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In neurons and neurosecretory (nerve) 
cells, neurite outgrowth requires the 

enlargement of the plasma membrane 
sustained by the exocytosis of specific 
vesicles. The well known, slow canonical 
form of outgrowth induced in pheochro-
mocytoma PC12 cells by NGF, as well as 
the outgrowth taking place in neurons, 
involve vesicles positive for the vSNARE 
Ti-VAMP. Working in defective PC12 
clones expressing high levels of the tran-
scriptional repressor REST, we have 
identified now a new, rapid form of out-
growth, triggered by activation of a small 
GTPase, Rac1. This form is sustained by 
the exocytosis of another type of vesicles, 
taking place locally at the tip of neu-
rite growth cones, the enlargeosomes 
(vSNARE: VAMP4). This new form, 
which is positively controlled by REST, 
requires the dynamics of microtubules, 
but not of microfilaments. Its signaling 
remains undefined because established 
second messengers, (Ca2+, DAG, cAMP) 
seem not involved. Using a high REST/
enlargeosome-rich PC12 clone trans-
fected with TrkA we have found that the 
NGF-induced outgrowth is not always 
slow, but can be fast in cells express-
ing high levels of the receptor involved, 
TrkA; that PC12 can express together 
the two distinct forms of outgrowth, 
canonical and new, activated indepen-
dently from each other. Their compara-
tive characterization in terms of changes 
in the cytoskeleton has now been initi-
ated. The two forms are present also in 
neurons where the new one seems to pre-
dominate in the initial phases of devel-
opment, the canonical one later on. Our 
results identify a new aspect of the REST 
impact in nerve cell specificity/function. 
The existence of two distinct forms of 
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neurite outgrowth may cope better than 
a single form with the variable needs of 
nerve cells in the subsequent stages of 
their development.

The outgrowth of neurites and their sub-
sequent differentiation into axons and 
dendrites is one of the most important 
properties of neurons. The process has 
been revealed in detail by studies carried 
out by Gary Banker and his associates in 
primary hippocampal neuronal cultures. 
Five subsequent steps were identified, 
corresponding first to the sprouting of 
multiple neurites similar to each other in 
structure and composition, then to their 
outgrowth, to the differentiation of one 
such neurites into the axon, to the differ-
entiation of the others into dendrites and, 
finally, to the establishment of synapses 
and networks.1-4 Neurosecretory cells, 
such as those of the adrenal medulla and 
of various nerve tumors, can also sprout 
neurites in processes known as neuron-
like differentiation.5,6 In these cells, how-
ever, differentiation stops at step 2 and all 
neurites remain similar to each other.

In order outgrowth to start, at least two 
processes need to take place: the reorga-
nization of the cytoskeleton, with longi-
tudinal distribution of microtubules and 
concentration of actin filaments in the 
phylopodia and lamellipodia of growth 
cones,7,8 and the enlargement of the cell 
surface sustained by the exocytosis of 
cytoplasmic vesicles.7,9-12 The nature of 
these vesicles, named plasmalemma pre-
cursor vesicles,7 has remained largely 
undefined except for their distinction 
from the vesicles containing neurotrans-
mitters. The only marker identified so 
far is Ti-VAMP, a vSNARE insensitive 
to the chlostridial toxins participating in 
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a few min after Rac1 activation, yielding 
long fibers within 1–2 hrs, i.e., much faster 
than the outgrowth induced by NGF in 
wt PC12, which requires 1–2 days. The 
fast, Rac1-dependent response was due to 
the “explosive” exocytosis of small vesicles, 
the enlargeosomes, that we had discovered 
in these cells years ago and that exist in 
numerous types of non-nerve cells.16 The 
Rac1-dependent outgrowth was found 
to occur even when the defective PC12 
were exposed to a variety of inhibitions. 
Increases of second messengers, such a 
Ca2+, cAMP and diacylglycerol, were not 
needed.

The outgrowth responses induced by 
NGF and by Rac1 activation were inves-
tigated also in a defective PC12 clone 
transfected with TrkA. In these cells not 
only the outgrowth response induced by 
Rac1, but also that induced by NGF occur 
within tenth of min. This allowed us to 
investigate the two types of responses in 

levels in the course of neuron and nerve 
cell differentiation. Low REST governs 
the expression of numerous specific genes 
and therefore the appearance of the typi-
cal, nerve cell phenotype.13 Defective 
PC12 are neurosecretory cells that express 
high levels of REST.14 In addition to the 
defect in neurosecretion they lack other 
components typical of nerve cells, such as 
various channels and receptors, and show 
no neurite sprouting in response to the 
classical stimulatory agent, NGF.15

Previous studies had suggested the lat-
ter defect to depend on the lack of the NGF 
receptor, TrkA. The subsequent signaling 
cascade could in contrast be active.15 In 
order to investigate the latter possibility 
we decided to bypass the receptor, stimu-
lating the outgrowth via specific drug acti-
vation of a small GTPase, Rac1, known to 
participate in the signaling cascade. The 
results were astonishing. In the defective 
PC12, neurite outgrowth was seen to start 

the exocytic complex of these vesicles.7,9-11 
Unfortunately Ti-VAMP is not specific 
for the plasmalemma precursor vesicles, 
but is present in other organelles such as 
endosomes and lysosomes. We will define 
the outgrowth sustained by the Ti-VAMP-
positive vesicles as the canonical form of 
outgrowth. Whether other forms also 
exist was unknown.

In order to investigate the outgrowth 
vesicles we have worked primarily in two 
groups of PC12 clones, wild-type (wt) and 
defective of neurosecretion. PC12, a line 
developed over 30 years ago from a rat 
pheochromocytoma, is the most popular 
model of neurosecretory cell.5,6 The main 
differences between wt and defective 
clones depend on the differential expres-
sion of the transcription factor REST/
NRSF. The latter is the master factor that 
orchestrates differentiation of neurons.  
It is high in stem cells and in most non-
nerve cells; it decreases rapidly to low 

Figure 1. membrane traffic in growth cones of early and mature neuronal cultures. the model to the left illustrates the structure of growth cones in 
cultured nerve cells, phase 2 of neurite outgrowth. the external zone labeled in red corresponds to the filopodia and lamellipodia filled with actin (pe-
ripheral zone). Vesicles are few in this zone and numerous in the central gray zone, in continuity with the transitional zone. the blue vesicles to the left, 
labeled 1, are the enlargeosomes undergoing intense exocytosis (thick arrow); the green, large ones to the right, labeled 2, are the vesicles of the bulk 
endocytosis.18 Notice that their arrow is smaller than that of the exocytic vesicles because a prevalence of exocytosis is necessary for neurites to grow. 
the small red vesicles labeled 3 are precursors of neurosecretory vesicles, not yet competent for exo/endocytosis. the model to the right illustrates 
a similar growth cone belonging however to an axon in phase 3/4. two exo/endocytic cycles are illustrated. that to the left, labeled 1, concerns the 
tiVAmp-positive vesicles (green) that account for the growth at this stage. the arrow of exocytosis is therefore thicker of that of endocytosis. the cycle 
to the right, labeled 2, concerns in contrast the small synaptic vesicles (red) and their recycling endocytic vesicles. this cycle does not contribute to the 
axonal growth, therefore the arrows of exo end endocytosis are of similar thickness.
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parallel and in a single cell type. The 
results were quite clear. NGF was shown 
to induce the exocytosis of vesicles posi-
tive for Ti-VAMP, i.e., those that are 
believed to sustain the canonical form of 
outgrowth; Rac1 the exocytosis of enlar-
geosomes, which express another type 
of VAMP, also insensitive to chlostridial 
toxins, VAMP4.17 Therefore, the defective 
PC12 cells transfected with TrkA possess 
two types of vesicles competent to sustain 
neurite outgrowth, positive for distinct 
types of VAMP, active in distinct exocytic 
and outgrowth processes.

In order to grow, neurites require not 
only the expansion of their plasma mem-
brane but also the restructuring of their 
cytoskeleton. The duality of the mem-
brane traffic processes sustaining out-
growth might therefore be accompanied 
by a duality of the cytoskeletal reorgani-
zation. The simple use of drugs such as 
nocodazole, latrunculinA and jusplakino-
lide, has revealed that dynamic microtu-
bules are needed for outgrowth to occur, 
whereas the state of polymerization of cell 
actin might not be as important. A more 
detailed investigation, dealing with the 
specific role of small GTPases such as Rho, 
Cdc42 and also Rac1 and the involvement 
of critical proteins associated to microtu-
bules and microfilaments, are now begin-
ning to reveal the first differences. These 
studies are being focused especially on 
growth cones, the tips of neurites where 
the exo-endocytotic processes of both out-
growth processes are known to take place 
(Fig. 1).

A final question is whether the new out-
growth process, dependent on Rac1 and on 

the exocytosis of enlargesomes, is only a 
curiosity of defective PC12 cells and other 
cell lines (for example, the neuroblastoma 
SH-SY5Y) or can play a physiological role 
in the nervous system. Neurons are believed 
to express very low levels of REST/NRSF. 
Therefore, their enlargeosomes and the 
Rac-1 dependent outgrowth was expected 
to be marginal, if anything. Surprisingly, 
preliminary experiments in embryonal and 
neonatal neurons, in the tissue and in pri-
mary cultures, have revealed the presence 
of both the enlargeosomes and of new out-
growth process. Ongoing studies of these 
cells might reveal further surprises. What 
appears at the moment is that the two out-
growth processes might be important at 
subsequent studies of neuronal develop-
ment: the new, enlargeosome-dependent 
process at early stages; the canonical pro-
cess later on (Fig. 1). In the past many find-
ings, made first in PC12 cells, have been 
later confirmed in neurons. This might 
now be the case of the new outgrowth 
process. PC12 cells, therefore, are still pre-
cious tools for neurobiological research. 
Discoveries made by their investigation 
can in fact anticipate and open the way to 
studies in physiology, with possible conse-
quences also in pathology and medicine.
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