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Endogenously Inhibited Protein Kinase C in Transgenic 
Drosophila Embryonic Neuroblasts Down Regulates the 
Outgrbwth of Type I and I I  Processes of Cultured 
Mature Neurons 
S.J. Broughton, N.S. Kane, B. Arthur, M. Yoder, R.J. Greenspan, and A. Robichon 
Department of Biology and Center for Neural Science, 1009 Main Building, New York University, 
New York, New York 10003 

Abstract Embryonic neurons were cultured from transgenic Drosophila rnelanogaster expressing a highly specific 
pseudosubstrate inhibitor of protein kinase C (PKC). Flies homozygous for this transgene, which is  under the control of 
the yeast UAS promoter, were crossed to flies homozygous for the yeast heat shock inducible transcription factor GAL 4. 
Following heat shock, the progeny express the pseudosubstrate inhibitor at high levels. This strategy, which has the 
advantage of avoiding the non-specific effects of drugs, was used to study the role of PKC in process growth of cultured, 
differentiating neuroblasts. An external gold particle labeling procedure using a cell surface antigen expressed by mature 
neurons and processes was used to visualize neuronal processes directly in the scanning electron microscope. We 
observed that cell cultures expressing a low concentration of the pseudosubstrate inhibitor showed a significant 
decrease in the number of type I and I1 processes as compared to control cultures, while the proportions of neuroblasts, 
ganglion mother cells (GMCs), and mature neurons in the clusters were little affected. 
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INTRODUCTION 

Protein kinase C (PKC) is a member of the 
serinel threonine family of kinases and appears 
to be involved in a large number of biological 
functions, including cell growth and prolifera- 
tion [Nishizuka, 19881, activation or inactiva- 
tion of channels [Swartz, 19931, and in long- 
term potentiation observed in the hippocampus 
[for review, see Bourne and Nicoll, 19931. Fur- 
thermore, PKC isoenzymes have been exten- 
sively characterized biochemically [House and 
Kemp, 1987, for review see Ogita et al., 1991, 
Pearson and Kemp, 19911 and constitute one of 
the most ubiquitous second messenger mecha- 
nisms in the cell [Berridge, 19931. The fruit fly, 
Drosophila melanogaster, has far fewer PKC 
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isoforms than mammals, but the three fly PKC 
genes bear significant (60%) homology to mam- 
malian PKC genes [Shaeffer et al., 19891. To 
begin to dissect the multiple functional roles of 
PKC, we sought to set up a system in which 
PKC could be inhibited endogenously using mo- 
lecular engineering techniques. 

One of the mechanisms in which PKC has 
been implicated is neurite extension by develop- 
ing and regenerating cultured vertebrate neu- 
rons [Bixby, 19891, studied by the use of pharma- 
cological inhibitors and activators. In vivo studies 
of Drosophila larvae have shown two types of 
neuronal processes. Type I processes have large 
buttons with few branches, and type I1 pro- 
cesses are thinner, more branched, and beaded 
[Littleton et al., 19931. The beads express synap- 
totagmin in vivo on the muscle of third instar 
larvae, suggesting that they are functional or 
maturing synapses. Cultured neurons from early 
Drosophila embryos display the same range of 
process morphology as well as the normal pro- 
gression of differentiation from neuroblast to 
ganglion mother cell (GMC) to neuron [Prokop 
and Technau, 19911. 

C 1996 Wiley-Liss, Inc. 
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Here, we report the results of a morphological 
comparison using scanning electron microscopy 
of neuronal cultures from embryos with normal, 
inhibited, or defective PKC activity. The tech- 
nique we used allows for the attachment of 
myoblasts and neuroblasts to the surface of 
plastic Petri dishes. Under such conditions, these 
precursor cells undergo maturation and divi- 
sion, providing an excellent model for studying 
the process of neuronal differentiation. We have 
developed a technique to label processes and 
mature neurons externally using an anti-HRP 
(horseradish peroxidase) antibody, which recog- 
nizes a specific neuronal surface marker [Jan 
and Jan, 19821, and a second antibody attached 
to gold particles which can be visualized directly 
in the scanning electron microscope (SEMI. 

Transgenes encoding specific inhibitory pep- 
tides are an effective approach for studying ki- 
nase functions in vivo [Griffith et al., 1993, 
Wanget al., 19941. In this study, transgenic flies 
express a pseudosubstrate inhibitor of PKC de- 
rived from fly eye PKC, the amino acid sequence 
of which is MKNRLRKGAMKRKGLEM [Shaef- 
fer et al., 19891. The inactive form of a number 
of different kinases results from the presence of 
an autoinhibitory domain that occupies the cata- 
lytic site. For PKC, this autoinhibitory domain, 
which has a high affinity for the catalytic site, 
constitutes the pseudosubstrate with a glycine 
or alanine (nonphosphorylable) instead of the 
usual serine or threonine [Kemp et al., 1991, for 
review]. Using such a pseudosubstrate inhibitor 
that is endogenously synthesized in neurons 
and which has a high affinity and specificity for 
PKC, we have circumvented the major problems 
associated with drugs (PKC activators or inhibi- 
tors) over a long period of time. Such problems 
include the disappearance of several subspecies 
of PKC following treatment with TPA, which 
initiates their degradation and sustained disap- 
pearance from the cell [Nishizuka et al., 19881; 
the down-regulation of PKC, which complicates 
the interpretation of any long-term effects such 
as those on the morphology of processes over a 
24- or 48-h period; and the competition of PKC 
inhibitors such as H7 and staurosporine with 
ATP for the catalytic site, raising questions about 
specificity and their possible interference with 
other ATP-ase molecules over a long period 
[Suidan et al., 19921. Another major uncertainty 
in using drugs is the possibility of these ampho- 
teric molecules becoming “trapped” in the lipid 
bilayer when they pass through the cell mem- 

brane, changing the dynamics of process growth 
by artifactually modifying membrane fluidity. 
Finally, in the system reported here, we ob- 
served that the reduction of PKC activity is time 
dependent after heat shock. 

MATERIALS AND METHODS 
Assay for PKC Activity 

Protein kinase C was assayed by measuring 
the quantity of 32Pi incorporated into a PKC- 
specific peptide substrate, as has been described 
elsewhere [Ogita et al., 19911. The substrate 
VRKRTLRRL (Sigma) was used at  a concentra- 
tion of 10 pM. The typical reaction mixture 
contained aliquots of [32Pl-ATP (5,000 cpml 
pmol), reaction buffer composed of 10 mM MgC1, 
20 mM Tris HC1,2 mM CaC12, 50 pM ATP, and 
10 p1 of enzyme extract in 20 mM Tris HCl, 2 
mM EGTA, 1 mM EDTA, 50 FM b-mercaptoeth- 
anol, 1 pg/ml phenylmethyl sulfonyl-fluoride 
(PMSF), leupeptin, and aprotinin 1 pg/ml. Dia- 
cylglycerol (DAG) and phosphatidylserine (PSI 
were added to specifically activate PKC at the 
respective concentrations 0.8 pglml and 8 pg1 
ml. DAG and PS were prepared by combining 50 
p1 of DAG in chloroform and 50 p1 of PS and 
blowing air over the mixture to evaporate most 
of the chloroform. The partially dried mixture 
was then sonicated for 5 min in 500 p1 of reac- 
tion buffer. After a specified period of incubation 
at 30°C (usually 10 min), tubes were put on ice 
and the reaction was stopped by adding 10 p1 of 
glacial acetic acid. Aliquots of 50 pl were spotted 
on 3 cm x 3 cm square pieces of cation ex- 
changer, P81 chromatography paper. This 
method makes use of the ability of basic peptides 
to bind via ionic interaction with phosphocellu- 
lose. The spotted papers were washed in phos- 
phoric acid solution (5 ml in 1 L) 3 times for 5 
min, dried, and the radioactivity counted in scin- 
tillation liquid. CaM kinase activity and CAMP- 
dependent kinase were assayed with specific pep- 
tides, KKRQET [a gift from L. Griffith, Hanson 
et al., 19891 and KKRASGP [Drain et al., 19911 
(Sigma) respectively. 

For CaM kinase, head extracts were prepared 
by homogenization in 25 mM Tris, pH 7.5, 1 mM 
EGTA, 50 pM 2-mercaptoethanol, 0.1% Triton 
X-100, 1 pg/ml phenylsulfonylfuoride, 1 pg/ml 
leupeptin, and centrifuged at 100,OOOg for 10 
min. For PKC, head extracts were typically ho- 
mogenized in extraction buffer (20 mM Tris pH 
7.5,l mM EDTA and 50 mM P-mercaptoetha- 
nol). The homogenate was then centrifuged for 
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a few minutes at 10,000 rpm using a Beckman 
centrifuge and the pellet resuspended in EGTA 
extraction buffer (20 mM Tris pH 7.6, 5 mM 
EGTA) on ice for 1 h. The suspension was then 
centrifuged at 40,000 rpm for 30 min. The result- 
ing supernatant was enriched in PKC because 
this enzyme is normally attached to membranes 
but is released as a soluble protein when calcium 
ions are removed. 

Extraction of the Pseudosubstrate Inhibitor From 
Adult Flies or Third lnstar larvae 

Flies or larvae were ground in 6 M gua- 
nidinium chloride using a glass Poter. After 
centrifugation, the extract was passed through a 
Sepak column, washed with 1% TFA, and then 
the peptide was released with 60% acetonitrile, 
1% TFA. The eluates were dried up, solubilised 
in 1% BSA in PBS, and cross-linked with 0.1% 
glutaraldehyde for 10 min. Then, this material 
was spotted on nitrocellulose using a vacuum 
chamber. For the standards, different known 
concentrations of peptides in 6 M guanidium 
chloride were treated in the same way. The 
staining was performed using an antibody 
against the peptide (gift from Denise Malicke, 
Zuker Lab) and a second antibody coupled to 
alkaline phosphatase (substrate BCIP/NBT tab- 
lets, Sigma). 

lmmunoprecipitation of ACh Receptor and 
PKC Molecule 

The reactions were carried out according to 
the Maniatis manual [Sambrook et al., 19891. 
Briefly, flies were set on ice for 30 min, and then 
the heads cut off and ground in 250 mM sucrose, 
20 mM Tris HC1, pH 7.4, PMSF, 1 kg/ml, apro- 
tinin, and leupeptinin 1 kg/ml. After centrifuga- 
tion for 5 min at 10,000 rpm, the supernatant 
was discarded and the pellet was solubilized in 
Triton X-100 at a final concentration of 1% in 
the above buffer at  4°C. After brief centrifuga- 
tion, the supernatant was removed and comple- 
mented with a second buffer, 150 mM NaC1,20 
mM Tris HC1 pH 7.4, l  mM EDTA, and 1 kg/ml 
PMSF, with a final concentration of Triton X-100 
of 0.1%. Overnight, 5 r~.l of the antibody anti- 
AChR (nicotinic) [Lindstrom and Tsardos, 19811 
was added at 4°C. Then, a second incubation 
with Sepharose beads (Sigma) attached to pro- 
tein A was performed with a slight rocking mo- 
tion for 1 h at room temperature. After brief 
centrifugation the pellet was washed twice in 
the second buffer. Then the pellet was boiled for 

1 min in loading buffer and run on an electropho- 
retic gel. For in vivo phosphorylation of Ach-R 
by PKC, flies were fed with inorganic 32P in 
sucrose for 48 h. The flies were kept in sealed 
vials into which radioactivity was injected using 
a syringe through the caps, and flies were subse- 
quently killed by freezing at - 70°C. Membranes 
were isolated from entire flies [Choi et al., 19911, 
and treated as described above. 

Neuronal Cell Culture 

This method was based on P.M. Salvaterra 
[ 19871 with substantial modifications. 

Egg collection and aging. The different fly 
genotypes were maintained in plastic bottles 
capped with yeast paste covered Petri plates, at 
25°C in the dark. Eggs were collected on yeast 
for 1 or 2 h, depending on the critical timing of 
the experiments. The eggs were allowed to age 
undisturbed on the plates for 6-7 h at 25°C to 
make sure that the embryos had proceeded to  
the early gastrula stage. Embryos were then 
washed onto a nylon mesh with distilled water. 

Extract of embryos in culture. One hun- 
dred embryos for each culture were dechorion- 
ated by immersion for 1 min in a 1:l solution of 
95% ethanol and commercial Clorox bleach. Cells 
were mechanically dissociated in Schneider’s me- 
dium using a Dounce homogenizer. The mate- 
rial was then centrifuged at  2000 rpm for 2 min, 
the supernatant discarded and the cells resus- 
pended in same medium with gentle pipetting. 
This material was seeded in Primaria (Fisher) 
Petri dishes in 2 ml Schneider’s medium comple- 
mented with heat-treated calf bovine serum (fi- 
nal concentration 17%), and the plates were 
kept at 25°C and 60% humidity for 24 h. Stan- 
darization of the cell culture system in the light 
microscope prior to  the analysis of the various 
genotypes in the SEM: This standardization was 
initially performed using w* control cultures. 
The number of myotubes was used as an inter- 
nal control of each culture. Cell cultures were 
retained for further analysis when the density of 
cell clusters per dish was approximately the 
same as that which in control cultures produced 
the standardized outgrowth of processes. This is 
an important control because such an effect of 
cell cluster density on outgrowth of processes is 
possibly due to the secretion of diffusible factors 
by the neurons or myotubes. This analysis in 
the light microscope, which was carried out af- 
ter fixation in glutaraldehyde and alcohol treat- 
ment, was of sufficient resolution to quantify 
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myotubes and neuronal cell clusters. However, 
it is not appropriate for quantifying type I and I1 
processes which require the higher resolution of 
the electron microscope. Therefore, the pres- 
ence myotubes and the number of cell clusters 
per culture dish was a constant for each culture 
that was further analysed in the SEM. 

Scanning Electron Microscopy 

Cells on plates were incubated with 3% glutar- 
aldehyde in PBS for 2 h, then dehydrated in an 
ethanol series (from 30% to 100%) for 10 min at 
each 10% increase in concentration. The speci- 
mens were dried by GO2 critical point drying and 
coated with carbon and goldlpaladium. For the 
external labeling, cells were incubated in 
Schneider’s medium and bovine serum with the 
primary antibody rabbit anti-HRP (Cappel, PA) 
for 4 h, then washed twice and incubated with a 
gold particle labeled anti-rabbit secondary anti- 
body, which were enhanced by silver for a few 
minutes (Amersham kit RPN 470 and RPN 
490). After 2 washings the cells were fixed with 
3% glutaraldehyde in PBS and the drying steps 
were carried out as described above. The exter- 
nally labeled specimens were coated with carbon 
only. Furthermore, prior to EM analysis, the 
cell density of the fixed specimens can be re- 
checked in the light microscope. Clusters appear 
as brown spots and myotubes as clear elongated 
cells. 

Morphological and Statistical Analysis of Each 
Genotype in the Electron Microscope 

Again, this analysis was initially standardized 
in control cultures, when it was determined that 
the quantification of 5 cell clusters per culture 
dish was sufficient to obtain representative aver- 
ages for each culture dish. Three culture dishes 
were analysed for each genotype, so that a total 
of 15 cell clusters were quantified per genotype. 
Data for each genotype were tested for normal 
distribution using a Shapiro-Wilk W test. Statis- 
tical analysis using Dunnett’s method (P < 0.05) 
was performed to compare each genotype to the 
wz control. 

P-Element Transformations 

The UAS-PKC inhibitor P-element transgene 
(UAS-PKCi) was constructed by subcloning the 
PKC inhibitor sequence into the pUAST vector 
[Brand and Perrimon, 19931. The correspond- 
ing PKC inhibitor amino-acid sequence is 

MKNRLRKGAMKRKGLEM which is the pseu- 
dosubstrate of fly eye PKC [Shaeffer et al., 19911. 
Transgenic lines were generated by microinjec- 
tion of plasmid DNA at a concentration of 500 
pglml into w; +I+; PP2-31 S b  e lTm6  UBX e 
strain embryos using standard procedures [Spra- 
dling, 19861. Two transformed lines, 2A and 4A, 
were used. 

Fly Culture and Maintenance 

Flies were grown on standard cornmeal-molas- 
ses-agar medium at 25°C in a humidified incuba- 
tor. The chromosome bearing the insert (UAS- 
PKCi) was determined for each transformant 
line using dominantly marked balancer chromo- 
somes, which simultaneously allowed us to ob- 
tain single insert homozygous lines. Two trans- 
formed lines, 4A or 2A, both carrying the insert 
on the 3rd chromosome were used in each assay. 
Assays were performed using the progeny of the 
cross between males homozygous for UAS-PKCi 
and virgin females homozygous for hspGAL4 
[Brand and Perrimon, 19931. All the progeny 
were, therefore, heterozygous for both UAS- 
PKCi and hspGAL4, and their genotype may be 
written UAS-PKCilhspGAL4 (which is referred 
to  in the text as PKCilGAL.4). Heat-shocking 
these double heterozygous flies at 37°C stimu- 
lates synthesis of GAL4, which in turn binds to 
the UAS sequence resulting in increased produc- 
tion of the pseudosubstrate inhibitor, PKCi. 

Drosophila Stocks 

w; PL-2-31Sb eITM6 Ubx e. [-2-31 is a modified 
P element producing transposase, marked with 
Stubble and ebony in a white eyed background. 

FM7a [Lindsley and Zimm, 19921. 
w; CyolGla [Lindsley and Zimm, 19921. 
w; y + T M 3  SerlSb [Lindsley and Zimm, 19921. 
wz-White eyed Canton S strain-control, same 

genetic background as transformed strains. 
P[w +, hspGAL4-GAL4 protein coding se- 

quence under control of heat-shock promoter 
hsp-70. Homozygous on third chromosome. This 
strain is the generous gift of Dr. Andrea Brand 
(Wellcomel CRC Institute, Cambridge, England). 

The turnip strains were the generous gift of 
Dr. Tim Tully (Cold Spring Harbor Laboratory, 
Cold Spring Harbor, NY). 

The series of PKC substrate peptides (deriva- 
tives) were a generous gift from Dr. Bruce Kemp 
(U. Southern Alabama). 
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PKCi DNA, peptide, and anti-peptide antibod- 
ies were the generous gifts of Drs. Dean Smith, 
Deborah Malicke, and Charles Zuker (UCSD, La 
Jolla, CAI. 

Anti-AChR monoclonal antibody MAb 35 
[Lindstrom and Tsardos, 19811 was a gift from 
Dr. Darwin Berg (UCSD, La Jolla, CA). 

RESULTS 
Comparative Inhibitory ICs0 of the PKC 

Pseudosubstrate Inhibitor for CAMP Kinase, 
Ca++/Calmodulin Dependent Protein Kinase II 

(CaM Kinase) and PKC 

Since little enzymology on fly PKC has been 
studied, we analyzed the sequence requirement 
for fly PKC substrates. PKC displays low rates 
of phosphorylation for peptides with dibasic resi- 
dues at the N terminal of the phospho-serine. 
However, the inclusion of C terminal dibasic 
residues increases the apparent affinity to 3 pM 
(Table I). 

Data plotted in Figure 1A-C shows the com- 
parative efficiency of the pseudosubstrate inhibi- 
tor to inhibit different kinases. CAMP kinase 
shows no affinity (> 1 mM). The ICs0 for CaM 
kinase is 80 pM, and for PKC is 0.4 pM. These 
numbers provide evidence for the high specific- 
ity of the pseudosubstrate inhibitor for PKC and 
its slight interference with other competing ki- 
nases. We also performed an immunoprecipita- 
tion of CaM kinase (Fig. 1D) after heat shock to 
show the in vivo specificity of the inhibition. No 
differences in the labelling of the two species (55 
and 60 kDa) constituting the enzyme are notice- 
able between the wz control and the PKCi4Ai 

TABLE I. Measure of Relative Km for a Series 
of Derivatives from the Original Peptide 

G-G-R-L-A-R-A-L-S-V-A-A-G Abbreviated to 
R3-R6-S9 * 

Peptide derivative 

R3-R6-R7-S9 
R3-R6-S9 
R5-R6-S9 
R3-R5-R7-S9 
R5-R6-S9-R12 
R5-R6-Sg-Rll-R12 
R6-S9-R12 
R3-R6-R7-S9-Rll-R12 

Relative Km (kM) 

40 
> 100 
> 100 
> 100 

20 
5 

20 
3 

*The derivatives are R substituted hy A or vice versa. The 
relative Km’s were determined with head extracts from wz 
using approximately the concentration corresponding to half 
of the Vmax. 

GAL4 genotype. In addition, the 60 kDa species 
disappears in hsp-ala2 flies (which express an 
inhibitory peptide of CaM kinase) following heat 
shock. 

In vivo Expression of Pseudosubstrate Inhibitor 

Flies homozygous for a transgene encoding the 
pseudosubstrate inhibitor, MKNRLRKGAMKRK- 
GLEM, under the control of the yeast UAS 
(Upstream Activating Sequence) promoter were 
crossed to flies homozygous for the yeast heat 
shock inducible transcriptional factor GAL4. Fol- 
lowing heat shock, the progeny of such a cross 
(PKCiIGAL4) express the inhibitor at high lev- 
els. After a standard heat shock, PKCi4AIGAL4 
flies were allowed to recover for different lengths 
of time before the pseudosubstrate inhibitor 
was extracted and analyzed (Fig. 2). Using a 
rabbit polyclonal antiserum against the peptide, 
we were able to detect the synthesis of the 
peptide after cross-linking to BSA in a Western 
dot blot. Densitometric comparison of a defined 
quantity of peptide, treated in the same condi- 
tions to assess recovery, gave concentrations 
which spiked around 10 p M  at 4 h (Fig. 2A). 
Furthermore, without heat shock the embryos 
gave a concentration of about 2 pM, suggesting 
that a low level of GAL4 (heat shock promotors 
are known to be leaky) may trigger active pep- 
tide synthesis. Although it is difficult to assess 
accurately the peptide concentrations, we have 
been able to rule out a possible interference with 
other major kinases due to the fact that the Ki’s 
show large differences in affinity (Fig. 1). 

PKC activities of head extracts, before and 
after heat shock for PKCi4AIGAL4 and wz, were 
measured (data not shown). A 20% decrease in 
PKC activity was obtained for PKC inhibited 
flies, and a slight increase of 10% for the equiva- 
lent wild type, wz. We also performed the assay 
for CAMP dependent kinase and Ca2+/calmodu- 
lin dependent kinase (CaM kinase). No differ- 
ences were seen after heat shock for both the wz 
control and PKCi4AIGAL4. The dilution of the 
peptide (affinity 0.5 pM) plus the competition of 
the peptide substrate used in the assay may 
explain these inconclusive results. Due to these 
limitations, we performed immunoprecipitation 
of putative targets in vivo (namely, the Ach 
receptor and PKC itself) to address the effi- 
ciency of the system and the results are de- 
scribed in the following two sections. 
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0 102030405060708090  
Inhibitor Concentration (uM) 

Fig. 1. In vitro determination of the ICso for the inhibition of 
three different kinases by the PKC pseudosubstrate inhibitor 
and in vivo control of its inhibition specificity. A: Inhibition of 
PKC. The ICs0 is approximately 0.4 FM. B: Inhibition of CAMP 
dependent kinase. The IC50 is approximately 1 mM. C: Inhibi- 
tion of Ca*+/calmodulin kinase. The ICso is approximately 80 

Phosphorylation of ACh-R In Vitro and 
In Vivo by PKC 

To assess the effectiveness of the peptide in 
blocking an identified endogenous substrate, the 
nicotinic acetylcholine receptor (nAchR) (Lind- 
strom, 19811, we used a monoclonal antibody to 
the nicotinic Ach-R, described in the embryonic 
chick brain, which clearly recognizes and immu- 
noprecipitates the homologous fly receptors. 
Four subunits for nicotinic Ach-R for D. meluno- 
guster ARD, SBD, Da2, and Azls (E.D. Gundelfin- 
ger et al. 1992) have been described. For Da2 
and ALs, the putative size of the gene product is 
54 kDa, but the immunoblot shows a band of 
about 50 kDa [Gundelfinger and Hess, 19921. 
The putative gene products for Da2 and ALs are 
about 58 and 60 kDa, respectively, and the immu- 
noprecipitated product for ALs is reported at 42 

4 0  
3 0  
2 0  
1 0  

0 0 0 0 0 0  a s z g g  
Inhibitor Concentration (uM) 

1 2 3  

FM. D: lrnmunoprecipitation of CaM kinase. Lane 7 is ala2 
(which expresses a peptide inhibitor of CaM kinase under the 
control of a heat shock promoter), lane 2 is wz control, and lane 
3 is PKCi4AICAL4. The two arrows show bands of 55 and 60 
kDa. 

kDa [Schloss et al. 19921. Only ALs and Da2 
both have two potential phosphorylation sites 
for PKC [E.D. Gundelfinger and Hess, 19921. 
Figure 3 shows that the antibody MAb35 recog- 
nizes the native pentameric nAch-R complex in 
detergent soluble form and/or isolated subunits 
Als or Da2. We observed that there was little 
expression of these two subunits in embryos. In 
the presence of PKA inhibitor, (PKI), nAch-R 
are strongly phosphorylated by PKC, and the 
transfer of the radioactive phosphate is inhib- 
ited by the pseudosubstrate. The band here is at 
45 kDa, suggesting that this is the processed 
precursor (after cleavage of the signal peptide) 
of ALs andlor Da2. 

To assess the effect of inhibition in vivo, a 
parallel experiment of in vivo phosphorylation 
of flies in sealed vials was performed (Fig. 4A,B). 
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Fig. 2. Extraction of the pseudosubstrate inhibitor from 100 
progeny of the cross PKCi4 x GAL4 in 6M guanidinium chlo- 
ride. The extract was diluted and passed through a Sepak 
column, washed with 7 %  TFA, and then the peptide was re- 
leased by 60% acetonitrile/l% TFA. The eluates were dried up, 
solubilized in a solution of 1 %bovine serum albumin (BSA), and 
cross-linked with glutaraldehyde, before spotting on nitrocellu- 
lose paper using a vacuum chamber. A: The dots represent the 
amount of peptide extracted before heat shock (7), immediately 

We observed a significant decrease of nAch-R 
phosphorylation after heat shock of PKCi4AI 
GAL4 and PKCi2AIGAL4 flies. A visible higher 
band could be an imperfectly separated species 
such as a dimer, as reported by other research- 
ers [Schloss et al. 19921. 

Phosphorylation In Vitro and In Vivo of PKC 

Since PKC also serves as its own substrate 
[Choi et al., 19911, we examined the pseudosub- 
strate’s effect on autophosphorylation. We took 
advantage of the fact that PKC is attached to the 
membrane and can be released by the complex- 
ing of Ca++ with EGTA. We incubated mem- 
branes with 32P ATP, DAG, and phosphoserine. 
To avoid diluting the pseudosubstrate inhibitor, 
isolation and incubation were carried out in 
minimum volume. The radioactive material re- 
leased by EGTA from membranes and analyzed 
in an SDS gel showed that a band of approxi- 
mately 84 kDa is missing after heat shock, 
whereas the other bands acting as internal con- 
trols showed the same intensity (Fig. 5A,B). We 
show in Figure 5 that six membrane proteins 
phosphorylated in vitro following the incorpora- 
tion of 32Pi into membranes of PKCi4AIGAL4 
flies showed the same intensity of labelling. 

after 1 hour heat shock (2) ,  and 2 hours (3 ) ,  4 hours (4),  and 6 
hours (5) after 1 hour heat shock. B: 25 third instar larvae were 
ground in 6M guanidinium chloride, and then passed through a 
Sepak column. Then the following steps were carried out as 
described above. From top to bottom: CAL4/wz (7),  PKCi4A/wz 
(2), PKCi2AICAL4 ( 3 ) ,  PKCi4AIGAL4 ( 4 ) .  C: Standards. The dots 
represent ( 7 )  1, (2) 5, (3) 10, and (4 )  20 +M peptide concentra- 
tions in 200 + I .  

Fig. 3. lmmunoprecipitation of nicotinic acetylcholine recep- 
tors in the D. melanogaster brain phosphorylated in vitro. Fifty 
heads (lane 7) and ten third instar larvae (lane 2) were ground in 
1 mM EDTA, 25 mM Tris pH 7.4, aprotinin, leupeptin, 1 pg/ml 
PMSF, and centrifuged for 1 min at 2,000 rpm in a rnicrocentri- 
fuge tube. The supernatant was centrifuged for 10 min at 
10,000 rpm and the pellet resuspended and complemented 
with radioactive 32y ATP diluted with cold ATP (50 +M), Mg (1 0 
mM), Ca*+, 10 nM of PKI (mammalian inhibitor of PKA), 
phosphatidylserine, and diacylglycerol for 5 minutes at room 
temperature. Lanes (3 )  and (4 )  are the same as lanes (1) and (2) 
except that 100 p,M of the inhibitory peptide was preincubated 
for 20 minutes before adding radioactivity, Mg and Ca. These 
materials were immunoprecipitated with an anti-n AChR, and 
analyzed on an acrylarnide gel. The markers represent from 
bottom to top: 38,54,65, and 88 kDa. 
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A 

B 

a b c  

a b  c d  e 

Fig. 4. lmmunoprecipitation of AchR phosphorylated in vivo. 
A: Lanes a and b represent PKC inhibited flies (the progeny of 
the cross between PKCi2A or 4A x GAL4) after heat shock, and 
lanes c and d represent the same flies before heat shock. Ten 
flies were ground and the centrifuged pellet solubilized and 

These six bands can be viewed as internal con- 
trols which show clearly that the expression of 
the pseudosubstrate inhibitor is specifically af- 
fecting the incorporation of phosphate into one 
band. The size of this missing band is consistent 
with the autophosphorylation of PKC itself. To 
test this hypothesis, immunoprecipitation on 
solubilized membranes was carried out just af- 
ter the phosphorylation step with a rabbit anti- 
PKC antibody recognizing the consensus se- 
quence 543-550, which is highly conserved 
between species [E. Schaeffer et al. 19893. The 
band observed at 84 kDa is significantly reduced 
after heat shock for PKCi2AIGAL4 and 
PKCi4AIGAL.4 (Fig. 6A,B), as is a second band, 
which is probably a higher molecular weight 
isoform of PKC. Finally the immunoprecipita- 
tion of solubilized membranes which were phos- 
phorylated in vivo, was performed using the 
same antibody (Fig. 6C). Although we saw less 
labeled material after heat shock, the PKC band 
is present in PKC-inhibited flies (PKCiIGAL4), 
suggesting either partial inhibition or, alterna- 
tively, a low turnover of phosphorylation, which 
may mask the efficiency of the peptide’s inhibi- 
tory effect. 

Analysis of the Morphology of Wild-Type 
Embryonic Cultured Maturing Neuroblasts, 

Using Direct Labeling, Visible in the Scanning 
Electron Microscope 

Embryos entering the early gastrula stage 
when a set of neuroblasts delaminate from the 
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immunoprecipitated with the antibody, and finally analyzed in a 
7.5% actylamide gel. Lane e i s  the control without the antibody. 
B: Wild-type flies (w‘) were analyzed with the same antibody. 
Lane a after heat shock and lane b before heat shock. Lane c is 
the control. 

ectoderm layer were cultured. The technique we 
used allows only for the attachment of myo- 
blasts and neuroblasts to the surface of plastic 
Primaria Petri dishes. These precursor cells un- 
dergo maturation and division, providing an ex- 
cellent model for studying the process of neuro- 
nal differentiation i n  uitro. We have developed a 
technique to directly observe mature neurons 
and processes in the scanning electron micro- 
scope (SEMI. By labelling with gold particles, 
increased in size by silver enhancement (Fig. 7), 
we can clearly see clusters of cells of different 
sizes. The largest cells (> 5 pm) with a chaotic 
surface and asymmetric shape are the original 
neuroblasts. Each cluster is presumed to orgin- 
ate from the attachment of embryonic neuro- 
blasts. These cells undergo asymmetric division 
to generate intermediate-sized cells (about 5 
pM) called ganglion mother cells (GMCs) (Figs. 
7, 8). These divide once to give mature neurons 
with branching processes (Fig. 7). In our model, 
we can clearly observe type I processes (Fig. 7) 
which are thick, sometimes in bundles of axons, 
and often connected to another cluster or a 
myotube. Type I1 processes are thinner, highly 
branched, and show small varicosities ( < 1 pm) 
(Fig. 8). Type I1 processes are never seen to be 
connected to another cell cluster or myotube, 
and appear to “run” on the plastic as if in search 
of some target. Unconnected type I processes 
often show lateral type I1 branches and a highly 
branched type I1 terminus. Connected type I 
processes usually show few varicosities and few 
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Fig. 5 .  Gel electrophoresis of proteins from EGTA treated 
membranes of the progeny of the crosses PKCI2A x GAL4 and 
PKCi4A x GAL4. For each genotype, fifty heads were ground in 
1 mM EDTA, 25 mM Tris pH 7.4, and 1 pg/ml PMSF in a 
minimum volume (100 pI) and immediately incubated with 
radioactive ATP, Mg++, Ca++, DAG, and phosphoserine for 5 
min at room temperature. PKC, which is normally attached to 
membranes, was separated from the cytosoi by centrifugation, 
then released (along with other membrane-bound proteins) 
from the membrane by incubation in 5 mM ECTA for 1 h at 4°C. 
Next, the samples were centrifuged in a Beckman centrifuge for 
5 min at 10,000 rpm and the supernatant analyzed on an 
acrylamide gel. Markers are 125, 88, 65, 54, and 38 kDa. A: 
Lanes 7 and 2 represent the progeny of the crosses PKCi2A x 
GAL4 and PKCI4A x GAL4 before heat shock. Lanes 3 and 4 
represent the same flies after heat shock. This material was 
released from membranes by EGTA. B: Different kinase activi- 
ties found in the material released from membranes of wild type 
flies by ECTA. 

branches, and are either connected to other 
neuronal clusters or run on the surface of myo- 
tubes. 

Analysis of Cultured Neuroblasts From 
Transgenic, Control, and turnip Embryos 

The GMC:mature neuron ratios for all geno- 
types (Table TI), except homozygous turnip 
(which expresses a defective form of PKC), do 

Fig. 6. lmmunoprecipitation of PKC after and before heat 
shock from progeny of the crosses PKCi2A x GAL4 and PKCi4A x 
GAL4. The phosphorylation protocol described in Figure 3 was 
followed. The membranes were then directly solubilized and 
immunoprecipitated using an antibody directed against the 
conserved domain of PKC in different species, consensus se- 
quence 543-550. Calbiochem 539550 antibody was used at a 
final 1 in 5 dilution. A Progeny of 2A x GAL4 and 4A x GAL4 in 
lanes a and 6 before heat shock. Lane c i s  a wild-type control 
without antibody. B: Progeny of 2A x GAL4 and 4A x GAL4 in 
lanes a and b after heat shock. Lane c is a wild-type control 
without antibody. C: lmmunoprecipitation of PKC phosphory- 
lated in vivo after animals were fed with inorganic 32P phos- 
phate. Ten whole flies were ground, membranes were sepa- 
rated, solubilized, and immunoprecipitated using the same 
Calbiochem antibody. 7) Wild type after heat shock, 2 )  4A/ 
GAL4 progeny after heat shock, 3) wz control without antibody. 

not differ significantly from the wz control (Fig. 
9A), suggesting that partial inhibition of PKC 
activity does not effect neuronal differentiation. 
A comparison of each genotype with the control, 
however, shows that both expression of the pseu- 
dosubstrate inhibitor (PKCiIGAL4) and the pres- 
ence of a defective form of PKC (turlFM7 and 
turltur) sigmficantly reduced the number of type I 
and type I1 processes (Table I11 and Fig. 9B,C). 

The majority of clusters in the non-heat shock 
PKCiIGAL4 cultures showed a reduction in the 
number of processes. However, a few showed a 
more normal morphotype compared to the con- 
trol. This heterogeneity can be explained by the 
nature of the heat shock promoter, the site of 
insertion of which in the genome can affect the 
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Fig. 7. Scanning electron micrograph of Drosophila embry- 
onic cell culture and identification of neuronal cells using a 
surface marker. Bright beads (arrows) are silver enhanced gold 
particles. Cells were first incubated with anti-HRP (marker for 
processes and mature neurons) and then with anti-rabbit gold 
particles of 10 nm diameter. White bars represent 10 krn. 

level of its leaky expression depending on cell 
type. Therefore, in a small subpopulation of 
neuroblasts, there may be little or no leaky 
expression of GAL4. This assumption is con- 
firmed by our data, shown in Figure 2, in which 
embryos that were not heat shocked express the 
pseudosubstrate inhibitor. Furthermore, this 
variation in the pattern of leaky expression of 
GAL4 has been confirmed in adult brain slices 
by Feveur et al. [1994]. Note that Table 111, 
which summarizes the analysis of process mor- 
phology from different genotypes, includes two 
types of turnip flies, heterozygous turlFM7 and 
homozygous turltur, the genotype of the latter 
being more extreme suggesting a gene dosage 
dependency. 

The reduction in the number of processes was 
accentuated in the PKCi /GAL4 cultures follow- 

ing heat shock, suggesting that the high level of 
expression of GAL4 is the cause. However, it 
should be noted that the increased expression of 
GAL4 protein after heat shock in the GALIwz 
cultures resulted in a toxic effect on myotubes, 
possibly via non-specific binding of the GAL4 
transcription factor to DNA due to the high 
levels of the protein following heat shock. The 
more dramatic effect on cell clusters observed 
may be due to the partial disappearance of myo- 
tubes which serve as a site of attachment for 
processes and clusters. Table IV summarizes 
the data on the effect of heat shock on the 
transgenic embryos. Notice that the morpho- 
type of turltur is similar to that of PKCiIGAL4 
after heat shock with a dramatic reduction in 
the number of type 1 and 2 processes. The 
morphotype of PKCiIGAL4 without heat shock, 
although still significant, is less dramatic, which 
correlates with a low level of expression of the 
pseudosubstrate inhibitor due to the leaky GAL4 
promoter. 

DISCUSSION 

The only early gastrula stage embryonic pre- 
cursor cells that can undergo division and differ- 
entiation in culture are those that differentiate 
into morphologically defined neurons or myo- 
tubes [Salvatera et al., 1987, and us, data not 
shown]. In our system, the expression of the 
PKC pseudosubstrate inhibitor allows us to ex- 
amine the effect of a partial inhibition of hnase 
activity over a 24 h period, during which time 
the neuroblasts mature into neurons and com- 
plex processes. This approach avoids the use of 
chemical activators or inhibitors of kinases that 
are used for short-term experiments such as 
studies of the regulatory mechanisms of chan- 
nels [Knox et al., 19921. Drugs, such as TPA, are 
only useful for such short-term experiments 
because of the down-regulation of PKC that 
follows its activation. This contradictory action 
makes the analysis of the effect of these drugs 
on neuronal growth over a 24 h period difficult. 
Furthermore, there is the possibility that chemi- 
cal inhibitors, such as H-7, may interact non- 
specifically because the Ki’s for PKC, CAMP 
kinase, and cGMP kinase are all in the p-M range 
in vitro [Bixby, 19891. Such chemicals also inter- 
act with ATP binding sites, raising the possibil- 
ity of an interaction with ATP-ase molecules 
such as the cytoskeletal proteins actin and tubu- 
lin, which has not, to our knowledge, been inves- 
tigated. Another problem that may occur with 



594 Broughton et al. 

Fig. 8. Typical morphology of w' control (column A )  and 
PKCiIGAL4 (column B)  cultures. One hundred embryos at early 
gastrula stage were homogenized and seeded on a Petri dish as 
described in Materials and Methods. The detailed analysis of 
these clusters is presented in Tables 111 and IV. Only myoblasts 
and neuroblasts adhere and differentiate on plastic. A myotube 
(flat, elongated cell) can be seen in the top micrograph in 

column A. Neuroblasts differentiate and divide to form cell 
clusters which include the original neuroblast (not always pre- 
sent), intermediate ganglion mother cells (CMCs) which are 
> 5 Fm in size, and mature neurons which are spherical and 
about 3 Fm in diameter. Two types of processes were observed. 
Type I are thick, dense with few varicosities. Type I I  are thin and 
beaded,and are highly branched. Black bars represent 10 Fm. 
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TABLE 11. Morphological Composition of Non-Heat Shocked Cultured Neuronal Cell Clusters* 

% of clusters Mean number Mean number of mature Mean GMC:mature 
Genotype with neuroblast of GMCs per cluster neurons per cluster neuron ratio 

GAL41wz 70 3.5 f 1.5 12.8 & 4 0.3 
PKCi 1 GAL4 75 2.9 ? 1.28 14 ? 4.7 0.25 
PKCi/wz 75 2.7 & 1.95 12 & 3.6 0.27 
W= 75 3.3 f 1.58 12.5 & 3.2 0.28 
turniplFM7 70 2.8 _t 1.37 11.5 & 5 0.32 
turniplturnip 96 5.2 ? 2.5 8.5 2 4.5 0.8 

*Cells were identified by expression of a HRP-like antigen, directly visible on the scanning electron microscope by gold particle 
labeling. For each genotype, 15 clusters from 3 different cultures were analyzed. This table shows the mean number of each cell 
type per cluster 2 standard deviation. 

TABLE 111. Analysis of Process Number and Morphology for Each Genotype* 

Type I processes Type I1 processes 
Number Number per cluster Number per cluster 

Total per cluster Total that  initiate that initiate 
number with type I1 number from a type I from the cell 

Genotype per cluster terminus per cluster process cluster 

GAL4 1 wz 10.4 ? 5.4 4.3 ? 2 9.43 ? 5.7 6.6 _t 3.5 3 ? 2.7 
PKCi 1 GAL4 

No heat shock 3 ? 1.8 1 f 1.1 4.4 & 3 0.7 -t 1.1 4 ? 2.6 
Heat shock 2 ? 1  (N.D.) 1.3 f 1.3 (N.D.) (N.D.) 

No heat shock 6.7 2 3.8 3.3 f 2 10.3 f 6.3 6.2 ? 4 4.3 2 3 
Heat shock 7 ? 3.1 (N.D.) 9.5 ? 4.2 (N.D.) (N.D.) 

turniplFM7 5.5 ? 2.5 (N.D.) 5.5 f 2.6 (N.D.) (N.D.) 
turnip /turnip 3.3 f 2.1 2 ? 1.2 2.9 ? 1.9 1.5 & 1.1 1.4 +- 1.1 
W Z  9.3 2 3 6.8 ? 2.5 10.3 2 6.2 6.8 -t 3.5 3.6 2 3.7 

PKCiIw“ 

*The structures were identified by gold particle labeling using anti-HRP antibody. As in Table 11, 15 clusters for each genotype 
were analyzed and the table shows the number of processes ? standard deviation. 

chemicals is that they may become “trapped” in 
the cell membrane of processes, so modifying 
the fluidity of the lipid bilayer. 

Without heat shock, the results obtained from 
the PKCiIGAL4 flies showed that a very low 
concentration of GAL4 protein may trigger sub- 
stantial synthesis of the pseudosubstrate inhibi- 
tor. This production of the GAL4 protein is due 
to the nature of the heat shock promoter which 
is often leaky. However, without the presence of 
GAL4 protein, no detectable expression of inhibi- 
tory peptide occurs. Therefore, one of the advan- 
tages of using the GAL4IUAS system is that 
there is no basal expression of the pseudosub- 
strate inhibitor in the parental strains which 
could conceivably have some effect on egg devel- 
opment. Also, the progeny of the cross between 
flies homozygous for hspGAL4 and flies homozy- 
gous for UAS-PKC inhibitor are all heterozy- 
gous and so any insertional effects of the P 
elements can be discounted. 

To address the question of the identity of cell 
types in culture, we used a useful neuronal cell 
type specific antigen that is recognized by anti- 
bodies raised against HRP [Katz et al., 1988, 
Jan and Jan, 19821. We have confirmed that this 
antigen is highly represented in mature neurons 
and processes, absent in neuroblasts, and only 
weakly present on intermediate cells. We ob- 
served that heavily beaded type I1 processes only 
weakly recognized the antibody. This point is 
interesting because type I1 processes were seen 
to extend out from the type I process along its 
length or to form a highly arborized terminus to 
the untargeted type I process (in which case the 
type I1 terminus may actually represent the 
filopodia of the growth cone). We also observed 
that type I1 beaded branches most often ran on 
the plastic, unconnected or untargeted to cell 
clusters or myotubes. Type I processes that were 
seen to connect two cell clusters or one cluster 
and one myotube (and were possibly undergoing 
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Mean GMC:Mature Neuron Ratio by Genotype 

Fig. 9. Statistical analysis. Data for all genotypes were tested 
for normal distribution using a Shapiro-Wilk W test. Compari- 
sons with the wz control were performed using Dunnet's 
method. Genotypes that differed significantly (P < 0.05) from 
the control are marked by an asterisk and error bars represent 
SEM. A: Statistical analysis comparing the mean of the GMC: 

mature neuron ratio for each genotype with the w' control. 
B: Statistical analysis comparing the number of type I processes 
per cluster for each genotype with the wz control. C:  Statistical 
analysis comparing the number of type I1 processes per cluster 
for each genotype with the w'control. 
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TABLE IV. The Effect on Cell Culture Morphology of Heat Shocking Transgenic Embryos* 

PKCi4AIGAL PKCiZAIGAL GAL4Iwz PKCi4AIwz PKCiZAlwZ 

Reduction in the number 

Reduction of the number 

Increase in the GMC:mature 

Reduction of the number and size 

of type I processes +++ +++ + +I- +/ -  

of type I1 processes +++ +++ + +I- +I- 

neuron ratio ++ ++ 
of myotubes ++ ++ ++ 

- - - 

- - 

*Embryos were heat shocked at 37°C for 30 min and allowed to recover for 4 h at 25°C before grinding for culture. 

or had undergone synaptogenesis) labelled more 
heavily for anti-HRP. These data raise ques- 
tions regarding the timing of molecular t r a c k -  
ing in the processes before and after functional 
synapses have been created on a specific target. 
Another interesting question raised by our data 
concerns the ability of type I processes to navi- 
gate to their targets in our in vitro system. This 
phenomenon occurred at a very low density of 
cells, making the distance between two con- 
nected cell clusters quite long, suggesting that 
secretion of active soluble factors by the differen- 
tiated cell clusters may be involved in guidance. 
Such diffusible protein gradients produced by 
targets towards receptive neurons have been 
described elsewhere [Zhenget al., 19941. In addi- 
tion, NGF through the activation of its tyrosine 
kinase receptor, has been shown to activate PKC 
[Hama et al., 19861. 

Our results showed that inhibition of PKC 
inhibits neurite growth of D. melanogaster neu- 
rons in vitro, which is in agreement with the 
reported relationship between activation of PKC 
and neurite outgrowth in chick ciliary ganglion 
neurons [Bixby, 19891. This inhibition or stimu- 
lation of neurite outgrowth may, of course, be 
mediated by more than one of the many sub- 
strates of PKC in the cell, and the effect of a 
partial inhibition of PKC on such substrates will 
depend on the sensitivity of the particular mech- 
anism involved. It should, of course, be noted 
that the potential pleiotropic effects of partially 
inhibiting PKC may involve such mechanisms 
as the regulation of channels and the electric 
properties of the membrane which could indi- 
rectly affect process growth. A role for PKC in 
endocytosis has been suggested in Drosophila 
from studies of a mutant, Shibire [Kim and Wu, 
19871. Shibire has a temperature-sensitive mu- 
tation in dynamin, which is a microtubule bind- 
ing protein with GTPase activity that is essen- 

tial for endocytosis in neurons and other cells. 
PKC phosphorylates dynamin, increasing its 
GTPase activity 12-fold, and excitation of the 
cell dephosphorylates it. It has been suggested 
that such regulation of dynamin causes synaptic 
vesicles to be rapidly endocytosed following exo- 
cytosis [Robinson et al., 19931. When placed at 
the restrictive temperature, adult Shibire flies 
are paralyzed due to the disruption of synaptic 
transmission that may be caused by altered 
membrane fusion and retrieval. In culture, Kim 
and Wu [ 19871 showed that developing Shibire 
larval CNS neurons showed reduced neurite 
growth and arborization, and state that such 
changes are correlated with the adhesive proper- 
ties of the cell membrane. Shibire neuron cell 
bodies and neurites at the restrictive tempera- 
ture showed decreased adhesion to the substra- 
tum, and growth cones showed altered morphol- 
ogy with no lamelipodia. In addition, PKC has 
been implicated in long-term potentiation ob- 
served in the hyppocampus [for review see 
Bourne and Nicoll, 19931, and has been shown 
to promote calcium influx, which is associated 
with a change in the morphology of processes 
characterized by an extension of lamellipodium 
[Knox et al., 19921. These studies suggest that 
one role of PKC that may be similar in neurite 
elongation and synaptic plasticity is the activa- 
tion of dynamin, which allows membrane recy- 
cling, and, in turn, the internalization of soluble 
factors bound to their receptors and the redistri- 
bution of growth cone adhesive contacts to the 
substratum. PKC may, therefore, play roles in 
synaptic rearrangement, involving the loss of 
many initial synapses and the formation of new 
ones, in the adult [Purves et al., 19861, that are 
similar to its roles in neurite elongation during 
development. 

One of the primary substrates for PKC in the 
growth cone, GAP 43, is at  its highest level in 
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embryonic neurons, suggesting that both mol- 
ecules are crucial to neuronal development 
[Baetge and Hammang, 19911. Extracellular ma- 
trix proteins have been reported to promote 
neurite growth by a mechanism involving the 
activation of PKC [Bixby, 19891. Laminin pro- 
motes growth in a concentration-dependent 
manner, and collagen and fibronectin stimulate 
PKC to a lesser extent than laminin, which 
correlates with their less efficient promotion of 
neurite growth. PKC has also been shown to 
play a major role in the regulation of the cytoskel- 
eton by acting on a number of different sub- 
strates, including MAP2 [Williams et al., 1994, 
Tanget al., 1993, Cissielski et al., 19911. 

Our work suggests that activation of PKC is a 
mandatory step in neurite elongation, which 
contrasts with our findings that suggest a role 
for CaM kinase in neurite trimming [Wang et al. 
1994, Broughton et al., submitted]. In the fu- 
ture, we will investigate the molecular differ- 
ences between type I and I1 processes in our in 
vitro system using similar genetic tools, since 
these morphological differences in processes have 
been reported in vivo on the segmental muscle 
of third instar larvae [Littleton et al., 1993, 
Johansen eta)., 19891. 
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