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Summary. Peptidergic neurons dissociated from the neu- 
rosecretory cell group, the X-organ, of adult crabs 
(Cardisoma carnifex) show immediate outgrowth on un- 
conditioned plastic dishes in defined medium. Most of 
the neurons can be categorized as small cells, branchers 
or veilers. A fourth type, "superlarge," found occasion- 
ally, has a soma diameter greater than 40 gm and multi- 
polar outgrowth. We report here the effects on morphol- 
ogy that follow alterations of the standard defined cul- 
turing conditions. The three common types of neurons 
are present when cells are grown in crab saline or saline 
with L-glutamine and glucose (saline medium). Changes 
of pH between 7.0 to 7.9 have no effect, Osmolarity 
changes cause transient varicosities in small cells. In 
some veilers, pits rapidly appear in the veil and then 
disappear within 35 rain. In cultures at 26°C instead 
of 22 ° C, veilers extend processes from the initial veil 
in a pattern similar to branchers, and the processes of 
adjacent veilers sometimes form appositions. Culturing 
in higher [K+]omedium ( [K+]o=lS- l10mM; stan- 
dard = 11 mM) has no long-term effect, but growth is 
arrested by [K+]o greater than 30 mM. Cultures were 
also grown in media in which [Ca2+]o ranged from 
0.1 /aM to 26 mM (standard= 13 raM). Outgrowth oc- 
curred from all neuronal types in all [Ca2+]o tested. 
Thus, the expression of different outgrowth morpholo- 
gies occurs under a wide variety of culturing conditions. 
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Outgrowth of neurons in low-density cultures generally 
requires the presence of tissue-derived conditioning fac- 
tors or serum. This greatly complicates the elucidation 
of mechanisms regulating morphology. The culture of 
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peptidergic neurons from the crustacean X-organ 
(Cooke et al. 1989) offers unusually promising material 
for such studies because, in these cultures, immediate 
regenerative outgrowth of at least four distinct types 
of neurons occurs without conditioning of the dishes 
or the addition of factors or serum to the medium. Cor- 
relation of the neuronal outgrowth pattern of some of 
these neuron types with hormonal immunoreactivity 
(Cooke et al. 1989) and with electrophysiological charac- 
teristics (Cooke et al. 1989; Meyers et al. 1992) indicates 
that the different morphological types may represent dis- 
tinct phenotypes. 

The presence of neurons having different morpholo- 
gies in these cultures reflects the heterogeneity of the 
cluster of neurosecretory cells from which they are iso- 
lated. We have used the X-organ - sinus gland system 
of the eyestalk of the crab (Cardisoma carnifex). This 
system is analogous, physiologically and structurally, to 
the peptidergic component of the vertebrate hypothala- 
mo-neurohypophyseal system. The peptide hormones 
secreted by this neuroendocrine system govern complex 
physiological processes, such as molting, hemolymph 
glucose levels and color change (for a review, see Cooke 
and Sullivan 1982). 

Reports of the successful culture of crustacean neu- 
rons have only recently appeared (for a review, see 
Thomas et al. 1987). In addition to the X-organ neurons, 
stomatogastric neurons from lobster have now been cul- 
tured without conditioning factors (Graf and Cooke 
1990), and from crayfish with the addition of fetal bo- 
vine serum (Krenz et al. 1990). 

In this paper, we have extended our initial description 
(Cooke et al. 1989) of the outgrowth and general mor- 
phology of the several types of X-organ neurons seen 
under a standard culturing regime. We have attempted 
to probe the mechanisms regulating this outgrowth and 
morphology by manipulating the culturing conditions. 
We have found that the morphological distinctions 
among our heterogeneous population of neurons are 
clearly preserved under a very wide range of altered, 
but defined culturing conditions. 
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Materials and methods 

Animals and dissection 

Adult, male crabs (Cardisoma carnifex; 300 g) were obtained from 
Christmas Island, Republic of Kiribati. They were kept in outdoor 
cages supplied with clay flower pot shelters and provided with 
both fresh and sea water. The animals were fed rat pellets (Purina, 
Richmond, Ind., USA) and occasionally Pandanus nuts, carrots, 
lettuce and broccoli stalks. The cages had a northeasterly exposure 
and received up to two hours of direct morning sun. Animals were 
generally used within a month, but individuals have been held 
under our conditions for over a year. We have never observed 
a crab to molt. 

Eyestalks were removed, rinsed with 70% ethanol, then opened 
and exposed to 3 changes of sterile crab saline (crab saline: 440 mM 
NaCI, l l . 3 m M  KC1, 13.3 mM CaC12, 26raM MgCI2, 2 3 m M  
Na2SO4, 10 mM HEPES, pH 7.4 with NaOH, 1050 mOsm; after 
Cole, 1940) that contained antibiotics (100 units/ml penicillin, 
0.1 mg/ml streptomycin, 0.25 gg/ml fungizone; Gibco, Grand 
Island, N.Y., USA). Upon removing the exoskeleton, and muscle 
and connective tissue overlying the optic ganglia, differences in 
the consistency of the tissue were observable from time to time. 
These differences account for the greatest part of the uncontrolled 
variability in the culturing results and must be attributed to the 
history of the animals previous to their captivity. Preparations hav- 
ing firm, translucent tissue in which the X-organ cell group, often 
distinctly blue-white, was compact and slightly protruding from 
the surface of the medulla terminalis consistently yielded good cul- 
tures; if the tissue proved sticky and opaque, the dissection was 
discontinued. The X-organ with approximately 2 mm of the sinus 
gland tract was dissected free of surrounding tissue (see Fig. 1 A) 
in the antibiotic saline, placed in nominally Ca-free and Mg-free 
saline with 0.1% trypsin (Gibco), and agitated on a Dubnoff shaker 
(Precision Scientific, Chicago, Ill,, USA) in the dark for 90 rain 
at 22 ° C. Enzymatic activity was arrested by agitating the tissue 
in a large volume of the Ca-free and Mg-free saline. 

Cell isolation and standard culture conditions 

The standard medium consisted of Liebowitz L-15 (Gibco, as 
powder) reconstituted to 100% and mixed with an equal volume 
of crab saline of 1.75 x normal concentration that was buffered 
with 20 mM HEPES (pH 7.6-7.8). The final solution also con- 
tained 0.1 mg/ml gentamicin, 120 mM D-glucose, and 2 mM L-glu- 
tamine, which were added immediately before use. Total osmolarity 
was 1100 mOsm. Determinations of the osmolarity of hemolymph 
(after stirring to remove clot-forming material) for 5 crabs held 
for over two weeks in our cages averaged 1060 mOsm. 

One dissected enzyme-treated X-organ was transferred to a cul- 
ture dish (Primaria, Falcon 3801, Bectin-Dickinson, Lincoln Park, 
N.J., USA) containing a 50-gl drop of medium. Approximately 
1/4 of the cells ( ~  150) were disaggregated in the drop. The X-organ 
was transferred to another dish, more cells disaggregated, and the 
procedure continued so that the cells of one X-organ were distrib- 
uted among ~ 4  dishes. To disaggregate the cells, the X-organ was 
held by the sinus gland nerve tract with a fine pair of forceps 
and agitated with a direct stream of medium delivered from a 
P20 Pipetman (Gilson, Villier-le-Bel, France). After completion of 
the dissociation, the dishes were left undisturbed for an hour or 
more to permit the cells to adhere to the dish. Then the volume 
of the culture medium was increased to 2.0 ml. By contrast with 
neurons of the stomatogastric ganglion (Krenz et al. 1990; Graf 
and Cooke 1990), X-organ (and other CNS) neurons are not closely 
enveloped in accessory cells (glia) that present problems for adhe- 
sion. Cultures were held in moist chambers (Billups-Rothenberg, 
Del Mar, Calif., USA) in the dark at 22-24 ° C. The culture medium 
was not changed, except as noted. Cells were examined on an 
inverted microscope (Diaphot, Nikon, Torrence, Calif., USA) 

equipped with phase optics (40-400x), Photomicrographs (Nikon 
FE, Technical Pan film, Kodak, Rochester, N.Y., USA) of cells 
were taken at regular intervals after plating. 

Altered culturing solutions 

Cells were cultured in crab saline as described above. Cells were 
also cultured in saline medium, viz. crab saline to which 120 mM 
D-glucose, 0.1 mg/ml gentamicin, and 2 m M  L-glutamine were 
added, osmolarity, 1140 mOsm. Hypo-osmotic medium consisted 
of standard medium mixed 1 : 1 with crab saline, and had a final 
osmolarity of 1050 mOsm (as compared with 1100 mOsm for stan- 
dard medium, or of approximately 1200 mOsm measured on sam- 
ples of medium removed from 3-day-old cultures). K-enriched me- 
dia containing raised concentrations of KC1 were prepared by cor- 
responding reductions in the NaC1 concentration. In calcium-de- 
leted saline and calcium-deleted saline medium, CaC12 was omitted 
(replaced by NaC1) from crab saline medium, which was otherwise 
as above. Because the concentration of CaC12 in L-15 medium 
is 1.0 mM, it was not possible to make Ca-deleted, but otherwise 
standard medium. Using calcium-deleted crab saline at a 1.75x 
concentration mixed 1:1 with L-15 medium reduced the value of 
[Ca2+]o (external Ca 2+ concentration) to approximately 0.5 raM. 
The addition of 1.0 mM EGTA (Sigma, St. Louis, Mont., USA) 
to this solution resulted in a calculated [Ca2+]o of 0.1-0.3 gM. 
For all other Ca concentrations the amount of CaCI2 was varied 
by adjustment of NaC1 in the 1.75x crab saline component of the 
standard medium. Osmotic pressure was measured using a gOs- 
mette osmometer (Precision Systems, Sudbury, Mass., USA) or 
Wescor Osmometer (Logan, Utah, USA). 

Viability 

Seven X-organs were prepared for culture and distributed among 
20 dishes (Primaria, Falcon 3801). On day 1 and day 2 in culture, 
cells showing outgrowth equal to or greater than one soma diame- 
ter were designated as growing; cells with outgrowth of less than 
one soma diameter were designated as surviving. The remaining 
cells that showed signs of  non-viability (blebs, granulation, vacuoli- 
zation) were counted. All counts were made at 400x using the 
perimeter of  the photo mask on a Nikon Diaphot inverted micro- 
scope as a reference for each field. 

Microscopy 

X-organs were processed and embedded as for transmission elec- 
tron microscopy, serially sectioned at 0.5 gm, and stained with 
1% paraphenylenediamine. The tissue used was an approximation 
of the mass used for tissue culture (Fig. 1 A). Total cell counts 
were made at the level of each cell nucleus from photomicrographs 
of every third section. Cultures that were to be examined under 
the scanning electron microscope (SEM, Cambridge S-150, Cam- 
bridge, UK) were grown on poly-L-lysine (1 mg/ml, Sigma)-coated 
circular glass coverslips (12 mm) that were attached to the bottom 
of plastic culture dishes in which a hole had been bored. The seal 
between the coverslip and culture dish was made using melted 
Cenco Softseal Tackiwax (Central Scientific, Chicago, Ill., USA). 
Cells were plated on the coverslip portion of the dish and when 
ready for examination, the coverslip was prized away from the 
dish with a razor blade, immersed in fixative and processed for 
SEM using conventional methods (Postek et al. 1980). 

Estimation o f  outgrowth 

Estimates of cell growth in culture were made from measurements 
of cells in photomicrographs. The cell outline was digitized using 
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the cursor and digitizing pad of a Zidas Digitizer (Version 1.77, 
Carl Zeiss, Thornton, N.Y., USA), which calculated an approxi- 
mately scaled estimate of the area encompassed by the digitized 
outline (i.e., approximately half the actual membrane surface-area). 
Cell growth was calculated as the percent increase in the area of 
the cell outline at day 1 and day 2 to the area when plated. 

Results 

Outgrowth morphology under standard culturing 
conditions 

Four morphological types of neurons. The majority of 
cells in cultures of dissociated crab X-organ neurons can 
be assigned to one of  four categories on the basis of  
their size and pattern of outgrowth during the first few 
days in culture. We suggest that these differences reflect 
inherent differences in phenotype of the neurons, be- 
cause neither the dishes nor the medium are conditioned 
in any way. Fig. 1A shows micrographs of a section 
through an intact cluster of peptidergic secretory neu- 
rons, the X-organs, from which the neurons to be cul- 
tured are dissociated. Figure 1 B illustrates the plating 
density typical of our cultures, and shows that, except 
for a few incompletely dissociated groups of small cells 
(see below), the cells are so widely separated that condi- 
tioning as a result of factors released from adjacent cells 
is unlikely. In a series of 20 plates in which all cells were 
counted, the average number of cells per dish was 156 + 
24 (SE). It should be noted that most of the neurons 
were plated with a length of neurite. Isolated axons pro- 
duce a lamellipodium during the first day in culture, 
but growth then ceases (Fig. i D). When cells are plated 
without an axonal stub, their morphology is generally 
stellate, and their phenotypic relationship to other neu- 
ronal types is uncertain (Fig. 1 E). 

An exception is the type of cell shown in Fig. 1 C. 
Neurons of this size (soma diameter > 40 gin) were not 
observed at the time of our previous report (Cooke et al. 
1989). Dubbed "superlarge cells", they have not been 
plated with a surviving neurite, but unlike other neurons, 
they consistently regenerate one or more major pro- 
cesses. Cells of this type reach a stable morphology with- 
in 8 days and do not show withdrawal for over 12 days 
in culture. This type may represent cells of similar size 
that are seen in sections at the external surface of the 
X-organ. Perhaps because of this location and their large 
soma size, they rarely survive the dissociation and plat- 
ing procedure. This cell type does not show immunoreac- 
tivity to antisera made to crustacean hyperglycemic hor- 
mone (CHH, Dircksen et al. 1988), or to antisera to 
molt-inhibiting hormone (MIH, Dircksen et al. 1988). 
Reactivity to the other antisera against X-organ peptides 
(Cooke et al. 1989) has not been tested. 

The outgrowth patterns for three neurons representa- 
tive of the categories into which most of the cultured 
neurons can be grouped are shown in Fig. 2. These are 
as follows. 

(1) "Small  cells" (Fig. 2A): these neurons have somata 
of less than 25 gm diameter, which are usually spherical 

with a prominent, centrally placed nucleus. They often 
fail to be completely dissociated and are plated as clumps 
of 3-20 cells. They possibly represent cell groups at the 
periphery of the X-organ (e.g., left of the left arrow, 
Fig. 1 A). We have not done further staining and thus 
have not been able to confirm our earlier association 
of this type with red pigment-concentrating hormone 
(RPCH)-like immunoreactivity (Cooke et al. 1989), but 
in our hands very few neurons in X-organ sections show 
reactivity to the antiserum made against the N-terminus 
of insect adipokinetic hormone (Code: A K H  (1-4) 433, 
Schooneveld et al. 1987) that is reactive with RPCH 
(Mangerich et al. 1986). When plated with a surviving 
neurite, the small cells produce an array of fine (<  i ~tm 
wide) processes from the axonal stump, one or more 
of which continues outgrowth. This type often forms 
a stable morphology by the second day. After day 4, 
the cells become increasingly withdrawn. 

(2) "Veilers" (Fig. 2B): these neurons have soma dia- 
meters of 25-50 gm that, when plated with an axonal 
stub, produce one or more broad lamellipodia or veils. 
The additional veils occur at bends in the initial neurite 
(see Fig. 3A). These neurons show more extensive out- 
growth during the first day in culture than any other 
type; within 18 h, the area of the lamellipodium may 
exceed the surface area of the soma. Filamentous pro- 
cesses extend from the soma and from points along the 
neurite where it appears to adhere to the substrate. With- 
in 2-3 days the veil may double or triple its area. Certain 
regions along the margin of the veil begin to appear 
engorged (rounded up and phase-bright), and with addi- 
tional time in culture, some of  these grow out to become 
thick processes that may reach 20 50 I, tm in length. The 
margins of the veil between the filopodia and processes 
begin to withdraw after day 4. Usually, no further out- 
growth is seen after 6 days in culture, even if the medium 
is changed. Withdrawal is evident in cultures held longer 
than 10 days. As previously reported (Cooke et al. 1989), 
cells of this type consistently show immunoreactivity to 
CHH antisera, and to anti-sinus gland homogenate se- 
rum and anti-peptide D (Newcomb 1987) serum; they 
are not reactive to MIH anti-sera or to A K H  antiserum. 
The relative abundance and size range of these neurons 
is consistent with their homology with neurons showing 
CHH immunoreactivity in the X-organ of Carcinus 
maenas (Dircksen et al. 1988). 

(3) "Branchers"  (Fig. 2 C) : these are neurons having dis- 
tinctly ovoid somata (minor axis 25-40 jam), that when 
plated with a neurite consistently show outgrowth in 
a monopolar, extended branching form occurring by the 
extension of filopodia from a few compact growth cones. 
The arbor reaches distances of over 100 pm within 
4 days. Withdrawal of some processes and extension of 
others continues for up to 7 days in culture, after which 
time, withdrawal predominates. Some neurons of this 
type, including cells having soma diameters at both the 
larger and smaller ends of the observed size range, show 
immunoreactivity to anti-MIH sera. Branchers have also 
shown immunoreactivity to anti-sinus gland homoge- 
hate serum and to anti-D serum. A few neurons of this 
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Fig. 1. A The X-organ, a group of peptidergic neurosecretory cell 
somata, from which the dissociated cultures were made. Photomic- 
rographs (montage) of a 0.5 gm plastic-embedded section stained 
with 1% paraphenylenediamine. Axons of the cells between the 
a r r o w s  could be traced to the axon tract (a t )  through the central 
neuropil of the medulla terminalis. It is unclear whether the clusters 
of small cells peripheral to the a r r o w s  contribute axons to the 
axon tract, but they may be included in the cultures. B Culture 
immediately after plating to show sparse plating density. The ma- 
jority of neurons are plated with a surviving neurite (many are 
out of focus because they are not  adhering to the plate). A number  

of the cells have a soma diameter ( ~ 4 0  gm) corresponding to that  
of the larger cells with nuclei shown in A. C A "super large"  cell 
on day 12. Two major branching neurites were produced from the 
soma, which did not  possess a neurite when plated. D Outgrowth 
from a neurite plated without a soma; day 2. A growth cone 
formed at each end, but  no further growth occurred. E Typical 
outgrowth from a soma plated without a neurite, d 7. A halo of 
thin branches but  no major neurite was produced. Standard, fully 
defined culturing conditions (unconditioned Primaria dishes, stan- 
dard medium, 22 ° C) were used unless otherwise noted 
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Fig. 2A-C. Outgrowth pattern 
distinguishing three categories of 
neurons in X-organ cultures. A 
"Small cell ": small ( < 25 gm) 
round soma with prominent cen- 
tral nucleus and a fine branched 
outgrowth from the surviving 
neurite. B "Veiler": soma 25 
45 gin, here 25 lam, a large lamel- 
lipodium is produced from the 
surviving neurite. At day 6, with- 
drawal of the veil between the fi- 
lopodia is evident. This cell type 
shows immunoreactivity to crus- 
tacean hyperglycemic hormone 
(CHH) antisera. C "Brancher" : 
outgrowth produces a number of 
complex branched processes. P 
Plating; numerals days in culture 

type have shown reactivity to the a n t i - A K H  serum, sug- 
gesting that  they conta in  R P C H .  

Survival. Survival and  ou tg rowth  were evaluated in one 
series o f  20 culture dishes prepared  by the dissociat ion 
o f  neurons  f rom seven X-organs .  Some 3122 neurons  
were counted,  o f  which 1497 (45%) showed ou tg rowth  

o f  at least a soma  diameter  by 24 h in s tandard  medium. 
In  order  to estimate the number  o f  neurons  present in 
the seven X-organs ,  an intact  X-organ ,  dissected as for 
culturing, was fixed, serially sectioned (at 0.5-1 gin), and 
the neurons  counted  at the level o f  the nucleus for  each 
cell (see Fig. 1 A). There were 538 cells whose  axons were 
clearly directed to the sinus gland tract. A n  uncoun ted  
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number of small neurons that occurred in clusters on 
the periphery of the major X-organ mass, and whose 
axons could not be followed, may have doubled the total 
cell number. It is likely, on the basis of their size and 
tendency to plate as clumps of cells, that some of the 
"small cells," as categorized above, are derived from 
these peripheral clusters. Their possible homology with 
the group of distal small putative RPCH neurons de- 
scribed by Mangerich et al. (1986) remains to be deter- 
mined. It is possible that some may not represent secre- 
tory neurons. The larger neurons are from the group 
clearly contributing to the sinus gland tract. Counting 
all neurons (including small neurons) in the cultures, 
and calculating survival by comparison with the neurons 
counted in the X-organ, we have obtained a figure of 
89% surviving dissociation. It seems probable that this 
number is inflated by the inclusion in the starting materi- 
al of uncounted numbers of cells from the peripheral 
small neuron clusters. 

The outgrowth and morphology of neurons observ- 
able when the dissociation was made without use of en- 
zymes was the same as under standard culturing condi- 
tions, but the number surviving (particularly of the 
larger neurons) was reduced, presumably as a result of 
increased trauma during dissociation; superlarge cells 
were not observed without enzymatically-aided dissocia- 
tion. We conclude that the use of enzymes for the dissoci- 
ation does not alter the outgrowth morphology. 

Effects of altered culture conditions on morphology 

Table 1 presents a summary of alterations in culturing 
conditions tested, the number of cultures and approxi- 
mate numbers of neurons for which photographic docu- 
mentation was obtained, and the most prominent 
changes observed (or lack of change). In all cases, many 
additional cells were surveyed to confirm that the photo- 
graphed neurons were representative examples. It may 
be noted that neurons showing initial veiling outgrowth 
were affected by altered conditions while other neuronal 
types showed little change. Further details and com- 
ments are given below. 

Outgrowth in simple media. We wished to explore the 
minimal requirements of the medium that would support 
outgrowth. We found that during the first 2 days, neu- 
rons plated on untreated plastic dishes in crab saline 
show forms of outgrowth similar to those in standard 
medium (Fig. 3 A), and the overall survival of neurons 
was comparable. However, after 2 days, growth ceased, 
growth cones became blunt and rounded, and processes 
began to retract. 

In saline medium (crab saline with glucose, L-gluta- 
mine and gentamicin as in the standard medium), the 
period of growth was 5 days, compared with up to 
7 days in standard medium. The extent of outgrowth 
was generally reduced. Withdrawal followed cessation 

Table 1. Effects of altered culturing conditions on outgrowth of neurons 

Treatment Cultures Cells Effect Figure 
photographed 

Crab saline 

Crab saline with glucose, L-glutamine 
and gentamicin 

Plated on 1 mg/ml 
poly-L-lysine-coated substrate 

Plated in restricted volume 

Cultured at 26 ° C (vs 22 ° C) 

Change of pH, 7.0-7.9 

Medium hypo-osmotic 

Transfer on day 1 to [K+]o enriched 
medium (2x-10x normal) 

Transfer on day 1 to 10 x [K+], 
0 [Ca]o 

[Ca 2 +]o varied from nominally 0 to 
26 mM, from plating 

[Ca+]o varied from ~0-26 mM, day ] 

5 17 

14 42 

8 15/16 

4 12 

14 64 

14 25 

22 95 

19 46 

15 53 

16 24/35 
8 15/16 

11 23 

31 116 

10 47 

24 85 

20 97 

Normal outgrowth, all neuronal types, 3 A 
early withdrawal (day 2 vs day 7) 

Normal outgrowth, all neuronal types, 3 B 
early withdrawl (day 5) 

Veiling neurons form "terminals" 4 
at day 1, then veils 
Branching neurons normal 

Anticipated veilers form "terminals" at 
day 1, no further growth 
Branching neurons normal 

Veiling neurons become branched after 5 
day 3 
Occasionally formed contacts 6 
Branching neurons, no difference 

Normal outgrowth of all neuronal types 

Pits form in veils 7 A-C 
Beading and varicosities in small cell 
processes 
Branching neurons, no effects seen 

Transient effects as in hypo-osmotic 
medium, arrested outgrowth 

Change in cytoplasmic appearance 

Normal outgrowth, all types; broad 
optimum at 5 mM for veilers 

Normal outgrowth, all types 

7D, E 

8,9 
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nika, Westchester, Pa., USA), but was not enhanced; 
moreover, the respective morphologies were not altered 
on these materials (Cooke et al. 1989). 

A characteristic change in morphology observed 
under two quite different conditions deserves comment. 
On glass that was treated with poly-L-lysine (Sigma) at 
1.0 mg/ml for 24 h, rinsed with saline followed by distil- 
led water, and aged for 1 week, adhesion and outgrowth 
occurred, and eventually the usual types of  morphology 
were seen. However, lamellipodia, characteristic of  
veilers, were not obvious until the second day, whereas 
during the first 18 h, rounded protrusions appeared at 
the end of  the axonal stub (Fig. 4). The veil, when it 
appeared, pushed out from under the "terminal  blebs," 
and the blebs continued to increase in number and vol- 
ume. Under the SEM, these had a striking resemblance 
to terminals of  the in situ gland (see Fig. 2 B in Stuenkel 
and Cooke 1988). Where the interior was exposed, the 

Fig. 3A, B. Outgrowth in simple media. A Neuron in crab saline; 
day 3. Withdrawal from the lamellipodium has begun. B Neuron 
in saline medium (crab saline + glucose + L-glutamine), day 4 

of  outgrowth without a period of  2-3 days of  stable mor- 
phology. The example shown in Fig. 3 B is among the 
most developed branchers observed in saline medium. 

These observations support  the conclusion that out- 
growth from these peptidergic neurons does not require 
external chemical signals. We consider it unlikely that 
the neurons provide their own conditioning factor(s) for 
the following reasons: (1) single neurons that were plat- 
ed in the normal volume of  2 ml showed immediate and 
normal outgrowth;  (2) neurons grew normally when the 
culture dish was flushed with fresh medium within 1 h 
of  plating and daily thereafter. We cannot, however, rule 
out the possible continuing influence of  factor(s) to 
which the neurons were exposed prior to their dissocia- 
tion. 

Effect of substrate and plating density. Our general obser- 
vation is that if dissociated X-organ neurons adhere to 
the substrate, outgrowth follows immediately. All types 
of  untreated plastic culture dishes supported outgrowth, 
whereas glass required treatment with poly-L-lysine ( <  
0.1 mg/ml for normal morphology,  see below). Out- 
growth did not occur or was limited on substrates treat- 
ed with gelatine (Gibco) or Cell-Tak (Bio Polymers, 
Farmington, Conn., USA). Outgrowth occurred on la- 
minin (Gibco) and fibronectin (Cappel-Organon Tek- 

Fig. 4A, B. Formation of "terminals" in culture. Cells cultured 
on poly-L-lysine (1 mg/ml)-coated glass, and fixed for SEM on 
day 7. Rounded protrusions were apparent by day 1. With a change 
of medium, an underlying lamellipodium was seen on day 2, but 
did not enlarge, whereas "terminals" increased in number and 
volume until the culture was fixed. B Higher-resolution micrograph 
of boxed area shown in A. "Terminals'' resemble those of the 
in situ sinus gland. Note the presumed neurosecretory granules 
in broken terminal 
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blebs appeared to contain secretory granules, as in the 
sinus gland (Fig. 4, bottom). Outgrowth of branching 
neurons appeared not to be affected by this or other 
conditions under which terminals were formed by 
veilers. 

A second condition under which the formation of 
"terminals" was consistently observed was during ef- 
forts to culture the neurons at greater density. Thus, 
for example, blebs were observed when approximately 
160 X-organ neurons were plated within a 24 mm diame- 
ter circle formed by a wax ring in a small volume (< 
0.5 ml, compared with 2 ml). The same occurred when 
culturing in multiwell plates (Primaria). 

Effects of temperature. A series of cultures were prepared 
by standard methods, but were held at 26 ° C rather than 
the standard 22 ° C. Veilers in cultures at 26 ° C continued 
to enlarge the area of the lamellipodium during the first 
3 days (Figs. 5A~C, 6A). At this time, a major difference 
relative to cultures at the cooler temperature began to 
appear: veilers developed a markedly more branched 
morphology by extension and enlargement of a few of 
the filopodia, and withdrawal of the thin portions of 
the veil (Figs. 5 D, 6 B). 

An observation unique to the cultures held at the 
higher temperature was that veilers undergoing directed 
outgrowth, as described above, seemed to extend a pro- 
cess preferentially toward a nearby, originally veiling 
neuron, as judged by the bending of the neurite toward 
the neighbor (Fig. 6A, B). In four cases, the neurites 
formed such close contacts that they could not be re- 
solved as separate processes under phase optics. Immu- 
nostaining with anti-CHH sera confirmed the CHH re- 
activity of both neurons, as anticipated from their earlier 
veiling morphology. 

Apposition of neuronal processes was never observed 
in cultures held at the cooler temperature. In contrast, 
outgrowing processes held their trajectories even when 
in close proximity to neighbors, or showed preferential 
outgrowth away from neighboring neurons (Fig. 6 C-E). 

The pattern of outgrowth for the neuronal types other 
than veilers was not clearly different in the cultures held 
at the higher temperature. 

Altered pH and medium osmolarity. Neurons were cul- 
tured in medium that had been buffered to different 
values of pH over the range 7.0 to 7.9. We did not ob- 
serve any consistent differences in the time-course or 
morphologies of outgrowth. 

Exposure to hypo-osmotic medium produced almost 
immediate morphological changes in veilers and small 
cells, but no obvious effects in branchers. The medium, 
at 1050 mOsm, was 50 mOsm hypo-osmotic to the stan- 
dard medium; however, samples of medium removed 
from cultures after 3 days measured 1194 mOsm. The 
effect on veilers consisted of a beading or thickening 
at growth cones and the edge of veils. In addition, a 
majority (24 out of 35 photographed) of the veilers also 
developed marked pits in the "pa lm" of the veil 
(Fig. 7 A-C). These appeared within 1 rain, increased in 
number (from 2-20), and widened to diameters of up 

Fig. 5 A-D. Branching outgrowth of a veiler cultured at a higher 
temperature (26 ° C). A 10 rain after plating. B A lamellipodium 
has been produced by day 1. C Lamellipodium has enlarged by 
day 2. D Extension of processes and withdrawal of the veil has 
resulted in a branching morphology by day 6 

to 5 gm during the first 10 min, and then disappeared 
within the next 15-25 min, in the continued presence 
of the hypo-osmotic medium. In additional experiments, 
similar changes, including the appearance of pits, oc- 
curred when crab saline (1050 mOsm) replaced the stan- 
dard medium (1100 mOsm). We observed the reappear- 
ance of pits at similar locations upon return of the cul- 
tures to standard medium. The pits gradually diminished 
in number and diameter and disappeared within 30 min. 

Small cells exposed to the hypo-osmotic conditions 
showed a beading of the major processes; varicosities 
were obvious within 3 rain, were maintained during the 
exposure to hypo-osmotic medium, but disappeared rap- 
idly (within ]0 min) upon return to standard medium. 
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Fig. 6. A, B Formation of appositions between veilers at 26 ° C. 
A Two large cells plated with neurites have produced veils 
(2 neurons without neurites are also present); day 2. B At day 6, 
veils have been withdrawn, and the processes of the cells are in 
close apposition. C, D Lack of apposition between veilers at 

22 ° C. C Veiling outgrowth has begun 2 h after plating. D At 
day 2, the veil of the left neuron is adjacent to the neurite of the 
other. E At day 6, the outgrowth from the veil of the left neuron 
has grown predominantly away from the adjacent neuron (ar- 
row), as has that  of the right neuron 
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were nominally isosmotic, they were not isotonic, as 
might be expected if membrane permeability to K + is 
greater than that to Na +. The morphological changes 
had disappeared in most cells by the next day. Cells 
were followed for up to 6 days (except in 110 mM K). 
Outgrowth continued in the elevated [K]o up to 30 mM 
but was sparse, consisting of blunt extension of  preexist- 
ing growth cones or of long, thin processes. At 40 mM 
and 110 mM, growth was arrested, although cells ap- 
peared normal after 6 days in the case of  40 raM, and 
2 days (the longest period tested) in 110 mM K. One 
set of  cultures was changed back to standard medium 
after being held in 110 mM K-enriched medium for 
about 18 h. The cells in these cultures resumed normal 
outgrowth. Some of the veiling neurons exposed to a 
40-60 rain pulse of  110 mM K during the first 2 days 
appeared to withdraw material from the veil 1-2 days 
earlier than is usually seen. Neurons of  the other mor- 
phological types appeared to be unaffected by the 
changes in [K+]o . 

Some of the cultures were studied for effects of 
110 mM K in Ca-deleted saline medium. They were ex- 
amined after being in the altered medium for 18 h to 
2 days. None of the cell types showed further outgrowth 
during exposure to this medium, but neither was there 
evidence of  cell mortality or obvious physiological stress. 
Cells of branching morphology showed little change, 
whereas veiling cells exhibited a marked change in the 
appearance of the cytoplasm of  thick neurites and veils 
under phase contrast (Fig. 7 D, E). This consisted of the 
appearance of  a phase-bright reticulum and phase-dark 
granulation. Thin portions of the veil between filopodial 
extensions were withdrawn. A number of the neurons 
in cultures were returned to standard medium after 1 day 
in the altered conditions and resumed outgrowth. 

Fig. 7. A-C Immediate response to change in osmolarity. A Veiler 
in culture just prior to change; day 12. B, C 5 min and 20 min 
after a change to medium that was hypo-osmotic to the standard 
medium. Apparent openings in the central domain of the veil begin 
to appear within i min. There are fewer by 20 min, and appear 
as pits in the Hoffman-modulation contrast image. Pits disappear 
by 30 min. They reappear transiently on a return to standard medi- 
um. D, E Effect on a veiling neuron of 10 x [K+]o~nominally 0 
[CaZ+]o. D Neuron before change to altered medium on day 1; 
E after 48 h in 110 mM K-Ca-deleted saline medium. Note the 
dark reticulated lines in the cytoplasm 

Altered medium K concentration. A series of  cultures were 
established in standard medium and were then moved 
on day 1 to K-enriched media (20, 25, 30, 40 and 
110 mM K, standard = 11 raM). In veilers, there was an 
immediate (within 2-30 rain) beading or rounding up 
of a few of  the growth cones and portions of  the edge 
of  the veil. Varicosities formed on some small cells. The 
similarity of this response to that observed following 
exposure to osmotically changed conditions as just de- 
scribed suggests that, although these K-enriched media 

Outgrowth in media having altered Ca concentrations. We 
examined cultures placed in medium containing different 
concentrations of  [Ca2+]o from nominally 0 to 26 mM 
(2x normal), and compared outgrowth in a sample of  
neurons. Outgrowth of  all forms occurred in all of  the 
[Ca]o tested. 

Fig. 8 shows examples of  outgrowth of both the 
branching (Fig. 8 A-F)  and veiling types (Fig. 8 G) from 
an experimental series in which the neurons were allowed 
to settle in the dishes in the nominally Ca-free, Mg-free 
dissociation medium, and then flooded with Ca-deleted 
saline medium (see Methods) or medium having the rele- 
vant Ca 2+ concentration to be tested. A cell cultured 
in saline medium with the standard Ca 2 ÷ concentration 
(13 mM) is shown in Fig. 3 B. The pattern and rate of  
outgrowth may be compared with that in standard medi- 
um shown in Fig. 2 C (some of  the differences are attrib- 
utable to the longer initial neurite present in the neuron 
of  Fig. 2C). 

In order to quantitate the outgrowth in altered 
[Ca2+]o, an average of  14 cells in each dish were photo- 
graphed shortly after plating (selection was made for 
proximity to features that assisted reidentification). The 
cells were then rephotographed daily. Estimates of the 
area covered (" perimeter area")  were made by digitizing 
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Fig. 8A-G. Outgrowth in calcium-deleted saline medium. A-E A after plating. B 18 h in culture. C Day 2. D Day 4. E Day 7. F 
large brancher shows outgrowth continuing for 7 days. A 30 rain Small cell type; day 2. G Veiler; day 2 
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Fig. 9. Outgrowth of veilers (top) and branchers (bottom) in various 
[Ca 2 +]o. Bars at the indicated [Ca 2 +]o (placed on a log scale) give 
the percent increase in cell outline area at day 1 (dark portion) 
and day 2 relative to area at plating (averages of 3-12 neurons, 
lines indicate standard error). Cultures were changed to the indicat- 
ed [Ca a +]o within 2 h of plating (~ 0 Ca Ca-deleted saline medium, 
as in Fig. 8 ; no observation for branchers in ~ 0 Ca on day 2) 

the outlines of the cells from the photographs. An analy- 
sis of variance (univaried) of the perimeter areas at plat- 
ing showed a normal distribution, whereas a two-way 
analysis of variance showed that the change in out- 
growth with time in culture was highly significant ( P <  
0.0001). However, the effect of [Ca2+]o on outgrowth 
was not statistically significant (P<0.08) for either the 
veilers or the branchers. 

Fig. 9 plots the data from this experiment normalized 
by calculating the percentage increase in perimeter area 
relative to the area of the neuron and its neurite at plat- 
ing (the bars are placed on an approximately logarithmic 
scale for [Ca2+]o). The plot for veiling neurons (top) 
shows that there was little effect of the changed [Ca 2 +]o 
on the outgrowth during the first day, most of the differ- 
ences in the presence of different [Ca 2+ ]o becoming obvi- 
ous during the second day in culture. The plot suggests 
a dose-dependence of outgrowth on [Ca2+]o, showing 
a bell-shaped curve relating the increase in area after 
day 2 to [Ca2+]o with a maximum at 5 mM; however, 
the analysis of variance fails to demonstrate statistical 
significance (P<0.07) .  It is noteworthy that the out- 
growth of veilers in the low Ca 2 ÷ concentration almost 
ceased after 24 h. It was also very limited during the 
second day at the highest [Ca 2 +]o. 

Fig. 9, bottom, presents the normalized data for the 
branchers photographed in this same experimental se- 
ries. The generally smaller increase in perimeter area 

attributable to the outgrowth of branchers relative to 
veilers is apparent, but there was no clear effect of the 
changes of [Ca2+]o at days 1 or 2. 

Neuronal perimeter areas were estimated for veilers 
in a series of cultures exposed immediately after plating 
to the same series of [Ca2+]o in the same manner as 
those just discussed, but cultured at 26 ° C, rather than 
the standard 22 ° C (data not shown). Although differ- 
ences between the groups held in different [Ca2÷]o were 
not statistically significant, the suggestion of an opti- 
mum for outgrowth at 5 mM [Ca2+]o was again seen. 
Outgrowth on the second day in Ca-deleted saline medi- 
um was minimal. At the highest [Ca2÷]o, withdrawal 
was observable after the second day. 

In another series of experiments, neurons were held 
under standard conditions for the first 18 h and medium 
then changed to one of the series of [Ca2+]o to be tested. 
The lowest [Ca]o tested in this experimental series was 
obtained in an EGTA-buffered medium that gave a 
Ca 2÷ concentration calculated to be 0.1-0.3 ~tM. An 
analysis of variance revealed no significant differences 
in the normalized outgrowth during the 24 h after chang- 
ing the cultures to one of the series of different [Ca2+]o 
(data not shown). It is noteworthy that outgrowth was 
not depressed in the EGTA-Ca medium. 

In additional experiments, neurons were tested for 
their tolerance of still lower levels of [Ca 2 +]o by placing 
them in Ca-deleted saline medium buffered with 0.5 mM 
EGTA. Neurons, whether freshly plated or showing out- 
growth after one or more days in culture, disintegrated 
within 30 min when exposed to this medium. 

In summary, these peptidergic neurons survive and 
grow in their recognizable forms under a wide range 
of [Ca2+]o. 

Discussion 

In this report, we have shown that regenerative out- 
growth of mature crustacean peptidergic neurons having 
several distinct morphologies occurs in unconditioned 
dishes and simple defined media. We have studied the 
effects of changes in defined culturing conditions, includ- 
ing substantial changes of [K+]o and [Ca2+]o, on the 
outgrowth and morphology of this heterogeneous group 
of neurosecretory neurons. The somewhat arbitrarily 
chosen " s t anda rd"  conditions prove to be those under 
which the most distinct differences in morphology are 
observed. The most remarkable finding of this study is 
that all of the major morphological types of neurons 
show great robustness in their survival and ability to 
continue to regenerate, and that each type remains clear- 
ly distinguishable under widely varied conditions. 

Outgrowth from the isolated crab  X-organ neurons 
in cultures is immediate and extensive. This growth of 
neurons in culture when plated at low density in the 
absence of conditioning or regulatory factors appears 
to be exceptional. It may be significant that another 
exceptional system is also peptidergic, viz., the bag cells 
of Aplysia (Forscher et al. 1987). The veiling neurons 
in the X-organ cultures, the neuron types reliably show- 
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ing immunoreactivity for CHH, often double their mem- 
brane area during the first day and triple it within 2 days, 
under standard conditions. Outgrowth usually ceases 
within a week in medium having a full complement of 
amino acids, vitamins, and trace elements. Growth oc- 
curs even in crab saline, but ceases within 2 days; if 
glucose and L-glutamine are added to the saline, growth 
continues for 5 days. We have recently found a way of 
conditioning the medium that results in not just leng- 
thened survival but in outgrowth that continues for sev- 
eral weeks (S. Grau and I. Cooke, unpublished). The 
extremely small amount of material needed suggests that 
the halt in outgrowth in defined medium is not the result 
of a lack of necessary nutrients, but represents the atten- 
uation of a regulatory signal received before or at the 
time the neurons were dissociated. 

Of the three common neuronal types in the defined 
X-organ cultures, the lamellipodia of veiling neurons dis- 
play the most obvious responses to the altered condi- 
tions. Electron micrographs show the cytoplasm to be 
packed with neurosecretory granules with interspersed 
microtubules (see Fig. 1 F in Cooke et al. 1989). The im- 
mediate appearance and later disappearance of pits in 
veils on exposure to osmotic changes, and the formation 
of terminal blebs in crowded cultures or on altered sub- 
strates suggest a minimal or dynamic cytoskeletal struc- 
ture. 

Although controversy exists regarding the role of ele- 
vated [Ca2+]~ at the growth cone (discussed below), it 
appears well accepted that neurite stabilization requires 
low [Ca2+]~. We suggest that differences in the out- 
growth morphology between the branching and veiling 
neurons, and the greater sensitivity of the veilers to al- 
tered ionic conditions, may have some relationship to 
the presence of prominent Ca currents in veiling neurons 
(Meyers et al. 1992), and particularly their growth cones 
(Meyers and Cooke 1991). In contrast, Ca currents are 
undetectable in the somata of small branching neurons 
and small cells (Meyers et al. 1992). The paucity of Ca- 
channels in branchers would limit the fluctuation of 
[C a2+]i under altered culturing conditions. 

The effect of culturing veilers at the higher tempera- 
ture is the appearance of a more organized structure 
within the veil, accompanied by more directed out- 
growth. Because transport along microtubules involves 
a calmodulin-activated Ca-Mg-dependent ATPase (Ochs 
et al. 1986), the increased temperature would be expected 
to result in accelerated transport of Ca-sequestering ma- 
terials (Aletta and Greene 1988; Dailey and Bridgman 
1989) and microtubule-associated porteins that aid in 
stabilizing neurite structure (Mateus 1988). Temperature 
will also have direct effects on the polymerization dy- 
namics of cytoskeletal elements, such as tubulin and ac- 
tin (Lankford and Letourneau 1989). 

It is noteworthy that the more directed outgrowth 
of veilers leads to the formation of appositions only at 
the higher temperature, and that these appositions have 
been observed only between the CHH-containing type 
of neuron. A number of examples of the formation of 
specific synapses between neurons in culture are now 
available (O'Lague et al. 1974; Dagan and Levitan 1981 ; 

Kleinfeld etal. 1990; Nicholls et al. 1990; Syed et al. 
1990). 

The relative lack of a sustained effect of increased 
[K+]o on our cultures must be evaluated in the light 
of the variety of effects that have been reported in cul- 
tures following the elevation of [K+]o. These include 
increased survival and outgrowth of neurons (Nishi and 
Berg 1981; Gallo et al. 1987; Hockberger et al. 1987), 
the inhibition of neurite formation (Kostenko et al. 
1982; Sussdorf and Campenot 1986), or withdrawal 
(Campenot 1986). In our cultures, as long a period as 
2 days in 110 mM (10x-normal) [K+]o produced little 
effect; although outgrowth ceased, the cells survived, 
and some were able to resume outgrowth following their 
return to standard medium. 

We have examined the effects of altered regimes of 
[Ca2+]o because there are interesting but conflicting ob- 
servations regarding the role of Ca 2+ in determining 
the outgrowth and morphology of neurons in culture. 
Many studies have provided evidence for the crucial role 
of [CaZ+]i in governing growth cone elongation, stasis 
or retraction, motility of filopodia and the conversion 
of the growth cone to a stable neurite (e.g., Kostenko 
et al. 1983; Connor 1986; Cohan etal. 1987; Mattson 
et al. 1988; Goldberg 1988; Lankford and Letourneau 
1989; Silver et al. 1989). The proposal that growth cone 
behavior is regulated by changes of [Ca2+]i from an 
optimal 'set point' (cell-type specific differences in Ca 
homeostasis being present), with [Ca2+]i at advancing 
growth cones generally being higher than in the neurite 
(for reviews, see Mills and Kater 1990; Kater and Mills 
1991), cannot be too widely generalized. Whereas Ca ~+ 
entry has been observed in processes of some types of 
neurons in culture (e.g., Grinwald and Farber 1981; 
Anglister etal. 1982; Connor etal. 1987; Lipscombe 
et al. 1988), examples are also available in which out- 
growth occurs (1) in the apparent absence of an obvious 
Ca current recordable at the growth cone (Balardetti 
et al. 1986); (2) in the absence of [Ca]o except at the 
soma (Campenot and Dracker 1989); (3) with [Ca2+]i 
at the growth cone being no higher than that in the 
neurite (Ross et al. 1987, 1988; Silver et al. 1990); and 
(4) in the absence of any fluctuations of [Ca2+]i (Tol- 
kovsky et al. 1990). A change from outgrowth to arrest 
has also been reported as occurring with no change of 
[Ca2+]i (Ivins etal. 1991). The relationship between 
[ Ca2 +]i and growth cone behavior may therefore differ 
depending on the preparation studied. 

The suggestively bell-shaped relationship between 
membrane addition and [Ca2+]i that is observed for 
veilers is consistent with suggestions (Mills and Kater 
1990) that outgrowth requires an optimum level of 
[Ca 2+]o. The appearance of such a relationship was only 
seen when the neurons were cultured in altered [Ca2+]o 
during the first day. The level of [Ca2+]o affected 
branchers little, if at all. The modest effects of changes 
of [Ca]o may reflect a limited effect of these changes 
on [Ca2+]~. There is increasing evidence from Ca-indi- 
cator studies for a surprising resistance of [Ca2÷]~ to 
sustained perturbation (for a review, see Perry and 
McNaughton 1991). 
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We have previously suggested (Cooke et al. 1989) that 
the immediate outgrowth from peptidergic neurons re- 
sults from exocytotic addition of  pre-existing neurosec- 
retory granule membrane. Exocytosis has also been pro- 
posed as the means of  membrane addition to veils in 
molluscan neurons (Goldberg 1988). As would be pre- 
dicted by this hypothesis, addition of cadmium to the 
culture medium halts outgrowth (Cooke etal.  1989; 
Suarez-Isla et al. 1984). Cadmium has been shown to 
block K-evoked secretion from X-organ-sinus gland sys- 
tems (Stuenkel 1985) and to inhibit Ca current in cul- 
tured veiling neurons (Meyers et al. 1992). Thus, we were 
at first surprised to find that veiling neurons could pro- 
duce robust veils in Ca-deleted saline medium or medi- 
um buffered to a Ca 2+ concentration of  0.3 gM with 
EGTA. However, in considering growth, the rate of 
spontaneous exocytosis, analogous to spontaneous min- 
iature end-plate potentials (minepps, Fatt and Katz 
1952), is possibly of  more relevance than Ca-dependent 
evoked secretion. The rate of minepps (approximately 
l/s) is insensitive to [Ca 2 +]o, even when buffered to less 
than 10 -8 M with E G T A  (Miledi and Thies 1971). 
Spontaneous release of  acetylcholine from growth cones 
has been detected (Hume et al. 1991; Young and Poo 
1991). Exocytosis of  one 120 nm-diameter granule per 
s would provide over 7000 gm 2 of  additional membrane 
in 48 h. This is more than is required to account for 
the observed outgrowth of  yellers, assuming that little 
reuptake of  membrane occurs. Thus, continued growth 
in low [Ca2+]o is not inconsistent with our original hy- 
pothesis. Further, there is evidence that spontaneous se- 
cretion of CHH, the hormone associated with the veiling 
neurons, is not blocked in Ca-deleted saline (Stuenkel 
1985). A more definitive test of  our proposal would be 
to use an appropriate marker of  the granule membrane 
and to seek evidence for its appearance at the growth 
cone during active outgrowth. 

The importance of the work reported here, in addi- 
tion to establishing that mature crustacean neurons can 
be routinely cultured in a simple defined medium, is 
that it provides a stable baseline of morphological obser- 
vations on several distinct types of neurons, and that 
it shows that the different patterns of  outgrowth are 
not highly dependent on the culturing conditions. This 
permits the exploration of  other characteristics of  the 
neurons that are correlated with their morphology,  such 
as their electrophysiological characteristics (Meyers 
et al. 1992), with some confidence that artifacts of cul- 
turing are minimal. We hope to use this system to ex- 
plore further the effects of  experimental manipulations 
that may reveal mechanisms governing neuronal out- 
growth and morphology. 
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