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We have investigated the process leading to differentiation of PC12 cells. This process is known
to include extension of neurites and changes in the expression of subsets of proteins involved in
cytoskeletal rearrangements or in neurosecretion. To this aim, we have studied a PC12 clone
(trk-PC12) stably transfected with the nerve growth factor receptor TrkA. These cells are able to
undergo both spontaneous and neurotrophin-induced morphological differentiation. However,
both undifferentiated and nerve growth factor-differentiated trk-PC12 cells appear to be com-
pletely defective in the expression of proteins of the secretory apparatus, including proteins of
synaptic vesicles and large dense-core granules, neurotransmitter transporters, and neurotrans-
mitter-synthesizing enzymes. These results indicate that neurite extension can occur indepen-
dently of the presence of the neurosecretory machinery, including the proteins that constitute the
fusion machine, suggesting the existence of differential activation pathways for the two processes
during neuronal differentiation. These findings have been confirmed in independent clones
obtained from PC12-27, a previously characterized PC12 variant clone globally incompetent for
regulated secretion. In contrast, the integrity of the Rab cycle appears to be necessary for neurite
extension, because antisense oligonucleotides against the neurospecific isoform of Rab-guanosine

diphosphate-dissociation inhibitor significantly interfere with process formation.

INTRODUCTION

Extension and remodeling of neurites are essential processes
in the development and correct functioning of the nervous
system that play an important role in axonal pathfinding
and targeting, synapse formation and stabilization, neuronal
plasticity, and axonal regeneration (Prochiantz, 1995;
Tanaka and Sabry, 1995). In spite of considerable experimen-
tal effort, the molecular mechanisms underlying neurite ex-
tension are far from being clarified, although the past few
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years have seen significant advances in identifying relevant
molecules and signaling pathways underlying the establish-
ment of neuronal polarity (Higgins et al., 1997; Valtorta and
Leoni, 1999).

A number of growth-associated proteins are increased in
their expression during neurite outgrowth, and some of
them are believed to be essential for the process to occur
(Skene, 1989). Furthermore, neurite extension requires the
addition of new membrane to the growing processes to
allow for the necessary membrane expansion. This is
thought to occur by incorporation of exocytic vesicles into
the plasma membrane (Futerman and Banker, 1996). It is not
clear whether these vesicles belong to the so-called regulated
pathway of secretion or to the constitutive pathway, which
operates in all cell types. Developing neurons in culture
exhibit high rates of exocytosis and endocytosis of synaptic
vesicles (or precursors thereof) (Matteoli ef al., 1992). How-
ever, the protein components of these organelles are nor-
mally not found on the plasma membrane, suggesting either
that sorting and selective retrieval occur after exocytosis or
that other organelles are responsible for the addition of new
membrane to the growing neurite. Indeed, experiments car-
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ried out with in vitro preparations of growth cones have
identified the existence of a population of large plasma-
lemma precursor vesicles that might be responsible for
membrane expansion (Pfenninger and Friedman,1993). The
possibility that at least the phospholipid components of the
axonal plasma membrane are locally synthesized has also
been raised (Posse de Chaves et al., 1995).

The observation that target membrane-soluble N-ethylma-
leimide-sensitive factor-associated protein receptors (t-
SNARESs) are required for axonal outgrowth both in cell
culture and in vivo (Osen-Sand et al., 1993, 1996; Igarashi et
al., 1996) suggests that, whatever the nature of the organelles
involved, the mechanism of fusion with the plasma mem-
brane is similar to that observed for the fusion of synaptic
vesicles in mature nerve terminals. In addition, neurite ex-
tension has been shown to require the integrity of the Rab
cycle, because suppressing the expression of Rab-guanosine
diphosphate-dissociation inhibitor o (Rab-GDI «), a regula-
tor of Rab function (Pfeffer ef al., 1995), strongly inhibits
process formation and axonal stabilization (D’Adamo ef al.,
1998).

The rat pheochromocytoma cell line PC12 is a well-char-
acterized model for the study of neuron-like differentiation
and signal transduction downstream to neurotrophin recep-
tors. Upon exposure to nerve growth factor (NGF), PC12
cells decrease their rate of proliferation, extend neurites, and
express a battery of neuronal genes, including components
of the neuronal cytoskeleton, voltage-gated ion channels,
and neurotransmitter-synthesizing enzymes, ultimately re-
sulting in the production of a sympathetic neuron-like phe-
notype (Greene and Tischler, 1976; Greene and Kaplan,
1995).

Besides representing a useful experimental paradigm for
the study of neuronal differentiation, PC12 cells are also a
widely utilized model for the study of neurosecretion. At
least two pathways of regulated secretion exist in these cells:
that of the large dense-core granules (LDCGs), which store
and release catecholamines, ATP, and proteins of the granin
family; and that of the small clear vesicles (synaptic-like
microvesicles), which are responsible for release of acetyl-
choline (Shafer and Atchison, 1991). Although the former
organelles are homologous to neuronal large dense-core
vesicles, the latter represent the neuroendocrine counterpart
of synaptic vesicles, because they contain a similar, although
not identical, set of membrane proteins (Valtorta and Ben-
fenati, 1995).

In the past few years, considerable progress has been
made in the understanding of the molecular mechanisms
involved in the biogenesis of secretory organelles (Bauer-
feind and Huttner, 1993) and in the elucidation of the mo-
lecular basis of their docking and fusion with the plasma
membrane (Hay and Scheller, 1997; Jahn and Hanson, 1998;
Benfenati et al., 1999). However, the picture is far from being
complete.

Furthermore, the mechanisms that underlie the develop-
ment of a neurosecretory phenotype are not as yet under-
stood. Data obtained on a variant PC12 clone, PC12-27,
which is incompetent for both branches of regulated secre-
tion, suggest that the achievement of a secretory phenotype
depends on the coordinate regulation of the expression of a
large set of proteins responsible for neurosecretion, as
though a “master switch” existed (Corradi et al., 1996).
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We have studied a PC12 clone, trk-PC12, that overex-
presses the NGF receptor TrkA. In these cells, receptor over-
expression causes an overall marked increase in the activa-
tion of the TrkA signal transduction cascade and in NGF-
induced differentiation, judged both as neurite extension
and as activation of the early and late steps of NGF signaling
downstream to TrkA (Hempstead et al., 1992). The focus of
our study has been to try and understand the molecular
relationships and interactions between two crucial aspects of
neuronal differentiation: the structural and functional rear-
rangements of the cytoskeleton underlying the production
of a polarized cell, and the maturation of a secretory appa-
ratus for the regulated release of neurotransmitter.

Similar to what has been observed in the case of PC12-27,
in trk-PC12 cells the machinery for regulated secretion is
completely absent, in spite of a potentiated response to the
differentiating action of NGF. The ability of trk-PC12 cells to
extend neurites in the absence of the machinery for regu-
lated secretion gives some insight into the origin of the
membrane and the molecular requirements underlying neu-
rite outgrowth.

MATERIALS AND METHODS

Materials

The trk-PC12 cell line, developed by Hempstead et al. (1992), was a
kind gift of A. Pandiella (University of Salamanca, Salamanca,
Spain), and the PC12-27 clone was a gift of ]. Meldolesi (University
of Milan, Milan, Italy).

Anti-p38/synaptophysin rabbit polyclonal antibody was pro-
duced as described (Valtorta ef al., 1988). The following antibodies
were generously donated to us: anti-synapsin II mouse monoclonal
and anti-Rab3a rabbit polyclonal antibodies (P. Greengard, The
Rockefeller University, New York, NY); anti-synaptotagmin rabbit
polyclonal antibody (M. Matteoli, Consiglio Nazionale delle
Richerche Center for Cellular and Molecular Pharmacology, Milan,
Italy); anti-vesicle-associated membrane protein (VAMP)-1, anti-
VAMP-2, anti-synaptosome-associated protein of 25 kDa (SNAP-
25), and anti-syntaxin-1 rabbit polyclonal antibodies (C. Mon-
tecucco, University of Padova, Padova, Italy); anti-chromogranin B
mouse monoclonal and anti-secretogranin II rabbit polyclonal anti-
bodies (P. Rosa, Consiglio Nazionale delle Richerche Center for
Cellular and Molecular Pharmacology, Milan, Italy); anti-tyrosine
hydroxylase and anti-choline acetyltransferase rabbit polyclonal an-
tibodies (J. Meldolesi); anti-N-kinesin and anti-tau rabbit polyclonal
antibodies (F. Navone, Consiglio Nazionale delle Richerche Center
for Cellular and Molecular Pharmacology, Milan, Italy); anti-paxil-
lin mouse monoclonal antibody (I. De Curtis, San Raffaele Scientific
Institute, Milan, Italy); isoform-specific anti-syntaxin mouse mono-
clonal and rabbit polyclonal antibodies (M.K. Bennett, University of
California, Berkeley, CA); and anti-p75 low-affinity neurotrophin
receptor rabbit polyclonal antibody (G. Della Valle, University of
Bologna, Bologna, Italy). The following antibodies were purchased
from the indicated sources: anti-growth-associated protein of 43
kDa (GAP-43) and anti-tubulin mouse monoclonal antibodies
(Boehringer Mannheim, Mannheim, Germany); anti-focal adhesion
kinase (FAK) (2A7) mouse monoclonal antibody (Upstate Biotech-
nology, Lake Placid, NY); anti-Trk (C-14) and anti-MAP kinase
rabbit polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA); anti-Rab-GDI « rabbit polyclonal antibody (Zymed, San Fran-
cisco, CA); anti-neurofilament 200-kDa polyclonal antibody (Sigma,
St. Louis, MO); peroxidase-conjugated goat anti-mouse and goat
anti-rabbit antibodies (Bio-Rad, Hercules, CA); and fluorescein iso-
thiocyanate-conjugated goat anti-mouse, Texas Red-conjugated
goat anti-rabbit, and biotin-conjugated goat anti-mouse antibodies
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and Texas Red-conjugated streptavidin (Jackson, West Grove, PA).
Bodipy-phallacydin was from Molecular Probes (Eugene, OR).

The ECL chemiluminescence detection system was from Amer-
sham (Buckinghamshire, United Kingdom), the BCA protein assay
reagent was from Pierce (Rockford, IL), and the avidin-biotin block-
ing kit was from Vector Laboratories (Burlingame, CA). [2,5,6-
SH]Dopamine, [a-*’P]dCTP, and [**S]sulfate were from Amersham.
NGEF (2.5 S) from mouse submaxillary glands was from Boehringer
Mannheim, and botulinum neurotoxin C (BotNC) was a gift of C.
Montecucco (University of Padova, Padova, Italy).

PCR-grade purified antisense oligonucleotides to GDI1, coding
for Rab-GDI « (sequences 5'-CCT TGG TAC CAG CGC CCG CTC
TTC and 5'-CAT GGT CAG GCC TTG GTA CCA GCG C) and the
corresponding sense oligonucleotides (sequences 5'-GAA GAG
CGG GCG CTG GTA CCA AGG and 5'-GCG CTG GTA CCA AGG
CCT GAC CAT G), were from Applied Biosystems (Milan, Italy).

The mammalian episomal expression vector containing the TRKA
c¢DNA (pC9TRK) was a kind gift of G. Della Valle (Bologna, Italy).
Briefly, it was constructed by inserting the full-length human TRKA
cDNA, isolated by EcoRI digestion from pLM6 plasmid (Martin-
Zanca et al., 1989), into pCEP9B under control of the cytomegalovi-
rus promoter. pIRES-1hyg was from Clontech (Palo Alto, CA).

All other chemicals were of the highest grade available.

Cell Cultures and Neurite Extension Experiments

Cells were grown on plastic dishes at 37°C in a 5% CO, humidified
atmosphere in DMEM (Biowhittaker, Verviers, Belgium) supple-
mented with 10% fetal calf serum, 5% horse serum (Hyclone, Logan,
UT), and 100 U/ml penicillin/streptomycin (Biowhittaker). For the
immunofluorescence studies, cells were plated on poly-L-ornithine
(10 pg/ml)-treated coverslips and cultured in the same medium.
Where indicated, cells were treated with medium supplemented
with NGF (50 ng/ml) and resupplemented every other day.

For neurite extension experiments, cells were viewed with a
phase-contrast microscope and photographed every 12 h.

For the quantitative analysis of neurite extension, phase-contrast
photographs of at least six fields of each sample were taken every
24 h and acquired with an HP ScanJet 6100C scanner (Hewlett-
Packard, Palo Alto, CA). To measure the length of the processes, the
public domain image analysis program NIH Image was used (de-
veloped at the U.S. National Institutes of Health, Bethesda, MD, and
available at http://rsb.nih.gov/nih-image), with substantial modi-
fications. The total length of neurites per cell was determined by
measuring all the processes present in a field, normalized by the
number of cell bodies. The data were then statistically analyzed
using Student’s t test.

Immunoblot Analysis

Cells were solubilized by scraping with solubilization buffer (1%
SDS, 2 mM EDTA, 10 mM HEPES-Na, pH 7.4) and immediately
frozen in liquid nitrogen. After thawing, lysates were boiled for 3
min and sonicated. Equal amounts of proteins were subjected to
SDS-PAGE (Laemmli, 1970) and transferred to nitrocellulose as
previously described (Towbin et al., 1979).

Filters were then blocked for 1 h at room temperature with 5%
nonfat dry milk in Tris-buffered saline (50 mM Tris-HCI, pH 7.4, 200
mM NaCl) and incubated for 2 h with the primary antibody at the
appropriate concentration, washed five times for 5 min with Tris-
buffered saline supplemented with a detergent (either 0.1% Triton
X-100 or 0.1% Tween 20) and incubated for 1 h with the appropriate
peroxidase-conjugated secondary antibody (1:10,000), washed five
times for 5 min with Tris-buffered saline supplemented with the
same detergent, and finally developed by chemiluminescence. After
exposure to x-ray films, filters were occasionally subjected to strip-
ping and reprobing, according to the manufacturer’s instructions.
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RNA Extraction and Northern Blot Analysis

RNA extraction was performed according to the single-step method
(Chomczynski and Sacchi, 1987). For Northern blotting, 10-20 ug of
total RNA were separated on 1% agarose, 2.2 M formaldehyde
denaturing gels and transferred onto Hybond-N nylon membranes
(Amersham).

Probes were a kind gift of B. Borgonovo (San Raffaele Scientific
Institute, Milan, Italy) and were prepared from reverse transcrip-
tase-PCR fragments as previously described (Corradi et al., 1996),
labeled with [a-3?P]dCTP (3000 Ci/mmol) by random-priming oli-
golabeling (Feinberg and Vogelstein, 1984). Hybridizations were
carried out at 65°C in hybridization buffer (125 mM Na,HPO,, 1 mM
EDTA, 250 mM NaCl, 7% SDS, 10% polyethylene glycol, 1% BSA)
supplemented with 100 ug/ml denatured salmon sperm DNA and
10° cpm/ml radiolabeled probe. Filters were then washed twice for
20 min in 2X SSC (300 mM NaCl, 30 mM sodium citrate) and 0.1%
SDS, once for 20 min in 1X SSC and 0.1% SDS, and twice for 20 min
in 0.1X SSC and 0.1% SDS and finally exposed for x-ray autoradiog-

raphy.

Immunofluorescence Analysis

Cells were fixed for 20 min at room temperature in 4% formalde-
hyde (freshly prepared from paraformaldehyde) dissolved in 120
mM sodium phosphate buffer, pH 7.4, and 4% sucrose. After wash-
ing three times for 10 min in PBS (180 mM NaCl, 10 mM sodium
phosphate buffer, pH 7.4), cells were incubated for 2 h with the
primary antibody at the appropriate concentration in goat serum
dilution buffer (450 mM NaCl, 20 mM sodium phosphate buffer, pH
7.4, 15% goat serum, 0.3% Triton X-100), washed three times in a
high-salt buffer (500 mM NaCl, 20 mM sodium phosphate buffer,
pH 7.4), incubated for 1 h with Bodipy-phallacydin (1:50) and either
a goat anti-mouse fluorescein isothiocyanate-conjugated or a goat
anti-rabbit Texas Red-conjugated antibody (1:100) in goat serum
dilution buffer, and washed three times in high-salt buffer, once in
PBS, and finally once in 5 mM sodium phosphate buffer, pH 7.4. The
coverslips were then mounted in 70% glycerol with phenyl-ethyl-
enediamine (1 mg/ml) as an antibleaching agent and viewed in a
Zeiss Photomicroscope III equipped with epifluorescence optics
(Zeiss, Oberkochen, Germany).

For anti-FAK immunofluorescence, an amplified avidin-biotin
protocol was used, as previously described (Burgaya et al., 1995).

Electron Microscopy

Pellets were fixed for 1 h at room temperature in 1% formaldehyde
(freshly prepared from paraformaldehyde), 2% glutaraldehyde, and
100 mM sodium phosphate buffer, pH 7.4, washed twice for 1 h in
100 mM sodium phosphate buffer, pH 7.4, and postfixed for 1 h at
4°C with 2% OsO, in 100 mM cacodylate buffer, pH 7.4. They were
subsequently washed four times for 10 min with 0.1 M sodium
veronal buffer, pH 7.4, and block stained for 50 min at 4°C with 0.5%
uranyl acetate in 100 mM sodium veronal buffer, pH 7.4, dehy-
drated, and flat embedded in 50% Epon 812 overnight and 100%
Epon 812 overnight at 60°C, essentially as described (Ceccarelli ef al.,
1973).

Silver-gray sections were cut on an Ultracut microtome (Reichert-
Jung, Vienna, Austria), double stained with 4% uranyl acetate and
0.4% lead citrate, and examined in a Hitachi H-7000 electron micro-
scope (Hitachi, Tokyo, Japan).

Antisense Oligonucleotide Experiments

Cells (20,000 per well) were seeded into 35-mm plastic dishes the
day before the addition of the oligonucleotides. At time 0, the
medium was changed with normal growth medium, medium sup-
plemented with NGF (50 ng/ml), or medium supplemented with
NGF plus either antisense oligonucleotides to GDI1 or the corre-
sponding sense oligonucleotides to a final concentration of 50 uM.
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Figure 1. (A) Western blot analysis of the expression of markers of synaptic-like microvesicles, LDCGs, and plasma membrane proteins

related to the apparatus for regulated secretion. Protein (100 ug) from either wild-type PC12 (WT) or trk-PC12 (Trk*) cells lysed under control
conditions or after treatment with NGF (50 ng/ml) for 24 h was loaded into each lane. Although all markers analyzed are present in wild-type
PC12 cells, their levels are below the threshold of detection in trk-PC12 cells, both before and after NGF treatment. p38, p38/synaptophysin;
Stgl, synaptotagmin I; Synll, synapsin II; CgB, chromogranin B; Sgll, secretogranin II. (B) Northern blot analysis of representative markers
of the secretory apparatus. Total RNA (20 ug) extracted from wild-type PC12 or trk-PC12 cells under control conditions or after treatment
with NGF for 24 h was loaded into each lane and analyzed using probes specific for p38/synaptophysin (p38) or secretogranin II (SglI)
mRNAs. The mRNAs coding for either protein product appear to be barely visible or undetectable in trk-PC12 cells. Northern blot signals

were compared with those of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.

At intervals of 12 h, further additions of the oligonucleotides (25
uM) were applied to the same culture media, up to 48 h. NGF was
resupplemented after 24 h.

At the end of the experiment, cells from the different samples
were lysed, and equal amounts of proteins were subjected to SDS-
PAGE and transferred to nitrocellulose. Filters were then processed
for immunoblotting with an anti-Rab-GDI « antibody.

Stable Transfections

Transfections were carried out using the cationic polymer polyeth-
ylenimine 800 (PEI 800), which was recently described as an efficient
transfection agent (Boussif et al., 1995). Cells (50,000 per well) were
seeded into 24-well plastic dishes the day before transfection. Me-
dium (containing serum) was changed immediately before the ad-
dition of the transfection mix.
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PEI 800 (10 equivalents/ug DNA) and the plasmid DNA (9 ug of
DNA per well) were separately diluted in 150 mM NaCl in Eppen-
dorf tubes, vortexed, quickly spun, and left for 5 min at room
temperature. The solution containing PEI 800 was then delicately
added to the tube containing DNA, vortexed, left for 15 min at room
temperature, and then added to the cells. The 24-well dishes were
centrifuged at 1000 rpm for 5 min at room temperature and incu-
bated at 37°C for 6—8 h. Medium was then changed to normal
culture medium (containing serum) for 48 h and finally substituted
with medium containing the selecting agent, either G418 (700 ug/
ml) or hygromycin B (350 pg/ml).

Miscellaneous Techniques

[3S]Sulfate labeling experiments for the analysis of the constitutive
secretory pathway and [2,5,6-°’H]dopamine uptake experiments

Molecular Biology of the Cell
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Table 1. Western blot and immunofluorescence analysis of the expression of components of the machinery for neurosecretion in wild-type

PC12 and trk-PC12 cells

WT/UN WT/NGF Trk*/UN Trk*/NGF
Antigen WB IF WB IF WB IF WB IF
p38 ++++ ++++ +++ +++ - - - -
Synlla — - - - — — — —
SynlIlb ++ +++ ++ + - - - -
Stgl +++ n.d. +++ n.d. - n.d. - n.d.
VAMP-1 + ++ +/- + - - - -
VAMP-2 ++ +++ ++ ++ +/- + - +/-
Syntaxin-1 ++ n.d. ++ n.d. — n.d. - n.d.
SNAP-25 +++ +++ 4+ +++ - - - -
Rab3a ++ n.d. + n.d. — n.d. n.d.
CgB ++ +H++ + +++ - - - -
Sgll ++++ +H++ +H++ ++++ - - -
TyrH +++ n.d. +++ n.d. +/- n.d. +/- n.d.
ChAT ++ n.d. ++ n.d. +/- n.d. + n.d.

WT/UN, wild-type PC12/untreated; WT/NGF, wild-type PC12/NGF 24 h; Trk* /UN, trk-PC12/untreated; Trk* /NGF, trk-PC12/NGF 24 h;
n.d., not determined; p38, p38/synaptophysin; Synlla and Synllb, synapsin Ila and IIb; Stgl, synaptotagmin I; VAMP-1 and VAMP-2,
vesicle-associated membrane protein-1 and -2; SNAP-25, synaptosome-associated protein of 25 kDa; CgB, chromogranin B; SglI, secretogranin

II; TyrH, tyrosine hydroxylase; ChAT, choline acetyltransferase.

were performed essentially as previously described (Lee and Hutt-
ner, 1983; Pozzan et al., 1984; Tooze and Huttner, 1990).

RESULTS

trk-PC12 Cells Lack the Machinery for Regulated
Secretion

To analyze membrane trafficking underlying neurite exten-
sion in trk-PC12 cells, lysates from these cells were tested by
Western blotting for expression of several molecules in-
volved in neurosecretion. When compared with wild-type
PC12, trk-PC12 cells showed strongly reduced or undetect-
able levels of all the antigens examined (Figure 1A and Table
1). These included integral membrane proteins of synaptic-
like microvesicles such as p38/synaptophysin, synaptotag-
min, the vesicle soluble N-ethylmaleimide-sensitive factor-
associated protein receptors (v-SNAREs) VAMP-1 and
VAMP-2, the peripheral membrane proteins of the same
organelles, synapsin II and Rab3a, and the t-SNAREs syn-

Table 2. Western blot analysis of the expression of the isoforms of
the syntaxin family of t-SNAREs in wild-type PC12 and trk-PC12
cells

Isoform WT/UN WT/NGF Trk*/UN Trk*/NGF
Syntaxin-1 +++ +++ — _
Syntaxin-2 ++++ ++++ ++++ ++++
Syntaxin-3 ++ ++ — _
Syntaxin-4 ++ ++ ++ ++

WT/UN, wild-type PC12/untreated; WT/NGF, wild-type PC12/
NGF 12 h; Trk* /UN, trk-PC12/untreated; Trk*/NGF, trk-PC12/
NGF 12 h.

Vol. 10, September 1999

taxin 1 and SNAP-25 (Stidhof, 1995; Valtorta and Benfenati,
1995). Also the granins (chromogranin B and secretogranin
II), the main cargo components of LDCGs (Rosa and Gerdes,
1994), were reduced to undetectable levels in trk-PC12 cells.
Treatment with NGF for 24 h, which induced morphological
differentiation of these cells, did not significantly affect the
levels of the proteins of the neurosecretory apparatus. Con-
sistent results were obtained by immunofluorescence anal-
ysis of the cells after fixation under analogous conditions
(Table 1).

The expression of the t-SNARE family of the syntaxins
(Bennett ef al., 1993) was investigated more thoroughly by
Western blot analysis using isoform-specific antibodies.
Whereas isoforms 1-4 could be detected in wild-type PC12
cells, only syntaxins 2 and 4 were present in trk-PC12 cells,
and syntaxins 1 and 3 were undetectable (Table 2).

Northern blot analysis revealed that the mRNAs coding
for the proteins tested were present in wild-type PC12 cells,
whereas their levels were dramatically reduced in trk-PC12.
NGEF treatment of wild-type cells caused a small but repro-
ducible reduction in the levels of all the transcripts analyzed
(Figure 1B and our unpublished results).

Furthermore, although LDCGs could be observed by elec-
tron microscopy in wild-type PC12, these organelles were
absent in trk-PC12 cells (Figure 2), suggesting a blockade in
their biogenesis.

From a functional point of view, trk-PC12 cells were de-
ficient in neurotransmitter internalization, indicating that
the defect in regulated secretion also involved plasma mem-
brane transporters. Indeed, although a time-dependent
[*H]dopamine uptake could be easily detected in the case of
wild-type PC12, it was absent in trk-PC12 cells. Consistently,
K* depolarization was unable to induce any release of
radioactive dopamine by trk-PC12 cells (our unpublished
results).
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Figure 2. Electron micrographs showing
sections of wild-type PC12 (WT) and trk-
PC12 (Trk™) cells. Although LDCGs (identi-
fied by their dense content; arrowheads) are
abundant in wild-type PC12 cells, they are
absent in trk-PC12 cells. On the contrary,
clathrin-coated vesicles, as well as all other
cellular organelles, can be observed in both
cell types. Bar, 500 nm.

Analysis of Neurite Extension by trk-PC12 Cells

As previously demonstrated (Hempstead et al., 1992), trk-PC12
cells showed a potentiated neurite outgrowth response when
exposed to NGF, in terms of both kinetics and final extent.
Indeed, although several days of NGF treatment were required
for process formation by wild-type cells, a few hours were
sufficient in the case of trk-PC12 cells, and after 3 d of treatment
nearly 100% of the cells bore neurites several cell body diam-
eters in length (our unpublished results).

When tested for expression of a panel of cytoskeletal
proteins and adhesion molecules, both under control condi-
tions and after treatment with NGF for 24 h, trk-PC12 cells
showed normal to increased levels of the antigens tested
with respect to wild-type cells (Figure 3). In particular, the
microtubule-associated molecule tau and the focal adhesion
protein paxillin were present at higher levels. An interesting
observation comes from the expression pattern of the
growth cone marker GAP-43 (Benowitz and Routtenberg,
1997), which was undetectable in wild-type PC12 cells, both
under control conditions and after 24 h of NGF treatment,
but was already present in basal culture conditions in trk-
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PC12 cells and was markedly up-regulated after exposure of
the cells to the neurotrophin.

Increased levels of FAK (Hanks and Polte, 1997; Ilic ef al.,
1997) were present in trk-PC12 cells. The kinase was en-
riched at structures similar to focal contacts under control
conditions and partly relocalized to growth cones in NGF-
treated cells, as shown by immunofluorescence (Figure 4A).
Furthermore, processes were highly enriched in neurofila-
ments (Figure 4B), indicating that they possess several char-
acteristics specific to neurites.

Membrane Trafficking in trk-PC12 Cells

An important piece of information on membrane dynamics in
trk-PC12 cells comes from the analysis of the secretion of
heparan sulfates, which are released in the medium through
the constitutive flow (Tooze and Huttner, 1990). Pulse—chase
experiments performed on cells labeled with [3*S]sulfate indi-
cated a time-dependent accumulation of radioactivity in the
medium, which was potentiated in trk-PC12 with respect to
wild-type cells (Figure 5). Secretion was blocked if the cells
were shifted to 18°C (a condition known to block budding

Molecular Biology of the Cell



WT  Trk wWT  Trkt
NGF — 4+ — + NGF - + - +
c c
g — —
! z=== : ool
- ]
": o.
™
<
— a = —
— e <
I
2 o
b= -

Tubulin

Figure 3. Western blot analysis of the expression of markers re-
lated to the apparatus for neurite extension. Total cell homogenates
were processed as described in Figure 1. Both cytoskeletal markers
and proteins involved in adhesion processes are present at equal or
increased levels in trk-PC12 (Trk™*) with respect to wild-type PC12
(WT) cells. Note the presence of the growth cone marker GAP-43 in
trk-PC12 cells under control conditions and its increased expression
after 24 h of NGF treatment.

from the trans-Golgi network) and subsequently recovered
when the cells were brought back to 37°C, according to a
behavior diagnostic of vesicle-mediated constitutive release.

The potential dispensability of t-SNAREs for neurotrophin-
dependent neurite outgrowth in trk-PC12 cells was further
suggested by the observation that the process was resistant to
blockade by BotNC, a metalloendopeptidase that specifically
cleaves syntaxins 1-3 (Schiavo et al., 1995) and SNAP-25 (Wil-
liamson et al., 1996). Indeed, a concentration of the toxin (0.5
nM) known to be sufficient for complete cleavage of t-SNAREs
in neurons appeared to be unable to prevent neurite extension
in NGF-treated trk-PC12 cells (Figure 6). Because the biochem-
ical demonstration of cleavage of the t-SNAREs by the toxin is
complicated by the strong reduction in their expression levels,
this experiment cannot be considered conclusive, but it offers
further evidence of the dispensability of the t-SNAREs for
neurite outgrowth in these cells.

In contrast, PD98059, a selective inhibitor of MAPK kinase
(Pang et al., 1995), the upstream kinase activating the MAPK
pathway (Crews et al., 1992), efficiently blocked neurite ex-
tension by trk-PC12 cells without causing any apparent
cytotoxicity (our unpublished results). In these cells, the
molecule was effective both on the neurotrophin-induced
extension of neurites and on the neurite outgrowth that can
be observed under basal conditions. The inhibition of pro-
cess formation was accompanied by a strong decrease in the
NGF-stimulated levels of MAPK tyrosine phosphorylation
(our unpublished results).

The role of the Rab family of proteins in membrane traffick-
ing in trk-PC12 cells was investigated by interfering with the
expression of Rab-GDI «. To this aim, we used antisense oli-
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gonucleotides complementary to sequences surrounding the
initiation of translation of the rat GDII gene, previously re-
ported to significantly reduce the levels of expression of Rab-
GDI o (D’Adamo et al., 1998). Exposure of the cells to antisense
oligonucleotides (50 M), but not to the corresponding sense
oligonucleotides, significantly slowed the kinetics of NGF-de-
pendent neurite extension (Figure 7A) without affecting cell
viability (our unpublished results). Western blot analysis of the
corresponding samples demonstrated a selective reduction in
the levels of expression of the « isoform and a complementary
increase in the levels of the 8 isoform (Figure 7B).

Analysis of the Role Played by TrkA Overexpression
in the Neurosecretory Defect Observed in trk-PC12
Cells

To determine whether TrkA overexpression plays any
causal role in the neurosecretory deficit observed in trk-
PC12, other PC12 clones were prepared by transfecting
wild-type PC12 cells with an expression vector carrying the
cDNA of the human TRKA gene (pC9TRK). Mock transfec-
tants were also obtained in parallel using the empty vector.

Several positive clones expressing TrkA at various levels
were obtained. No concomitant changes in the levels of the
downstream mediators of the TrkA signal transduction cas-
cade (such as MAPK) were observed, although TrkA overex-
pression was often accompanied by a reduction in the levels of
the low-affinity neurotrophin receptor p75, as previously ob-
served (Hempstead et al., 1992; our unpublished results).

The new clones were then screened for expression of the
regulated secretion apparatus. No apparent qualitative
changes in the expression of several antigens tested could be
detected with respect to wild-type PC12 cells. Western blot
analysis of v-SNARE and t-SNARE expression showed het-
erogeneity in the levels of these molecules in the different
clones, but this heterogeneity was apparently unrelated to
the levels of TrkA expression. Similarly, heterogeneity in
p38/synaptophysin and secretogranin II levels could be
demonstrated by immunofluorescence, seemingly as a result
of clonal differences (our unpublished results).

Analysis of Neurite Extension in Independent PC12
Clones Displaying a Neurosecretory Defect

To determine whether the proficiency of trk-PC12 cells to
extend neurites in spite of the deficit in regulated secretion is
a general phenomenon, an independent PC12 variant clone,
PC12-27, was studied. This clone was previously described
(Clementi et al., 1992; Corradi et al., 1996) and, like trk-PC12,
it is globally incompetent for regulated secretion.

Unfortunately, PC12-27 clones are poorly responsive to
NGEF (Clementi et al., 1993), most probably because of their
low levels of expression of TrkA. Thus, stable clones (PC12-
27TrkA) overexpressing TrkA were generated by transfect-
ing PC12-27 cells with pCO9TRK. Because PC12-27 clones are
already resistant to G418, the TrkA-overexpressing clones
were selected by double transfection with a vector encoding
hygromycin resistance (pIRES-1hyg).

Several positive clones were obtained, displaying various
levels of the receptor. TrkA overexpression per se did not
affect the neurosecretory defect of the cells, as demonstrated
by Western blot analysis using representative markers of
regulated secretion (Figure 8A). Indeed, all the PC12-27TrkA
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Figure 4. (A) Immunofluorescence analysis of FAK expression. Wild-type (WT) or trk-PC12 (Trk*) cells fixed under control conditions (left
panels) or after treatment with NGF for 24 h (right panels) were analyzed for expression of focal adhesion kinase (a-FAK). Increased levels
of FAK immunostaining can be observed in trk-PC12 cells, partially colocalizing with structures similar to focal adhesions under control
conditions and relocalizing to the growth cone after 24 h of NGF treatment. (B) Immunofluorescence analysis of neurofilament expression
and localization in trk-PC12 cells. Control and NGF-treated trk-PC12 cells were analyzed for expression of the 200-kDa neurofilament subunit
(a-NF 200 kDa). Although under control conditions the protein is expressed at low levels and appears diffuse (left panel), it is strongly
up-regulated after NGF treatment and enriched in the growing processes (right panel). Bar, 14 uwm.

clones analyzed showed undetectable levels of the synaptic-
like microvesicle protein p38/synaptophysin, the granule
protein secretogranin II, and the t-SNARE syntaxin 1.
PC12-27TrkA clones were then exposed to NGF (50
ng/ml) to quantitatively evaluate their morphological re-
sponse to neurotrophin treatment. As in the case of trk-
PC12 cells, in a representative PC12-27TrkA clone (PC12-
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27/108) a few hours of treatment were sufficient to
observe neurite outgrowth, and after 3 d nearly 100% of
the cells bore neurites that were several cell body diam-
eters in length and that stained positively for neurofila-
ments (Figure 8, B and C).

Also, untransfected PC12-27 showed a small but significant
neurite extension (Figure 8B). In these cells, neurite outgrowth
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Figure 5. Analysis of constitutive secretion by metabolic labeling
of heparan sulfates. Cells were pulse labeled for 10 min with
[*S]sulfate (0.7 uCi/ml) in sulfate-free medium. Equal volumes of
cell lysates and media from wild-type (WT) and trk-PC12 (Trk™)
cells were collected after 30, 60, and 90 min of chasing of the
radioactive label at 37°C, after 30 and 60 min of chasing at 18°C, or
after 60 min of chasing at 18°C followed by a 30-min shift at 37°C
(+30'). A time-dependent accumulation of radioactivity in the me-
dium can be observed at 37°C, which is blocked if the cells are
incubated at 18°C. The block is relieved after returning the cells to
37°C. The constitutive flow appears potentiated in trk-PC12 (bottom
panel) with respect to wild-type PC12 cells (top panel).

could be better appreciated after 6-10 d of NGF treatment (our
unpublished results). However, also at these time points the
effect was limited in extent as a result of the poor sensitivity of
PC12-27 to the growth-inhibitory action of NGF (Clementi et
al., 1993), preventing their withdrawal from the cell cycle.

DISCUSSION

The switch that turns a proliferating neuroblast into a differ-
entiated neuron is associated with several changes in the phys-
iology of the cell. On the one hand, we have a round, prolifer-
ating cell in which all secretory processes occur in an
unpolarized manner; on the other hand, we have a quiescent,
highly polarized and compartmentalized cell in which secre-
tion is a regulated and focal event.

A useful model system for the study of neuronal differenti-
ation is represented by PC12 cells. We have studied a PC12
clone stably transfected with the cDNA of the human TRKA
gene, trk-PC12. In these cells, TrkA is constitutively active,
albeit at low levels, and therefore the cells undergo spontane-
ous differentiation and extend neurites. Neurite extension is
strongly accelerated by the presence of NGF in the medium
(Hempstead et al., 1992).

trk-PC12 Cells Lack the Machinery for Regulated
Secretion

Regulated secretion is a process that is present in several cell
types, and in neurons and neuroendocrine cells it utilizes
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Figure 6. Morphological analysis of the effect of BotNC on NGF-
dependent neurite outgrowth in trk-PC12 cells. Cells were observed
and photographed by phase-contrast microscopy under control con-
ditions (A) or after 48 h of NGF treatment either in the absence (B)
or in the presence (C) of BotNC (0.5 nM). The toxin is apparently
unable to prevent NGF-dependent neurite extension in trk-PC12
cells. Bar, 70 pm.

two distinct organelles: the synaptic vesicles and the LDCGs,
each characterized by a specific molecular makeup (Valtorta
and Benfenati, 1995).

Analysis of the molecular components of the machinery for
regulated secretion in trk-PC12 cells by Western blotting and
immunocytochemistry demonstrates the virtual absence of
both synaptic vesicle and granule proteins and of the
t-SNAREs syntaxin 1, syntaxin 3, and SNAP-25. In addition,
the cells are incapable of performing neurotransmitter uptake.
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Taken together, our observations indicate the existence, in
wild-type PC12 cells, of one or more levels of coordinate reg-
ulation of the engine for neuroexocytosis, which has been
perturbed in trk-PC12 cells, similar to what was previously
reported for another PC12 clone, PC12-27 (Corradi et al., 1996).
The results obtained with the Northern blot experiments sug-
gest that the reduction in the levels of the protein products is
due to changes in either mRNA stability or in the rate of
transcription of the corresponding genes. The absence of the
proteins involved in regulated secretion correlates also with the
morphological absence of LDCGs, demonstrated by electron
microscopy, indicating a block in the biogenesis of these or-
ganelles.

Because both pathways of regulated secretion are affected,
these data suggest that this function is globally orchestrated.
The existence of a coordinate form of regulation for the appa-
ratus of neuroexocytosis is confirmed by cell fusion experi-
ments, showing the lack of functional complementation be-
tween trk-PC12 and PC12-27 cells (Borgonovo ef al., 1998).

TrkA overexpression by itself does not seem able to reca-
pitulate the phenotype observed in trk-PC12 cells. Analysis
of a battery of stable transfectants expressing the receptor at
various levels shows the presence of proteins of the secre-
tory machinery in all clones, irrespective of TrkA levels,
indicating the absence of a causal role for the receptor in the
neurosecretory defect observed in trk-PC12 cells.

Neurite Extension Is Potentiated in trk-PC12 Cells

Unexpectedly, the absence of regulated secretion does not
seem to interfere with the ability of trk-PC12 cells to perform
other functions related to the neuronal differentiation pro-
gram, and particularly with the ability to extend neurites.

When analyzed for expression of some of the components
involved in adhesion and neurite outgrowth, trk-PC12 cells
display normal or even higher levels of proteins of the actin-
and microtubule-based cytoskeleton, of adhesion molecules,
and of proteins involved in growth cone function. Indeed,
the kinetics of neurite extension are clearly accelerated with
respect to wild-type cells: neurites become evident within
hours of NGF treatment in trk-PC12 cells.

Altogether, the paradoxical picture that emerges from the
analysis of trk-PC12 cells is that of a clone highly proficient
in neurite extension despite being deficient in the machinery
for regulated secretion. Thus, it seems likely that the neuro-
nal differentiation program is not activated by a single
switch but is composed of a series of subprograms, includ-
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Figure 7. Analysis of the effect of antisense and sense
oligonucleotides to GDI1 on NGF-dependent neurite
outgrowth in trk-PC12 cells. (A) The length of neurites
was measured on digitized images of trk-PC12 cells
photographed by phase-contrast microscopy after 24
and 48 h of treatment with NGF in the presence of either
50 uM antisense oligonucleotides to GDIT message (AS)
or the corresponding sense oligonucleotides (S). Bars
represent means + SE. A.U., arbitrary units. (B) Western
blot analysis of the corresponding samples probed with
an anti-GDI « antibody. Note the selective reduction in
the levels of the a isoform and the compensatory in-
crease in the levels of the B isoform in the antisense-
treated cells.

ing maturation of the regulated secretion apparatus and
neurite formation, whose executions are mutually indepen-
dent.

The proficiency to extend neurites in the absence of the
apparatus for regulated secretion, demonstrated in the case
of trk-PC12 cells, has been further confirmed in an indepen-
dent PC12 variant clone, PC12-27. Indeed, although PC12-27
cells respond to neurotrophin treatment with a slow kinet-
ics, likely as a result of the low levels of TrkA expression,
they become highly proficient in neurite outgrowth once the
receptor is overexpressed. However, TrkA overexpression
does not reverse the neurosecretory deficit of PC12-27 cells.

Membrane Trafficking in trk-PC12 Cells

The competence to perform neurite extension in the absence
of regulated secretion raises questions as to the origin of the
membrane that is added to the plasma membrane during
process formation. Supposedly, in trk-PC12 cells the mem-
brane required for neurite outgrowth does not come from
vesicles derived from the regulated pathway. Indeed, LD-
CGs are molecularly and morphologically absent, and syn-
aptic-like microvesicles lack their normal molecular
makeup. The defect in regulated secretion does not extend to
the constitutive secretory pathway, which appears to be
fully functional and even potentiated in trk-PC12 with re-
spect to wild-type cells. Therefore, it can be hypothesized
that the new membrane coming from the constitutive flow
can be utilized for neurite extension.

Previous work, carried out on neurons in culture, demon-
strated that elimination of the t-SNAREs induced rapid
growth cone collapse and impaired neurite outgrowth in
chick dorsal root ganglion and retina explants (Igarashi et al.,
1996) and inhibited neurite growth of cultured rat cortical
neurons (Osen-Sand et al., 1996), suggesting that the intro-
duction of the new membrane required for neurite forma-
tion would come from t-SNARE-dependent vesicle fusion
processes. In this context, particularly relevant is the absence
in trk-PC12 cells of the t-SNAREs syntaxin 1 and 3 and
SNAP-25. This result suggests that, in these cells, regulated
secretion-independent and apparently t-SNARE-indepen-
dent neurite extension can take place, raising the possibility
that the machinery for regulated secretion, and particularly
the t-SNAREs, may not be essential in absolute terms for this
function. Indeed, dendritic growth is apparently less af-
fected by cleavage of the t-SNAREs (Osen-Sand et al., 1996),
suggesting the existence of multiple pathways, also in neu-
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Figure 8. (A) Western blot analysis of PC12-27TrkA clones. To-
tal cell homogenates were processed as described in Figure 1. As
a reference, equal amounts of lysates from wild-type PC12 (WT),
trk-PC12, and PC12-27 cells were loaded. Although all markers
analyzed are present in wild-type PC12 cells, their levels are
below the threshold of detection in trk-PC12, PC12-27, and all
PC12-27TrkA clones examined. p38, p38/synaptophysin; SglI,
secretogranin II. (B) NGF-dependent neurite extension by
PC12-27 and PC12-27/108 clones. Cells were photographed by
phase-contrast microscopy under control (CONT) conditions or
after treatment with NGF (50 ng/ml) for 72 h. Neurite outgrowth
was quantitatively analyzed on digitized images. Bars represent
means + SE. A.U.,, arbitrary units. (C) Immunofluorescence anal-
ysis of neurofilament expression and localization in NGF-treated
PC12-27/108 cells. Cells were fixed and analyzed for expression
of the 200-kDa neurofilament subunit (a«-NF 200 kDa) that ap-
pears to be enriched in the distal part of the neuritic shaft and in
growth cones. Bar, 14 um.
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rons. Furthermore, it has been reported that cleavage of the
v-SNAREs produced no observable effects on axon growth
either in situ (Sweeney et al., 1995) or in culture (Ahnert-
Hilger et al., 1996; Osen-Sand et al., 1996), in spite of the
efficient blockade of neurotransmitter release, in line with
what we have observed in trk-PC12 cells.

The dispensability of the t-SNAREs in neurite extension is
further indicated by the experiments using BotNC, which
specifically cleaves syntaxins 1-3 (Schiavo et al., 1995) and
SNAP-25 (Williamson et al., 1996). A concentration of the
toxin sufficient to achieve complete cleavage of the
t-SNARESs in neurons is not able to prevent NGF-dependent
neurite extension in trk-PC12 cells.

In addition, experiments carried out in a polarized epithe-
lial cell line, Madin-Darby canine kidney (MDCK) cells,
suggest the existence of SNARE-independent fusion pro-
cesses. Although the basolateral pathway in MDCK cells,
proposed to correspond to the dendritic sorting pathway of
neurons (Dotti and Simons, 1990), requires SNARE integrity,
apical delivery of proteins is not affected by cleavage of
these molecules (Ikonen et al., 1995). The demonstration that
in MDCK cells specific v-SNARE and t-SNARE isoforms,
which are insensitive to clostridial toxins, colocalize in the
apical region of the cell (Galli et al.,1998) has prompted the
idea that these proteins might be responsible for docking
and fusion of the exocytic vesicles destined to this compart-
ment. However, an involvement of these proteins in docking
and fusion still awaits support from functional experiments.

Because t-SNAREs and v-SNAREs are represented by
families of proteins comprising several isoforms (Hay and
Scheller, 1997), it cannot be ruled out that other, less com-
monly expressed or as yet unrecognized v-SNAREs and
t-SNAREs are present in trk-PC12 cells and mediate the
fusion of exocytic vesicles with the plasma membrane. In-
deed, in the case of the syntaxins, although syntaxins 1 and
3 are not expressed by trk-PC12 cells, syntaxins 2 and 4
appear to be expressed. Furthermore, the observation that in
trk-PC12 cells only two syntaxin variants are coregulated
with the rest of the neurotransmitter release machinery sug-
gests the possibility that the various isoforms may differ-
ently relate to neurosecretion and neurite extension.

Another family of proteins involved in membrane traffick-
ing that could play a role in neurite extension and neuro-
transmitter release in neurons and neuroendocrine cells is
that of the Rabs (Novick and Zerial, 1997, Woodman, 1998),
and particularly Rab3a (Takai et al., 1996).

Rab3a expression is undetectable in trk-PC12 cells, dem-
onstrating that it is coordinately regulated with the machin-
ery for regulated secretion and thus possibly is involved in
neuroexocytosis but apparently is dispensable for neurite
outgrowth. Unexpectedly, treatment of trk-PC12 cells with
antisense oligonucleotides against Rab-GDI « seems to sig-
nificantly slow the initial kinetics and to reduce the final
extent of the NGF-dependent neurite outgrowth. These re-
sults differ from those obtained in MDCK cells, in which
apical delivery of proteins, besides being apparently SNARE
independent, seems also not to require the integrity of the
Rab cycle (Ikonen et al., 1995).

On the contrary, our data point to a role for a Rab protein
in process formation in trk-PC12 cells, consistent with the
observation that the lack of Rab-GDI « impairs axonal de-
velopment in neurons in culture (D’Adamo et al., 1998).
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However, as in the case of neurons, it remains to be estab-
lished which of the Rabs is responsible for the effects of
Rab-GDI on neurite extension. Interestingly, neurite exten-
sion seems to selectively require the « isoform of Rab-GDI.
In fact, in the antisense-treated samples a reduction in the
levels of GDI a was accompanied by a parallel increase in
GDI B, which, however, was unable to functionally compen-
sate for the lack of GDI a.

Conclusion

These findings further strengthen the demonstration that, in
the case of PC12 cells, the apparatus for regulated exocytosis
is globally orchestrated. However, if a master switch for
neurosecretion exists, it does not control other aspects of
neuronal maturation, particularly neurite extension and cy-
toskeletal differentiation.

In addition, at least in regulated secretion-defective PC12
cells, neurite extension requires an intact constitutive secre-
tory pathway and Rab cycle.
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