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In identified Helisoma neurons, intracellular calcium can reg- 
ulate neurite elongation and growth cone motility. Neuro- 
transmitters such as 5-HT suppress both neurite elongation 
and the filopodial and lamellipodial movements of growth 
cones by causing increases in intracellular calcium (Haydon 
et al., 1984; Cohan et al., 1987; Mattson and Kater, 1987). 
Since an additional second messenger, cyclic AMP (CAMP), 
is known to mediate many physiological effects of neuro- 
transmitters, we tested (1) the possible involvement of CAMP 
in the regulation of neurite outgrowth from Helisoma buccal 
neurons and (2) calcium-CAMP interrelationships in the reg- 
ulation of outgrowth. The CAMP-elevating agents forskolin 
(5 x 10?-10m4 M) and dibutyryl CAMP (dbcAMP; 5 x 1O-3- 
lo-* M) suppressed neurite elongation and growth cone 
movements in identified neurons B19 (5-HT sensitive) and 
85 (5-HT insensitive); the suppression was reversible. Ex- 
posure of these particular identified neurons to the calcium 
channel blocker La3+ (1O-5 M) or a culture medium with re- 
duced calcium prevented and reversed the suppressive ef- 
fects of forskolin and dbcAMP. In order to determine if the 
results on neurons B5 and B19 were representative of all 
neurons or only a subset, we examined a larger population 
of neurons. Calcium ionophore A23187 suppressed out- 
growth from all neurons in mass dissociate cultures of buccal 
neurons, while forskolin or dbcAMP plus IBMX suppressed 
outgrowth from only one-half of buccal neurons. Finally, we 
found that 2 subpopulations exist among the neurons whose 
outgrowth is suppressed by CAMP: One subpopulation re- 
quires calcium influx for CAMP to act, while the other does 
not. Thus, even within the relatively small population of neu- 
ronal types comprising the buccal ganglion of Helisoma, sec- 
ond messengers within different neurons can act and inter- 
act in different ways to regulate outgrowth. 

Various signals-including growth factors, neurotransmitters, 
and electrical activity-are known to affect neuronal outgrowth 
and are therefore likely to be important regulators of the for- 
mation and modulation of neuronal architecture. We are cur- 
rently investigating the intracellular mechanisms by which these 
signals act to alter growth cone motility and neurite elongation 
by studying the behavior of identified neurons from the snail 
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Helisoma in culture. Second messengers-including cyclic nu- 
cleotides, calcium, and inositol phospholipids-are prime can- 
didates as they are known to regulate an array of biochemical 
processes in a variety of cells (Sutherland, 1972; Greengard, 
1978; Berridge, 1984; Nishizuka, 1984). Calcium and CAMP 
systems often interact to regulate cell functions, but the nature 
of the interactions varies depending upon the cell type (Ras- 
mussen and Barrett, 1984). For example, CAMP increases cal- 
cium influx in several neuronal types (Schubert et al., 1978; 
Connor and Hockberger, 1985) while calcium can reduce in- 
tracellular CAMP in some endocrine tissues (Rasmussen and 
Barrett, 1984; Mattson and Spaziani, 1986). Pertinent to the 
regulation of neuronal outgrowth, it has been shown that ma- 
nipulations of CAMP (Shapiro, 1973; Schubert et al., 1978; Ni- 
renberg et al., 1984), calcium (Letourneau and Wessels, 1974; 
Anglister et al., 1982; Kostenko et al., 1983; Bixby and Spitzer, 
1984; Suarez-Isla et al., 1984; Cohan et al., 1987; Mattson and 
Kater, 1987) and/or protein kinase C (Ishii, 1978; Reboulleau, 
1986) can stimulate or suppress neurite outgrowth. However, 
these effects have not been examined in detail at the levels of 
the single identified neuron or growth cone, nor has the gen- 
erality of second messenger involvement in neuronal outgrowth 
among the diverse neuronal types comprising a nervous system 
been tested. 

Considerable information on the regulation of neurite out- 
growth has been obtained from studies of isolated identified 
neurons from the mollusc Helisoma (see Kater, 1985; Kater and 
Mattson, 1987, for reviews). In addition to spontaneous con- 
ditions of growth or stabilization, outgrowth of these neurons 
can be affected by physiologically relevant stimuli, including 
neurotransmitters and electrical activity. Neurotransmitters 
suppress outgrowth in a neuron-specific manner (Haydon et al., 
1984, 1985; McCobb et al., 1985; Goldberg et al., 1986) while 
electrical activity suppresses outgrowth in all neurons tested 
(Cohan et al., 1985; Cohan and Kater, 1986). Regulation ofboth 
growth cone motility and neurite elongation by neurotransmit- 
ters requires influx of extracellular calcium, and we have recently 
provided evidence that there are different optimal levels of cal- 
cium influx that promote growth cone movements and neurite 
elongation (Cohan et al., 1987; Mattson and Kater, 1987). Fur- 
thermore, our results showed that a single intracellular molecule, 
calcium, can regulate the expression of a variety of neuronal 
morphologies in different identified neurons. Thus, a neurite 
may elongate, elongate and branch, stop, or stop and go de- 
pending upon changes in calcium influx (Mattson and Kater, 
1987). 

The collective data on calcium involvement in the regulation 
of neurite outgrowth in Helisoma and the facts that CAMP me- 
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diates many of the cellular actions of neurotransmitters (Green- 
gard, 1978) and can affect cellular calcium-regulating systems 
(Kaczmarek et al., 1980; Doroshenko et al., 1984) prompted us 
to design experiments to determine (1) if CAMP alters neurite 
outgrowth in identified Helisoma neurons, (2) if and how cal- 
cium and CAMP systems interact in regulating outgrowth, and 
(3) if calcium and/or CAMP are general regulators of neuronal 
outgrowth affecting all neurons in a population or if they are 
active in only a particular subset of the population. The data 
reported here suggest that calcium is a general regulator of neu- 
ronal outgrowth in Helisoma buccal neurons, while CAMP acts 
only upon a subset of neurons. Furthermore, there is an addi- 
tional subpopulation of neurons among those whose outgrowth 
is sensitive to CAMP that require influx of calcium for suppres- 
sion of outgrowth. 

Materials and Methods 
Animal disSection and neuronal culture. Helisoma trivolvis (red) snails 
with shell diameters of lo-18 mm were maintained as previously de- 
scribed (Haydon et al., 1985). Removal of the buccal ganglia was done 
under sterile conditions (Wong et al., 1981). Ganglia were incubated 
for 45-60 min in culture medium (HL- 15; 50% Lcibowitz L- 15 modified 
for Helisoma; see Wong et al., 198 1) containing 0.1% trypsin (Type III- 
S, Sigma) followed by a 10 min incubation in HL-15 containing 0.1% 
trypsin inhibitor (Sigma). Ganglia were pinned dorsal side up to Sylgard 
pads. Identified neurons (B19 and B5), visualized under a dissecting 
microscope, were removed by first making an incision in the ganglionic 
sheath dorsolateral to the neuronal somata and then gently sucking the 
neuron into a micropipette containing HL-15. Isolated neurons were 
transferred to culture dishes with polylysine-coated glass or plastic sub- 
stratum and containing 2 ml HL- 15 conditioned with Helisoma brains 
(conditioned medium contains a factor that associates with the sub- 
stratum and promotes extensive neurite outgrowth, Wong et al., 1981, 
1984). For mass dissociation of buccal neurons, ganglia were prepared 
for cell removal as described above; a large slit was then made on the 
dorsal aspect of the ganglionic sheath, and the entire ganglionic contents 
were removed to culture dishes (prepared and conditioned as described 
above) with the aid of a micropipette. Cells were dissociated by repeated 
trituration. Typically, these cultures contained from 30-60 neurons. 
Neurons were cultured in a humidified room air atmosphere at 22- 
25°C. 

Treatment of cultured neurons. The adenylate cyclase activator for- 
skolin (Daly et-al., 1982) and the calcium ionophore A23 187 (Reed and 
Lardv. 1972) were dissolved in dimethvlsulfoxide (DMSO) and were ._ , 
added to cultures in 5-10 11 volumes (DMSO alone at these levels was 
added to control plates and did not affect neuronal outgrowth). LaCl,, 
N6,02’-dibutyryladenosine-3’:5’-cyclic monophosphate (dbcAMP), and 
3-isobutyl- 1 -methylxanthine (IBMX) were dissolved in HL- 15 and were 
added to cultures in 22-220 ~1 volumes. Concentrations reported are 
the final concentration in culture medium. All agents were from Sigma 
Chemical Co. (St. Louis). Reduced calcium medium consisted of HL- 
15 in which MgCl, was substituted for CaCl,. Growth cones were iso- 
lated by severing the neurite just proximal to the growth cone using an 
electrolytically sharpened tungsten microknife. 

Assessments of neurite elongation rate and growth cone motility. For 
assessments of neurite elongation, cells and isolated growth cones were 
examined and photographed with the aid of a Nikon Diaphot inverted 
microscope with phase-contrast optics. Neurite elongation rates were 
quantified using tracings made from projected negatives of photographs 
taken at 30 min intervals. Linear-regression analysis of pre- and post- 
treatment elongation rates was used to obtain the post/pretreatment 
ratio, which is expressed as percentage of the initial elongation rate. 
Growth cone motility was examined either from projected negatives or 
from video images (e.g., Fig. 3). The video system consisted of a Zeiss 
ICM-35 microscope (phase-contrast, 100X oil-immesion objective), an 
RCA SIT (silicon intensifier target) camera, and a Quantex image anal- 
ysis system. Photographs were taken directly from the video screen. 
The number of filopodia/growth cone was used as a measure of growth 
cone motility since these structures are known to reflect the underlying 
activity of the growth cone cytoskeleton (Bray and Gilbert, 198 1; cf. 
Mattson and Rater, 1987). Analysis of the effects of experimental treat- 
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Figure 1. Time course of the suppressive effect of forskolin on neurite 
elongation. Neurons B 19 (so/id circles) and BS (open circles) were prein- 
cubated 90 min in the absence of forskolin after which forskolin ( 1O-5 
M final concentration) was added and incubations were continued an 
additional 2 hr; neurite elongation was determined from photographs 
taken at 30 min time interevals. The values presented for forskolin- 
treated neurons are from individual neurites and are representative of 
the effects seen on all of 12 B 19 and 17 B5 neurites (3-5 neurons). The 
dashed line represents the elongation rate of neurites from control neu- 
rons (average from 27 neurites). 

ments on outgrowth from generic buccal neurons in mass dissociates 
employed video images of neurons taken 6 hr postplating and imme- 
diately prior to treatment, and 4 hr posttreatment. Both growth cone 
motility and neurite elongation were examined in the generic neurons. 
Outgrowth was scored as stabilized if all neurites possessed phase-bright 
distal tips and if neurite elongation had ceased. In all cases examined 
(over 500 neurites), the appearance of a phase-bright neurite tip (i.e., 
retraction of growth cone filopodia and lamellipodia) coincided with 
cessation of neurite elongation (see Haydon et al., 1984). The number 
of stabilized neurons at 4 hr posttreatment was expressed as a percentage 
of the total neurons examined/dish. Student’s t test was used for all 
statistical comparisons, and values are expressed as means and SEM. 

Results 
CAMP and calcium regulation of neurite outgrowth from 
identified neurons 
CAMP-related suppression of neurite outgrowth 

Our initial experiments tested the possible involvement of cAMP 
in the regulation of neurite outgrowth. We measured the effects 
on neurite elongation and growth cone motility of several agents 
known to increase intracellular CAMP. The adenylate cyclase 
activator forskolin (1 O-5 M) rapidly (within 30 min of exposure) 
inhibited neurite elongation in identified neurons B5 and B19 
(Fig. 1). The suppressive effect of forskolin was dose dependent 
within the concentration range of 10-6-10-4 M; the ED,, for 
suppression was approximately 5 x 10m6 M (Fig. 2). Suppression 
of neurite elongation by forskolin was reversible. Neurites (15 
neuron B5 neurites and 12 B 19 net&es) elongating at an average 
rate of 18.5 of: 4.7 pm/hr prior to exposure to forskolin were 
suppressed during a 60 min exposure to 1O-5 M forskolin (rate 
was reduced to 1.1 k 3.6 Km/hr). Culture dishes were then 
washed with fresh medium, and elongation resumed at a rate 
similar to the pretreatment rate (16.6 + 4.1 pm/hr; see Fig. 3). 
An additional test for CAMP involvement was to employ the 
membrane-permeant CAMP analog dbcAMP and the phospho- 
diesterase inhibitor IBMX. Again, neurite elongation was sup- 
pressed in a dose-dependent manner by dbcAMP (1O-3-1O-2 
M; Fig. 2), but complete suppression with this agent was not 
seen until 60 min posttreatment, possibly due to a lag in pen- 
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Figure 2. Concentration dependence of the suppressive effects of for- 
skolin and dbcAMP on neurite elongation. Elongation rates of neurites 
from neurons B19 and B5 (values represent combined data) were de- 
termined during a 90 min preincubation to establish the initial (pre- 
treatment) rate of neurite elongation; neurons were then exposed to 
either forskolin or dbcAMP at the indicated concentrations, and elon- 
gation rates were determined for a 2 hr posttreatment period. Values 
represent the mean and SEM of determinations on 7-l 9 neurites from 
3-7 neurons. Suppression was significant compared to controls for for- 
skolin concentrations of 5 x 1O-6 or greater and for dhcAMP concen- 
trations of 5 x IO-) or greater @ < 0.01-0.001). Outgrowth of control 
neurites averaged 106.4 + 7.1% of the initial rate. 

etration of this compound into the cytoplasm. In combination 
with 1O-4 M IBMX, dbcAMP was effective at lo+ M (Fig. 5). 

Growth cone motility as evidenced by filopodial structures is 
reduced in neurons exposed to inhibitory signals, including neu- 
rotransmitters, electrical activity, and ionophore A23 187 (Hay- 
don et al., 1985; Cohan et al., 1987; Mattson and Kater, 1987). 
This same pattern of effects was seen in neurons B19 and B5 
exposed to forskolin or dbcAMP (Fig. 3, Table 1). Filopodia 
were greatly reduced in number in response to the CAMP-ele- 
vating agents and neurite elongation was suppressed (Fig. 3). 
This suppression was reversible as filopodia and lamellipodia 
reformed, and elongation continued following washout of the 
forskolin (Fig. 3). 

Previous studies demonstrated that suppression of outgrowth 
can be mediated directly by the growth cone (Haydon et al., 
1985; Mattson and Kater, 1987). CAMP also appears to act 
within the growth cone proper since exposure of isolated growth 
cones to forskolin or dbcAMP resulted in a significant reduction 
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Figure 4. Effects of forskohn and dbcAMP on the elongation of iso- 
lated growth cones. Isolated growth cones from neurons B5 and B19 
(data combined) were exposed to forskolin (1 O-5 M) or dbcAMP (1 O-2 
M) following an initial 90 min postisolation incubation period, which 
was used to determine the initial rate of elongation; elongation was 
determined for a subsequent 2 hr period. Values represent the mean 
and SEM of determinations on 3-7 isolated growth cones. *p < 0.001 
compared to control. 

in elongation rate (Fig. 4). Elongation was significantly reduced 
to 7 and 18% of control rates by forskolin (lo+ M) and by 
dbcAMP (1 O-2 M), respectively (Fig. 4). The inhibition of elon- 
gation was accompanied by a reduction in growth cone filopodia 
and lamellipodia, as was seen for intact neurites (cf. Fig. 3). 
These results demonstrate that, at least in cultured neurons, 
growth cone motility and elongation can be regulated autono- 
mously by increases in CAMP. 

cAMP-calcium interactions in the regulation of neurite 
outgrowth 
In many cell types calcium influx across the plasma membrane 
can be regulated by CAMP (Connor and Hockberger, 1985; I&- 
itan, 1985). Furthermore, it is clear that in different cell types 
calcium and CAMP systems interact in different ways to bring 
about a cell response (Rasmussen and Barrett, 1984). Since 
changes in calcium influx can regulate neurite outgrowth in Heli- 
soma neurons, we reasoned that the CAMP and calcium systems 
might interact to regulate neurite outgrowth. We therefore tested 
the calcium dependency of CAMP’S effects on outgrowth from 
neurons B5 and B 19 by exposing these neurons to combined 

Figure 3. Reversibility of the suppressive effect of forskolin on growth cone motility. Computer-digitized video images of a growth cone of a 
neuron B5 immediately prior to treatment with 10e5 M forskolin (A), 20 min posttreatment (B), and 50 min after washout of the forskohn (four 5 
min washes in fresh HG 15 medium (C). Note that forskolin caused a reduction in the number of filopodia and that filopodial activity increased 
following washout of the forskolin. These morphological effects were seen in all 43 growth cones examined. Calibration, 10 pm. 
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Figure 5. Effect of combined treatments with Las+ and either forskolin 
or dbcAMP-IBMX on neurite elongation. Abbreviations and concen- 
trations were: La3+, L&l, ( 10 -5 M); Forsk, forskolin (1 O-5 M); dbcAMP 
(1O-3 M); IBMX (1O-4 M). Bars represent the mean and SEM of deter- 
minations on 9- 12 neurites from 3-5 neurons (data from neurons B 19 
and B5 are combined). *p < 0.001 compared to control; **p < O.Ol- 
0.001 compared to control; ***p < 0.05-0.0 1 compared to control, p < 
0.00 1 compared to forskolin or dbcAMP-IBMX. 

treatments with forskolin and either the calcium channel blocker 
Las+ or culture medium with a reduced calcium concentration 
(Figs. 5-7). 

The calcium channel blocker La3+ ( 1O-5 M), as reported pre- 
viously (Mattson and Kater, 1987), both accelerated neurite 
elongation (to 178% of control levels; Fig. 5) and suppressed 
growth cone motility (see Fig. 7). Forskolin (lop5 M) or the 
combination of dbcAMP ( 1O-3 M) and IBMX ( 1O-4 M) sup- 
pressed elongation (to 15-25% of control levels; Fig. 5) and 
growth cone motility (Fig. 3, Table 1). When neurons were 
exposed to combined treatments with forskolin and La)+, or 
dbcAMP-IBMX and La’+, the rates of neurite elongation were 
similar to those seen with La3+ treatment alone (168% of con- 
trols; Fig. 5). The prevention of the suppressive effect of for- 
skolin by La3+ was also seen when neurons were exposed to 
Las+ 30 min prior to treatment with forskolin (Fig. 6). Moreover, 
Las+ was able to reverse the suppression of both neurite elon- 
gation (Fig. 6) and growth cone motility (Fig. 7) caused by ex- 
posure to forskolin; this rescue effect was evident by 60 min 
following exposure to Las+ (Fig. 6). Following addition of Las+ 
to the inhibited neurites, elongation resumed, but growth cone 
filopodial and lamellipodial activity did not resume (Fig. 7). 
These results suggested that in neurons B5 and B19, influx of 
calcium across the plasma membrane is required for CAMP to 
exert its suppressive effect on outgrowth. As a further test of 
the calcium dependence of CAMP’S action, we examined the 
effects of combined manipulations of extracellular calcium levels 
and CAMP. 

In order to reduce the levels of extracellular calcium, the 
normal culture medium containing 4.1 mM calcium was re- 
placed with medium containing reduced calcium (nominally 
zero). Controls consisted of cultures subjected to a medium 
change to normal defined HL- 15 medium; as previously re- 
ported (Mattson and Kater, 1987), this control medium change 
alone enhanced neurite elongation rates (Fig. 8). As was seen 

60 90 120 150 180 210 240 270 

Time (min) 

Figure 6. Ia3+ reverses suppression of neurite outgrowth induced by 
forskolin. The graph depicts the time course of neurite elongation of 
individual neurites from neurons B5 given staggered treatments with 
forskolin ( 10m5 M) or I&+ ( 1O-5 M) at the times indicated by the arrows. 
These effects were seen on 7 of 7 neurites from 3 neurons B5 and 10 
of 10 neurites from 4 neurons B19. 

above with the calcium channel blocker Las+, neurite elongation 
was significantly accelerated in the reduced calcium environ- 
ment to 140% of control levels (Fig. 8). Forskolin (1O-5 M) 

significantly reduced the elongation rates of neurons incubated 
in medium with physiological levels of calcium to 17% of the 
control level. However, forskolin was ineffective in suppressing 
outgrowth in the reduced extracellular calcium environment 
(Fig. 8). The effects of the reduced calcium environment on 
growth cone motility was qualitatively similar to that seen with 
La3+ (Fig. 7). Thus, as with 5-HT suppression of neurite out- 
growth (Mattson and Kater, 1987), inhibition by CAMP requires 
influx of calcium from the cell exterior. 

CAMP and calcium regulation of neurite outgrowth from the 
total population of neurons in the buccal ganglia 

While neurotransmitters affect neurite outgrowth in a neuron- 
specific manner (Haydon et al., 1985), calcium, and CAMP might 
suppress outgrowth from all neurons nonselectively. Indeed, the 
fact that calcium- or CAMP-elevating agents suppressed neurite 
outgrowth from both the 5-HT-sensitive neuron B19 and the 
insensitive neuron B5 was consistent with this hypothesis. In 
order to test a more global role for CAMP and/or calcium in 
regulating neurite outgrowth, we examined a larger population, 
namely, the neurons of the buccal ganglia. We exposed cultured, 
buccal neurons plated as mass dissociates to CAMP-elevating 

Table 1. Effects of CAMP-elevating agents on growth cone filopodia 

Filopodia/growth cone 
Before After 

Treatment Neuron treatment treatment 

Forskolin (10m4 M) B5 20.0 k 2.3a 2.2 + 0.66 
B19 8.0 + 0.7 0.8 + o.46 

DbcAMP (lo-’ M) B5 17.4 + 1.8 2.2 + 0.5” 
+ IBMX ( 1O-4 M) B19 7.0 5 0.7 1.2 f 0.46 

Values represent the mean f SEM ofdeterminations on 5 growth cones. Filopodid 
counts were made immediately prior to treatment and 60 min after treatment. 
e Growth cones of neurons B5 possess significantly more filopodia than do B19 
growth cones @ < 0.01; cf. Haydon et al., 1985). 
bp < 0.01-0.001 compared to “Before treatment” values. 
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Figure 7. Effects of successive treatments with forskolin and La3+ on growth cone motility. A and B, Photomicrographs of 2 neuron B19 growth 
cones with muhiple, active filopodia and broad lamellipodia 30 min (A) and immediately (B) prior to treatment with forskolin. C, The same growth 
cones 60 min following exposure to forskolin (1O-5 M) and immediately prior to treatment with I&+; note that filopodia are greatly reduced in 
numbers and the lamellipodia have retracted leaving a neurite-width distal tip. D, Sixty minutes following treatment with La)+ (1O-5 M) in the 
continued dresence of forskolin: the neurites have continued to elongate, but growth cone motility is still reduced. This series of morphological 
-hanges was seen in all 27 growth cones examined. Calibration, 10 &. 

agents, as well as to treatments known to increase or reduce 
calcium influx (Table 2). The outgrowth of such neurons could 
then be assessed in terms of neurite elongation and growth cone 
motility (see Materials and Methods). 
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Figure 8. Effects of reduced extracellular calcium on neurite elongation 
as affected by forskolin. Following preincubations to determine initial 
neurite elongation rates, neurons B 19 and B.5 were exposed to fresh HL- 
15 medium (Control), HL- 15 with MgC& substituted for CaCl, (- CW+); 
forskolin (lo-4 M) in normal HL-I 5; or forskolin in HL-15 lacking 
Ca*+. Bars represent the mean and SEM of determinations from S-11 
neurites from 3-4 neurons (data from neurons B19 and B5 are com- 
bined). *p i 0.00 1 compared to control; **p i 0.0 1 compared to control; 
***p < 0.001 compared to forskolin. 

We previously reported that the calcium ionophore A23 187 
at lo-’ M completely suppressed outgrowth from neurons B19 
and B5 (Mattson and Kater, 1987). Similarly, we found here 
that neurite outgrowth from all buccal neurons was suppressed 
by lo-’ M A23 187 (Table 2). This result suggested that calcium 
influx may be a general trigger for stabilization of growing neu- 
rons. Since CAMP-elevating agents also suppressed outgrowth 
from neurons B 19 and B5 (Fig. 2), we next tested the generality 
of CAMP’S action on the total population of buccal neurons 
(Table 2). Even when exposed to levels of forskolin (lo+ M) or 
the combination of dbcAMP (lo-) M) and IBMX ( 1O-4 M) that 
completely stopped outgrowth in neurons B5 and B19, only 

Table 2. Effects of CAMP- and calcium-altering agents upon neurite 
outgrowth from unidentified buccal neurons 

Treatment 

Control 
A23187 (lo-’ M) 

Forskolin (lo+ M) 

dbcAMP (10-I M) + IBMX (1O-4 M) 
Reduced [Ca2+] 
Forskolin (10-4e~) + reduced [Ca*+le 

Stable state neurons 
m 

7.0 zk 1.8 (210) 
98.1 ? 2.3~ (50) 
56.7 f 2.1*(124) 
52.4 + 3.9b (85) 
24.1 + 5.5< (68) 
43.3 k 6. Id (87) 

Neurons plated as mass dissociates were exposed to vehicle (Control) or the agents 
Indicated six hours after plating. Outgrowth status was assessed four hours later 
and neurons with phase-bright, non-elongating neurites were scored as suppressed 
(see Materials and Methods). Values represent the mean + SEM of determinations 
on four to eight cultures; the total number of neurons assessed are indicated in 
parentheses to the right of each value. 

“p < 0.001 compared to control. 
h p < 0.00 1 compared to control or A23 187. 
c p < 0.05 compared to control, p < 0.0 1 compared to forskolin or dbcAMP + 
IBMX. 
d p < 0.0 1 compared to reduced [Ca*+],. 
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about half of the neurons in the buccal population ceased out- 
growth (Table 2). These data suggest that while CAMP can be 
an important regulator of neuronal outgrowth in a subpopula- 
tion of neuronal types, other cell types may use alternate mech- 
anisms. 

To determine if the suppressive effects of CAMP on the sub- 
population of neurons sensitive to this messenger required cal- 
cium influx from the cell exterior, we exposed the total popu- 
lation of buccal neurons to forskolin in combination with a 
reduced calcium incubation medium. Prior to this final exper- 
iment, it was necessary to establish the effects of a reduced 
calcium medium alone on neurite outgrowth. Our previous re- 
sults demonstrated that neurons B19 and B5 respond to a re- 
duced calcium environment with continued elongation (Matt- 
son and Kater, 1987; Fig. 8). However, when all neurons of the 
buccal ganglia were exposed to a reduced calcium medium, we 
found that neurite elongation was suppressed in approximately 
20% of the neurons tested (Table 2). Variable degrees of growth 
cone motility were exhibited among the remaining 80% of the 
buccal neurons, which continued to elongate in the presence of 
a reduced calcium environment. Thus, we found a spectrum of 
outgrowth responses of neurons exposed to an environment 
expected to reduce calcium influx. 

Since calcium influx was required for CAMP-induced suppres- 
sion of neurite outgrowth from neurons B19 and B5 (Fig. 8) 
our final experiment tested the calcium dependency of CAMP’S 
action on the subpopulation of CAMP-sensitive neurons (Table 
2). When neurons were exposed to both forskolin ( 10m4 M) and 
the reduced calcium environment, outgrowth was suppressed 
in approximately 40% of neurons tested (Table 2). Since the 
percentage of neurons suppressed under the latter conditions 
was less than the number suppressed by forskolin alone, it ap- 
pears that there are at least 2 subpopulations of forskolin-sen- 
sitive neurons, one which requires calcium influx for forskolin’s 
action and one that is calcium-independent. Indeed, neurons 
B5 and B 19 can be catalogued in the CAMP-sensitive, calcium- 
dependent subpopulation of buccal neurons. 

The combined results suggest that while increases in calcium 
influx suppress neurite outgrowth in all neurons, elevations in 
CAMP affect only subsets of neurons within the buccal ganglion. 
Furthermore, CAMP may act independently of extracellular cal- 
cium or CAMP’S action may require influx of calcium from the 
cell exterior depending upon the neuronal type. 

Discussion 

The data presented here encompass 3 main points. (1) The 
diverse neurons within even the relatively small population of 
the buccal ganglion apparently possess outgrowth response sys- 
tems that may or may not respond to the same second messenger 
(CAMP). Indeed, CAMP-elevating agents inhibited the out- 
growth of only half of the neurons in the buccal population. (2) 
Calcium appears to be a general regulator of neuronal outgrowth. 
The data for ionophore A23 187 indicate that all buccal neurons 
possess outgrowth response systems that can be stabilized by 
increases in calcium influx and are consistent with the hypoth- 
esis that calcium is a key regulator of growth cone motility and 
neurite elongation (Cohan et al., 1987; Mattson and Kater, 1987). 
(3) Depending upon the particular neuron, CAMP can affect 
neurite outgrowth independently of calcium influx or CAMP’S 
action may require influx of calcium. In the 2 identified neurons 
studied here (B5 and B 19) we found that CAMP suppression of 
outgrowth requires calcium influx. Given that among CAMP- 

sensitive neurons, only 1 in 4 requires calcium influx for 
suppression of outgrowth, it appears that neurons B19 and B5 
are members of a relatively small subpopulation of buccal neu- 
rons whose CAMP outgrowth-regulating system is linked to in- 
flux of calcium. Finally, the data presented here indicate that 
in about one-third of the neurons in the buccal ganglion (those 
sensitive to both A23 187 and CAMP-elevating agents in the 
absence of calcium influx), CAMP and calcium can suppress 
outgrowth by independent mechanisms. This heterogeneity 
among neurons in their intracellular outgrowth-regulating sys- 
tems is not surprising considering the heterogeneity of these 
neurons with respect to morphology and function (Kater, 1985). 
Indeed, such diversity in second-messenger response systems 
for neuronal outgrowth may contribute to the generation of the 
diversity of neuronal morphologies in the nervous system. 

Intracellular mechanisms regulating neurite outgrowth: 
relationships to neurotransmitter actions 

In identified Helisoma neuron B 19, 5-HT can suppress neurite 
outgrowth by increasing calcium influx through plasma mem- 
brane channels (Cohan et al., 1987; Mattson and Kater, 1987). 
In the present study we demonstrated that CAMP-elevating agents 
can mimick the suppression of outgrowth seen in response to 
5-HT by a mechanism linked to calcium influx. Since CAMP is 
known to mediate the effects of neurotransmitters on calcium 
channel activity (see Kupfermann, 1980; Levitan, 1985, for re- 
views), it is reasonable to consider that 5-HT might use a similar 
CAMP-Ca2+ system to regulate neuronal outgrowth. Indeed, cal- 
cium channels can be directly activated by CAMP-dependent 
protein kinase in Aplysia bag cell neurons (Kaczmarek et al., 
1980) while CAMP can block potassium channels and thus 
prolong a depolarization of the membrane with subsequent in- 
creased activation of voltage-sensitive calcium channels (Klein 
and Kandel, 1978; Grega et al., 1987). While the present study 
did not directly test the involvement of CAMP in 5-HT’s action 
on neuron B19, several data sets are consistent with the hy- 
pothesis that 5-HT might use CAMP as a mediator of calcium 
influx in neurons B 19. Thus, the time courses of suppression of 
neurite outgrowth by both 5-HT (Mattson and Kater, 1987) and 
CAMP-elevating agents were indistinguishable. In addition, 5-HT 
causes influx of extracellular calcium into neuron B 19 (Cohan 
et al., 1987). Finally, in neurons B5 and B 19, CAMP’S suppres- 
sive action required influx of calcium, a fact consistent with the 
possibility that CAMP induces calcium influx in these neurons. 
Verification of such a mechanism for regulation of neurite out- 
growth by 5-HT will require measurements of calcium currents 
under conditions of exposure to CAMP and biochemical analysis 
of intracellular CAMP levels in control neurons and neurons 
exposed to neurotransmitters. 

In identified neurons B5 and B 19 CAMP does not appear to 
act on neurite outgrowth independent of the calcium system. 
Thus, suppression of outgrowth induced by the dbcAMP-IBMX 
(a combined treatment that circumvents adenylate cyclase and 
phosphodiesterase activities) is reversed by manipulations that 
reduce calcium influx, indicating that calcium is required for 
inhibition of outgrowth at a site distal to CAMP action. Not- 
withstanding the possibility that manipulations that reduce cal- 
cium influx across the plasma membrane may alter adenylate 
cyclase or phosphodiesterase activities and so change intra- 
cellular CAMP levels, it is clear that increases in intraneuronal 
calcium can act independently of CAMP to suppress outgrowth. 
Indeed, electrical activity as well as ionophore A23 187, both of 
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which stimulate calcium influx, suppressed outgrowth from all 
Helisorna neurons tested (Cohan and Kater, 1986; Cohan et al., 
1987; Mattson and Kater, 1987). Thus, it appears that any mech- 
anism that increases intracellular calcium levels can suppress 
neuronal outgrowth. 

Second-messenger systems affect neurite outgrowth dlflerently 
in d@erent neurons 

ferences exist in the second-messenger systems regulating out- 
growth. 

Local control of growth cones by CAMP and calcium 

To date, the effects of all signals known to suppress neurite 
outgrowth (neurotransmitters, electrical activity, calcium) have 
been found to act locally on the growth cone proper. Similarly, 
we found that the suppression of growth cones by CAMP does 

While identified neurons have provided a great deal of precision not require the presence of the soma. It is therefore reasonable 
in analyses of the cellular bases of neuronal outgrowth (Kater to consider that CAMP, acting through its kinase, can phosphor- 
and Mattson, 1988) the use of a larger population of uniden- ylate outgrowth-controlling substrates within the growth cone 
tified buccal neurons allowed us to test whether the results ob- proper that mediate suppression of outgrowth. We do not know 
tained with the identified neurons applied to other neurons. The to what extent growth cones are regulated independently of the 
experiments in generic buccal neurons revealed that different cell body during normal development in the intact nervous sys- 
neurons within the buccal population possess outgrowth re- tern. However, our analyses of the regulation of the isolated 
sponse systems that are linked differentially to CAMP and cal- growth cone, taken together with the relative structural sim- 
cium second-messenger systems. Thus, neurite outgrowth is in- plicity of this structure, indicate that the growth cone may prove 
hibited by calcium influx in all neurons, while only 50% of the a useful model for the study of second messenger regulation of 
neurons are affected by elevations in CAMP. Furthermore, the cell motility. 
action of CAMP is dependent upon calcium influx in a subpop- The evolutionary process has conserved a scaffolding of cel- 
ulation of the CAMP-sensitive neurons. A calcium-independent lular control systems to regulate a wide variety of cell processes. 
mechanism of CAMP action appears to exist in approximately Onto such frameworks within individual neurons can be added 
one-third of buccal neurons since CAMP suppressed outgrowth diverse control mechanisms to build cellular individuality. The 
in these neurons in a manner not linked to calcium influx from present findings in Helisoma neurons indicate that calcium may 
the cell exterior. These results are consistent with the possibil- act as a common scaffold for the regulation of growth cone 
ities that calcium and CAMP can act independently or can in- motility and neurite elongation. While adding support to the 
teract to regulate the cytoskeletal elements that regulate neuronal hypothesis that calcium is a general regulator of neuronal out- 
outgrowth. growth (Mattson and Kater, 1987), our findings also demon- 

In mammalian neurons responsive to nerve growth factor, strate that there is considerable heterogeneity of second-mes- 
CAMP and calcium can both act as promoters of neurite out- senger response systems among neuronal subtypes with respect 
growth. In those cells, a CAMP-induced influx of calcium ap- to regulation of neurite outgrowth by CAMP. Thus, CAMP can 
parently mediates the outgrowth response (Schubert et al., 1978; be considered as a modifier of the calcium framework. An ad- 
Nirenberg et al., 1984). In contrast, Helisoma neurons B19 and ditional second messenger system that we have not addressed 
B5 respond to either CAMP or calcium with progressive reduc- in the present study is the inositol phospholipid-protein kinase 
tions in both neurite elongation and growth cone motility. It is C system (Nishizuka, 1984), which has been shown to affect 
clear from these opposite, neuron-specific effects on outgrowth neuronal outgrowth in other cell types (Ishii, 1978; Spinelli and 
of increases in CAMP and calcium that different neuronal types Ishii, 1983; Traynor, 1984; Traynor and Schubert, 1984; Hama 
have outgrowth-response systems that respond differently to the et al., 1986). Thus, in addition to differences among neuronal 
same second messenger. We previously proposed that these op- types in the roles of CAMP and calcium in regulating neurite 
posite effects can be explained by postulating that the “calcium outgrowth, the inositol phospholipid system is likely to add 
set-points” (i.e., basal levels of intracellular calcium of the neu- further complexity. It thus appears that it will be necessary to 
rons being studied) of the mammalian and Helisoma neurons work out individual schema of second-messenger interactions 
are below and above, respectively, those optimum for neurite involved in the regulation of neurite outgrowth for particular 
outgrowth (Mattson and Kater, 1987). Thus, while the CAMP neuronal systems and probably for neuronal subtypes and even 
and calcium systems in these 2 models appear to be similarly individual identified neurons. 
linked, the activation of the CAMP system in each neuronal type 
results in opposite effects on outgrowth. Our finding that the 
outgrowth from nearly 20% of buccal neurons is stabilized when 
the neurons are exposed to a reduced calcium environment 
indicates that, in addition to neuron-specific differences in cal- 
cium set points, there exist quantitative differences in calcium 
sensitivities. Thus, the moderate reductions in calcium influx 
expected with low levels of calcium channel blockers or reduced 
calcium medium can stop outgrowth in a small population of 
buccal neurons or accelerate outgrowth in others (neurons B 19 
and B5). The calcium set-points (Kater and Mattson, 1988; 
Mattson and Kater, 1987) of the neurons suppressed by reduc- 
tions in calcium influx are likely to be in a very narrow optimum 
range for outgrowth, while those of the other 80% of buccal 
neurons not suppressed by reductions in calcium are likely to 
be above the optimum. In any case, it appears that, among 
diverse neuronal types, qualitative as well as quantitative dif- 
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