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Metabolism and Trafficking of N-ltype Voltage-Operated
Calcium Channels in Neurosecretory Cells

INTRODUCTION

The N-type calcium channel was first defined as a
novel, neither-T nor L-type, voltage-operated calcium
channel (VOCC) subtype in sensory neurons
(Nowycky et al., 1985; Fox et al., 1987). It was sug-
gested to have a steep voltage dependency of activa-
tion, to activate at lower voltages than the L-type,
to display a faster inactivation, and to be completely
inactivated at relatively positive holding potentials
(Nowycky et al., 1985; Fox et al., 1987). Oversimplifi-
cation of these first reports led many authors to define
as "N-type" any fast inactivating component of macro-
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scopic, high-threshold calcium currents. It was later
realized, however, that N-type channels could not be so
easily discriminated from other high-threshold calcium
channels by only using these variable biophysical crite-
ria (Bean, 1989; Swandulla et al., 1991; Miller, 1992).
In particular, the N-type VOCCs have been shown to
display different degrees of inactivation, to be still
available at relatively positive holding potentials, and
to activate at higher positive voltages than the L-type
(Aosaki and Kasai, 1989; Plummer et al., 1989; Car-
bone et al., 1990; Kasai and Neher, 1992; Boland et al.,
1994; Elmslie et al., 1994). The variable inactivation
kinetics of the N-type could be due to the presence
of different gating modes (Plummer and Hess, 1991;
Rittenhouse and Hess, 1994), the expression of differ-
ent molecular isoforms (Lin et al., 1997), or, possibly,
the differential association with accessory beta sub-
units (Scott et al., 1996).

Instrumental for the "new" definition of the N-
type VOCC was w-conotoxin GVIA (w-Ctx GVIA),
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affinity and specificity tu-conotoxin GVIA and related toxins. This channel is particularly
expressed in some neurons and endocrine cells, where it participates in several calcium-
dependent processes, including secretion, w-conotoxin GVIA was instrumental not only for
the biophysical and pharmacological characterization of N-type channels but also for the
development of in vitro assays for studying N-type VOCC subcellular localization, biosynthesis,
turnover, as well as short-and long-term regulation of its expression. We here summarize our
studies on N-type VOCC expression in neurosecretory cells, with a major emphasis on recent
data demonstrating the presence of N-type channels in intracellular secretory organelles and
their recruitment to the cell surface during regulated exocytosis.
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a peptide toxin extracted from the venom of the fish
hunting snail Conus Geographus (Kerr and Yoshikami,
1984; Rivier et al., 1987). First described as a potent
blocker of both L-type and N-type VOCCs in neurons
(Nowicky et al, 1985; Fox et al., 1987; McCleskey
et al., 1987; Hirning et al., 1988), this toxin was later
shown to spare the L-type and to be a highly selective
and irreversible blocker of only N-type VOCCs (Sher
et al., 1988; Carbone et al., 1990; for a review see
Sher and Clementi, 1991).

The N-type VOCC was first supposed to be
expressed only in neurons. However, due to the use and
selectivity of w-Ctx GVIA (more recently supported by
molecular biology approaches) it was later recognized
that many other secretory cells (previously thought to
express only L-type VOCCs) did also express N-type
VOCCs. These include pheochromocytoma cell lines
and normal adrenal chromaffin cells (Sher et al., 1988;
Plummer et al., 1989; Jan et al., 1990), insulinoma
and normal pancreatic beta cells (Sher et al., 1992;
Polio et al., 1993; Ramanadham and Turk, 1994),
small-cell lung carcinoma cells (DeAizpurua et al.,
1989; Sher et al., 1990), anterior pituitary cells (Suzuki
and Yoshioka, 1987; Lievano et al., 1994), thyroid C
cells (Dubel et al., 1992), and testicular Sertoli cells
(D'agostino et al., 1992).

The combined availability of both different neu-
ronal and endocrine cell lines expressing N-type
VOCCs, and of a highly selective ligand such as 125I-
w-Ctx GVIA, was again instrumental for approaching
the in vitro study of the metabolism of this channel
under physiological and pathological condition.

BIOCHEMISTRY, MOLECULAR BIOLOGY,
AND REGIONAL DISTRIBUTION

The N-type VOCC was shown to be composed,
similarly to the L-type, of several polypeptides, in
particular 210-250 kDa alpha, subunits, a 140 kDa
alpha2 subunit, and one or more beta subunits (Abe
and Saisu, 1987; Cruz et al., 1987; Yamaguchi et al.,
1988; Barhanin et al., 1988; Marqueze et al., 1988;
Ahlijanian et al., 1991; McEnery et al., 1991; Saka-
moto and Campbell, 1991; Westenbroek et al., 1992;
Witcher et al., 1993; Leveque et al., 1994), although
other molecular weight constituents have occasionally
been described by only some of the above authors.

In all neuronal and endocrine cells where it is
expressed, the N-type VOCC mediates at least part of
the influx of calcium that triggers neurotransmitter and

hormone release (Sher and Clementi, 1991; Olivera et
al., 1994). In line with this crucial role in secretion,
the N-type VOCC physically interacts, in both neurons
and endocrine cells, with other proteins of the
"SNARE" complex, such as syntaxin, synaptotagmin,
and synaptobrevin (Bennet et al., 1992; David et al.,
1993; Leveque et al., 1994; ElFar et al., 1995). Further-
more, the G-protein mediated modulation of the gating
and permeability of N-type VOCCs is a well-character-
ized phenomenon (Schultz et al., 1990; Kasai, 1991;
Polio et al., 1992; Kuo and Bean, 1993; Hille, 1994;
Ikeda, 1996; Herlitze et al., 1996); in line with this, a
co-purification of N-type VOCCs with the G0 subunit
was recently obtained (McEnery et al., 1994).

The alpha1B subunit, coding for the N-type
VOCC, was cloned from human (Williams et al.,
1992), rat (Dubel et al., 1992), rabbit (Fujita et al.,
1993), and mouse (Coppola et al., 1994) neuronal
tissues. Different isoforms of alpha1B are expressed in
different tissues and can be co-expressed in the same
neuron. Recently, Lipscombe and colleagues showed
that an alpha1B isoform containing a "SFMG" tetrapep-
tide sequence is particularly expressed in rat brain,
while an isoform lacking the "SFMG" sequence but
containing an "ET" dipeptide sequence is more
expressed in sympathetic ganglia (Lin et al., 1997).
The differential expression of N-type VOCC isoforms
could represent the basis for some discrepancy found
in the literature on the biophysical properties of N-
type VOCCs.

Antibodies against the alpha1B protein, antibodies
against w-conotoxin GVIA, and probes for the alpha1B

mRNA (Northern blotting and in situ hybidization)
have been recently used to map the distribution of N-
type VOCCs in different areas of the nervous system
(Fortier et al., 1991; Westenbroek et al., 1992; Dubel
et al., 1992; Fujita et al., 1993; Volsen et al., 1995;
Tanaka et al., 1995). The results confirmed essentially
those previously obtained with l25I-w-Ctx GVIA bind-
ing assays (Barhanin et al., 1988; Dooley et al., 1988;
Wagner et al., 1988) and autoradiography (Kerr et al.,
1988; Takemura et al., 1988; Maeda et al., 1989),
showing a wide expression of N-type VOCCs through-
out the brain, with the highest density in cerebral cor-
tex, hippocampus, olfactory bulb, hypothalamus and
thalamus, and cerebellar cortex.

CELLULAR LOCALIZATION

In line with its important contribution to neuro-
transmitter release, the N-type VOCC has been shown
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to reside mainly presynaptically. Immunolocalization
studies revealed, for example, that N-type VOCCs are
clustered at the presynaptic active zones of the frog
neuromuscular junction (Robitaille et al., 1990; Cohen
et al., 1991;Torri-Tarelli et al., 1991). In hippocampal
neuronal cultures, N-type VOCCs cluster at sites of
synaptic contacts (Jones et al., 1989), and in chick
ciliary ganglia, they are clustered on the presynaptic
membrane of the calix (Stanley and Atrakchi, 1990;
Haydon et al., 1994). In nerve growth factor-treated
PC 12 cells cultures, N-type VOCCs are accumulated
in the growing neurite processes (Reber and Reuter,
1990; Usowicz et al., 1990).

However, in mammalian neuromuscular junc-
tions, where the P/Q-type VOCC plays a dominant
role in the control of transmittion, the N-type VOCC
is preferentially localized in nerve terminal-associated
Schwann cells (Day et al., 1997). A minor presence
on the nerve terminals, however, cannot be excluded
on the basis of immunolocalization data only. In fact,
the presence of N-type VOCCs in mammalian neuro-
muscular junctions is suggested by some reports show-
ing w-Ctx GVIA effects also in these sites (Rossoni
etal., 1994).

A "postsynaptic" role of N-type VOCCs has also
been suggested on the basis of a postsynaptic, dendritic
immunolocalization found in many neurons (Mills et
al., 1994), and by the presence of N-type calcium
currents in "dendrosomes" (Kavalali et al., 1997). N-
type VOCCs on dendrites are supposed to participate
in the amplification and integration of both synaptic
events and back-propagating action potentials.

Worth noting, however, is the complementary
localization of L-type and N-type VOCCs in most
neurons, where the L-type is mainly localized on the
cell bodies and at the bases of major dendrites (Westen-
broek et al., 1990) while the N-type is distributed
all along the dendritic tree and in a subpopuation of
dendritic spines (Westenbroek et al., 1992; Mills et
al., 1994).

Finally, a "cell body/leading process" localization
of N-type VOCCs has been demonstated in migrating
cerebellar granule cells; at these sites, the N-type
VOCC plays a crucial role in allowing the influx of
calcium that permits granule cell migration (Komuro
and Rakic, 1992). Granule cell dedrites continue to
express large amounts of N-type VOCCs also in the
mature animals, as evidenced by autoradiography stud-
ies on weaver mutant mice completely lacking cerebel-
lar granule cells (Maeda et al., 1989).

N-TYPE VOCC METABOLISM

The characterization of the cellular and molecular
mechanisms underlying the developmentally regu-
lated, highly polarized, and often clustered expression
of the N-type VOCCs is a challenging task for neurobi-
ologists. The identification of cell lines expressing
endogenous N-type VOCCs (Sher et al., 1988, 1990,
1992) and the availability of an irreversible ligand such
as w-Ctx GVIA has helped in the development of in
vitro systems to study N-type VOCC metabolism, as
a first step toward the characterization of N-type
VOCC cell biology.

The half-life of the N-type VOCC was found to
be around 15-18 hours in different neuronal cell lines
(Table I), as determined by "prelabeling" 125I-w-Ctx
GVIA binding assays, "postlabeling" l25I-w-Ctx GVIA
binding assays, and fura2 fluorimetric determinations
(Passafaro et al., 1992; Passafaro et al., 1993). Both
selective acid washes, differential temperature, and
lysosomotropic drugs allowed independent measure-
ments of the rates of channel "internalization" and
channel "degradation"; we found the two rates to be
very similar under physiological conditions.

Interestingly, the rate of N-type VOCC turnover
was found to be reduced, in a time-dependent manner
in cells exposed to differentiating agents for several
days (Table I). This occurred independently from the
specific agent used to induce cellular differentiation.
This channel turnover "slow-down" is probably
responsible for the increased expression of the alpha1B

subunit in differentiated cells (Fig. 1), the "stabiliza-
tion" of N-type VOCCs in the plasma membrane (Pas-
safaro et al., 1992), and the "up-regulation" of N-

Table I. N-Type VOCC Turnover in Different Neuronal Cell
Lines"

Cell line

IMR-32
PC-12
SH-SY5Y
F11

Control Differentiated

(half-life, hours)

16 ± 2
17 ± 2

16.5 ± 3
15 ± 3

45 ±6
32 ± 5
35 ± 2
27 ± 3

a N-type VOCC turnover was measured with the aid of 125I-w-Ctx
GVIA as described in Passafaro et al. (1992, 1993). IMR-32, PC-
12, SH-SY5Y, and F11 cells were exposed for lOdaystodibutyryl-
cAMP and 5-BrdU, NGF, retinoic acid, and serum deprivation,
respectively.
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Fig. 1. Increased expression of the N-type VOCC alpha1B subunit
in differentiated neurosecretory cells. Immunoblottings were per-
formed as described in Passafaro et al. (1996) and McEnery et al.
(1997). utilizing CWI4, a selective anti-alpha1B affinity-purified
antibody (McEnery et al., 1997). C = control cells; RA = retinoic
acid-treated cells; NGF = nerve growth factor-treated cells.

type currents in differentiated cells (Reber and Reuter,
1990; Carbone et al., 1990; Toselli et al., 1991).

N-type VOCC turnover can also be increased.
We found that anti-calcium channel antibodies present
in Lambert-Eaton myasthenic syndrome patients' sera
not only immunoprecipitate N-type VOCCs (Sher et
al., 1989) [in parallel to the P/Q type VOCC (Moto-
mura et al., 1995)], but also rapidly stimulate N-type
VOCC turnover when added to neuronal cells in cul-
ture (Passafaro et al., 1992), a process leading to the
previously demonstrated down-regulation of N-type
VOCC expression after exposure to the patients' sera
(Sher et al., 1989; Leys et al., 1991). For the moment
we cannot compare the rates of N-type VOCC turnover
with the rates of other VOCCs, since data on the latter
are not available. A direct comparison of the turnover
of the different channels in the same cellular systems
will bring important new information.

A POOL OF RECRUITABLE N-TYPE VOCCS
IN NEUROSECRETORY CELLS

Both neuronal and endocrine cell lines, as well
as normal chromaffin cells, have recently been found
to contain a large intracellular pool of N-type VOCCs.
This pool can be recruited to the cell surface in a
few hours if the cells are exposed to calcium channel
antagonists (Passafaro et al., 1994), or in a matter of
a few minutes if the cells are exposed to secretagogues
(Passafaro et al., 1996). We summarize below the main
characteristics of the two forms of N-type VOCC
recruitment.

Antagonists-Induced Recruitment

When intact, living neuronal and endocrine cells
were continuously exposed to pM concentrations of
125I-w-Ctx GVIA, the binding of the toxin to the cells
at 37°C did not reach a plateau in a few minutes, as
expected from data obtained on cell homogenates or
membrane extracts (Sher et al., 1988). Instead, the
specific l25I-w-Ctx GVIA binding increased steadily
for several hours, reaching a plateau only after 6-8
hours of incubation (Passafaro et al., 1994; see also
Marqueze et al., 1988). With respect to the binding of
l25I-w-Ctx GVIA detectable on intact cells at 4°C or
20°C, the binding of l25I-w-Ctx GVIA at 37°C was
400-600% higher (Table II). This huge increase in
binding was not due to "unspecific" pinocytosis of the
toxin. Furthermore, most of the "recruited" binding
sites were present on the plasma membrane, as evi-
denced by their selective sensitivity to acid washes.
This was the first suggestion that at 37°C some peculiar
process was taking place with 125I-w-Ctx GVIA bind-
ing to living cells, and led to the idea that the toxin
was able to "stimulate" its own binding site recruitment
(Passafaro et al., 1994).

More compelling evidence of the ability of w-
Ctx GVIA to "stimulate" N-type VOCC recruitment
was obtained by showing that the continuous presence
of the toxin was not necessary to see recruitment. In
fact, experiments consisting of short pulses with a
saturating concentration of unlabeled w-Ctx GVIA,
followed by extensive washes and variable chase peri-
ods at 37°C, demonstrated that while rapidly blocking
the "preexisting" channels, the toxin caused a large
amount of "new" channels to be recruited to the cell
surface during the several hours of chase (Passafaro
et al., 1994).

Interestingly, this form of N-type VOCC recruit-
ment was not dependent on protein synthesis, sug-

Table II. Omega-Conotoxin GVIA-Induced Recruitment of
Surface N-Type VOCCS in Different Neurosecretory Cells"

Cell line

IMR32
SH-SY5Y
PC-12
RINmSF

% of control

555 ± 57
464 ± 21
610 ± 35
516 ± 32

a The recruitment of surface N-type VOCCs was determined as
described in Passafaro et al. (1994) by exposing the cells to I25I -
oj-Ctx GVIA (25 pM) for 4-6 hours at 37°C.
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gesting that pre-formed channels were involved. This
does not mean that a specific transcriptional or transla-
tional regulation of N-type VOCC subunit expression
cannot occur under different conditions (Cavalie et
al., 1994).

The intracellular origin of the newly recruited
channels was finally confirmed by both "fixation/per-
meabilization" experiments, by temperature-depen-
dent blockade of protein secretion, and by using drugs
interfering with intracellular protein transport. In par-
ticular, most of the recruitment was blocked, reversibly,
by Brefeldin A (BFA), a drug able to inhibit protein
export from the Golgi apparatus (Rosa et al., 1992),
and by nocodazole, a microtubule depolymerizing
agent.

A similar temperature- and BFA-sensitive recruit-
ment of N-type VOCCs was also obtained with the
reversible and inorganic VOCC blocker cadmium, sug-
gesting that this process could be a common cellular
reaction in response to VOCC blockade.

Since the newly recruited channels are functional
as evidenced by both fura2 and patch clamp experi-
ments (Passafaro et al., 1994), it is likely that neuronal
cells exposed to different classes of calcium antago-
nists could become "potentiated" in terms of calcium
influx, after drug withdrawal.

Secretagogue-Induced Recruitment

More recently we have shown that N-type VOCC
recruitment could be caused also by secretagogue
agents (Passafaro et al., 1996). With respects to the
former type of recruitment caused by calcium antago-
nists, this latter form is rapid (minutes vs hours),
smaller (around 100% increase), and BFA-insensitive.
Nevertheless it also has an intracellular origin, as

shown by both "fixation/permeabilization" and subcel-
lular fractionation experiments.

In both human neuroblastoma, rat pheochromocy-
toma, and rat insulinoma cells, "regulated" secretion
stimulated by either high potassium, the phorbol ester
TPA, the calcium ionophore ionomycin, or high barium
concentrations always produces N-type VOCC recruit-
ment (Table HI). In all the cell types, and with every
stimulus, the dose-dependence and time course of hor-
mone secretion match very closely those of N-type
VOCC recruitment.

The legitimate doubt that this recruitment process
could represent a specific feature of in vitro growing,
tumoral, cell lines was ruled out by our recent demon-
stration that also in primary cultures of bovine chro-
maffin cells a secretagogue-induced recruitment of N-
type VOCC does occur (Passafaro et al., manuscript
in preparation).

As in the case of calcium antagonists-induced N-
type VOCC recruitment, the N-type VOCCs recruited
by secretagogues are also functional as evidenced by
fura2 and patch clamp experiments (Passafaro et al.,
1996; Passafaro et al., manuscript in preparation),
implicating this process in the "potentiation" of cal-
cium signals and, in turn, of physiological and patho-
logical calcium-dependent events.

What do we know about the identity of the secre-
tory organelle(s) that contain the N-type VOCCs and
mediate their recruitment? The strong parallelism
between hormone (Chromogranin B and serotonin)
secretion and N-type VOCC recruitment suggests a
specific localization of N-type VOCCs in the mem-
brane of the hormone-containing secretory granules
themselves. This evidence is supported by some of
our data showing that a peak of l25I-w-Ctx GVIA bind-
ing sites (Passafaro et al., 1996) as well as of alpha1B

immunoreactivity (Passafaro et al., manuscript in prep-

Table III. Secretagogue-Induced Recruitment of Surface N-Type VOCCs in Different Neurosecretory Cellsa

Cell line

IMR-32
PC-12
RINm5F
Bovine adrenal chromaffin

KCI TPA Ionomycin Barium

(% of control)

204 ± 3.6
212 ± 9.8
175 ± 1.9
173 ± 1.4

218 ± 27
199 ± 9.5
182 ± 1.4
ND

210
198
ND
ND

± 17
± 10.5

ND
ND
169 ± 6.2
199 ± 2.4

aThe values represent the increase in surface 125I -w-Clx GVIA binding with respect to parallel control cells. The secretagogue-induced N-
type VOCC recaiitment was evaluated by exposing the cells to either KCI (50 mM). TPA (20 nM). ionomycin (100 nM). or barium (10
mM) for 15-30 min at 37°C as described in Passafaro et al. (1996). ND = not determined.
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aration) is found in subcellular fractions of PC12 cells
well separated from both the plasma membrane and
the synaptophysin-containing microvesicles. On the
other hand, we found a good co-sedimentation of the
intracellular N-type VOCCs with the Chromogranin
B-containing organelles (Passafaro et al., 1996).

Further support for a secretory granule localiza-
tion of at least part of the intracellular N-type channels
comes from experiments showing that a "purified"
preparation of bovine chromaffin granules contains
both 125I-co-Ctx GVIA binding sites and alpha1B immu-
noreactivity. Finally, specific alpha IB immunoreactiv-
ity was found, at the immuno-gold E.M. level, on the
membrane of some chromaffin granules (Passafaro el
al., manuscript in preparation, and Fig. 2).

The presence of N-type VOCCs in the membrane
of secretory organelles adds complexity to the molecu-
lar machinery of secretion. In most models, the N-type
VOCCs is only viewed as a surface protein, interacting
with other membrane or vesicular proteins such as
syntaxin, synaptotagmin, and synaptobrevin. However,
the secretory machinery is probably more complex
than previously thought, as other "plasma membrane"
proteins of the SNARE complex, such as syntaxin

(Tagaya et al., 1995) and SNAP-25 (Tagaya et al.,
1996), have now been shown to localize to the mem-
brane of the secretory granules themselves. It would
be interesting to evaluate if these proteins, including
the N-type VOCC, are directly inserted in the mem-
brane of the newly formed secretory granules, or if
they reach the granules utilizing an endosome-medi-
ated recycling pathway, after they have been constitu-
tively inserted in the plasma membrane.

Summarizing, most of our evidence suggests a
specific localization of at least some of the intracellular
N-type VOCCs in the membrane of the secretory gran-
ules. However, some of our data also suggest some
caution in this respect. In PC 12 cells, for example, we
did not find a significant co-localization of alpha, B
immunoreactivity with Chromogranin B immunoreac-
tivity in double-labeling immunofluorescence experi-
ments (Sher et al., unpublished results). We are not
sure if this latter evidence points to the presence of
N-type VOCCs in only a "subpopulation" of the het-
erogeneous secretory granules of PC 12 cells, or to the
presence of N-type VOCCs in a still uncharacterized
"third type" of secretory vesicle (not granules nor
microvesicles), or even in a recycling endosomal
compartment.

Although the evidence for the presence of volt-
age-operated calcium channels in the membrane of
secretory organelles is novel, an important precedent
is the demonstration of the presence of calcium release
channels in the same organelles, as recently reported
(Blondel et al., 1995; Petersen, 1996 and references
therein). These calcium release channels are supposed
to participate in the amplification of calcium signals
near release sites. Whether the N-type VOCCs also
have a similar "intracellular" role, or whether they are
only "in transit" to the plasma membrane, is a major
question to be addressed in the future.

Fig. 2. Immunolocalization of the N-type alpha,R subunit on the
membrane of adrenal chromaffin granules. Immonolabeling was
performed on sections of purified secretory granules with the aid
of the same alpha,B specific antibodies used for western blotting
(CW14), followed by anti rabbit-colloidal gold secondary
antibodies.

EVIDENCE FROM OTHER SYSTEMS

The regulation of the expression of L-type
VOCCs has been relatively throughly studied over the
years. In particular, it was shown that L-type VOCC
"agonists" and "antagonists" cause the "down-regula-
tion" and "up-regulation," respectively, of L-type
VOCCs, in a similar way to more classical receptor
agonists and antagonists (Ferrante and Triggle, 1990).
Also in the case of voltage-dependent sodium chan-
nels, agonist and antagonist toxins have been shown
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to cause sodium channel "down-regulation" and "up-
regulation," respectively (Sherman and Catterall,
1984; Bar-Sagi and Prives, 1985; Dargent and Cour-
aud, 1990). Both these examples are in line with our
data showing a calcium antagonist-induced increase
in surface N-type VOCCs due to the recruitment of
intracellular channels.

Intracellular pools of both neuronal nicotinic
receptors (Stollberg and Berg, 1987) and sodium chan-
nels (Schmidt et al., 1985) have been described. A
translocation of sodium channels to the plasma mem-
brane has also been demonstrated in isolated neuronal
growth cones (Wood et al, 1992).

More divergent from ours are some results
reported in the literature on the effects of short- and
long-term depolarizations on the expression of L-type
VOCCs. In these studies, depolarization was found to
decrease the surface expression of L-type VOCCs and,
in some cases, this was because of channel intemaliza-
tion (Franklin et al, 1992; Liu et al., 1994; Feron
and Godfraind, 1995). As described above, we found
depolarization to increase the surface expression of
N-type VOCCs. Experiments are ongoing in order to
define if this difference represents a real differential
regulation of VOCC subtypes in response to the same
stimuli, or to specific cellular or experimental differ-
ences. Further support of our findings was reported by
Garcia et al. (1994) who found that in rat hippocampal
neurons in vitro, transient and repetitive depolariza-
tions with high KC1 resulted in an increased expression
of high - threshold calcium channels.

Finally, the neuroendocrine bag cell of Aplysia
is a very well-characterized system where a process
similar to our "secretagogue-induced" VOCC recruit-
ment seems to operate. In these cells TPA stimulates,
in a few minutes, the "recruitment" to the cell surface
of new VOCCs which have different biophysical prop-
erties with respect to the preexisting ones (Strong et al.,
1987). Furthermore, the appearance of new "calcium
influx sites" in Aplysia growth cones is paralleled by
an increase in growth-cone surface area, suggesting
that the new VOCCs were incorporated by exocytosis
(Knox et al., 1992). Finally, an intracellular, vesicular,
localization of the calcium channels to be recruited in
Aplysia bag cells was recently demonstrated by the
same authors (White et al., 1997). Interestingly, the
immunolocalization results in Aplysia suggested that
the intracellular VOCCs are present in vesicles which
were not the hormone-containing granules but another,
still undefined, vesicle type (White et al. 1997).

PERSPECTIVES

An important task is now to correlate the short-
and long-term regulation of the different types of
VOCCs and to study whether there are any significant
physiological differences. As pointed out before, it
seems that there might be some differences in how L-
type and N-type VOCCs are regulated by depolariza-
tion. More interesting would be to compare the regula-
tion of N-type and P/Q-type VOCCs, since these two
VOCC types, more than the L-type, share a relevant
role in the control of secretion, as well as specific
biochemical interactions in the nerve terminals (Bez-
prozvanny et al., 1995). Besides comparing the regula-
tion of the different VOCC subtypes, it would be even
more interesting to evaluate if, in the same cell, differ-
ent isoforms of the N-type VOCC could be differen-
tially regulated. Further work, possibly conducted in
the same experimental systems, is required to obtain
a more definitive picture of these phenomena.

The "up" and "down" regulation of the different
VOCC subtypes could be important for the physiologi-
cal regulation of cell activity and, in particular, could
underlie specific forms of synaptic plasticity that, given
the variable localization of the different VOCC sub-
types, could express themselves both pre- or post-
synaptically. Furthermore, VOCC recruitment could
also participate in one or more of the several forms
of calcium channel "facilitation" described in neurose-
cretory cells (Dolphin, 1996).

On the other hand, the regulated expression of
surface VOCCs might also have pathological and ther-
apeutic implications: in acutely or chronically depolar-
ized cells, such as in neurons of epileptic foci or
ischemic areas, a change in the surface expression
of different VOCC subtypes, possibly secondary to
secretion-induced recruitment, could cause a patholog-
ical imbalance in calcium influx and homeostasis.
Knowing how VOCC expression/activity changes dur-
ing these events could help both in elucidating the
pathogenesis of cell damage and death, and also in
defining new therapeutic targets.

Finally, there is an obvious interest in the long-
term regulation of VOCC expression in the course of
chronic treatments with calcium antagonists, in order
to plan therapeutic regimes aimed at avoiding tolerance
and/or withdrawal effects.

In summary, the regulation of VOCC expression
in neurosecretory cells is an exciting, growing field of
research where new aspects of basic cellular neurobiol-
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ogy will likely show up having important physiological
and therapeutic implications.

ACKNOWLEDGMENTS

We thank Dr. John R. Boot for critically reviewing
the manuscript. The financial support of Telethon Italy
(grant 858 to E.S.) to some of the studies here reported
is greatly acknowledged. A.C. is supported by an
AIRC fellowship.

REFERENCES

Abe, T., and Saisu, H. (1987), 7. Biol. Ghent, 262, 9877-9882,
Ahlijanian, M. K., Striessnig, J., and Catterall, W. A. (1991). J.

Biol. Chem. 266, 20192-20197.
Aosaki, T., and Kasai, H. (1989). Pflugers Arch.—Eur. J. Phvsiol.

414, 150-156.
Barhanin, J., Schmid, A., and Lazdunsky, M. (1988). Biochem.

Biophys. Res. Commun, 150, 1051-1062.
Bar-Sagi, D., and Prives, J. (1985). J. Biol. Chem. 260,4740-4744.
Bean, B. P. (1989). Annu. Rev. Physiol. 51, 367-384.
Bennett, M. K., CalaJcos, N., and Scheller, R. H. (1992). Science

257. 255-259.
Bezprozvanny, I., Scheller, R. H., and Tsien, R. W. (1995). Nature

378, 623-626.
Blondel, O., Bell, G. I., and Seino, S. (1995). Trends Neurosci.

18, 157-161.
Boland, L. M., Morrill, J. A., and Bean, B. P. (1994). J. Neurosci.

14, 5011-5027.
Carbone, E., Sher, E., and dementi, F. (1990). Pflugers Arch.—Eur.

J. Physiol, 416, 170-179.
Cavalie', A., Berninger, B., Haas, C. A., Garcia, D. E., Lindholm,

D., and Lux, H. D. (1994). J. Physiol. 479, 11-27.
Cohen, M. W., Jones, O, T., and Angelicas, K. J. (1991). J. Neurosci.

11, 1032-1039.
Coppola, T., Waldmann, R., Borsotto, M., Heurteaux, C., Romey,

G,, Mattel, M. G., and Lazdunsky, M. (1994). FEBS Lett.
338, 1-5.

Cruz, L. J., Johnson, D. S., and Olivera, B. M. (1987). Biochemistry
26, 820-824.

D'agostino, A,, Mene, P., and Stefanini, M. (1992). Biol. Reprod.
46,414-418.

Dargent, B., and Couraud, F. (1990). Proc. Ate/. Acad. Sci. USA
87,5907-5911.

David, P., El Far, O., Martin-Moutot, N., Poupon, M. F., Takahashi,
M., and Seagar, M. J. (1993). FEBS Lett. 326, 135-139.

Day, N. C., Wood, S. J., Ince, P. G., Volsen, S. G., Smith, W.,
Slater, C. R., and Shaw, P. J. (1997). 7. Neurosci. 17,626-6235.

DeAizpurua, H. J., Lambert, E. H., Griesmann, G. E., Olivera, B.
M., and Lennon, V. A. (1989). Cancer Res. 48, 4719-4724.

Dolphin, A. C. (1996). Trends Neurosci. 19, 35^13.
Dooley, D. J., Lickert, M., Lupp, A., and Osswald, H. (1988).

Neurosci. Lett. 93, 318-323.
Dubel, S. J., Starr, T. V. B., Hell, J., Ahlijanian, M. K., Enyeart,

J. J., Catterall, W. A., and Snutch, T. P. (1992). Proc. Natl.
Acad. Sci. USA 89, 5058-5062.

E! Far, O., Charvin, N., Leveque, C., Martin-Moutot, N., Takahashi,
M., and Seagar M. J. (1995). FEBS Lett. 361, 101-105.

Elmslie, K. S., Kammermeier, P. J., and Jones, S. W. (1994). Neuron
13,217-228.

Feron, O., and Godfraind, T. (1995). Pflugers Arch.—Eur. J. Physiol.
430, 323-332.

Ferrante, J., and Triggle, D. J. (1990). Biochem. Pharmacol. 39,
1267-1270.

Fortier, L. P., Tremblay, J. P., Rafrafi, J., and Hawkes, R. (1991).
Mol. Brain Res. 9, 209-215.

Fox, A. P., Nowycky, M. C., and Tsien, R. W. (1987). 7. Physiol.
394, 149-172.

Franklin, J. L., Fickbohm, D. J., and Willard, A. L. (1992). J,
Neurosci. 12, 1726-1735.

Fujita, Y., Mynlieff, M., Dirksen, R. T., Kim, M. S., Niidome, T.,
Nakai, J., Friedrich, T., Iwabe, N., Miyata, T., Furuichi, T.,
Furutama, D., Mikoshiba, K., Mori, Y., and Beam, K. G.
(1993). Neuron 10, 585-598.

Garcia, D. E., Cavalie, A., and Lux, H. D. (1994). J. Neurosci.
14, 545-553.

Haydon, P. G., Henderson, E., and Stanley, E. F. (1994). Neuron
13, 1275-1280.

Herlitze, S., Garcia, D. E., Mackie, K., Hille, B., Scheuer, T, and
Catterall, W. A. (1996). Nature 380, 258-262.

Hille, B. (1994), Trends Neurosci. 17, 531-535.
Hirning L. D., Fox, A. P., McCleskey, E. W., Olivera, B. M,, Thayer,

S. A., Miller, R. J., and Tsien R. W. (1988). Science 239,57-61.
Ikeda, S. R. (1996). Nature 380, 255-258.
Jan, C. R. Titeler, M., and Schneider, A. S. (1990). J. Neurochem.

54, 355-358.
Jones, O. T, Kunze, D. L., and Angelides, K. J. (1989). Science

244, 1189-1193.
Kavalali, E. T., Zhuo, M., Bito, H., and Tsien, R. W. (1997). Neuron

18,651-653.
Kasai, H. (1991). Proc. Natl. Acad. Sci. USA 88, 8855-8859.
Kasai, H., and Neher, E. (1992). J. Phisiol. 448, 161-188.
Kerr, L, M., and Yoshikami, D. (1984). Nature 308, 282-284.
Kerr, L. M., Filloux, F., Olivera, B. M., Jackson, H., and Wamsley,

J. K. (1988). Eur. J. Pharmacol. 146, 181-183.
Knox, R. J., Quattrocki, E. A., Connor, J. A., and Kaczmarek, L.

K. (1992). Neuron 8, 883-889.
Komuro, H., and Rakic, P. (1992). Science 257, 806-809.
Kuo, C. C., and Bean, B. P. (1993). Nature 365, 258-262.
Leveque, C., El Far, O., Martin-Moutot, N., sato, K., Kato, R.,

Takahashi, M., and Seagar, M. J. (1994). 7. Biol. Chem.
269,6306-6312.

Leys, K., Lang, B., Johnston, I., and Newsom-Davis, J. (1991).
Ann. Neural. 29, 307-314.

Lievano, A., Bolden, A., and Horn, R. (1994). Am. J. Physiol.
267, C411-C424.

Lin, Z., Haus, S., Edgerton, J., and Lipscotnbe, D. (1997). Neuron
18, 153-166.

Liu, J., Bangalore, R., Rutledge, A., and Triggle, D. J. (1994). Mol.
Pharmacol. 45, 1198-1206.

Maeda, N., Wada, K., Yuzaki, M., and Mikoshiba, K. (1989). Brain
Res. 489, 21-34.

Marqueze, B., Martin-Moutot, N., Leveque, C., and Couraud, F.
(1988). Mol. Pharm. 34, 87-90.

McCleskey, E. W., Fox, A. P., feldman, D., Cruz, L. J., Olivera,
B. M., Tsien, R. W., and Yoshikami, D. (1987). Proc. Natl.
Acad. Sci. USA 84, 4327-4331.

McEnery, M. W., Snowman, A. M., Sharp, A. H., Adams, M.
E., and Snyder, S. H. (1991). Proc. Natl. Acad. Sci. USA
88, 11095-11099.

McEnery, M. W., Snowman, A. M., and Snyder, S. H. (1994). 7.
Biol. Chem. 269, 5-8.

McEnery, M. W., Haase, H., Vance, C. L., Choi, Y, Morano, I.,
Copeland, T. D., and Dubel, S. J. (1997). FEBS Lett., submitted.

Miller, R. (1992). 7. Biol. Chem. 267, 1403-1406.
Mills, L. R., Niesen, C. E., So, A. P., Carlem, P. L., Spiegelman,

I., and Jones, O. T. (1994). 7. Neurosci. 14, 6815-6824.



Metabolism of N-Type Calcium Channels 407

Motomura, M, Johnston, I., Lang, B., Vincent, A., and Newsom-
Davis, J. (1995). J. Neurol. Neurosurg. Psychiatry 58, 85-87.

Nowycky, M. C., Fox, A. P., and Tsien, R. W. (1985). Nature
316, 44CM43.

Olivera, B. M., Miljanich, G. P., Ramachandran, J., and Adams,
M. E. (1994). Anna. Rev. Biochem. 63, 823-867.

Passafaro, M., Clementi, F., and Sher, E. (1992). J. Neurosci. 12,
3372-3379.

Passafaro, M., Clementi, F., and Sher, E. (1993). Clin. Chem. Enzym.
Commun. 6, 15-19.

Passafaro, M., Clementi, F., Polio, A., Carbone, E., and Sher, E.
(1994). Neuron 12, 317-326.

Passafaro, M., Rosa, P., Sala, C., Clementi, F., and Sher, E. (1996).
J. Biol. Chem. 271, 30096-30104.

Petersen, O. H. (1996). Trends Neurosci. 19, 411-413.
Plummer, M. R., and Hess, P. (1991). Nature 351, 657-659.
Plummer, M. R., Logothetis, D. E., and Hess P. (1989). Neuron

2, 1453-1463.
Polio, A., Lovallo, M., Sher, E., and Carbone, E. (1993). Pflugers

Arch.—Eur. J. Physiol. 422, 75-83.
Ramanadham, S., and Turk, J. (1994). Cell Calcium 15, 259-264.
Reber, B. F. X., and Reuter, H. (1991). /. Physiol. 435, 145-162.
Rittenhouse, A. R., and Hess, P. (1994). J. Physiol. 474, 87-99.
Rivier, J., Galyean, R., Gray, W. R., Azimi-Zonooz, A., Mdntosh,

J. M., Cruz, L. J., and Olivera B. M. (1987). J. Biol. Chem.
262, 1194-1198.

Robitaille, R., Adler, E. M., and Charlton, M. P. (1990). Neuron
S, 773-779.

Rosa, P., Barr, A. F., Stinchcombe, J. C., Binacchi, C. and Huttner,
W. B. (1992). Ear. J. Cell Biol. 59. 265-274.

Rossoni, G., Berti, F., La Maestra, L., and Clementi, F. (1994).
Neurosci. Lett. 176, 185-188.

Sakamoto, J., and Campbell, K. P. (1991). J. Biol. Chem. 266,
18914-18919.

Schmidt, J., Rossie, S., and Catterall, W. A. (1985). Proc. Natl.
Acad. Sci. USA 82, 4847-4851.

Schultz, G., Rosenthal, W., Hescheler, J., and Trautwein, W. (1990).
Anna. Rev. Physiol. 52, 275-292.

Scott, V. E., DeWaard, M., Hongyan, L., Gurnett, C. A., Venzke,
D. P., Lennon, V. A., and Campbell, K. P. (1996). J. Biol.
Chem. 271, 3207-3212.

Sher, E. and Clementi, F. (1991). Neurosci. 42, 301-307.
Sher, E., Pandiella, A., and Clementi, F. (1988). FEBS Lett. 235,

178-182.
Sher, E., Gotti, C., Canal, N., Scoppetta, C., Piccolo, G., Evoli, A.,

and Clementi, F. (1989). Lancet II, 640-643.
Sher, E., Pandiella, A., and Clementi, F. (1990). Cancer Res. 50,

3892-3896.

Sher, E., Biancardi, E., Polio, A., Carbone, E., Li, G., Wollheim, C.
B., and Clementi, F. (1992). Eur. J. Pharmacol. 216,407-414.

Sherman, S. J., and Catterall, W. A. (1984). Proc. Natl. Acad. Sci.
USA 81, 262-266.

Stanley, E. F., and Atrakchi, A. H. (1990). Proc. Natl. Acad. Sci.
USA 87, 9683-9687.

Stollberg, J., and Berg, D. K. (1987). J. Neurosci. 7, 1809-1815.
Strong, J. A., Fox, A. P., Tsien, R. W., and Kaczmarek, L. K.

(1987). Natun 325, 714-717.
Suzuki, N., and Yoshioka, T. (1987). Neurosci. Lett. 75, 235-239.
Swandulla, D., Carbone, E., and Lux, H. D. (1991). Trends Neurosci.

14, 46-51.
Tagaya, M., Toyonaga, S., Takahashi, M., Yamamoto, A., Fujiwara,

T., Akagawa, K., Moriyama, Y, and Mizushima, S. (1995).
J. Biol. Chem. 270, 15930-15933.

Tagaya, M., Genma, T., Yamamoto, A., Kozaki, S., and Mizushima,
S. (1996). FEBS Lett. 394, 83-86.

Takemura, M., Kiyama H., Fukui, H., Tohyama, M., and Wada, H.
(1988). Brain Res. 451, 386-389.

Tanaka, O., Hiroyuki, S., and Kondo, H. (1995). Mol. Brain Res.
30, 1-16.

Torri-Tarelli, F., Passafaro, M., Clementi, F., and Sher, E. (1991).
Brain Res, 547, 331-334.

Toselli, M., Masetto, S., Rossi, P., and Taglietti, V. (1991). Eur. J.
Neurosci. 3, 78-90.

Usowicz, M. M., Porzig, H., Becker, C,, and Reuter, H. (1990). J.
Physiol 426,95-116.

Volsen, S. G., Day, N. C., McCormack, A. L., Smith, W., Craig,
P. J., Beanie, R., Ince, P. G., Shaw, P. J., Ellis, S. B., Gillespie,
A., Harpold, M. M., and Lodge, D. (1995). Mol. Brain Res.
34, 271-282.

Wagner, J. A., Snowman, A. M., Biswas, A., Olivera, B. M., and
Snyder S. H. (1988). J. Neurosci. 8, 3354-3359.

Westenbroek, R., Ahlijanian, M. K., and Catterall, W. A. (1990).
Nature 347, 281-284.

Westenbroek, R., Hell, J. W., Warner, C., Dubel, S. J., Snutch, T.
P., and Catterall, W. A. (1992). Neuron 9, 1099-1115.

Witcher, D. R., De Waard, M., Sakamoto, J., Franzini-Armstrong,
C., Pragnell, M., Kahl, S. D., and Campbell, K. P. (1993).
Science 261, 486-489.

White, B. H., and Kaczmarek, L. K. (1997). /. Neurosci. 17,
1582-1595.

Williams, M. E., Brust, P. F., Feldman, D. H., Patthi, S., Simerson,
S., Maroufi, A., McCue, A. F., Velicelebi, G., Ellis, S. B., and
Harpold, M. M. (1992). Science 257, 389-395.

Wood, M. R., DeBin, J., Strichartz, G. R., and Pfenninger, K. H.
(1992). J. Neurosci. 12, 2948-2954.

Yamaguchi, T., Saisu, H., Mitsui, H., and Abe, T. (1988). J. Biol.
Chem. 263, 9491-9498.


