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Intracellular Calcium Levels Do Not Change during Contact-mediated 
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When the growth cone of a chick dorsat root ganglion (DRG) 
neurite contacts the neurite of a chick retinal ganglion cell 
in vitro, the growth cone typically responds by withdrawing 
its lamellipodia and filopodia and collapsing. We have used 
the fluorescent calcium indicator dye fura- and digital im- 
aging microscopy to measure calcium levels within DRG 
growth cones and to determine whether changes in calcium 
levels are responsible for the collapse of growth cone mor- 
phology when a DRG growth cone contacts a retinal ganglion 
cell neurite. Calcium levels within DRG growth cones were 
stable during neurite outgrowth. Calcium was typically dis- 
tributed homogeneously throughout the growth cone, though 
occasionally gradients of free calcium were present. When 
calcium gradients were observed, calcium levels appeared 
higher in the active veil regions than in the central core 
region. Calcium levels in DRG growth cones appeared to 
remain stable during the period of contact-mediated growth 
cone collapse. Low concentrations of the calcium ionophore 
ionomycin increased calcium levels two- to threefold without 
having any observable morphological effects on DRG growth 
cones. Likewise, depolarization with 15 mM KCI caused a 
transient two- to threefold increase in calcium levels without 
having any observable morphological effect. These results 
suggest that changes in calcium levels are not responsible 
for contact-mediated collapse of growth cone structure. 

A growth cone collapsing activity has been solubilized 
from embryonic chick brain (Raper and Kapfhammer, 1990). 
Application of this material to cultures of DRG neurons caused 
growth cones to collapse but had no effect on calcium levels 
within the growth cones. The crude growth cone collapsing 
activity was not blocked by the presence of cobalt, nickel, 
lanthanum, nifedipine, or reduced-calcium medium, sug- 
gesting that transmembrane calcium fluxes were not re- 
quired for growth cone collapse. These results suggest that 
the morphological changes associated with the collapse of 
growth cone structure can be independent of changes in 
growth cone calcium levels, and that second messengers 
other than calcium are likely to be involved in the regulation 
of many growth cone behaviors. 
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During the development of the nervous system, a variety of 
different factors may alter growth cone dynamics and, therefore, 
affect growth cone pathfinding, target recognition, and ulti- 
mately synaptogenesis. Many factors such as soluble or sub- 
strate-bound growth factors (Letourneau, 1978; Gundersen and 
Barrett, 1980) and components of the extracellular matrix such 
as fibronectin and laminin (reviewed by Sanes, 1989) provide 
permissive environments that allow or promote growth cone 
motility and neurite elongation. Work performed primarily in 
invertebrates has suggested that the cell surfaces of both neu- 
ronal and nonneuronal (Bastiani et al., 1984; Caudy and Bentley, 
1986; Kuwada, 1986) cells may guide growth cone navigation. 
Recent evidence has suggested, however, that negative or re- 
pulsive factors may play equally important roles in growth cone 
guidance in vitro and perhaps also in vivo (reviewed by Patterson, 
1988). 

When the growth cones of chick sympathetic or sensory neu- 
rons contact the neurites of other peripheral neurons in vitro, 
they typically cross the neurites without any delay (Kapfhammer 
and Raper, 1987). However, when these growth cones come 
into contact with the neurites of chick retinal ganglion neurons, 
they typically undergo a rapid but reversible collapse of growth 
cone structure. Likewise, the growth cones of chick retinal neu- 
rites often collapse when they encounter the neurites of neurons 
from the PNS. These data suggest the existence of two “labels,” 
one central and the other peripheral, present on the surface of 
neurons that growth cones are able to recognize and distinguish. 

Additional labels may also exist. Nasal retinal growth cones 
will readily cross either nasal retinal axons or temporal retinal 
axons. However, temporal retinal growth cones will collapse on 
contact with nasal retinal axons (Raper and Grunewald, 1990). 
A similar phenomenon of contact-mediated growth cone col- 
lapse occurs between growth cones of cultured sympathetic neu- 
rons from the neonatal rat superior cervical ganglion (Ivins and 
Pittman, 1989). 

Bonhoeffer and coworkers have shown that membranes from 
the posterior tectum of the embryonic chick brain contain a 
growth cone collapsing activity that is specific for temporal ret- 
inal growth cones and has no apparent effect on nasal retinal 
growth cones (Cox et al., 1990). Keynes and colleagues have 
isolated a peanut lectin binding fraction from the posterior half 
of somites of chick embryos and have shown that this material 
is also capable of causing growth cone collapse (Davies et al., 
1990). Raper and Kaplhammer (1990) have also described the 
partial enrichment of a growth cone collapsing activity from 
embryonic day 10 (ElO) chick brain. 

Schwab and Caroni (1988) have reported that a component 
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of CNS myelin associated with the cell surface of oligodendro- 
cytes is able to inhibit spreading by 3T3 fibroblasts and is a 
nonpermissive substrate for neurite outgrowth. Time-lapse vid- 
eo microscopy has suggested that the inhibitory effect on neurite 
outgrowth is an active process (Fawcett et al., 1989): growth 
cones collapse and retract when they encounter oligodendrocytes 
in culture. 

microfilament and/or microtubule networks within the growth 

We are interested in the mechanisms by which contact be- 
tween growth cones and specific cell surfaces causes such rapid 
and dramatic changes in growth cone morphology and motility. 
Several such mechanisms can be envisioned. Because neurites 
are under tension (Bray, 1979; Joshi et al., 1985; Dennerll et 
al., 1988, 1989; Condic and Bentley, 1989), a sudden loss of 
adhesion between the growth cone and the growth substrate 
might be expected to cause growth cone collapse and retraction 
(Letourneau, 1987). Similarly, uncoupling of the growth cone 
cytoskeleton from its sites of attachment to the plasma mem- 
brane might cause growth cone collapse. Depolymerization of 

portion of the dish was coated with laminin (40 &ml in Hank’s buffered 
salt solution) for 1 hr at 37°C immediately prior to plating the neuronal 
explants. 

Video microscopy. For video imaging, the serum-containing culture 
medium was replaced with serum-free F12 medium. Serum-free F12 
medium was prepared from individual components according to the 
Gibco formulation with the following exceptions: phenol red was omit- 
ted, sodium bicarbonate was replaced with an equimolar amount of 
sodium chloride, and the medium was buffered to pH 7.4 with 20 mM 
HEPES. This medium was further supplemented with BSA (100 &ml), 
insulin (5 &ml), transfenin (10 pg/ml), selenium (30 nM), penicillin 
(100 U/ml), streptomycin (100 j&ml), glutamine (2 mM), and 7s NGF 
(50 rig/ml). Low-Ca*+ F12 was prepared in the same manner except 
that the 300 PM Ca2+ normally in F12 medium was omitted. Fura- 
estimates of the free Ca2+ in this medium indicated that Ca*+ was less 
than 3 PM. 

The cultures were placed on the stage of an inverted microscope 
(Diaphot, Nikon) and maintained at 37 ? 0.2% in 5 ml of medium 

pochromat objectives (NA, 1.3) and a 100-W tunasten light source 

with a Leiden tissue culture chamber (Medical Systems, Inc.). When 
observation times of more than 1 hr were required, the culture was 
overlaid with light mineral oil (Sigma) to prevent evaporation. The 
microscone was eoUiDDed with 40x and 100x oil-immersion olana- 

cone might also cause a collapse of growth cone structure. Less 
direct mechanisms can also be imagined. For instance, because 
actin polymerization is an ATP-dependent process, neurite out- 
growth and growth cone motility might be blocked by a meta- 
bolic inhibitor that causes a depletion of the available ATP 
pools, paralyzing the motile machinery and eventually leading 
to a collapse of growth cone structure. 

Work performed primarily with invertebrate growth cones 
has suggested that the various signals that regulate growth cone 
motility are integrated within the growth cone at the level of 
calcium ion concentration (Kater et al., 1988). Specifically, agents 
that inhibit growth cone motility, such as changes in membrane 
voltage (Cohan et al., 1987), the neurotransmitter 5-HT, and 
calcium ionophores (Mattson and Kater, 1987; Kater et al., 
1988), all inhibit growth cone motility by causing large changes 
in intracellular calcium levels within the growth cone. Many of 
the potential mechanisms of growth cone collapse described 
above might either be dependent upon calcium levels or use 
calcium ions as a second messenger in a cascade of events. 

To begin to address the question of the mechanism of contact- 
mediated growth cone collapse, we have used the fluorescent 
calcium indicator dye fura- and low-light-level digital imaging 
fluorescence microscopy to determine if changes in intracellular 
calcium levels occur in growth cones of chick dorsal root gan- 
glion (DRG) neurons as they undergo contact-mediated collapse 
of structure upon contact with the neurites of chick temporal 
retina ganglion neurons. 

Materials and Methods 
Cellculture. Temporal retinas were dissected from the eyes of embryonic 
day 6 (E6) chicks and plated as explant cultures on laminin (40 &ml)- 
coated glass coverslips (described below) in complete F12 medium, 
which contains 5% fetal calf serum, 5% chick serum, glutamine (2 mM), 
penicillin (100 U/ml), streptomycin (100 &ml), and 7s NGF (50 ng/ 
ml; prepared from the saliva of male BALB/c mice according to Burton 
et al., 1978) and cultured in a humidified 5% CO, atmosphere at 37°C. 
Twelve to eighteen hours after plating the retinal explants, dorsal root 
aandia were dissected from the lumbosacral region of E7 chicks and 
ila&d in coculture with the retinal explants. Cultures were used for 
calcium measurements when the DRG explants were between approx- 
imately 18 and 28 hr old. 

Tissue culture dishes were prepared by drilling a l-cm hole in the 
bottom of 35-mm tissue culture dishes: Sulphuric acid-washed and 
silanized (Chang et al., 1987) glass coverslips (25 cm; #l, Fisher) were 
then sealed onto the bottom of the culture dishes with molten paraffin 
wax. Dishes were sterilized by ultraviolet irradiation. The coverslip 

filtered at 546nm. Time-lapse video microscopy was performed using 
a newvicon camera (Dage MTI, model 65) attached to the side port of 
the microscope. The camera output was directed to an Imagel/AT 
digital image processing system (Universal Imaging, Inc), where it was 
corrected for background inhomogeneity and then further contrast en- 
hanced. The resultant images were stored on videotape using a Pana- 
sonic AG-6050 time-lapse videotape recorder. Images were printed from 
the videotapes using a Mitsubishi CPlOOU video image printer. 

Calcium measurements. All calcium measurements were made using 
a Nikon Diaphot inverted microscope equipped with a 100-W HBO 
mercury light source and a 40 x quartz oil-immersion planapochromat 
objective (NA, 1.3; Nikon). To preserve growth cone integrity and to 
prevent unnecessary photobleaching of the calcium indicator dye (Beck- 
er and Fay, 1987) a quartz UV-grade neutral-density filter (optical 
density, 2.0) was placed in the excitation light path. The fura- filter set 
consisted of two exciter filters, 340 f  6.5 nm and 380 f  5.5 nm, a 400- 
nm dichroic mirror, and a 510-nm long-pass barrier filter. All filters 
were from Omega Optical, Inc. Free calcium concentrations were cal- 
culated using the equation of Grynkiewicz et al. (1985): Ca*+ = & 
F,IF;[(R - R,,,)/(R,,, - R)]. R,,, was determined by measuring the 
fluorescence intensity of a solution of 5 PM fura-2-free acid (Molecular 
Probes) in a high-potassium Ringer’s solution (Thayer et al., 1988) 
containing 10 mM EGTA in the absence of added calcium, “sand- 
wiched” between two glass coverslips. Glass chromatography beads (75- 
pm diameter) were used as spacers. R,,, was similarly determined using 
a solution of 5 I.IM fura-2-free acid containing 10 mM CaCl, in the 
absence of EGTA. For our microscope, R,,, = 0.12, R,,, = 3.3, and 
F-/F” = 10. The K, of fura- for calcium was assumed to be 224 nM ” 
(Grynkiewicz et al., 1985). R was the ratio of the observed fluorescence 
intensities at 5 10 nm with excitation wavelengths of 340 and 380 nm. 

For calcium determinations, the fluorescence intensity resulting from 
excitation of fura-2-loaded growth cones at 340 and 380 nm were de- 
termined using a silicon-intensified target camera (Dage MT1 model 66 
SIT camera). The camera output was fed to a digital image processor 
(Imagel/AT) running on a host Club 1800 AT computer. Typically, 16 
video frames were averaged at each excitation wavelength. Excitation 
filters were changed manually, resulting in an acquisition time of ap- 
proximately 3 set for a pair of 340- and 380-nm images. These raw 
images were stored on the computer hard disk drive and, at the con- 
clusion of the experiment, were corrected for background fluorescence. 
Background images were obtained from a cell-free portion ofthe culture 
dish. Ratio images were then calculated for each corresponding image 
pair on a pixel-by-pixel basis. Because both the background image and 
the fluorescence image are digitized, the result of any given subtraction 
is subject to a certain degree of error based on the signal-to-noise ratio 
present in the original images. Because the images that result from 
excitation at 340 nm are relatively dim with respect to the background 
fluorescence intensity, the calcium concentrations reported here are sub- 
ject to approximately a 10% error. The typical magnifications used 
resulted in a spatial resolution of approximately 4 pixels/pm. Ratio 
images were displayed as pseudocolor images from which estimates of 
intracellular free calcium were made. All calcium estimates were based 
on the unweighted average ofa minimum of 100 pixels. Deesterification 
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of the indicator dye was verified at the conclusion of each experiment 
by monitoring the decrease in fluorescence intensity at 380 nm after 
the addition of either 5 FM ionomycin or 50 mM KCl. 

Fura- loading. Cultures were loaded with the fluorescent calcium 
indicator dye fura- by incubation with the acetoxymethyl ester (AM) 
form of the dye dissolved in HEPES-buffered F12. The best results were 
obtained with a loading concentration of l-2 PM fura-2/AM (Molecular 
Probes) for 90 min at 37°C followed by a 60-min incubation at 37°C in 
the same medium without fura-2/AM to allow the cells to deesterify 
the indicator dye. The fura-2/AM loading medium was prepared from 
a fresh I-rn~ stock of fura-Z/AM in anhydrous dimethylsulfoxide 
(DMSO). 

Preparation of crude collapsing activity. The preparation of a crude 
growth cone collapsing activity from El0 chick brain membranes has 
been described (Raper and Kapthammer, 1990). Briefly, E 10 chick brain 
membranes were solubilized in 2% CHAPS detergent in balanced saline 
and pelleted at 100,000 x g, and the resulting supematant was dialyzed 
first against phosphate-buffered saline and then against fresh F12 me- 
dium. This material was prepared fresh daily and maintained at 4°C 
until approximately 5 min before use, when it iYas warmed to 37°C and 
added into the culture as a 1:lO final dilution. The final protein con- 
centrations were between approximately 200 and 400 &ml. 

Culture bath applications. To insure rapid mixing and to minimize 
temperature oscillations, all reagents added to cultures were added as 
dilute stocks in 0.5-l .O-ml volumes of fresh HEPES-buffered F12 me- 
dium to achieve the desired final bath concentration. Reagents were 
warmed to 37°C prior to addition to the cultures. Additions were made 
into the side of the 35mm dish using a Pasteur pipette. Experiments 
in which temperature varied (greater than f  1 .S°C) were discarded. Iono- 
mycin (Calbiochem) was prepared fresh from a IO-rn~ stock in anhy- 
drous DMSO. 

Collapse assay. Explanted DRG were grown in laminin-coated (10 
&ml) 24-well tissue culture dishes (Nunc) for 18-24 hr in complete 
F12 medium. The medium was exchanged with serum-free F12 or low 
Ca2+ F12, and the cells were allowed to reequilibrate for 60 min at 37°C. 
Drugs were added from concentrated stocks in F12 and mixed by gentle 
pipetting. After 5 min, an aliquot of the crude collapsing activity was 
added into the culture (1: 10 dilution), and the cultures were returned 
to the incubator. After 30 min, several representative video fields were 
recorded from both control and experimental wells. These images were 
then scored for the number of growth cones that displayed a broad, 
flattened morphology and for the number of growth cones that appeared 
to be collapsed. 

Morphometric analysis. All morphometric analyses were made using 
software available in the Imagel/AT system using either videotape re- 
cords that were played back into the computer frame memory or images 
saved directly onto the computer hard disk. 

Results 
Under the culture conditions used in the present study, DRG 
growth cones are typically 15-20 pm in diameter with a large 
veil region and numerous filopodia (see Figs. 7, 10). Individual 
growth cones advance at very steady rates that range between 
growth cones from approximately 40 to 120 rmlhr. Using the 
culture conditions described here, we are able to obtain 40 or 
more fura- ratio measurements of calcium levels in individual 
chick DRG growth cones without affecting growth cone mor- 
phology, growth cone motility, or the rates of growth cone ad- 
vance. Significant phototoxicities (inhibition of elongation and 
motility of the growth cone) began to become apparent if more 
than 40-50 ratio measurements were taken. For this reason, it 
was not possible to obtain both phase-contrast and fluorescence 
images from the same growth cone without causing some degree 
of photodamage. Therefore, growth cone morphology was mon- 
itored using 380-nm images. 

Calcium levels determined in motile and advancing DRG 
growth cones were found to have a normal distribution around 
a mean of 87.3 + 25.2 nM (mean * SD, n = 87) and ranged 
between 40 and 160 nM. Calcium levels within individual ad- 
vancing growth cones appear relatively stable over time (Fig. 
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Figure 1. Calcium levels during DRG growth cone advance: 340 nm 
and 380 nm image pairs were taken at I-min intervals; ratio images 
were calculated and used to generate estimates of growth cone calcium 
levels in a motile and advancing DRG growth cone. 

1). However, on rare occasions, calcium levels were elevated in 
spontaneously branching growth cones (see Fig. 5). Calcium 
appeared to be homogeneously distributed in most DRG growth 
cones (Fig. 2a,b); however, calcium inhomogeneities were ob- 
served in 10-l 5% of the DRG growth cones (Fig. 2c,d). When 
inhomogeneities were observed, calcium levels in the veil region 
of the growth cone were typically elevated 20-40% relative to 
calcium levels in the core region of the growth cone. These 
calcium gradients appeared to be stable for at least 30 min. 

Effect of contact between DRG growth cones and DRG 
neurites on DRG growth cone calcium levels 
When the growth cones of DRG neurons encounter the neurites 
of other DRG neurons, they typically cross the neurite without 
any significant delay in crossing time or any obvious morpho- 
logical response by the growth cone (Kapthammer and Raper, 
1987; present results; data not shown). Fura- measurements 
ofcalcium levels in the DRG growth cones indicated that, during 
contact and crossing, the growth cone calcium levels remained 
within the normal range of calcium levels observed in DRG 
growth cones (n = 3; Fig. 3). 

Effect of contact between DRG growth cones and retinal 
neurites on DRG growth cone calcium levels 
When the growth cones of DRG neurons encounter the neurites 
of retinal ganglion cells, they typically experience a significant 
delay in their crossing time. This delay is associated with a 
paralysis of growth cone motility and the subsequent collapse 
of growth cone structure (Kapthammer and Raper, 1987; pres- 
ent results; data not shown). Fura- measurements of calcium 
levels in DRG growth cones during this period of cell-cell con- 
tact and subsequent collapse of growth cone structure indicated 
that, during contact and collapse, growth cone calcium levels 
did not change significantly but remained within the normal 
range of calcium levels seen in motile DRG growth cones (Figs. 
4, 5). Comparable results have been obtained for retinal growth 
cones as they collapse on contact with DRG neurites (Fig. 5B). 
In every instance in which a growth cone contacted a heterotypic 
neurite and collapsed its structure (n = 6), calcium levels re- 
mained stable. 

During the course of these experiments, two observations 
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Figure 2. Distribution of calcium within chick DRG growth cones. u and b are ratio images of DRG growth cones in which calcium appears 
homogeneously distributed. c and d are ratio images of DRG growth cones in which calcium gradients are apparent. Calcium concentrations (in 
nM) are indicated within the boxed areas. In a, calcium is 80 nM near the base of the growth cone and 77 nM in the veil region. In b, calcium is 
68 nM near the base of the growth cone and 67 nM in the veil region. In c, calcium ranges from 67 nM near the base to 112 nM in the veil region. 
In d, calcium ranges from 88 nM near the base to 121 nM in the veil. Such gradients of calcium were stable for at least 30 min. Scale bar, 10 Nrn. 
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Figure 3. Effect of contact between DRG growth cone and DRG neu- 
rite on growth cone calcium levels. Growth cone calcium levels were 
determined at approximately 1-min intervals as a DRG growth cone 
advanced toward, contacted, and crossed a DRG neurite. The point of 
initial contact is indicated by the solid vertical line. The growth cone 
remained motile and continued to advance throughout the cntirc sc- 
quence. 

were made of growth cones spontaneously bifurcating to form 
two new growth cones. For example, prior to any cell-cell con- 
tact, the growth cone in Figure 5A branches to form two growth 
cones. During this time, growth cone calcium was significantly 
elevated. After branching and prior to cell contact, however, 
growth cone calcium levels returned to basal values. This ob- 
servation suggests that DRG growth cones can perhaps mod- 
ulate their intracellular calcium levels under some circumstanc- 
es (e.g., branching). However, changes in calcium are not 
associated with contact-mediated growth cone collapse. 

Effect of calcium ionophore on DRG growth cone motility and 
calcium levels 
Because intracellular levels of Ca2+ did not appear to change 
during the collapse of growth cone structure, it was important 
to determine how much of a change in calcium was required to 
cause DRG growth cone collapse. Therefore, using time-lapse 
video microscopy, a maximal concentration of the calcium ion- 
ophore ionomycin was defined that could be applied to the 
culture media without affecting growth cone morphology, growth 
cone motility, or rates of growth cone advance. Concentrations 
of the calcium ionophorc ionomycin up to and including 1 PM 

did not affect the rate of DRG growth cone advance (n = 14 
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Figure 4. Effect of contact between DRG growth cone and retinal neurite on growth cone morphology and calcium levels. In u, a 380~nm image 
of DRG at time of filopodial contact with retinal neurite is shown. b shows that, 8 min later, the DRG growth cone has collapsed. c and dare ratio 
images of DRG growth cone corresponding to a and 6. For clarity, the ratio images have been enlarged digitally twofold. Scale bars, 10 Wm. 

growth cones in nine cultures; Fig. 6). Furthermore, the presence 
of 1 WM ionomycin did not affect growth cone morphology (Fig. 
7). Filopodia remained intact, rates of filopodial extension and 
withdrawal appeared normal, and the veil region maintained a 
normal phase-contrast appearance. Application of 1 FM iono- 
mycin to fura-2-loaded growth cones caused a significant in- 
crease in growth cone calcium (Fig. 8). Typically, over the course 
of 2-4 min, calcium levels were increased two- to threefold 
above basal values (from 70 * 21 to 216 f 58 nM, mean -t 
SD; n = 5). Over the next 5-10 min, calcium levels returned to 
a new stable state, but remained somewhat elevated relative to 
preionophore levels. Because calcium levels could be increased 
threefold without obvious effects on growth cone structure and 
motility, this suggested that the collapse of DRG growth cone 
structure following contact with a retinal neurite was not due 
to a small change in intracellular free calcium that went unde- 
tected. 

Higher concentrations of ionomycin (2.5-S PM) invariably 
caused a rapid and complete cessation of all growth cone mo- 
tility (data not shown). Occasionally, this was associated with 
a collapse of growth cone structure and retraction of the neurite, 
though this was not a consistent observation. When calcium 
levels were measured during exposure to these high concentra- 
tions of ionophore, calcium would rapidly rise (l-2 min) to a 

plateau level of approximately 400 nM, remain at that level for 
between 1 and 3 min, then rise dramatically to levels well ex- 
ceeding 1 PM. In the continued presence of ionophore, recovery 
of motility or restoration of growth cone calcium to levels ap- 
proaching basal were never observed. 

Efect of potassium depolarization on DRG growth cone 
motility and calcium levels 

Again, using time-lapse video microscopy, a maximal concen- 
tration of KC1 was defined that, when added directly to the 
culture media, would have no effect on growth cone motility or 
morphology. Depolarization of DRG growth cones with 15 mM 
KC1 did not affect the rate of growth cone advance (Fig. 9; n = 
17 growth cones in 11 cultures), nor did it have significant effects 
on growth cone morphology (Fig. 10). In 11 of the 17 growth 
cones observed, there was no morphological response to the K+- 
induced depolarization. In the remaining six cases, however, a 
transient lamellipodial ruffling was evident. When applied to 
fura-2-loaded growth cones, 15 mM KC1 elicited rapid but tran- 
sient increases in growth cone calcium levels (Figs. 11, 12). 
Calcium typically rose two- to threefold above basal levels, 
reaching peak values (from 103 f 33 to 234 + 75 nM, mean -t 
SD; n = 8) between 30 and 60 sec. By 90 set, calcium levels 
had typically returned to predepolarization values. NaCl (15 
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Figure 5. Calcium levels during contact-mediated growth cone col- 
lapse. A, Calcium levels were determined in a DRG growth cone as it 
contacts a retinal neurite and subsequently collapses. In this case, growth 
cone collapse was complete in 10 min. Approximately 30 min prior to 
contact, the growth cone branches. During this time, calcium is elevated 
in the growth cone. However, calcium returns to basal levels prior to 
contact and remains there during contact and collapse. B, Calcium levels 
in two DRG growth cones (open symbols) contacting retinal neurites 
and two retinal growth cones (solid symbols) contacting DRG neurites 
are shown as a function of time. Cells with different basal levels of 
calcium were chosen so that individual records could be followed on 
the same graph. In each panel, contact is indicated by the solid vertical 
line. 

mM) did not cause changes in growth cone calcium levels (data 
not shown), suggesting that the calcium transients were caused 
by cellular depolarization rather than increased ionic strength. 

Efect of a crude growth cone collapsing activity on DRG 
growth cone calcium levels 
A detergent extract of E 10 chick brain that contains one or more 
protein components with growth cone collapsing activity (Raper 
and Kaplhammer, 1990) was applied to cultures of DRG neu- 
rons. Although the specific activity of this material varies slight- 
ly from preparation to preparation, 85-90% of DRG growth 
cones collapse when exposed to it. By morphological criteria, 
growth cone collapse is typically complete within 15 min. Fura- 
measurements of DRG growth cones collapsed by exposure to 
this material (n = 7) did not indicate significant changes in 
growth cone calcium levels (Figs. 13, 14). Unlike the growth 
cone collapse that occurred in cocultures, the initiation ofgrowth 
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Figure 6. Effect of 1 PM ionomycin on rates of growth cone advance. 
Rates of growth cone advance were determined from continuous video 
recordings and plotted as a function of time. Ionomycin (1 PM) was 
added to the bathing medium at time 0 min as indicated by the solid 
vertical line. The results of three representative experiments are shown. 

cone collapse could be precisely timed by the addition of col- 
lapsing activity. Therefore, the emission from 380-nm excita- 
tion of fura-2-loaded growth cones was monitored at video rates 
(30 framesisec) to determine ifcalcium transients were occurring 
at rates faster than could be detected by the ratio method. These 
experiments provided no evidence to suggest that rapid changes 
in calcium (either increases or decreases) were occurring that 
were missed by the ratio determinations (n = 3; data not shown). 

It should be pointed out that shape changes or volume changes 
will cause the fluorescence intensity measured at a single wave- 
length to change in the absence of a change in calcium concen- 
tration. Therefore, these single wavelength measurements must 
be viewed as qualitative observations. Nonetheless, a large de- 
crease in 380-nm fluorescence intensity is seen when growth 
cones are depolarized with 15 mM KCl, while no significant 
change is seen with the crude collapsing activity. These results, 
though qualitative, are entirely consistent with the results of the 
more quantitative ratio determinations. 

Efect of calcium channel blockers on the crude growth cone 
collapsing activity 

To determine whether calcium influx was required for growth 
cone collapse caused by the crude collapsing activity, collapse 
assays were performed in the presence of several calcium chan- 
nel antagonists. The calcium channel blockers lanthanum (100 
FM), nickel (100 PM), cobalt (100 PM), and nifedipine (50 PM), 

as well as medium prepared with no added calcium, failed to 
inhibit significantly the extent of growth cone collapse caused 
by the application of the crude chick-brain-derived growth cone 
collapsing activity to chick DRG growth cones (Fig. 15). 

The increased percentage of growth cone collapse that occurs 
in the presence of each of these calcium antagonists compared 
to controls (cf. Fig. 15, dark bars) suggests a toxic effect of the 
calcium blockers on chick DRG growth cones. For this reason, 
four different calcium channel blockers were employed. Similar 
results were obtained with each calcium antagonist, as well as 
in reduced-calcium medium. Although the percentage of growth 
cones that appeared to be collapsed in each of the control con- 
ditions was slightly elevated compared to growth cones ad- 
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Figure 7. Effect of 1 IBM ionomycin on growth cone morphology. A DRG growth cone was exposed to 1 PM ionomycin at time 0 min (12:55:00). 
Filopodia and lamellipodia are present and active 1 min before and 1 min after addition of the ionophore. At 5 min and 15 min, the growth cone 
morphology is still normal, and the growth cone has continued to advance. Scale bar, 15 pm. 

vancing in normal culture medium, none of these calcium an- 
tagonists significantly interfered with the extent of growth cone 
collapse caused by the growth cone collapsing activity, suggest- 
ing that calcium influx is not a necessary feature of the mech- 
anism of growth cone collapse. 
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Figure 8. Effect of 1 PM ionomycin on growth cone calcium levels. 
Growth cone calcium levels were determined before and after the ad- 
dition of 1 PM ionomycin at time 0 min to the culture medium. The 
results of three representative experiments are shown. 

Discussion 
The fluorescent calcium indicator dye fura- and high-resolu- 
tion low-light-level digital imaging fluorescence microscopy have 
been used to examine the distribution of free calcium in chick 
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Figure 9. Effect of 15 mM KC1 on rates of growth cone advance. Rates 
of growth cone advance were determined from continuous video re- 
cordings and plotted as a function of time. The culture was depolarized 
with 15 mM KC1 at time 0 min as indicated by the solid vertical line. 
The results of two representative experiments are shown. 
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Figure IO. Effect of 15 mM KC1 on growth cone morphology. Panels from a video recording in which two DRG growth cones were depolarized 
with the addition of 15 mM KC1 to the culture medium are shown. Growth cones remain broad and flattened, with active filopodia and lamellipodia, 
and continue to advance after depolarization with 15 mM KCl. The field shifts to the right at 15 min. Scale bar, 15 pm. 

DRG growth cones, to determine if changes in free calcium are 
associated with the contact-mediated collapse of growth cone 
structure, and to determine the effects of changing calcium on 
growth cone motility and morphology. Calcium appeared to be 
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Figure 11. Effect of 15 mM KC1 on growth cone calcium levels. Growth 
cone calcium levels were determined before and after exposure to 15 
mM KCl. Depolarization occurred at time 0 min. The results of three 
separate experiments are shown. 

homogeneously distributed in the majority (> 85%) of the growth 
cones examined. When calcium gradients were observed (Fig. 
2), the highest levels were invariably seen in the veil regions of 
the growth cones. When present, these gradients would persist 
for the duration of the imaging experiment. This is in contrast 
to observations of Helisoma growth cones, in which higher cal- 
cium levels are seen in the core region than at the leading edge 
(Mills and Kater, 1989; Rehder et al., 1989). The growth cones 
of NlE-115 neuroblastoma cells also appear to have slightly 
lower calcium levels in the veil than in the core region of the 
growth cone (Silver et al., 1989). There are several possible 
explanations for these observed differences. First, cell-type-spe- 
cific differences in the location of sites of calcium entry and in 
the location and efficiency of calcium efflux and sequestration 
mechanisms may result in different spatial distributions of in- 
tracellular free calcium. Second, high-resolution phase-contrast 
images of neuroblastoma (Silver et al., 1989) and Helisoma 
growth cones (Haydon et al., 1985) indicate that they are typ- 
ically very rich in organelles. Such organelles may compart- 
mentalize fura-2, thus causing high cytosolic calcium estimates 
(Cobbold and Rink, 1987). The chick growth cones in this study, 
however, appear relatively organelle poor at the resolution of 
phase-contrast microscopy (Figs. 7, lo), and fluorescence images 
of dye-loaded growth cones give the appearance that fura- is 
homogeneously distributed within the growth cone and not se- 
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Figure 12. 
before and after depolarization with 15 mM KCl. The resulting ratio images are shown. Scale bar, 15 pm. 

questered into subcellular compartments. Finally, it must be 
pointed out that these veils are extremely thin, and the corre- 
sponding fluorescence signals are weak and therefore may be 
subject to error. 

Several studies have localized calcium channels and calcium 
currents to the veil regions and to the base of filopodia (Anglister 
et al., 1982; Freeman et al., 1985; O’Lague et al., 1985; Lips- 
combe et al., 1988; Silver et al., 1990). Therefore, one might 
expect to find higher levels of free calcium near these calcium 
entry zones. The observations of Goldberg (1988) that veil for- 
mation in Aplysia growth cones growing in low-calcium medium 
occurs preferentially toward a local source of high calcium is 
also consistent with the view that calcium entry occurs near the 
veil region and is important for veil formation. Chick DRG 
growth cones will also turn toward a micropipette containing 
low concentrations of a calcium ionophore (Gundersen and Bar- 
rett, 1980). Interestingly, rat sympathetic neurons will continue 
to extend axons for several days when cultured in the virtual 
absence of extracellular calcium (Campenot and Draker, 1989) 
or under conditions that do not allow the generation of calcium 
transients (Tolkovsky et al., 1990). Because intracellular free 
calcium was homogenously distributed in the majority of DRG 
growth cones examined in this study, the functional significance 
of these calcium gradients in a small number of growth cones 
is not clear. 

Recent data has accumulated to suggest that calcium is an 
important regulator of many growth cone functions (Cohan et 
al., 1987; Mattson and Kater, 1987; Kater et al., 1988). Spe- 
cifically, the inhibitory effects of 5-HT on Helisoma neuron B 19 
are mediated through calcium, as are the effects of voltage and 
ionophores. Many of the morphological features of growth cone 

collapse that we have observed (Kapfhammer and Raper, 1987; 
Ivins and Pittman, 1989) suggested possible roles for calcium 
in mediating growth cone collapse. Changes in levels of calcium 
may be able to alter both actin (Schliwa et al., 1981; Lankford 
and Letoumeau, 1989; Downey et al., 1990) and tubulin (Ya- 
mamoto et al., 1983) polymerization states, affect the activity 
of growth cone myosin (Bridgman and Dailey, 1989), and reg- 
ulate the interaction of the actin cytoskeleton with membrane 
linkages such as spectrin (Harris and Morrow, 1990). Any of 
these effects on the growth cone cytoskeleton could conceivably 
lead to growth cone collapse. Therefore, it was of interest to 
determine if significant changes in growth cone calcium levels 
occur when the growth cones of chick DRG neurons encounter 
the neurites of chick retinal ganglion cells in vitro and subse- 
quently collapse. 

During growth cone advance, cell-cell contact, and growth 
cone collapse, the calcium levels within the collapsing DRG 
growth cones are remarkably stable. These results were some- 
what surprising and made several additional control experi- 
ments necessary in order to address uncertainties about the 
absolute sensitivity of the imaging system to detect changes in 
growth cone calcium. Specifically, it seemed possible that small 
yet significant changes in calcium levels or rapid transients of 
calcium in growth cones occurred but escaped detection. There- 
fore, DRG growth cones were subjected to manipulations that 
were expected to cause changes in intracellular calcium levels. 
The effects of these manipulations on growth cone morphology, 
motility, and calcium levels were determined. 

If small increases in calcium levels that were below the limit 
of detection of the assay were responsible for the growth cone 
collapse, it might be expected that if calcium levels were in- 
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creased experimentally, then the morphological features of col- 
lapse should also be produced. However, when 1 PM ionomycin 
was applied to growth cones, two- to threefold increases in growth 
cone calcium were readily detected, yet there were no obvious 
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Figure 14. Effect of brain-derived growth cone collapsing activity on 
calcium levels in DRG growth cones. Calcium levels were determined 
in a DRG growth cone before and after exposure to a crude chick-brain- 
derived growth cone collapsing activity. The material was added to the 
culture media at time 0 min as indicated by the solid vertical line. In 
this case, the morphological collapse was complete by 12 min. 

effects on the morphology of DRG growth cones, the patterns 
of motility of DRG growth cones, or the rates of DRG growth 
cone advance. This suggests that increases in calcium large enough 
to have caused growth cone collapse would also have been de- 
tected by the imaging system. 

If calcium transients were responsible for growth cone collapse 
and were occurring on a time scale faster than could reliably be 
measured, it would be expected that experimentally induced 
calcium transients would mimic the morphological features of 
collapse. However, depolarization of cultures by bath applica- 
tion of KC1 at concentrations up to 15 mM caused readily de- 
tectable calcium transients in DRG growth cones yet did not 
have significant effects on DRG growth cone morphology or 
rates of advance. Higher concentrations of KC1 (>20 mM) will 
often cause growth cones to collapse and retract over very large 
distances (30-50 pm). These collapses, however, appear mor- 
phologically dissimilar to those caused by cell-cell contact and 
occur over a much more rapid time course (10 set to 1 min; 
data not shown). These data suggest that, if calcium transients 
are responsible for growth cone collapse, they must be larger 
than those induced by 15 mM KC1 depolarization and therefore 
would also be readily detectable. 

An additional concern was that, during cell-cell contact, an 
increase in calcium levels localized to very discrete regions of 
the growth cone such as a single filopodium could be the signal 
for growth cone collapse. Current techniques do not allow ac- 
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Figure 15. Effect of calcium channel antagonists on growth cone col- 
lapsing activity. DRG explants were grown in 24-well plates as described 
in Materials and Methods in the presence (hatched bars) or absence 
(solid bars) of crude collapse activity and in the presence of the indicated 
calcium channel blockers [lanthanum, 100 PM (La); nickel, 100 PM; 

cobalt, 100 PM; nifedipine, 50 PM (Nif)] or medium prepared without 
any added calcium (no Ca). After 30 min, random video fields were 
recorded on videotape and scored for the percentage of collapsed growth 
cones. The results (mean ? SD) ofthree separate experiments are shown. 
Between 5 1 and 164 individual growth cones were scored for each 
condition. 

curate calcium measurements in a single filopodium. The vol- 
ume of a filopodium is very small with respect to the body of 
the growth cone, and the corresponding fluorescence signals 
from calcium-sensitive dyes are very weak. If growth cones were 
bathed in a growth cone collapsing activity, it might be expected 
that any resulting change in calcium levels would be detected 
throughout the growth cones, yet when a growth cone collapsing 
activity solubilized from E 10 chick brain (Raper and Kaptham- 
mer, 1990) was added to the culture medium, neither significant 
increases nor significant decreases in growth cone calcium levels 
were detected, suggesting that discrete local changes in calcium 
were unlikely. Because NCAM and other cell adhesion mole- 
cules have been localized on filopodia (Letoumeau and Shat- 
tuck, 1989; Sheetz et al., 1990), the possibility that receptors 
for the collapsing activity are localized on filopodia, where they 
cause localized changes in calcium levels, cannot be ruled out. 

Although large changes in calcium clearly can disrupt the 
stability of growth cone actin and cause DRG growth cones to 
collapse (Lankford and Letoumeau, 1989; present results), 
smaller changes in calcium levels appear to be tolerated well by 
these growth cones. Calcium homeostatic mechanisms have been 
described in the growth cones and cell bodies of Helisoma neu- 
rons (Mills and Kater, 1990). The calcium homeostatic mech- 
anisms operating in these DRG growth cones also seem to be 
very potent. 

These results indicate that, if increases in calcium caused 
morphological features of growth cone collapse, the levels reached 
during contact must be greater than those observed for iono- 
mycin and KC1 application. These results show (1) that two- to 
threefold increases in calcium can be evoked in DRG growth 
cones, and (2) that these calcium changes were insufficient to 
alter the morphology or behavior of DRG growth cones. This 
suggests that if calcium were mediating growth cone collapse, 

then higher levels must be reached, yet during contact-mediated 
growth cone collapse, no changes in calcium levels were seen. 
Furthermore, calcium channel antagonists did not interfere with 
the activity of a crude chick-brain-derived growth cone col- 
lapsing factor, suggesting that calcium influx is not necessary 
for DRG growth cone collapse. Therefore, growth cone collapse 
in this system is unlikely to be mediated by changes in intra- 
cellular calcium. 

The mechanism underlying the collapse of growth cones upon 
contact remains unknown. Raper and Kaplhammer (1990) have 
reported that growth cone collapse in response to an enriched 
growth cone collapsing activity occurs when either laminin or 
G-4 is used as the growth substrate. The CSAT antibody, which 
is directed against an integrin P-chain, causes detachment of 
DRG growth cones only when they are grown on laminin, not 
on G-4 (J. A. Raper, unpublished observations), suggesting that 
the growth cones use different molecular mechanisms to grow 
on these two substrates. Because growth cone collapse is not 
substrate dependent, it seems unlikely that a loss of adhesion 
between the growth cone and the substrate is the mechanism of 
growth cone collapse. Furthermore, both contact-mediated 
growth cone collapse and growth cone collapse initiated by the 
application of brain-derived collapsing activity are reversible, 
suggesting that the growth substrate has not been modified. 

The morphological changes in growth cone structure during 
collapse would suggest that significant reorganization of the 
growth cone cytoskeleton is occurring. Future studies will at- 
tempt to determine the nature of this reorganization and will 
be facilitated by the molecular characterization of various col- 
lapsing activities (Cox et al., 1990; Davies et al., 1990; Raper 
and Kapfhammer, 1990) and their receptors. The second mes- 
senger(s) involved remains unknown. It is also not known whether 
the chick-brain-derived growth cone collapsing material is the 
same or even related to the retinal ganglion cell surface “label” 
that causes DRG growth cone collapse. It is clear, however, that 
in contrast to other growth cone stop signals that have been 
characterized (e.g., 5-HT, voltage), the growth cone collapsing 
activities examined in this study use second-messenger systems 
other than calcium. Therefore, second messengers other than 
calcium are likely to be involved in the regulation of many 
vertebrate growth cone behaviors. 
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