI 400; 
Zeiss). 

In our initial experiments, neuronal growth cones migrating in F14 
medium containing 2 mM (Ca2+)o were imaged every 30 s; however, 
in all subsequent experiments images were captured every 10 s. Most 
experiments were conducted in a modified Ringer solution that con- 
tained no phosphate, carbonate, or sulfate anions, to prevent precipita- 
tion of Ca 2+ and other polyvalent cations. The basic medium was com- 
posed of the following: 10 mM HEPES, 140 mM NaCI, 5.6 mM KCI, 
2 mM CaCI2, 1 mM MgCI2, 5.5 mM glucose (all from Sigma), and 15 
ng/ml [~-NGF. The concentration of Ca 2+ in this solution was varied 
from 0 to 20 mM by removing or adding more CaCI2. Unless otherwise 
noted, Ca2+-free solutions did not contain EGTA. The various pharma- 
cological agents used were brought to their final dilution in the appro- 
priate Ca2+-containing medium and warmed to 40°C prior to appli- 
cation. 

TG and CPA were purchased from Biomol Research Laboratories 
(Plymouth Meeting, PA); ionomycin, caffeine, EGTA, and verapamil, 
from Calbiochem (San Diego, CA); ryanodine, from Research Bio- 
chemicals International (Natick, MA); (o-conotoxin, NiCI2, and LaCI3, 
from Sigma. 

Quantitative Analysis 
Estimates of the average [Ca2+]~ within a user-defined region of growth 
cones, neurites, cell bodies, and nonneuronal cells were logged to text 
files, using Image l/Fluor software, during OMDR replay of completed 
experiments. [Ca~-]~ spikes were scored as events if the [Ca2+]~ in- 
creased transiently (~<3 min duration) by >/100 nM over baseline. 
Growth cone migration rate was determined by measuring the leading 
margin of fluorescent or phase-contrast growth cones at successive 
time points using micrometer-calibrated Image 1 software. For statisti- 
cal analysis and graphics, text files were transferred to a Macintosh- 
based system (Quadra 950; Apple Computer, Inc., Cupertino, CA) 
running spreadsheet (Excel; Microsoft Corp., Redmond, WA) and 
graphics software (Cricket graph; Computer Associates International, 
Inc., Islandia, NY). For image reproduction, ratio images were trans- 
ferred to a Macintosh-based image processing program (Photoshop; 
Adobe Systems, Inc., Mountain View, CA) and printed using a color 
laser imager (Pictrography 3000; Fugi, Elmsford, NY). To determine 
statistical significance, unpaired (equal or unequal variance) Student's 
t tests were performed (paired test where indicated) using SAS (SAS 
Institute, Inc., Cary, NC) or Statview II (Abacus Concepts, Inc., Berke- 
ley, CA) software. 
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