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Preface.

In 1982, a Spanish Mediterranean island, Ibiza, hosted the First
International Symposium on Chromaffin Cell Biology (ISCCB-1;
organizers: A.G. García and V. Ceña). This meeting was followed by
others in Colmar, France (D. Aunis), Coolfont, USA (H. Pollard and
P.F. Fleming), Alice Spring, Australia (B. Livett and P. Marley),
Jerusalem, Israel (K. Rosenheck and O. Zinder), Marburg, Germany
(K. Usinker and M. Gratzl), Ottawa, Canada (J.M. Trifaró),
Eddinburg, UK (J. Phillips and J.P. Apps), Sapporo, Japan (T. Kanno,
Y, Nakazato and K. Kumakura), Bergen, Norway (K.B. Helle, T.
Flatmark and G. Serk-Hanssen), San Diego, USA (D. O’Connor and
S. Mahata). We closed this long tour in another Spanish island, this
time on the Atlantic Ocean, La Palma. Ricardo Borges and his co-
workers organised the ISCCB-12 in a magnificent atmosphere, both
from the scientific as well as the social points of view.

The philosophy of these meetings is to facilitate the exchange and
dissemination of ideas in the field of calcium signalling, exocytosis
and cell communication, to favour friendship and to promote
collaborations between different laboratories. Although it was agreed
that books would not arise from these meetings, two books were
edited from the meetings of Sapporo and San Diego. The third book
comes to light now from the meeting held in La Palma, on September
2003.

This book contains many of the communications presented at the
ISCCB-12 on calcium signalling, chromogranins, chromaffin vesicles,
vesicle movements, the proteins of exocytosis, the fusion pore, novel
methodologies and techniques. Ricardo Borges has managed to
assemble this frontier information in a book that will interest not only
the 150 participants at La Palma meeting, but also to many scientist
devoted to the field of stimulus secretion coupling processes. Enjoy it.

Antonio G. García, Universidad Autónoma de Madrid, Spain
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Intercellular communication is initiated by the release of
neurotransmitters from the presynaptic nerve cell, i.e. exocytosis.
Therefore, the strength of the presynaptic signal is determined by the
type of neurotransmitter released, the number of neurotransmitter-
containing vesicles that fuse and the amount of neurotransmitter
released per vesicle. Consequently, modulation of the presynaptic
signal plays a crucial role in neurotransmission and, therefore, is of
vital importance.

Exocytosis is part of a complex process, in which Ca2+ plays a
key role, consisting of vesicle docking and priming, formation of a
fusion pore, fusion of vesicle and plasma membrane, and subsequent
release of vesicle contents. As a result, a variety of cytoplasmic- and
membrane-bound proteins is involved in the regulation of specific
steps of the vesicle cycle. Thus, modulation of the presynaptic signal
may occur at several levels. In the Exocytosis W&BC, held on
September 21, 2003, several of these levels were a matter of debate.
This summing-up is intended to briefly review these levels of
modulation, i.e. proteins involved in the modulation of exocytosis, the
regulation of Ca2+-signals in the modulation of exocytosis and some
more general matters, regarding contaminations, constructs of
fluorescent proteins, analysis of amperometric signals, and different
modes of exocytosis.

Proteins involved in the modulation of exocytosis. Due to the
sophisticated nature of exocytosis, a great number of proteins is
involved in its regulation. However, the basic fusion event itself is
based on the interaction between three highly-conserved proteins as
discussed by Colin Rickman (Target SNARE dimers in chromaffin
cells by C Rickman, F Meunier and B Davletov; crickman@mrc-
lmb.cam.ac.uk). Catecholamine release from chromaffin cells requires
the regulated fusion of cargo containing granules with the plasma
membrane. This exocytotic process is driven by three SNARE
proteins; syntaxin and SNAP-25 on the plasma membrane and
synaptobrevin on the vesicular membrane. These three proteins form
an extremely stable trimeric complex composed of four a-helices. The
formation of this stable complex is believed to provide the energy to
drive merger of the two membranes.
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The molecular assembly pathway that leads to formation of this
fusogenic complex and the distribution of these SNAREs in resting
chromaffin cells have been examined biochemically. Using brain-
purified full length SNAREs it was found that, of all theoretically
possible binary SNARE combinations, only the syntaxin/SNAP-25
heterodimer (target SNARE dimer) was able to form. The complex
produced by these two SNAREs is equimolar in stoichiometry and
forms with a high affinity. Given that these two proteins are present
on the same cellular membrane, this affinity would suggest they could
readily associate in the cell.

Using immunocytochemistry it was shown that, in bovine
chromaffin cells, endogenous syntaxin and SNAP-25 exhibit punctate
staining on the plasma membrane in equatorial confocal sections. In
polar sections these clusters are defined, show almost perfect
coincidence of the two SNAREs and occupy approximately 10% of
the total plasma membrane surface area. Staining for the vesicular
SNARE, synaptobrevin, demonstrated only a very small degree of
colocalisation with the syntaxin/SNAP-25 clusters. Therefore, it was
concluded that the plasma membrane SNARE clusters represent areas
of pre-assembled syntaxin/SNAP-25 heterodimers and likely define
sites of release.

Besides the basis of exocytosis, which is formed by the SNARE
proteins, numerous other proteins are involved in exocytosis and
preceding steps. The exocytosis of a single vesicle is thought to be
mediated by a sequence of interactions between cytosolic, vesicular
and plasma membrane proteins. The availability of an accurate kinetic
model would be advantageous for investigating the dynamics of
protein-protein interactions in relation to exocytosis, as discussed by
Uri Ashery (The molecules that drive vesicle fusion by A Mezer, E
Nachliel, M Gutman and U Ashery; uria@post.tau.ac.il). In the last
decades, the functions of specific proteins in this process have been
intensively studied. However, the precise sequence of protein-protein
interactions that drive the exocytotic process is still a matter of debate
and a comprehensive description of protein-protein interaction, based
on chemical kinetics had not been attempted.

To pinpoint this issue, the reactions between the synaptic
proteins were transformed into a set of coupled, non-linear ordinary
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differential equations where the rate constants and some of the
proteins concentrations are adjustable parameters. Recent studies
provided some of these parameters, while a search in the parameters
space for the others led to accurate reconstruction of the basic Ca2+-
driven vesicular fusion. In addition, using the model it was possible to
reconstruct complex experimental protocols as a sequence of
stimulations and munc13 overexpression. Moreover, the model can
also give an indication of the dynamic changes of different
intermediate complexes during exocytosis.

For example, it allows for identification of the empirically
defined ‘Readily Releasable’ and the ‘Slowly Releasable’ pools of
vesicles with precise synaptic protein complexes formed during the
maturation process. The model allows postulation and prediction of
different scenarios regarding deletion and manipulation of some
proteins involved in the exocytosis process. The strength of the
presented model is that it can easily implement another intermediate
step according to newly available data about the concentration of
specific protein or information about binding kinetics. Thus, this is the
first time a comprehensive kinetic model is able to describe the
dynamics of interaction between key synaptic proteins that are
associated with exocytosis.

One of many classes of proteins involved in the regulation of
neurotransmitter release is formed by Rho proteins (Rho, Rac, Cdc42).
Rho proteins are widely expressed monomeric GTPases, which cycle
between a soluble, GDP-bound inactive state and a membrane-
associated GTP-bound state that stimulates downstream effectors.
Glucosylation of Rac GTPase by Lethal Toxin (LT) from Clostridium
sordellii inhibits neurotransmitter release (Doussau et al., J. Biol.
Chem. (2000) 275:7764-70), possibly by decreasing the number of
release sites competent for fusion (Humeau et al., J. Neurosci. (2002)
22:7968-81). Furthermore, phosphatidic acid produced by
phospholipase D (PLD), as a result of signaling activity, is thought to
play a role in membrane vesicle trafficking. PLD is one of the
multiple Rac effectors that might be silenced following LT action.
This possibility, including the role of PLD in neurotransmitter release,
was discussed by Frédéric Doussau (A role for phospholipase D1 in
neurotransmitter release by F Doussau, Y Humeau, N Vitale, S
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Chasserot-Golaz, J-L Dupont, G Du, MA Frohman, M-F Bader and B
Poulain; doussau@neurochem.u-strasbg.fr).

Using purified rat brain synaptosomes, it was shown that PLD1
is associated with the particulate fraction containing the plasma
membrane. Additional immunostaining of cultured rat cerebellar
granule cells showed localization of PLD1 at the neuronal plasma
membrane in zones specialized for neurotransmitter release and
exocytosis (axonal neurites, varicosities, growth cone-like structures).
To determine the potential involvement of PLD1 in neurotransmitter
release, recombinant catalytically-inactive PLD1 (K898R; 50 nM,
intrasomatic) was microinjected into Aplysia neurons. Using
conventional electrophysiological recordings to study the effects of
this manipulation on evoked acetylcholine release, it was shown that
PLD1 (K898R) produced a fast and potent dose-dependent inhibition
of ACh release, whereas paired-pulse facilitation and the time course
of postsynaptic responses evoked by high frequency stimulations was
not altered. This finding suggests that the inhibition of exocytosis
caused by PLD1 (K898R) is not the result of an alteration in stimulus-
secretion coupling or in vesicular trafficking. Analysis of the
fluctuations in amplitude of the postsynaptic responses revealed that
the PLD1 (K898R) blocked ACh release by reducing the number of
active presynaptic releasing sites without effects on quantal size or
output probability.

Thus, these results are the first demonstration of a role of PLD1
in a late stage of Ca2+-dependent synaptic vesicle exocytosis at nerve
terminals (Humeau et al., (2001) Proc. Natl. Acad. Sci. USA
98:15300-05). This extends the idea that membrane lipid constituents
are essential partners for proteins in the control of vesicular membrane
trafficking events. Additionally, these findings reinforce the concept
that lipid cones such as phosphatidic acid, by locally remodeling
membrane curvature and fluidity, mark sites of fusion.

The phosphorylation state of exocytotic proteins, which is
modulated by a tight interplay of kinases and phosphatases, modulates
exocytosis to a large extent. The mechanisms used by receptors which
couple to PKC to facilitate exocytosis has recently become an issue of
debate following the discovery of another diacylglycerol-regulated
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protein, Munc13, as discussed by Elizabeth Seward (Munc-ing around
with PKC by Elizabeth Seward; e.p.seward@sheffield.ac.uk).

Previous studies have suggested that PKC may facilitate
exocytosis by (1) facilitating transfer of vesicles from the reserve pool
to the readily releasable pool through phosphorylation of MARCKS
and changes in the cytoskeleton, (2) it may speed up vesicle
recruitment by phosphorylation of SNAP-25, and/or (3) it may
promote vesicle docking by phosphorylation of Munc-18. In all three
scenarios, an increase in vesicle dynamics is predicted, if it is assumed
that the reserve pool and releasable pool(s) are morphologically
distinct. Munc13 on the other hand, is thought to act by priming
already docked vesicles, and therefore no such increase in vesicle
dynamics is expected. To examine in more detail the molecular
mechanisms used by agonists at Gq-protein coupled receptors to
facilitate exocytosis, a combination of membrane capacitance
measurements to measure pool size and total internal reflection
fluorescence microscopy to monitor vesicle dynamics in patch-
clamped chromaffin cells has been used.

Preliminary data discussed at the meeting showed that while
agonists at these receptors clearly increased the size of the RRP, this
did not appear to be accompanied by an increase in the number of
morphologically docked vesicles, at least under the recording
conditions used. Clearly this favours the view that agonist activation
of the diacylglycerol-regulated signalling cascade increases vesicle
priming rather than docking, more experiments are however, required
to identify the proteins involved.

The regulation of Ca2+-signals in the modulation of
exocytosis. Calcium plays a key role in exocytosis. Calcium not only
triggers the actual exocytotic event, it is involved a large number of
regulatory cascades as well. Therefore, the influx of Ca2+ through a
variety of calcium channels is of great importance for the modulation
of exocytosis. The significance of L, N, and P/Q-type Ca2+-channels is
well recognized. However, T-type Ca2+-channels are involved in the
modulation of exocytosis as well, as discussed by Emilio Carbone (T-
type CaV3 channel coupling to exocytosis in rat chromaffin cells by A
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Giancippoli, V Carabelli, M Novara, P Baldelli, D Cavallari and E
Carbone; emilio.carbone@unito.it).

Rat chromaffin cells (RCCs) express marked densities of low-
voltage-activated Ca2+ channels when incubated for 3-4 days in
solutions containing the membrane permeable cAMP-analogue,
pCPT-cAMP (200mM). The cAMP-recruited channels are readily
identifiable as T-type on the basis of their biophysical and
pharmacological characteristics: 1) availability from –40mV in 5mM
Ca2+, 2) steep voltage-dependent activation, 3) slow deactivation but
fast and complete inactivation, 4) full inactivation following short
conditioning pre-pulses to –30mV, 4) large block of Ca2+-influx with
50mM Ni2+, 5) comparable permeability to Ca2+ and Ba2+, 6)
sensitivity to high doses of nifedipine (≥ 10mM) but insensitivity to w
-CTx-GVIA (3.2mM), w-Aga-IVA (2mM) and SNX-482 (1 mM).

The extent to which these cAMP-recruited T-channels contribute
to the secretory response of RCCs was investigated. Exocytosis has
been measured as cell capacitance increases (DC) during 100 ms
pulses depolarizations (–50 to +40mV) (Carabelli et al., (2003)
Biophys. J. 85:1326-37), in the presence of nifedipine (1-5mM), w-
CTx-GVIA (3.2mM), w-Aga-IVA (2mM) and in Na+-free external
solutions in order to minimize the contribution of L, N, P/Q Ca2+

channels and Na+ channels, respectively. It was shown that compared
with control RCCs in which secretion was uniquely ascribed to R-
channels, the prolonged exposure to cAMP potentiated the exocytosis
by 110%. Furthermore, measuring the ratio between mean DC (~10fF)
and mean charge density (~0.15pC/pF) at –20 mV, it was found that
cAMP-recruited T-channels contributed to secretion with a 3-fold
higher degree of efficacy compared with the high-threshold ones
expressed in control RCCs (50fF for a charge density of 2pC/pF at
+10mV). This implies that low-threshold channels may play a critical
role to the secretory activity of RCCs during sustained sympathetic
stimulation, which is capable of inducing high levels of cAMP
through the autocrine activation of b-adrenergic receptors (Cesetti et
al., (2003) J. Neurosci. 23:73-83).

Influx of Ca2+ through calcium channels is only one of several
processes shaping the intracellular calcium signal. Since intracellular
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calcium signals are responsible for initiating a spectrum of
physiological responses, calcium signals have to be tightly regulated,
both temporal and spatial. Calcium binding proteins (CaBPs) are
critically involved in this regulation as discussed for caldendrins by
Robert Burgoyne (Calcium Binding Protein 1 is an inhibitor of
agonist-evoked, inositol 1,4,5-trisphophate-mediated calcium
signal l ing  by LP Haynes, AV Tepikin and RD Burgoyne;
burgoyne@liverpool.ac.uk). The caldendrins represent mammalian-
specific members of the CaM superfamily. CaBPs display a restricted
pattern of expression in neuronal/retinal tissues suggesting a
specialised role in Ca2+ signalling in these cell types. Recently it was
reported that a splice variant of CaBP1 functionally interacts with
inositol 1, 4, 5-trisphosphate (InsP3) receptors (InsP3Rs) to elicit
channel activation in the absence of InsP3 (Yang et al., (2002) Proc.
Natl. Acad. Sci. USA 99:7711-16). These data indicate a new mode of
InsP3R modulation and hence control of intracellular Ca2+

concentration ([Ca2+]i) in neuronal tissues.
Burgoyne et al analysed the biochemistry of the long form splice

variant of CaBP1 (L-CaBP1) and show that, in vitro, a recombinant
form of the protein is able to bind Ca2+ with high affinity and
undergoes a conformational change. Additionally, the localisation of
endogenous and overexpressed L-CaBP1 in the model
neuroendocrine, PC12, cell system was described. In PC12 cells, L-
CaBP1 was associated with the plasma membrane and Golgi complex
in a myristoylation-dependent manner. Furthermore, it was shown that
overexpressed L-CaBP1 is able to substantially suppress rises in
[Ca2+]i in response to physiological agonists acting on purinergic
receptors and that this inhibition is due in large part to blockade of
release from intracellular Ca2+ stores. The related protein Neuronal
Calcium Sensor-1 was without effect on the [Ca2+]i responses to
agonist stimulation. Measurement of [Ca2+] within the ER of
permeabilised PC12 cells demonstrated that L-CaBP1 directly
inhibited InsP3-mediated Ca2+ release. Expression of L-CaBP1 also
inhibited histamine-induced [Ca2+]i oscillations in HeLa cells.
Together these data suggest that L-CaBP1 is able to specifically
regulate IP3R-mediated alterations in [Ca2+]i during agonist
stimulation, which could greatly alter exocytosis and its time-course.
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Additional factors affecting exocytosis: fluctuating fusion
pores, contaminations, analysis of amperometric signals and new
journals. The major determinants of presynaptic neurotransmission
are the number of exocytotic events and the amount of
neurotransmitter released per exocytotic event. Both could be affected
by a single process, i.e. fluctuation of the fusion pore, as discussed by
Roland Staal (Dopamine neurons release transmitter via a fluctuating
fusion pore b y  RGW Staal, E Mosharov and D Sulzer;
rs1215@columbia.edu). Vesicles in neuronal and neuroendocrine cells
can release neurotransmitter via full fusion, which starts with the
formation of a fusion pore that ultimately undergoes radial expansion
until the vesicle collapses into the plasma membrane. Additionally, it
has been demonstrated that vesicles in neuroendocrine cells can
undergo transient fusion or kiss-and-run exocytosis. Transient fusion
events occur when the fusion pore closes instead of expanding and
collapsing into the plasma membrane, thereby potentially limiting
neurotransmitter release. Based on this, two key goals for
understanding neurotransmission were suggested, i.e. determination of
whether neuronal small synaptic vesicles (SSVs) can release
neurotransmitter via transient fusion events in addition to full fusion
and determination of how these modes of exocytosis are regulated.

This was examined using carbon fiber amperometry to measure
neurotransmitter release from dopamine neurons. It was found that
~20% of quantal events recorded from dopamine neurons did not
possess the “simple” amperometric spike shape usually seen with
single vesicle exocytosis in other cell types. Rather, a “complex” spike
shape with multiple peaks was regularly observed. These multiple
peaks sequentially decreased in amplitude, suggesting that
neurotransmitter was being released from SSVs via the high frequency
(~4 kHz) flickering of a small diameter (~2 nm) fusion pore. The
quantal sizes of simple events were significantly smaller than those of
complex events, suggesting that simple events resulted from transient
fusion events. The incidence of complex amperometric spikes was
enhanced by staurosporine and reduced by phorbol-12,13-dibutyrate
(PDBU), demonstrating that this mechanism might be regulated by a
protein kinase.
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Although full fusion is believed to be the dominant form of
exocytosis in neuroendocrine chromaffin and PC12 cells, SSVs in
dopamine neurons appear to be able to release neurotransmitter
through a rapidly flickering fusion pore. Neurotransmitter release
through this rapidly flickering fusion pore might represent a novel
mechanism distinct from both kiss and run exocytosis and full fusion.

Besides modulation of exocytosis at the level of the fusion pore,
exocytotic proteins or by regulation of Ca2+-signals, exocytosis can be,
unintentionally, modulated by the experimental conditions. This
sounds not completely surprising and it is well known that results
obtained from fresh cells can differ from results obtained from cells
already in culture for several days, and that results obtained from
dissociated chromaffin cells could differ from results obtained from
chromaffin cells in adrenal slices. What is less known, is that the cell
culture and saline solutions surrounding the experimental objects may
unintentionally confound the results.

In the example presented by Remco Westerink (Pb2+

contamination and neurotransmitter release? by RHS Westerink;
rwesteri@science.uva.nl) it was shown that very low concentrations
(30 nM) of the heavy metal Pb2+ induce vesicular neurotransmitter
release from ionomycin-permeabilized PC12 cells, even in the
absence of Ca2+. This finding becomes alarming if one takes into
account the composition of “standard” extracellular saline. On
average, standard saline contains 30 g of salt/l. According to the
“certificates of analysis”, maximum Pb2+ contamination amounts to
0.0005%, which equals 150 mg/l standard extracellular saline, i.e. 720
nM Pb2+! Of course, this does not necessarily means that standard
extracellular saline indeed contains these tremendous amounts of
heavy metal contamination, but it could be.. One of the questions that
then arises is: can we trust our control conditions, and are we sure that
our control conditions do not saturate the endogenous buffer capacity
of the cell? Related to this basic question: are contaminations affecting
normal onset and progression of exocytosis?

Since the frequency of spontaneous release events from intact
and permeabilized cells is rather low, even after prolonged exposure
to external saline solutions, the amount of Pb2+-contamination appears
too low to drastically alter onset and progression of exocytosis.
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Nonetheless, it is wise to use ultra-pure chemicals, especially when
using permeabilized cells, to minimize the risks of contaminations.
Additionally, one should keep an open mind to these kinds of
problems, since they are applicable not only to external saline, but to
cell culture and dissociation media as well. Furthermore, this possible
hazard is not restricted to Pb2+. Our media may contain a several other
contaminations, each with a potential effect on cellular processes,
including onset and progression of exocytosis. Finally, exocytosis
kinetics reported by fluorescent proteins depends on the specific
protein construct used and on the cell in which the fluorescent protein
is expressed (Kinetics of exocytosis differ markedly in chromaffin and
insulin granules expressing the same lumenal fluorescent protein by
DJ Michael, M Edwardson, CJ Rhodes and RH Chow;
rchow@email.usc.edu), underlining the notion that care should be
taken when interpreting experimental results and that experimental
conditions may, unintentionally, modulate exocytosis.

In addition to his presentation on kinetics of exocytosis, Robert
Chow presented some general matters concerning exocytosis related
experiments. One major point of concern in amperometric
experiments is the issue of analysis (Complexities in analysis of
amperometric signals by RH Chow; rchow@email.usc.edu).

Electrochemical methods enable us to make highly sensitive and
high-time-resolution studies of individual exocytotic events in cells
secreting oxidizable transmitters. An important problem is that, until
now, there has been no consensus on how to analyze the individual
events, much less on what the meaning is of the overall shape of the
individual events. The “foot signal” has been attributed by some
investigators to molecules tricking through a narrow “fusion pore”
that connects the vesicle to the plasma membrane at an early stage of
exocytosis. However, not all investigators see foot events. And some
feel that the criteria for determining the beginning and end of the foot
signal are not clear. What factors determine the shape of the “spike
phase” of amperometric events is another area of controversy. Some
feel that it reflects fusion pore dynamics, while others feel that the
fusion pore does not contribute. Another area of uncertainty has been
how to do analysis of the many events that one records during a
typical experiment. What statistical approaches are valid? Probably,
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these issues can only be solved if all investigators agree on using some
sort of universal criteria to analyse amperometric signals.

As a final point in this summing-up, Robert Chow brought a new
journal to attention (Public Library of Science Biology - a new journal
by RH Chow; rchow@email.usc.edu). Many scientists have expressed
outrage over the lack of free access to publicly funded research. Most
of our research is paid for by national agencies, which commonly
stipulate that research results and other products of research should
become freely available in the public domain once the results have
been published. Yet, access to such materials often requires payment
of hefty journal subscriptions or computer down-loading fees. In
addition, copyright to the published material is often owned by the
journals. In reaction to what is now widely seen as an unfair system
controlled by these journals, a number of biologists, including Nobel
Prize winner Harold Varmus, have banded together to create a new
journal. This journal is called the Public Library of Science Biology,
and its first issue will appeared October 13, 2003. The journal will
make available all articles for free by computer access. Furthermore,
copyright will belong to the authors. Since there will be no revenue
from journal subscriptions, authors will be charged $1500 to cover the
costs of publication - not unreasonable, if you consider that one color
plate in a journal like Nature will cost the authors $1000. The list of
editors of PLoS reads like a Who’s Who of modern biology, which
will ensure that only articles of the highest quality will be published.
When you are considering where to submit your next “hot” paper,
why not consider PloS (http://www.plosbiology.org)?

CONCLUSIONS
Although exocytosis is a common process, founded on the

interaction of highly-conserved proteins, its modulation will probably
puzzle us for a few more years. At the protein level, intensive studies,
using a variety of techniques, have shed some light on the molecular
interactions underlying exocytosis and preceding steps. However,
considering the tremendous amount of proteins involved in exocytosis
it is likely that additional protein-protein interactions, capable of
modulating exocytosis, will be revealed. Furthermore, every year the
list of proteins involved in exocytosis increases. Consequently, the list
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of possible protein-protein interactions is still growing. The same
holds for regulation of intracellular Ca2+-signals. The importance of
intracellular Ca2+-signals in the modulation of presynaptic
neurotransmission is no matter of debate. However, intracellular Ca2+-
signals are regulated by a tight interplay of Ca2+-influx, Ca2+-buffering
and Ca2+-extrusion and Ca2+-sequestration, which in turn are regulated
by a large number of effectors in a manner that is still not completely
understood. Furthermore, exocytosis can be modulated at the
biophysical level of the fusion pore. Opening and successive closing,
flickering or expansion of the fusion pore is of importance for the
kinetics and the number of exocytotic events as well as for the amount
of neurotransmitter released per exocytotic event. The occurrence of
these different modes of exocytosis is a matter of debate, not to
mention the possible mechanisms underlying and modulating these
different modes of exocytosis. Finally, experimental conditions may
unintentionally modulate exocytosis, confounding interpretation of the
results. Therefore, the final and conclusive picture of exocytosis and
its regulation is still shaded and it probably takes a few more W&BCs
before we are at the long-searched for final stage of understanding
exocytosis and its modulation.
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Exocytosis constitutes the main cellular mechanism for secreting
neurotransmitters, which gave support to the classical quantal theory.
It was inferred that the unique way to increase a postsynaptic response
is by increasing the number of vesicles released by nerve terminals.
However, recent observations carried out analyzing the kinetics of
exocytosis, at the single event level, finds that the concentration of
neurotransmitter reaching the postsynaptic cell can be altered without
change the number of vesicles released1. The mechanisms that
underlay these changes in the kinetics of exocytosis remain obscure,
although it might imply: i) the expansion of fusion pore2, ii) water
secretion associated with exocytosis3 and iii) changes in the
aggregation of intravesicular components4.

Vesicular ATPase is a proton pump that maintains a pH of about
5.5 and a membrane potential of +80 mV with respect to cytosol. This
H+ gradient is also the driving force for the uptake of catecholamines,
Ca2+ and ATP. If there is a candidate to serve as the sensitive mediator
for intracellular signals that modulate the aggregation of intravesicular
components it should be the vesicular Ph (pHi). Here, we postulate a
correlation between the degree of pHi and the kinetics of exocytosis at
single event level. We also show that several second messengers could
modify this kinetics through this novel mechanism.

RESULTS AND DISCUSSION
It is well reported that fluorescent weak bases like acridine

orange (AO) are accumulated into acidic cellular compartments, thus
increasing the fluorescent signal as pHi falls. Both dyes seem to
accumulate within the same cell structures since these probes exhibit
the typical 'granular' pattern and because this accumulation is inhibited
by bafilomycin A1. However, the participation of early endosomes or
Golgi in the fluorescent signal cannot be excluded.

Figure 1a shows the effect of several drugs the time-course of
the accumulation of AO in single chromaffin cells and NH4Cl.
Ammonia accumulation inside vesicles causes their alkalinization thus
decreasing the fluorescence signal of AO. This effect is mimicked also
by the incubation with the NO donor sodium nitroprusside (SNP)
whereas the NO scavenger C-PTIO causes the opposite. Figure 1b
shows the average of several drugs on the pHi.
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We have shown that NO promotes rapid changes in the kinetics
of exocytosis acting through the classical cGMP route (Machado et al,
2000), Conversely, the NO scavenger carboxyl-PTIO (C-PTIO),
which removes the NO present inside and outside the cell, produces an
acceleration of the kinetics of exocytosis. To test whether these action
mechanisms of NO might involve changes in the pHi, we conduct
experiments monitoring the AO accumulation in the presence and in
the absence of NO. SNP (10 µM) yields a free NO concentration of
about 10 nM that strongly slow down the kinetics of exocytosis.
Figure 1a & b show the effects of SNP and C-PTIO on the time course
of AO accumulation. These experiments indicate that NO reduces the
H+ gradient across the vesicular membrane thus promoting its
alkalinization, they also evidence the presence of a basal level of NO
in the bathing media that is revealed after its removal with the
scavenger. The rapid NO withdrawal produces an acidification of
secretory vesicles.

Acute incubation of cells with the vesicular H+-pump inhibitor
bafilomycin A1 (0.1-100 nM) results in a drastic slow down of the
kinetics of exocytosis (figure 1c) thus resembling to that observed
with NO and cAMP5,6, suggesting that the action mechanism of these
kinases might be mediated by changes in pHi. However, higher
concentration of bafilomycin also causes the reduction of vesicular
content. Drugs known to alter the pHi also modify the kinetics of
exocytosis. Conversely, drug treatments that affect the kinetics of
exocytosis also produce changes in the pHi. Alkalinization is
associated with a slow-down of exocytosis.

Some authors suggest that pHi and intravesicular potential
would contribute to the fusion process7; however, after experiments on
permeabilized cells8 this controversy seemed to be over. Nevertheless,
all of these studies are carried out by measuring the secretion of
catecholamines from a population of millions of chromaffin cells. In
the present work, we have tried to get an approach to the role of the
pHi in the kinetics of exocytosis at single event level and to establish a
relation between pHi and the modulation of quantal release of
catecholamines by cell signalling.
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Figure 1. The effects of several drugs in the accumulation of acridine orange
and in the kinetics of exocytosis in single chromaffin cell. a) Typical traces
showing the cellular accumulation of acridine orange (AO, arrow; 10 nM, 30 s)
measured using an inverted fluorescent microscope. Chromaffin cells are incubated
with Krebs solution in the absence and in the presence of: NH4Cl 10 mM, the NO
donor SNP or the NO scavenger carboxy-PTIO during 10 min. b) Pooled data from
experiments done as described in a, measures are done at the end of traces by
averaging the values within the dashed rectangles. C, saline; PTIO, carboxy-PTIO
10 nM; FSK, forskolin 100 nM; SNP, sodium nitroprusside 10 µM; PDBu, phorbol
dibutirate ester 100 nM. *p<0.05, **p<0.01 student t-test. c) Bafilomycin A1 reduces
the kinetics and the quantal size of exocytosis. Cells are treated with bafilomycin
100 pM for 10 min. Exocytosis is triggered by 5 s pulse of 5 mM BaCl2 in the
vicinity of the cell and secretory spikes measured by amperometry and quantified as
described 9, Traces are reconstructed with the averaged data obtained from more
than 400 spikes from each group obtained the same day with the same electrode.
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There are experimental data indicating that fusion pore dynamic
is not implicated in the regulation of exocytotic kinetics. For instance,
NO still modulating the kinetics of exocytosis even in pre-fused
vesicles from cells secreting under hypertonic solutions. In addition,
the duration of the pre-spike phenomenon (foot) does not change in
response to NO9. In addition, NO modified the kinetics of exocytosis
in rat mast cells without changes in the fusion pore kinetics
(Guillermo Alvarez de Toledo, personal communication). The major
structure implicated in the maintenance of pHi is the V-ATPase
because it possesses several loci suitable for phosphorylation/de-
phosphorilation whereas the later is selectively blocked by
bafilomycin A1

10.
The control of the kinetics of exocytosis by second messengers

has been demonstrated in chromaffin9,11,12, PC12 (Borges,
unpublished observations) and mast cells; conversely, it has not
demonstrated in neurons. It is however likely that this effect could be
a general and fine mechanism for the regulation of synaptic
transmission. To our known, this is the first experimental evidence
that unveils the mechanism implicated in the regulation of the kinetics
of exocytosis by intracellullar signals.
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Cytoskeletal proteins play an essential role among the cytosolic
elements organizing the transport of vesicles from the internal regions
where chromaffin granule biogenesis takes place towards the subcortical
region where they are stored to form a reserve pool to sustain continuous
stimulation1,2. In these sense different myosins have been suggested to
play a motor role in such transport and therefore they could modulate
vesicle supply during secretion3,4,5. Here we studied whether the
overexpression of myosin II regulatory light chain (RLC) and an inactive
form affect different stages of the secretory process. Our results suggest
the implication of myosin II in the transport of vesicles, and, surprisingly,
in the final phases of exocytosis involving transitions affecting the
activity of docked granules, and therefore uncovering a new role for this
cytoskeletal element.

RESULTS AND DISCUSSION
Dynamic confocal microscopy has been used to study vesicle

movements in chromaffin cells overexpressing wild type RLC-GFP or its
inactive unphosphorylatable form (T18A/S19A RLC-GFP) and loaded
with quinacrine. Using this technique we have observed a marked
decrease in vesicle mobility in cells expressing such unphosphorylatable
form when compared with control non-treated cells of cells expressing the
wild type form. In effect, calculation of the coefficient of diffusion
through mean square displacements (MSD) vs time plots (Figure 1a)
yielded values of 10.1±1 x10-3 µm2/s for RLC-GFP moving granules and
0.32±0.02 x10-3 µm2/s for vesicles in cells expressing such
unphosphorylatable form. This reduction in vesicle mobility was similar
to the caused by agents affecting F-actin (phalloidin) or myosin ATPase
activity (BDM) as shown in Figure 1a. The study of individual fusion
kinetics is potentially useful when looking for the mechanisms underlying
the different effects of RLC-GFP constructs and can be achieved by
analyzing the shape of single amperometric events6 using carbon fiber
electrodes. The analysis was performed in BaCl2 stimulated cells, in order
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to search for well-separated spikes with amplitudes over 2.5 pA.  We
measured spike amplitude (Imax), event charge (Q), half-width (t1/2) and
time-to-the-peak (Tp). Non-infected cells or cells expressing wild-type
RLC-GFP were characterized by a very similar pattern of distribution,
showing mean amplitudes of 68 and 73 pA respectively. However, the
mean amplitude obtained with mutants T18A/S19A RLC-GFP (Figure
1b) was clearly reduced to half that of the control value (32±5 pA). The
observed alteration in mean amplitude did not represent a subsequent
change in the amount of catecholamines released per event, since charge
remained relatively unaltered. It is clear from the modifications in single
vesicle fusion parameters, that the secretory events found in cells
expressing the T18A/S19A RLC-GFP construct were considerably slower
than control or wild type RLC-GFP expressing cells, whilst maintaining
the charge released per event (Figure 1 b). These data demonstrate that
myosin II activity influences the very final events linked to the exocytotic
fusion of membranes and the release of catecholamines in this
neuroendocrine cell model.

This might imply that myosin II activity influenced either the
kinetics of exocytotic pore expansion or the degree of neurotransmitter
dissociation from the vesicular matrix.  It is unlikely that myosin II could
influence processes taking place in the interior of the vesicular matrix,
therefore we favor the first possibility.  In conclusion, the present work
demonstrates that cytoskeletal elements such as conventional myosin II
affect different stages of the exocytotic process and not merely the
transport of vesicles. Orienting research toward these newly proposed
interactions may help to clarify and unravel some of the complex aspects
of the exocytotic cycle.
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Figure 1. a. Average of square of the mean distance moved (MSD) during the
time intervals expressed in the abscissa, for vesicles in wild type RLC-GFP expressing
cells, and cells expressing T18A/S19A RLC-GFP. In addition, were given MSD vs time
plots for control cells treated with 1 µM phalloidin or 20 mM BDM. Also plotted were
the best linear fits for the different curves, used to estimate the diffusion coefficient. b.
This panel shows spikes representing the average properties of events in cells expressing
wild type RLC-GFP and T18A/S19A RLC-GFP constructs, in addition to describe the
parameters analysed.

A long version of this work can be found in reference 7.
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In rat chromaffin cells (RCCs), L-channels carry ~50% of the
total Ca2+ current and are effectively inhibited by the
neurotransmitters released by their own secretory granules. This
inhibition is membrane-delimited and mediated by G protein-coupled
receptors co-localized with L-channels in membrane microdomains.
The inhibition is reversed when intracellular cAMP is raised or after
exposure to isoprenaline (b-AR-stimulation), suggesting the existence
of parallel and opposite effects on L-channel gating by distinctly
activated membrane autoreceptors. Rising intracellular cAMP by
either applying the membrane permeable analogue pCPT-cAMP or
through b-AR stimulation induces multiple effects on RCCs: i) a 20%
increase of L-currents, ii) a 100% potentiation of the depolarization-
evoked secretion occurring downstream of Ca2+-entry and iii) a slow
recruitment of T-type channels following long-term exposures of
permeable cAMP or isoprenaline. This multiform action of pCPT-
cAMP appears to nicely counterbalance the inhibitory effect on L-
channels and argues in favor of an effective increase of catecholamine
secretion and cell excitability under conditions of sustained cell
stimulation with minor increases of intracellular Ca2+.

Correspondence: Dr. Emilio Carbone, Department of Neuroscience,
Corso Raffaello 30, I-10125 Torino, Italy
Phone: 39-011-670-7786; Fax: 39-011-670-7708; Email: emilio.carbone@unito.it



36 Cell Biology of Chromaffin Cell

Modulation of Ca2+-entry through voltage-gated L-channels may
occur in various ways: by down regulating or recruiting newly
available channels or by inhibiting or facilitating the channel gating1-3.
L-channel gating modulation has received great attention in the last
two decades and appears an effective system for controlling Ca2+ ions
entering the cell. Among the many modulatory pathways, two appear
of particular interest because of their autocrine nature: the G protein-
dependent inhibition and the cAMP/PKA-mediated potentiation1-3. In
chromaffin cells, both pathways are activated by autoreleased
neurotransmitter molecules and produce opposing effects of
comparable entity4. The inhibition is complete within few seconds and
is mediated by PTX-sensitive G proteins coupled to P2y-purinergic,
m/d-opioidergic, a2- and b2-adrenergic receptors5-10. In contrast, the
potentiation is selectively triggered by b1-ARs and occurs slowly
through the activation of a cAMP/PKA pathway, which may act at
distant sites from receptors11.

An interesting issue is whether Ca2+ changes associated to L-
channel modulation play a critical role in the control of exocytosis.
Recent observations suggest that down- or up-modulation of L-
currents do not always produce proportional effects on exocytosis
indicating that intracellular [Ca2+] increases following Ca2+ channels
activation are preliminary to secretion but may be either amplified12 or
depressed13 by a downstream action on the secretory machinery. Here,
besides discussing the molecular features of cAMP-mediated
potentiation and G protein–induced inhibition of L-channels via b1-
ARs and b2-ARs stimulation, we will focus on some recent findings
concerning L-channel modulation and its coupling to secretion.

The b1- and b2-ARs modulation of L-channels: an example
of direct and remote signaling pathways in chromaffin cells. As
recently shown, the Gi,o protein-dependent inhibition of L-channels in
RCCs is not limited to opioidergic, purinergic and a-adrenergic
autoreceptors3. There is in fact evidence also for the involvement of b-
ARs9. Thus, the question is whether there is a rationale for the
presence of b-ARs, which can up- or down-modulate the major Ca2+

current component controlling neurotransmitter release in RCCs. The
answer comes from recent findings in which RCCs are shown to
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express two distinct b1- and b2-AR activated signaling pathways4. The
b1-AR cascade acts by selectively up-regulating the L-channel through
a PKA-mediated pathway and develops slowly due to its diffusive
characteristics. On the contrary, the b2-AR signaling is fast and
primarily coupled to PTX-sensitive G proteins. Fig.1A shows an
example in which a RCC responds to ISO stimulation with rapid
inhibition of Ca2+ currents followed by a slow potentiation. The final
balance is a slight increase of Ca2+ currents, which allows the cell to
elevate cAMP concentration, with little increases of Ca2+ fluxes. This
is different from the b-AR stimulation of cardiac cells in which the
cAMP/PKA stimulation is accompanied by a marked amplification of
Ca2+ fluxes required for increasing the strength of cardiac contraction
during sympathetic discharges14.

An interesting aspect of the b-ARs modulation in RCCs is the
peculiar role of b2-ARs, which are directly coupled to an inhibitory
PTX-sensitive G protein pathway and are unable to produce L-
currents potentiation through the activation of adenylate cyclase, as in
cardiac myocytes15. Fig.1B shows that zinterol (a b2-AR selective
agonist) does not produce the slow stimulatory effect of isoprenaline,
but causes fast inhibition of Ca2+ currents. Sequential application of
zinterol and isoprenaline nicely mimics the effects of isoprenaline
alone; indicating that complete activation of b2-ARs produces an
inhibition (direct action) followed by a slow potentiation mediated by
b1-ARs (remote action) (see Fig.1C).

L-channel modulation and exocytosis. An interesting issue
concerning L-channel modulation is how these mechanisms interfere
with the exocytotic cell activity. Excitation-secretion coupling in
chromaffin cells is triggered by elevations of cytosolic [Ca2+] mainly
associated to Ca2+ influx through voltage-gated Ca2+ channels. Thus,
modulation of L-channel gating by neurotransmitters may represent an
effective mechanism for regulating secretory responses. This is
particularly critical in rat, mouse and human chromaffin cells, which
express high densities of L-channels16. However, modulation by
neurotransmitters may occur also directly on the secretory machinery
(downstream of Ca2+-entry), thus introducing a further degree of
variability to the phenomenon.
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Fig. 1. Sequential inhibition and potentiation of L-type Ca2+ currents
during b2- and b1-ARs stimulation in RCCs. A) Isoprenaline alone (ISO, 1 mM)
causes a rapid inhibition and a slow recovery of L-current amplitude. B) Addition of
isoprenaline following the fast inhibition induced by zinterol (selective b2-ARs
agonist; 1 mM) induces a marked potentiation of L-currents. The symbols are peak
current amplitudes measured during a 25 ms step depolarization to +10 mV repeated
every 10 sec (holding potential –40 mV). The insets show the original recordings
taken at the time indicated. Modified from ref [4]. C) Schematic drawing of the
signaling pathways associated to b1- and b2-ARs stimulation on a RCC.

The effects of neurotransmitters on Ca2+ currents and secretion
have been studied in bovine chromaffin cells (BCCs) and RCCs by
combining membrane capacitance measurements and whole-cell
current recordings13,17,18. Most of the works point to a marked
inhibition of ATP on L- N- and P/Q-type currents and a proportional
inhibition of exocytosis. In BCCs, ATP neither alters the Ca2+-
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dependent fusion of vesicles to the plasma membrane nor the vesicle
supply to release sites, thus confirming that the ATP-induced
inhibition of exocytosis is primarily associated to its action on Ca2+

channels17,18. The action of ATP appears more complex in RCCs13.
ATP inhibits exocytosis by either depressing Ca2+ currents (L, N and
P/Q) or by directly acting on the secretory machinery through a Ca2+-
independent pathway. The latter occurs independently of Ca2+

channels and accounts for most of the inhibitory effect on exocytosis
induced by ATP.

The cAMP/PKA-mediated potentiation of secretion and L-
channel gating. The effects of cAMP on secretion in chromaffin cells
are quite heterogeneous. Some reports point to a marked increase of
basal and stimulus-evoked secretion from adrenal chromaffin cells
together with an increased Ca2+-entry through L-channels induced by
cAMP, PACAP and forskolin19-22. On the contrary, other data support
the existence of an inhibitory action of cAMP on nicotine-induced
release and Ca2+ currents in BCCs23,24. In some works, L-channels and
membrane voltage are shown to play an exclusive role in increasing
the stimulus-induced secretion by cAMP25, while in others the role of
these components appears more limited or unnecessary20,26. Among
this complex pattern of responses, the contribution of Ca2+ channels
and their modulation by cAMP in the control of exocytosis has been
recently investigated in RCCs12. The cAMP permeant analog pCPT-
cAMP is found to potentiate both the L-currents and the
depolarization-evoked secretion, but the current increase accounts for
only 20% of the total secretory response. cAMP doubles the size of
the readily-releasable pool (RRP) of vesicles by almost doubling the
mean size of unitary exocytic events (from 1.1 to 2.1 fF), without
affecting the probability of release. cAMP potentiates the secretion
independently of the activated Ca2+ channel type and the same effects
are induced by b1-AR stimulation through a PKA-mediated pathway.

CONCLUSIONS
Given the critical role of L-type Ca2+ channels in controlling cell

excitability and neurotransmitter release, it is not surprising that this
class of channels is extensively regulated by a number of signaling
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pathways. The work of the last five years has shown that
neuroendocrine L-channels undergo a marked autocrine modulation
induced by the material released during cell activity, causing either
inhibition or potentiation of the Ca2+ current controlling exocytosis.
The most original aspect of this action is the existence of a direct G
protein-mediated inhibition of L-channels, which co-exists with the
classical up regulation mediated by the cAMP/PKA-signaling cascade.
In chromaffin cells, these opposing modulations of L-channels have
the advantage of allowing the increase of intracellular cAMP by
means of b-ARs stimulation, with consequent increased exocytosis
and recruitment of newly synthesized T-type channels27, without
significantly altering the intracellular Ca2+ levels. The overall effect of
L-channels auto-regulation by released neurotransmitters (adrenaline,
noradrenaline, ATP and opioids) is therefore a remodeling of cell
excitability and an enhancement of neurotransmitter release with little
changes to intracellular [Ca2+], which may result deleterious for cell
survival during maximal sympathetic stimulation and sustained
catecholamine release.
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Understanding vesicular exocytosis is fundamental to
developing insight into the biology, chemistry and physics of
neurotransmission. Through the direct ‘presynaptic’ observation of
quantal release using amperometry it becomes strikingly evident that
the exocytotic release event is regulated by multiple mechanisms1. For
instance, many transients in amperometric records of exocytosis
events exhibit a pre-spike feature, or foot, which represents a steady-
state flux of neurotransmitter through a stable fusion pore connecting
the vesicle lumen to the extracellular fluid2. This flux is thought to be
driven by diffusion along a gradient of chemical potential. Recent
work in our laboratory indicates that vesicular volume prior to
secretion is strongly correlated with the characteristics of
amperometric foot events, and furthermore, suggests that the protein
dense core in many vesicles acts to pressurize the inner solution and
drive catecholamine through the fusion pore3.

RESULTS AND DISCUSSION

In order to alter vesicular volume, we have used
pharmacological manipulations that directly affect the VMAT-
mediated transport of catecholamines into PC12 cell vesicles. Cells
were incubated in 100 µM L-3,4-dihydroxyphenylalanine or 100 nM
reserpine for 90 minutes in order to increase and decrease,
respectively, the volume of single pheochromocytoma (PC12) cell
vesicles4. Amperometry experiments utilizing a same-cell paradigm
were used in conjunction with transmission electron microscopy to
determine that as vesicle size is decreased the frequency with which
foot events are observed increases. Consistent with this, fewer events
with feet are observed as vesicle size is increased.  Additionally, both
the amount and duration of neurotransmitter released in the foot
portion of the event decrease as vesicle size decreases, whereas both
of these characteristics increase as vesicle size increases. Finally,
smaller vesicles release a greater percentage of their total contents in
the foot portion of the event. These trends provide evidence for a
nanotube-like intermediate structure for the exocytotic fusion pore.
This is shown in Figure 1B, where a model is presented to describe the
effect of vesicle volume on membrane tension and fusion pore
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dynamics. A brief description of the mechanisms regulating
neurotransmitter release via the fusion pore is presented in the figure
legend.

Figure 1: A) Pharmacological manipulation of vesicle volume alters the
dense core to vesicular halo volume ratio. Treatment with reserpine diminishes the
vesicular halo; however the volume of the dense core changes relatively little. In
contrast, treatment with L-DOPA swells the vesicular halo, and again, the dense core
volume remains relatively constant. B) Upon opening of the fusion pore, the dense
core expands resulting in enhanced pressure-driven mass transport through the
fusion pore and fluidic pressure on the interior vesicle walls. As the dense core to
vesicular halo volume ratio is greatest for reserpine treated vesicles, it appears that
the intravesicular pressure is greatest for these cells. An increase in intravesicular
pressure increases vesicular membrane tension. If the fusion pore is of a nanotube
geometry, this will lead to an immediate constriction of the fusion pore, as shown3.
Subsequently, the increase in the difference in membrane tension from the cell to the
vesicle should result in increased lipid flow through the fusion pore, decreasing its
overall stability and resulting in an abrupt opening of the pore.

These studies are noteworthy because the dynamics of the
exocytotic fusion pore have recently been proposed to play a role in
synaptic plasticity5. Additionally, physiological6-8, genetic8 and
pharmacological3,10 conditions can affect vesicle size, and in several
instances vesicle size has been found to be inversely related to levels
of synaptic activity9. This work provides new insight into the
biological consequences of such vesicular volume modification. It
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provides evidence that cells may modulate the rate of neurotransmitter
release, or the duration of that release, in the synaptic cleft by
manipulating vesicle volume. This appears to be true in the case of
release via the fusion pore that is formed in the early stages of
exocytosis from PC12 cells.
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Exocytosis is a complex, Ca2+-dependent process involving docking
and priming of vesicles, the formation of a fusion pore and fusion of
vesicle and plasma membrane and the release of vesicle contents. Apart
from Ca2+ ions, which are required to trigger the actual exocytotic event,
a variety of cytoplasmic proteins is involved in the regulation of specific
steps of the vesicle cycle1-3. Several Ca2+-dependent proteins associated
with exocytosis are activated by Pb2+ as well. Pb2+ is a potent activator of
calmodulin4, PKC5, calcineurin6, and synaptotagmin7. Additionally, Pb2+

has been reported to cause an enhancement of spontaneous neuro-
transmitter release, which occurs irrespective of the presence of extra-
cellular Ca2+ and has been attributed to intracellular effects of Pb2+ 8-9.
Previous reports demonstrate that addition of >5 µM Pb2+ to external
saline is required to induce neurotransmitter release from undifferentiated
PC12 cell populations8. The aim of this study was to determine the origin
of Pb2+-induced neurotransmitter release, to investigate whether Pb2+

stimulates release directly or indirectly, and to investigate the intracellular
signaling pathways involved in Pb2+-induced exocytosis.

MATERIALS AND METHODS
PC12 cells (ATCC CRL-1721) were grown essentially as described

previously10. For all experiments cells were differentiated in culture
medium (RPMI 1640, Gibco, Grand Island NY, USA) supplemented with
5 mM dexamethasone (Genfarma, Zaandam, The Netherlands) starting 2
days after subculturing. Culture dishes and coverslips were coated with 5
mg/cm2 poly-L-lysine (Sigma, St. Louis MO, USA). Experiments were
performed 5-8 days after initiating differentiation. Carbon fiber
microelectrode (∅ 10 mm) fabrication and data recording and analysis
were as described previously10-11. Exocytosis was evoked by superfusion
with nominal Ca2+-free saline containing > 30 nM Pb2+. Experiments
were performed at room temperature (21-23 °C).
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RESULTS AND DISCUSSION
To investigate the direct intracellular action of Pb2+, cells were

permeabilized by superfusion with saline containing 5 µM ionomycin
Ca2+-salt. Pores formed by ionomycin have been shown to be highly
permeable to Pb2+ as well as to Ca2+ 12. Permeabilized cells were
superfused with saline containing various concentrations of Pb2+.
Superfusion with 30 nM Pb2+ resulted in detectable vesicular
catecholamine release after a delay of several minutes (Fig. 1A), whereas
30 min of superfusion with nominal Pb2+-free saline or with 10 nM Pb2+

was without effect (data not shown). At increased concentrations of 100
nM or 1 µM Pb2+ the delay to the onset of release decreased (Fig. 1A)
from 4.8 ± 4.2 to 3.8 ± 1.3 and 0.9 ± 0.8 min, respectively. In addition,
the maximum frequency of vesicles released increased with increasing
Pb2+ concentration with a maximum at 1 µM Pb2+. Switching back to
nominal Pb2+-free saline reversed the Pb2+-induced release only slowly
(Fig. 1A). The concentration-dependent effects demonstrate that the
threshold concentration of extracellular Pb2+ to induce vesicular
neurotransmitter release in permeabilized PC12 cells is close to 30 nM.

Using calcium and heavy metal chelators it was shown that 1 mM
Ca2+-evoked release is readily reversed by superfusion with nominal
Ca2+-free saline containing the membrane-impermeable chelator EGTA
(500 mM; not shown), demonstrating that Ca2+ rapidly diffuses out of the
permeabilized cell. Pb2+-induced release is reversed only slowly by
superfusion with saline containing 500 µM EGTA (Fig. 1B),
demonstrating that the effect of Pb2+ is independent of intracellular Ca2+.
Conversely, 10 mM of the membrane-permeable heavy metal chelator
TPEN quickly reversed the Pb2+-induced release (Fig. 1B), whereas
TPEN did not affect basal, spontaneous release or 1 mM Ca2+-evoked
exocytosis (not shown). These findings demonstrate that exocytosis is
caused by binding of Pb2+ to an intracellular binding site and that Pb2+-
induced exocytosis continues in the absence of Ca2+.
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Figure 1 A) Concentration-dependence of Pb2+-evoked exocytosis in permeabilized
PC12 cells. Amperometric recordings from permeabilized PC12 cells superfused with
Ca2+-free saline containing 5 µM ionomycin Ca2+-salt and 0.03, 0.1 and 1 µM Pb2+, as
indicated by the bars on top of the recordings. B) Ca2+-independence of Pb2+-evoked
exocytosis in permeabilized PC12 cells. Pb2+-induced (1 µM) exocytosis is not reversed
by the membrane-impermeable chelator EGTA at concentrations sufficient to rapidly
reduce the intracellular Ca2+ concentration below the threshold for release (upper trace).
Conversely, the membrane-permeable heavy metal chelator TPEN rapidly reduces the
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intracellular Pb2+ concentration below the threshold for release (lower trace).
Superfusion periods are indicated by the bars on top of each recording. C) Effects of
drugs modulating PKC (PMA and staurosporine), calcineurin (cyclosporin A),
calmodulin (W7) and CaMK II (KN-62) activity on the frequency of Pb2+-induced
exocytosis in ionomycin-permeabilized PC12 cells. Drug application started 15 min
before superfusion with saline containing 1 mM Pb2+ and the same concentrations of the
drug. The panels show cumulative frequencies of exocytotic events recorded from
different cells following the start of superfusion with Pb2+-containing saline (t = 0) and
the drugs indicated; insets show representative examples of amperometric recordings.
The curves show that the frequency of exocytosis varies between cells. However, the
delay to the onset of Pb2+-evoked release, which amounts 1 - 2 min in control cells, is
reduced to < 30 s by W7 and is increased by KN-62 to > 2 min. In addition, the number
of events recorded from KN-62-treated cells was strongly reduced.

Activation of PKC by PMA or inhibition of calcineurin by
cyclosporin causes a significant increase of the basal release frequency in
permeabilized cells. Conversely, inhibition of PKC, calmodulin and
CaMK II by staurosporine, W7 and KN-62, respectively, did not affect
basal exocytosis. These results indicate that enhancement of the
phosphorylation state of intracellular proteins by PKC and calcineurin
directly increased the basal frequency of exocytosis13. In case of Pb2+-
induced exocytosis, systematic effects of these drug treatments on the
frequency of Pb2+-induced events were only observed for the inhibition of
CaMK II by KN-62 and for inhibition of calmodulin by W7. Inhibition of
CaMK II caused a consistent and strong decrease in the frequency of
exocytosis (Fig. 1C). Consequently, KN-62 caused a significant decrease
in the total number of vesicles released during the first 270 s of Pb2+

exposure, as well as an increase in the delay to the onset of Pb2+-induced
exocytosis (Fig. 1C). Conversely, exocytosis in W7-treated cells was
consistently evident already within the first 30 s of superfusion of the
cells with Pb2+-containing saline (Fig. 1C). Exposure of the cells to PMA,
to staurosporine, and to cyclosporin caused neither systematic nor
differential effects. An early apparent effect in cyclosporin-treated cells is
due to the enhancement of basal release by cyclosporin before the onset
of Pb2+-evoked release, which was not observed with W7. The results
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presented in Figure 1C show that Pb2+-induced exocytosis is modulated
by calmodulin and CaMK II activity.

The results from this study provide a direct demonstration that Pb2+-
induced catecholamine release has a vesicular origin and that the
threshold concentration to evoke exocytosis in permeabilized PC12 cells
amounts to ~30 nM (Fig. 1A). The direct effects of Pb2+ on exocytosis are
mediated by intracellular mechanisms. This is demonstrated by the fact
that the extracellular application of membrane-impermeable chelators
EGTA rapidly reduces the intracellular Ca2+ concentration below
threshold levels and thereby reverse Ca2+-evoked exocytosis, whereas
Pb2+-induced exocytosis is reversed only very slowly (Fig.1B).
Conversely, the membrane-permeable heavy-metal chelator TPEN
rapidly reverses Pb2+-induced exocytosis (Fig. 1B), indicating that Pb2+ is
tightly associated with an intracellular binding site. The results show that
Pb2+-induced exocytosis involves a direct interaction with an intracellular,
high-affinity site.

The extracellular threshold concentration of ~30 nM Pb2+ to evoke
exocytosis is slightly higher than the concentrations of Pb2+ found in
blood after Pb2+-poisoning. However, this does not distract from the
toxicological hazard of this heavy metal. Since high-affinity buffering
facilitates the intracellular accumulation of Pb2+, much depends on the
availability of extracellular Pb2+, i.e., free Pb2+ concentration as well as
the amount of remaining extracellular Pb2+ and the affinity by which it is
bound. If the conditions are such that a critical amount of Pb2+, estimated
to be 2-3 attomol for PC12 cells10, accumulates intracellularly, sustained
exocytosis may be triggered and cause the adverse effect.

In ionomycin-permeabilized PC12 cells modulation of the
phosphorylation state of the exocytotic machinery by PKC/calcineurin
results in modulation of exocytotic function13. Systematic effects of
pretreatment with PMA, staurosporine, and cyclosporin A on Pb2+-
induced release from ionomycin-permeabilized PC12 cells are not
observed. This is a surprising result, since Pb2+ has been reported to be a
potent activator of PKC5, and activation of PKC enhances basal
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exocytosis in permeabilized PC12 cells13. The calmodulin inhibitor W7,
which does not cause significant effects on basal release in permeabilized
PC12 cells13, clearly reduced the delay to onset of Pb2+-induced
exocytosis (Fig. 1C). Since the delay to onset of release is reduced with
increasing Pb2+ concentration, the effect of W7 is equivalent to an
apparent enhancement of the sensitivity to Pb2+ (cf. Fig. 1C and Fig. 1A).
Inhibition of CaMK II activity by KN-62 leads to a strong reduction of
the number of vesicles released and to an apparent increase in the delay to
onset of Pb2+-evoked exocytosis (Fig. 1C), which appears to be
independent of calmodulin. These results indicate that CaMK II is
required for Pb2+-induced vesicular catecholamine release.

Although a direct demonstration of activation of CaMK II by Pb2+

is lacking, CaMK II is known to phosphorylate a range of intracellular
proteins, including synapsin I14, synaptotagmin15, and the t- and v-
SNAREs16. Furthermore, CaMK II-induced phosphorylation is associated
with an increase in the number of releasable vesicles17. Therefore, CaMK
II provides a novel and plausible target for the direct intracellular action
of Pb2+ leading to neurotransmitter release.
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A series of recent studies has strengthened the link between the
actin cytoskeleton and intracellular membrane trafficking1. In
particular, attention has been paid to the mechanisms regulating actin
filament organization and progress has been made in identifying
specific actin binding proteins and actin signalling molecules.
Interestingly, among them, several appear to stimulate the actin
nucleation activity of the Arp2/3 complex. One of the best
characterized example is the Wiskott-Aldrich syndrome protein
(WASP) family of proteins that can be regulated by the Rho GTPase
Cdc422.

In chromaffin cells, like in many secretory cells, the cortical
network of actin filaments forms a physical barrier to exocytosis for
the majority of secretory granules since they are excluded from the
subplasmalemmal zone3. On the other hand, evidence is emerging that
actin filaments may as well control and/or modulate an active step in
exocytosis. We previously proposed that Cdc42 regulates an actin-
dependent function in chromaffin cell secretion4. The aim of our
recent work was to dissect the role of Cdc42 on the actin network re-
organization process during exocytosis in PC12 cells. We will briefly
review here our findings that led us to propose N-WASP and Arp2/3
as molecules that bridge Cdc42 signaling to the actin cytoskeleton and
the exocytotic machinery5.

RESULTS AND DISCUSSION
Using a growth hormones (GH) release assay6, we established

that a constitutively active mutant of Cdc42 (Cdc42L61; defective in
GTP hydrolysis) stimulates the secretory activity of PC12 cells
(Figure 1A) whereas its corresponding dominant inactive mutant
preferentially binding GDP (Cdc42N17) slightly decreases it, thus
demonstrating the active participation of Cdc42 in large dense-core
granule exocytosis. Interestingly, exogenous Cdc42L61 localized to the
plasma membrane and triggered the formation of actin filament in
stimulated PC12 cells (Figure 1B). This observation led us to the idea
that stimulation of exocytosis induced by Cdc42 might be related to its
ability to promote actin polymerization in the cell periphery, hence
suggesting N-WASP as a potential effector for Cdc42.
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Figure 1. A) Cdc42 and N-WASP enhance the exocytotic release of GH
from PC12 cells: PC12 cells co-expressing GH and the indicated proteins were
incubated for 10 min in calcium-free Locke’s solution or stimulated for 10 min with
59 mM K+. Control cells were transfected with the empty pBR6 vector. Basal
release (~ 8%) was unchanged and was subtracted from the release evoked by 59
mM K+ to obtain the net secretory response. Data are given as the mean values ±
SEM (n=3). B) Active Cdc42 and N-WASP localized in the cell periphery and
stimulated actin formation. PC12 cells expressing GFP-Cdc42L61 or GFP-DWH1-
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N-WASP (GFP) were stimulated for 10 min with 59 mM K+ and subsequently fixed
and stained with rhodamine-conjugated phalloidin to visualize actin filaments
(Actin). The asterisks indicate non-transfected cells displaying a classical disruption
of the cortical actin network in response to K+-stimulation. Scale bar represents 5
µm. C) Intracellular distribution of Arp2/3 in PC12 cells: PC12 cells were fixed
and stained with anti-p34-Arc (Arp2/3 subunit) and anti-chromogranin B (CGB; a
marker for large dense core secretory granules) antibodies. Masks representing the
region of co-localization are obtained by selecting the pixels double-labeled. Scale
bar represents 5 µm.

Accordingly, expression of a dominant active mutant of N-
WASP (DWH1-N-WASP) stimulated GH release in PC12 cells and
enhanced the formation of actin filaments in the subplasmalemmal
region to a similar extent as the dominant active GTP-bound Cdc42L61

(Figure 1A and B). Moreover, a dominant negative N-WASP mutant
unable to induce actin polymerisation (DWA-N-WASP) had no effect
on GH release (Figure 1A) and did not promote actin filament
formation (not shown). Finally, co-expression of DWA-N-WASP
completely abolished the stimulatory effect of Cdc42L61 on GH release
(Figure 1A). Taken together, these results elect N-WASP as one of the
downstream effector by which Cdc42 organizes the actin architecture
required for exocytosis.

The carboxy terminus of WASP family members initiates the
growth of new actin filaments by bringing together actin monomers
and the Arp2/3 complex2. In PC12 cells, Arp2/3 complexes are
associated to large dense-core granules as revealed by double labeling
experiments with chromogranin B and p34 antibodies (Figure 1C).
According to this differential localization, it is tempting to postulate
that the interaction between Cdc42, N-WASP, Arp2/3 and the actin
monomers takes place only at the interface between granules and the
plasma membrane in stimulated cells, providing a way to specifically
target local actin filament polymerization to the granule docking and
fusion sites.

To conclude, we propose that activation of secretion in
neuroendocrine cells does not simply trigger the disassembly of the
cortical actin barrier but rather induces a fine remodeling of the
peripheral actin network into structures required for exocytosis.
Further studies are now required to investigate whether the local
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production of actin filaments during exocytosis would serve for
docking, scaffolding, fusion and/or membrane retrieval.
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The use of β-adrenergic blockers (β-B) in the management of
hypertension has been lasted for decades. However, its precise
mechanisms of action remain obscure because their putative targets
(cardiac output, renin secretion or CNS) are not common to all β-B
and because the onset of hypotensive effect is delayed several days
upon the initiation of therapy.

One possible alternative target is the interaction with the quantal
release of catecholamines that sustain the arterial tone. It is known that
β-B progressively reduce the arterial tone, which is difficult to
understand because β2 receptor activation relaxes muscular arterioles.

Our hypothesis points towards to a β-B accumulation into
secretory vesicles thus displacing catecholamines and the co-release of
these drugs together with their agonist thus reducing its action on the
postsynaptic cell. We have use amperometry on single chromaffin cell
to measure the characteristics of the quantal release of catecholamines
and a flow injection system to quantify the release of catecholamines
and β-B from stimulated cells.

RESULTS AND DISCUSSION
In order to test the hypothesis of an intravesicular accumulation

of the drug in chromaffin granules and its possible secretion by
exocytosis, we take the advantage of the fluorescent properties of both
β-B. Particularly, labetalol exhibits fluorescence within a light
spectrum of wavelengths slightly larger (λ 335/420 nm) than propranolol
(λ 305/354 nm) being more suitable for recording. Figure 1a shows the
effect of repetitive pulses of 100 µM of the nicotinic agonist dimethyl-
phenyl-piperazinium applied with a rotary valve with a 100 µl loop.
Cells (2 million) are packaged in a perfusion chamber of a very low
dead volume and perfused at 2 ml/min with a HPLC pump 6. The
effluent is passed successively through a fluorimetric detector and an
amperometric detector to detect labetalol and catecholamines. Control
and cells acutely incubated with labetalol release catecholamines as
detected by amperometry but only very small signals come from the
fluorescence detector. The origin of these signals could be due to the
release of weakly fluorescent compounds released by vesicles like
catecholamines. However, cells chronically incubated with labetalol
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release the drug together with catecholamines thus increasing the ratio
fluorescence/amperometry (figure 1b).
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Figure 1. Beta blockers interact with the storage and release of
catecholamines. a) Labetalol is released from chromaffin cells stimulated with
pulses of DMPP 100 µM. Upper trace show the fluorescent signals whereas the
lower show the amperometrical recording from chromaffin cells incubated 30 h with
10 µM of labetalol. b) Average from the ratios between fluorescent and
amperometry (median ± percentile) from untreated cells (control) and treated
(Labetalol). c) Representative spikes constructed with the average of kinetics
parameters obtained from cells treated with 1 µM propranolol for 72 h. d)
Normalized data showing the effect of incubation time with propranolol 1 µM on the
Imax of secretory spikes. *p<0.05, **p<0.01 student t test.

If β-B are entering into chromaffin granules it is likely that they
compete with catecholamines interfering their storage. Ampero-
metrical recordings do not exhibit any difference between control and
cells that receive acute incubation with 0.1-10 µM of labetalol or
propranolol. However, both compounds reduce slow down the
exocytosis process and reduce the quantal size when are incubated for
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1-3 days (figure 1c). These effects are evident even with low β-B
concentrations (100 nM) and are more pronounced with propranolol
than with labetalol probably due to the higher liposolubility of the
former. The kinetics of exocytosis is more sensitive to β-B treatment
than the quantal size. Both are time and concentration dependent
(figure 1d).

Many β-Bs are weak bases that progressively accumulate into
acidic compartments like chromaffin granules (pH 5.5)5. This process
seems to be relatively slow when compared with other drugs like
amphetamine2-3 or hydralazine9, which have rapid uptake. However,
this slow time course is compatible with that observed in the clinical
practice where several days are required to promote relevant reduction
on blood pressure. To our knowledge this is the first time that these
presynaptic mechanisms are proposed to explain the action of β-B on
hypertension.
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In most regulated secretory cells, including chromaffin cells, the
signal for exocytosis is an increase in the cytosolic free Ca2+

concentration1. Another general characteristic of regulated exocytosis is
its acute regulation by protein phosphorylation. Many studies over the
past 20 years have shown that exocytosis is modulated by protein
kinases (PKs) in almost all regulated secretory cell types, including
neurons and chromaffin cells2-4. Pharmacological approaches using cell
permeable activators or inhibitors have implicated a wide range of
serine/threonine and tyrosine kinases, including Ca2+/calmodulin-
dependent protein kinase II (CaMKII), casein kinase II (CK2), mitogen
activated protein kinase, myosin light chain kinase and src family
kinases5. However, one shortfall of this approach is that the modulation
of exocytosis may be indirect. Thus, application of pharmacological
modulators of kinase activity (or better still, purified kinases themselves)
to permeabilized cells, where receptors and ion channels are bypassed, is
a much more rigorous demonstration of a role for kinases in the direct
modulation of the exocytotic machinery. A review of the literature
reveals that only PKA (cAMP-dependent protein kinase) and PKC
(phospholipid/diacylglycerol-dependent protein kinase), or their
pharmacological effectors, modulate exocytosis in almost all
permeabilized regulatory secretory cell types examined, including
exocrine, endocrine and neuronal cells. The primary action of both
PKA and PKC in neurons has been shown to be downstream of Ca2+

entry, and indeed purified PKA and PKC enzymes enhance exocytosis
in permeabilised chromaffin cells6,7. Abundant evidence therefore
suggests that the effects of PKA and PKC on regulated secretion are due
to phosphorylation of components of the exocytotic machinery.

In order to identify the functionally important phosphoproteins that
mediate these effects of protein kinases on exocytosis, various labs
(including ours) have screened exocytotic proteins for in vitro
phosphorylation by purified kinases4,5. Although this has revealed many
in vitro substrates, relatively few of these have been shown to be
phosphorylated in cellular preparations and to be functionally altered in
terms of their biochemical characteristics and effect on exocytosis in
cells. One such protein is Munc18/nSec1, which is a member of the Sec1
protein family that has been implicated in most membrane fusion events.
Indeed Munc18 is essential for synaptic vesicle exocytosis, as indicated
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by the complete absence of neurotransmitter release in Munc18-1
knockout mice8. As these animals contain a normal complement of
docked synaptic vesicles, this suggests a post-docking role for Munc18
in the late stages of exocytosis. Such a role is consistent with the
observed effects of Munc18 mutants on the kinetics of catecholamine
release in chromaffin cells9. However, in chromaffin cells from the
above knockout mice, there is a profound impairment of vesicle
docking10, suggesting an additional, early role for Munc18 upstream of
tethering. Clearly, the functional role(s) of Munc18 remains elusive,
although it is generally agreed that its high-affinity interaction with
syntaxin is important for at least one function.  Munc18 is
phosphorylated in vitro by PKC on Ser-306 and Ser-313, and this
phosphorylation reduces the affinity of Munc18 for its binding
partner, syntaxin, in in vitro binding assays11. A recent study has
demonstrated that mutation of Ser-306 and Ser-313 to glutamate (to
mimic the negative charge imposed by phosphorylation of these
residues) causes a similar reduction in affinity for syntaxin12.
Importantly, overexpression of this phosphomimetic mutant in
chromaffin cells had the same effect on catecholamine release kinetics
as the PKC activator, PMA: decreasing the half-width, rise-time and
quantal size of amperometric spikes12. Furthermore, as PMA was
unable to elicit further changes to spike kinetics upon expression of
the phosphomimetic mutant, this strongly suggests that the mechanism
by which PKC activation alters exocytotic release kinetics is via
phosphorylation of Munc18 on Ser-306 and/or Ser-313.

In light of these recent data, we investigated whether the
phosphorylation of Munc18 on Ser-306 and Ser-313 seen in vitro also
occurred in vivo in response to physiological stimulation. To do this,
antisera were raised against phosphorylated peptides surrounding
these phosphorylation sites. Phospho-specific antisera to both sites
were generated, as defined by their ability to detect Munc18 that had
been pre-phosphorylated in vitro by PKC but not unphosphorylated
protein. Specificity of the antisera was further shown by the fact that
neither antiserum detected recombinant proteins mutated at Ser-306
and Ser-313 after the proteins had been incubated with PKC. No
specific signal could be detected in secretagogue- or PMA-treated
chromaffin cells or synaptosomes using the phospho-Ser306-specific
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antibody. This suggests either that the antibody cannot detect
endogenous Ser-306-phosphorylated Munc18 or that this site is not
phosphorylated in vivo under the conditions examined here. In
contrast, Munc18 phosphorylation at Ser-313 was readily observed in
PMA-treated chromaffin cells and synaptosomes using the phospho-
Ser313-specific antibody. In addition, Ser-313 phosphorylation also
occurred in permeabilized chromaffin cells in response to free Ca2+

concentrations that trigger exocytosis. Maximal phosphorylation was
observed at 10 µM Ca2+, the optimum for exocytosis. This
phosphorylation is likely caused by PKC, as the PKC inhibitor,
bisindolylmaleimide, inhibited the Ca2+-induced increase in
phosphorylation observed in permeabilized cells. Furthermore, Ser-
313 phosphorylation was also induced in intact cells by histamine,
which causes Ca2+-dependent exocytosis in chromaffin cells.
Therefore, Munc18 is phosphorylated in adrenal chromaffin cells on
secretagogue stimulation, and not only in response to PMA treatment.
Interestingly, the phosphorylation of Ser-313 observed with combined
Ca2+ and PMA treatment was greater than that seen with either
treatment individually. It may be that Ca2+-induced membrane fusion
frees Munc18 from syntaxin, as when these two proteins are bound
Munc18 cannot be phosphorylated by PKC 11.

In summary, we have shown that Ser-313 of Munc18 is
phosphorylated in chromaffin cells response to secretagogue stimulation.
As we have also found this to be true for rat brain synaptosomes 13, this
suggests that activity-dependent phosphorylation of this residue may be
a general phenomenon. Intriguingly, both presynaptic protein
phosphorylation and modulation of neurotransmitter release kinetics
have been implicated in synaptic plasticity. It is conceivable that
phosphorylation of Munc18 at Ser-313 - a residue essential for the
modulation of catecholamine release kinetics in chromaffin cells - could
be a mechanism linking these processes.
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Several drugs are known to modify catecholamine release from
adrenal chromaffin cells with regards to the kinetics and quantal size1 3.
Here we asked whether the beneficial effects of hydralazine (HYD), a
drug used in the treatment of certain forms of drug-resistant
hypertension, might be explained by its interference with
catecholamine storage, or exocytosis. Our results demonstrate that,
even at nanomolar concentrations, HYD accumulates rapidly into
secretory granules, thereby causing dramatic changes in the kinetics
and the quantal size of individual release events.

RESULTS AND DISCUSSION
Carbon fiber amperometry is a powerful tool for the study

exocytosis. It allows measurements of release kinetics at the level of
individual exocytotic events and of the apparent quantal size4. Using
this technique we found that acute application of HYD (10 nM)
slowed the rate of transmitter release (Imax from 22.9±2.3 to 13.9±1.9
pA), which was accompanied by a 35 % decrease in quantal size (Q)
(Figure 1a). Notably, spike firing frequency was not significantly
altered by the drug.

HYD is a weakly fluorescent compound that emits light at 405
nm when is excited at 483 nm. Confocal microscopy of chromaffin
cells that were preincubated with HYD revealed that the drug rapidly
accumulates into vesicular structures (not shown). The pattern of
distribution within the cell was similar to that of the dye acridine
orange (AO), which is known to accumulate in secretory granules. We
studied the time course of HYD accumulation by standard epi-
fluorescence microscopy (Figure 1B). In control conditions, uptake of
HYD (10mM) into chromaffin granules occurred with a half-time of
300 s. Interfering with granular acidification by preincubation with 100
nM bafilomycin A1 prevented accumulation of the drug. This suggests
that HYD is mostly compartmentalized by protonation within
chromaffin granules, although accumulation in other acidic organelles
may occur as well.
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Figure 1. a) Representative spike traces were plotted using the kinetic
parameters from averaged values. Hydralazine was applied as a brief 5-second
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pulse together with BaCl2 (5 mM). Vertical and horizontal bars are the calibration
for the oxidation current and time. b) Time course of hydralazine and acridine
orange accumulation in single bovine adrenal chromaffin cells. Hydralazine was
applied for 10 seconds by pressure at 10 µM. Data also show the effects of
incubation with 100 nM bafilomycin. Acridine orange was applied for 10 seconds at
10 nM in the presence or in the absence of 10 nM bafilomycin.

The decreased quantal size in presence of HYD, combined with
its granular accumulation suggests the drug may act by displacing the
catecholamines to the cytosol. To address this possibility we
measured cytosolic catecholamine contents by permeabilizing cells
with a 10-second pulse of digitonin (20 µM) in the absence of
extracellular Ca2+ 5. Under these conditions digitonin application did
not evoke secretory spikes. Any current evoked at the carbon fiber
electrode should therefore reflect release of cytosolic catecholamine.
When digitonin was applied on a HYD-treated cell, this elevation was
significantly increased (2.5 times). This effect is similar to that
recently described in chromaffin cells for other weak bases like
tyramine and amphetamine6,7. In summary, our data suggest that HYD
acts by displacing catecholamines from the granule, thus causing a
reduced quantal size slowed kinetics of transmitter release. On the
systemic level, similar changes in sympathetic neurons would be
expected to cause a significant drop in catecholamine release and this
could explain many of the therapeutic and side effects of this drug.

A long version of this work you can find in reference 8.
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Synaptic neurotransmission depends on the exocytosis of
neurotransmitter (NT) during the fusion of vesicles with the plasma
membrane. A key goal for understanding the mechanism of exocytosis
is to determine whether vesicles undergo full fusion or kiss and run
exocytosis and how this process may be regulated. Studies using
carbon fiber amperometry and capacitance measurements have
demonstrated that the predominant mechanism of exocytosis for large
dense core vesicles (LDCVs) in chromaffin cells is full fusion,
although kiss and run exocytosis can also occur1-4. Several studies
have demonstrated that phorbol esters and kinase inhibitors can
modulate the mode of exocytosis in chromaffin cells5-9. The authors
generally conclude that the target of these drugs is protein kinase C
(PKC) although many of the drugs used are not selective for this
kinase. To our knowledge, no studies to date have identified which of
the 12 known PKC isoforms is responsible for the modulation of
exocytosis. We used a variety of small inhibitory molecules and
peptides to further investigate the role of PKC in chromaffin cell
exocytosis and to identify the PKC isoform(s) responsible.
Calphostine (100 nM), chelerythrine (2 mM), rottlerin (10 mM) and the
myristoylated PKCq-pseudosubstrate peptide (10nM), but not Gö6976
(20 nM) or the myristoylated PKCx-pseudosubstrate peptide, 10 nM)
markedly slowed the rising and falling phases of quantal events,
increased the t1/2 while decreasing the maximal peak height (Table 1,
all drug concentrations are 2-3 fold their IC50 of PKC inhibition).
These data suggest that PKC can regulate the formation and size of the
fusion pore as well as shifting the mode of exocytosis from full fusion
to kiss and run exocytosis. Rottlerin’s (but not Gö6976) ability to alter
the kinetics of neurotransmitter release suggest that PKCq and/or
PKC_ (but not PKCa and PKCb) are the isozymes responsible. The
presence of PKCq and d have been confirmed by western blotting of
proteins from chromaffin cell cultures (which also contain fibroblasts)
as well as immunohistochemistry (data not shown).

Our data in chromaffin cells suggest that PKCq and/or PKCd can
switch the mechanism of exocytosis in chromaffin cells from the full
fusion to kiss-and-run exocytosis. This is consistent with many
previous reports implicating PKC in regulating the mechanism of
exocytosis5-9. Interestingly, PKCq and PKCd are both Ca2+ independent
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isoforms of PKC. Utilizing Ca2+-independent isoforms of PKC may be
an important attribute for a pathway regulating exocytosis, a process
that is triggered by Ca2+.

Figure 1. Representative traces quantal dopamine release from rat
ventral midbrain dopamine neurons stimulated with K+. To be considered an
event, the derivative dI/dt must cross a 4.5 x RMS threshold. The event begins and
ends when dI/dt = 0. A) Events with derivatives that cross the 3.0 x RMS threshold
once in a rising trajectory are simple. B) Events that cross the 3.0 x RMS threshold
multiple times are complex.

Since the exocytic machinery is believed to be similar in
chromaffin cells and neurons, we examined the kinetics of NT release
from ventral tegmental area dopamine neurons in culture. Using
carbon fiber amperometry to measure NT release, we found that ~20%
of quantal events recorded from neurons did not possess the “simple”
(Fig 1a) amperometric spike shape usually seen with single vesicle
exocytosis in other cell types. Rather, we observed a “complex” spike
shape with multiple peaks (Fig 1b), usually with sequentially
decreasing amplitudes, consistent with the release of NT via the high
frequency (~4 kHz) flickering of a small diameter (~2 nm) fusion




