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Abstract: Dopaminergic neurotransmission is mediated by the vesicular release of dopamine (DA), i.e. DA exocytosis.
DA exocytosis and its modulation are generally believed to affect neuronal communication, development, maintenance
and survival, and contribute to extracellular DA levels in the brain. As a result, DA exocytosis likely plays an important
role in several neurological and psychiatric disorders, like Parkinson's disease (PD) and schizophrenia. As exocytosis is
part of a sophisticated ensemble of processes, it can be modulated at different levels, including DA synthesis, uptake and
vesicular transport as well as Ca2+-homeostasis and exocytotic proteins. Nonetheless, to be effective, modulation of
exocytosis should result in functional changes, which are reflected by changes in release frequency, vesicle contents, and
the time course of the exocytotic event. As will be shown in this review, functional changes in DA exocytosis can be
produced by e.g. pharmacological/drug treatment, feedback mechanisms and up/down-regulation of exocytosis-related
proteins. Moreover, the mode of DA exocytosis, i.e. classical full fusion or kiss-and-run exocytosis, could also serve as a
potential target for functional modulation of dopaminergic neurotransmission. Since the onset and progression of
neurological and psychiatric disorders often show a strong correlation with changes in brain DA levels, DA synthesis,
transport or uptake, the findings described in this review highlight the importance of the modulation of (the mode of) DA
exocytosis for normal progression of dopaminergic neurotransmission and the potential of exocytotic processes as drug
targets.

Keywords: Vesicular catecholamine release, exocytosis, amperometry, neurotransmission, presynaptic modulation, dopamine
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INTRODUCTION

Dopaminergic neurotransmission is critical for normal
motor-, motivational- and reward-related functions of the
nervous system. Communication between neurons and
neuroendocrine cells is generally initiated by exocytosis, i.e.
the fusion of a neurotransmitter-filled vesicle with the
presynaptic cell membrane. DA, or more generally
catecholamines, can be stored in small or large dense-core
vesicles (SDCVs or LDCVs) as well as in synaptic vesicles
(SV), which differ in dimensions and the amount of stored
neurotransmitter. Following vesicle fusion, the released
neurotransmitters diffuse to postsynaptic receptors to elicit a
postsynaptic response. The strength of the presynaptic signal
is determined by the number of vesicles that fused, the
amount of neurotransmitter released per vesicle and the time-
course of this release event. Exocytosis is part of a complex
ensemble of processes, known as the vesicle cycle (1; Fig.
1). The vesicle cycle starts in the cell cytoplasm, where lipid
vesicles are filled with neurotransmitters. These filled
vesicles are translocated to the cell membrane in order to
become docked and primed. Subsequent release of the
vesicle content, through fusion of the vesicle and cell
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membranes, is triggered by an increase in the intracellular
Ca2+ concentration ([Ca2+]i). Exocytosis is followed by
endocytosis, which enables efficient recycling of released
vesicles and occurs in two forms: slow, clathrin-mediated
endocytosis following full fusion and a rapid retrieval of
transiently fused vesicles during kiss-and-run exocytosis.
Irrespective of the type of endocytosis, the retrieved lipid
vesicles are re-filled with neurotransmitter molecules for
successive rounds of exocytosis. The process of endocytosis
closes the vesicle cycle and consequently affects the
availability of vesicles. Moreover, the mode of exocytosis,
i.e. full fusion or kiss-and-run exocytosis, may be an
essential regulator of neurotransmission as it can affect the
release frequency as well as the time course of the release
event.

In the case of dopaminergic neurotransmission, signaling
is not restricted to point-to-point synaptic contacts. The
extrasynaptic localization of DA receptors, as well as the
appearance of DA signals in extracellular space of striatum
following stimulation or motivational and reward-associated
behaviors, implies that dopaminergic neurotransmission
relies to a certain extent on volume transmission. Volume
transmission requires synaptic spillover of released DA to
reach distant target cells through extracellular diffusion [2].
Both, direct point-to-point synaptic transmission and volume
transmission strongly depend on DA exocytosis as well as on
DA uptake and DA receptors. Not surprisingly, the role of
DA receptors and transporters, the excitability of
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dopaminergic neurons and the extracellular DA levels in the
brain, especially in relation to the diseased state, has received
ample attention [see other chapters in this theme issue].

The modulation of quantal DA release is rapidly proving
to be imperative for a further understanding of dopaminergic
neurotransmission. However, as this field of research is
relatively new, information regarding the modulation of DA
exocytosis is often derived from neuroendocrine cells that
release catecholamines. Taking the results obtained from
neuroendocrine cells into account as well, as is done in this
review, it is becoming increasingly clear that changing one
or more steps in the vesicle cycle allows for modulation of
the release frequency, vesicle contents, and the time course
of the exocytotic event. Moreover, the vesicular DA content
varies to a considerable extent and vesicular DA release is
far from being a simple ‘all or none’ process in which a fixed
amount of neurotransmitter is released. As will be shown
below for distinct steps of the vesicle cycle, distortion of
even one single interaction by drugs, toxicants or
degenerative processes is sufficient to greatly affect what is
in the vesicle and how, how much and how often the
contents of the vesicle is released, and how this can relate to
a severe impairment of dopaminergic neurotransmission.

DETECTION OF EXOCYTOSIS

As exocytosis is an extremely rapid process, sensitive
techniques with high temporal resolution are required to
measure exocytosis and its modulation in detail [3]. A classic
technique to measure exocytosis is to postsynaptically
measure the response evoked by the presynaptic release of
neurotransmitters using electrophysiological techniques [4].
However, this method is not very suitable for quantitative

studies investigating the presynaptic modulation of
neurotransmitter release, since many drugs are able to affect
the presynaptic as well as the postsynaptic response.
Moreover, the vesicular release of catecholamines does not
evoke postsynaptic quantal responses.

As an alternative, the net result of exocytosis and
endocytosis can be quantified by measuring the capacitance
of the presynaptic cell membrane [5]. When used in the so-
called cell-attached mode, the sensitivity of this technique is
sufficient to resolve single vesicle fusions, even in case of
vesicles with the dimensions of SVs, and allows for
determination of the vesicle size and fusion pore expansion
[6-8]. However, the amount of neurotransmitter released per
vesicle cannot be measured with this technique. Optical
techniques, including total internal reflection fluorescence
microscopy, preclude determination of amount of
neurotransmitter released per vesicle as well, though they are
applicable to distinguish between full fusion and kiss-and-
run exocytosis [9-11]. In case of presynaptic dopaminergic
neurotransmission, most studies rely on electrochemical
techniques, like amperometry and voltammetry.

By rapid oxidation of released neurotransmitters at a
carbon fiber microelectrode, amperometry and patch-
amperometry allow for the detection of quantal
catecholamine and serotonin release, with sufficient temporal
resolution and sensitivity to determine the frequency of
vesicular release, the amount of catecholamine or serotonin
released per vesicle, the kinetics of individual release events
and even the kinetics of fusion pore formation and expansion
[6,7,12]. Amperometry is non-invasive and applicable in
vitro on single cells in culture or in brain slices, as well as in
vivo, though in the latter case, single vesicle resolution is

Fig. (1). DA is stored in vesicles, which translocate to the cell membrane to become docked and primed. The degree of vesicle filling
depends on the availability of cytosolic DA, which depends on the balance between uptake (DAT), synthesis (TH) and breakdown (MAO),
as well as on the vesicular transport (VMAT) and intravesicular storage capacity (granins, in case of dense-core vesicles). Fusion of primed
vesicles and release of vesicle contents is triggered by an increase in [Ca2+]i. Following transient fusion, vesicles are rapidly retrieved
through so-called kiss-and-run exocytosis. Alternatively, vesicles undergo full fusion, followed by slow clathrin-mediated endocytosis. In
both cases, the retrieved vesicles are re-filled for subsequent rounds of exocytosis.
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lost. In brain/brain slices cyclic voltammetry is often used to
measure DA release without single vesicle resolution [Heien
and Wightman, this issue]. Using amperometry and
voltammetry, vesicular catecholamine and serotonin release
has been measured from a large variety of preparations,
including mast cells, neuroendocrine chromaffin and PC12
cells and several types of serotonergic and dopaminergic
neurons [for review see 3, for a review on the statistical
approaches on quantal neurotransmitter secretion see 13].
These, and numerous other studies, provided a large part of
the fundaments of our current knowledge on the modulation
of DA exocytosis and will provide additional important
insights in the future.

AVAILABILITY OF CYTOSOLIC DA FOR VESICLE

FILLING

As mentioned above, the vesicle cycle starts with vesicle
filling. The degree of vesicle filling, and consequently the
amount of DA that can be released per vesicle during vesicle
fusion, depends largely on the availability of cytosolic DA
(for review see 13; Fig. 1). As will be shown below, the
availability of cytosolic DA is critical for proper
neurotransmission and depends on the strictly regulated
balance between DA uptake, synthesis and breakdown.

DA Uptake

DA uptake is achieved by the DA membrane transporter
(DAT), the major role of which is the clearance of released
DA from the extracellular space, and its dysfunction is
associated with several dopaminergic disorders [14,
Sotnikova et al. this theme issue]. In addition to clearing DA
from the extracellular space, DAT recycles released DA
making it available again for vesicle filling. Consequently,
DAT reduces the need for newly synthesized DA. DAT
inhibitors, like nomifensine and cocaine, decrease DA uptake
and increase extracellular DA levels. However, in
genetically-altered mice lacking DAT the amplitude of
evoked DA release in both striatum and nucleus accumbens
(NAcc) is lower than in wild-type mice, though the lifetime
of extracellular DA is, of course, prolonged [15,16].
Additionally, in DAT-KO mice, DA release [16] and the
tissue content of DA [15] are much more dependent on DA
synthesis than in wild-type mice. These observations point
out the importance of DAT to replenish intracellular stores
of DA and for sustained DA release. Moreover, a recent
amperometric study using DAT overexpressing
neuroendocrine PC12 cells indicated that DAT affects the
amount of DA released per vesicle as well as the release
frequency by increasing DA availability [17]. The combined
results demonstrate that DAT-mediated DA uptake can affect
the release frequency as well as the amount of DA released
per vesicle, suggesting that the observed decrease in evoked
DA release in striatum and NAcc of DAT-KO mice is the
result of a reduction in the release frequency in combination
with a reduction of the amount of DA released per fusion
event. It should be noted that the prolonged lifetime of
extracellular DA in DAT-KO mice could also reduce the
amount of DA stored and released per vesicle due to ongoing
D2 autoreceptor activation (see below).

Additionally, substrates of DAT, such as DA and
amphetamine (AMPH), elicit inward, Na+-dependent

currents in dopaminergic neurons, which may modulate
neuronal excitability and consequently can affect the release
frequency [18]. Moreover, DAT can enhance DA release
through reverse transport. In particular AMPH is capable of
inducing reverse transport of DA, which appears to be
voltage-dependent [19] and under control of [Ca2+]i [20] and
protein kinase C (PKC) activity [21]. Incubation of mouse
striatal slices [15], Planorbis giant DA neurons or PC12 cells
[22] with AMPH reduces the net DA uptake rate and
increases extracellular DA levels due to DA efflux through
the DAT.

DA Synthesis

DA can be synthesized in the cell by conversion of
tyrosine to dihydroxyphenylalanine (L-DOPA), by the
cytosolic enzyme tyrosine hydroxylase (TH), and subsequent
conversion to DA by aromatic amino acid decarboxylase
[23,24]. As the conversion of tyrosine to L-DOPA by TH is
the rate-limiting step in DA synthesis, TH plays an important
role in determining the availability of cytosolic DA for
vesicle filling. The activity of TH is increased by
phosphorylation and it is known for many years that various
treatments, including high K+, caffeine-induced mobilization
of Ca2+ from internal Ca2+ stores and activation of cAMP-
dependent protein kinase A (PKA), PKC and extracellular
signal-regulated kinase (ERK), increase DA synthesis [25-
28]. Furthermore, a number of neurotrophic and
neuromodulatory drugs, including glial cell-line derived
neurotrophic factor (GDNF) [28], estrogens [29] and 3,4-
methylenedioxymethamphetamine (MDMA, "ecstasy") [30]
increase TH phosphorylation and DA synthesis, at least
partly by activation of one or more of the above-mentioned
kinases. On the other hand, apomorphine [31] and the
nigrostriatal neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [32] inhibit DA synthesis.
Application of the D2-like agonist quinpirole reduces TH
phosphorylation and DA synthesis as well [33], whereas D2
antagonists increase TH activity and DA synthesis [34]. The
effects of D2 antagonists on TH phosphorylation are
abolished in D2 receptor-null mutant mice and prevented by
blockade of ERK 1 and 2 [34], indicating the involvement of
ERK1/2 in D2 receptor mediated regulation of TH activity
and DA synthesis.

Following the introduction of single cell amperometry, it
was possible to directly demonstrate the effects of
modulation of DA availability on vesicle filling. Bypassing
TH by application of exogenous L-DOPA significantly
increased cytosolic DA levels in chromaffin cells [35] and,
consequently, the amount of DA released per vesicle in
chromaffin cells [36], PC12 cells [37], as well as in ventral
midbrain neurons [38]. Moreover, amperometric recordings
in PC12 cells exposed to quinpirole, which inhibits TH
activity by approximately 50%, reduced vesicle contents by
approximately 50%. This reduction in vesicle contents could
be blocked by the D2 antagonist sulpiride [39],
demonstrating that the above mentioned relation between D2
activation and DA availability indeed affects vesicle
contents.

The availability of cytosolic DA appears critical in a
number of neurological disorders. In line with this, TH levels
are significantly elevated in post-mortem basal ganglia of
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schizophrenic patients [40]. Moreover, mice lacking TH-
expression in dopaminergic neurons displayed multiple
behavioral abnormalities [41]. PD, which is characterized by
reduced striatal DA levels after a marked loss of substantia
nigra (SN) dopaminergic neurons, is often treated by
application of exogenous L-DOPA [42], highlighting the
importance of cytosolic DA levels. Alpha-synuclein (alpha-
Syn) is a small presynaptic nerve terminal protein implicated
in the modulation of TH as well as in PD. In PD, soluble
alpha-Syn levels are diminished in SN dopaminergic
neurons, both by reduced expression and by alpha-Syn
aggregation as Lewy bodies. Reduced alpha-Syn levels result
in increased DA synthesis through upregulation of TH,
reduced vesicular DA storage and increased DAT-mediated
DA uptake, and consequently in excess cytosolic DA. The
excess cytosolic DA is oxidized to the quinones and reactive
oxygen species that likely account for the observed
neurodegeneration [for review see 43]. The importance of
alpha-Syn is further demonstrated in alpha-Syn null mutant
mice, which are viable and fertile but exhibit altered DA
release, a reduction in striatal DA and an attenuation of DA-
dependent locomotor response to AMPH [44]. Moreover,
PC12 cells expressing mutant alpha-Syn, but not wild-type
alpha-Syn, display a loss of catecholamine-containing
LDCV and of depolarization-induced catecholamine release
[45]. Chromaffin and PC12 cells overexpressing alpha-Syn
display a reduced vesicle release frequency, though vesicle
contents appears unaffected (D. Sulzer, personal
communications). Finally, it was suggested that alpha-Syn,
at least at hippocampal nerve terminals, could regulate SV
mobilization [46]. Thus, alpha-Syn is likely to affect
dopaminergic neurotransmission by affecting DA synthesis,
transport and storage, though effects on the formation and
mobilization of vesicles can contribute as well.

DA Breakdown

Intracellular DA that is not stored in vesicles is
metabolized by one of two types of monoamine oxidase
(MAO-A or MAO-B), which function both intracellularly
and extracellularly [23,24]. Therefore, changes in MAO
could directly affect the availability of cytosolic DA for
vesicle filling. The physiological importance of MAO for
dopaminergic neurotransmission is underlined by the fact
that MAO inhibitors have long been used as anti-depressant
drugs and for the treatment of PD [47]. Furthermore, MAO-
deficiency or inhibition of MAO has been linked to hyper-
aggressive and anxiety behavior [48,49] and increased brain
DA levels [49]. However, to date there are no reports of
altered vesicle filling in relation to changes in MAO. This
could indicate that the cytosolic DA concentration is strictly
maintained at a defined level [see e.g. 35], which requires a
tight regulation of both DA synthesis and metabolism.
Future studies using transgenic MAO-deficient mice or
MAO inhibitors will have to clarify whether vesicle filling
and subsequent DA release can be modulated directly by DA
metabolism and whether this provides a novel drug target for
the modulation of vesicular DA release.

VESICULAR DA TRANSPORT AND STORAGE

In addition to the availability of cytosolic DA, vesicle
filling is determined by the vesicular pH, the efficiency of

the vesicular monoamine transporter (VMAT) and the
storage capacity of the vesicles [for review see 13]. As will
be shown below, neurological disorders are often
accompanied by changes in vesicular transport and storage,
which can directly or indirectly affect the amount of DA
released per vesicle as well as the release frequency.

Vesicular Monoamine Transporter

Cytosolic DA is concentrated in vesicles by specific
neurotransmitter transporters on the vesicle membrane,
VMAT-1 and VMAT-2 [50,51]. Vesicular DA uptake is
ATP dependent and abolished by reserpine, tetrabenazine,
and by inhibition of the vacuolar H+-ATPase or by disruption
of the vesicular proton-gradient. The expression of VMAT is
enhanced by depolarization-induced Ca2+ entry, elevation of
the intracellular cyclic AMP concentration or activation of
PKC [50,51]. The markedly reduced expression levels of
VMAT-2 in SN and NAcc dopaminergic neurons in patients
with PD [52] and in cocaine users [53], as well as the poor
viability of homozygous VMAT-2 KO mice [54] indicate the
critical involvement of VMAT in normal dopaminergic
neurotransmission. It is noteworthy that VMAT appears to
protect catecholamine-containing neurons from MPTP-
induced degeneration by sequestration of the toxin within
vesicles [55,56], thereby possibly preventing oxidative
damage. In addition, heterozygous VMAT-2 KOs, which
display VMAT-2 levels one-half that of wild-type values,
contain substantially lower monoamine levels in brain, are
more susceptible to the neurotoxic effects of MPTP, exhibit
reduced extracellular striatal DA levels, and display reduced
depolarization-evoked and AMPH-evoked DA release [54].
This suggests that VMAT-2 expression regulates monoamine
storage and release, and that a reduction in VMAT-2
expression could be reflected in a reduced vesicle contents
and possibly a reduced release frequency as well.

In neuroendocrine PC12 cells, vesicular monoamine
transport is down-regulated by the protein phosphatase
inhibitor okadaic acid, whereas the PKA inhibitor K252a
increases vesicular amine transport [57]. As a weak base and
a substrate for VMAT, AMPH, as well as other weak bases,
reduce the vesicular pH gradients. Consequently, AMPH
induces the redistribution of DA from vesicles to cytosol,
which in turn increases cytosolic DA levels and promotes
DAT-mediated reverse transport of DA [22,58]. Using
intracellular patch electrochemistry to directly measure the
levels of cytosolic oxidizable molecules in single chromaffin
cells, it was demonstrated that AMPH indeed increases the
cytosolic catecholamine concentration [35]. Furthermore,
exposure to methamphetamine (METH) and MDMA, rapidly
decreases vesicular DA uptake in striatum [59,60],
suggesting that amphetamines in general rapidly decrease
vesicular monoamine transport in dopaminergic neurons.
Surprisingly, most DAT inhibitors, including
methylphenidate and cocaine, rapidly increase vesicular DA
uptake in isolated striatal SVs and reverse the METH-
induced decrease in vesicular DA uptake and in vesicular
DA content [61,62]. The non-competitive NMDA receptor
antagonist phencyclidine rapidly increases vesicular DA
uptake as well [63]. As with DA synthesis, there appears to
be a feedback mechanism mediated primarily by D2
receptors, as the effects of methylphenidate, cocaine and
phencyclidine are attenuated by the D2 receptor antagonist
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eticlopride [61-63]. Similar to the effects of cocaine,
treatment with the D2 agonist quinpirole [61] or
apomorphine [64] increases vesicular DA uptake. The effects
of apomorphine on vesicular DA uptake are blocked by the
D2 receptor antagonist eticlopride as well [64]. Taken
together, these data indicate the involvement of a D2
receptor-mediated pathway for the modulation of VMAT
and, additionally, that D2 receptor activation, per se, is
sufficient to increase vesicular DA uptake.

Using amperometry it was shown that the VMAT
inhibitor reserpine decreases the amount of catecholamines
released per exocytotic event in neuroendocrine PC12 and
chromaffin cells [65,66]. These changes in vesicular
catecholamine content correlate directly with changes in
vesicle volume, indicating that the concentration of
catecholamines within the vesicles remains relatively
constant [66,67]. In axonal varicosities of midbrain DA
neurons, which contain predominantly SVs, quantal DA
release is completely abolished by reserpine [38], indicating
that the amount of DA released per vesicle has fallen below
detection limits, or that the varicosities no longer exhibit
exocytosis. Moreover, impulse-dependent DA release in
striatal slices, measured using fast cyclic voltammetry, is
strongly reduced in transgenic mice with approximately 95%
reduced expression of the VMAT-2 gene, indicating smaller
vesicular DA stores [68]. On the other hand, overexpression
of VMAT-2 in axonal varicosities of midbrain DA neurons
increases both vesicle contents and release frequency,
consistent with the recruitment of SVs that do not normally
release DA [69] or normally remain undetected because of
the very small amounts of DA released per vesicle. VMAT-2
expression in PC12 cells increases vesicle contents as well,
though not the release frequency [69]. In line with enhanced
depolarization-induced VMAT expression, stimulation of
chromaffin cells with high K+ increases the internal acidity
of chromaffin vesicles. This stimulation-induced vesicle
acidification is Ca2+-dependent and blocked by inhibition of
the vacuolar H+-ATPase using bafilomycin. Coinciding with
acidification, high K+ stimulation increases the average
vesicle volume and vesicle contents, whereas inhibition of
vacuolar H+-ATPase decreases vesicle contents [36]. Though
disruption of vesicular stores reduces the amount of
neurotransmitter released per vesicle, application of a weak
base (methylamine, AMPH, or tyramine) or of the VMAT
inhibitor reserpine can induce catecholamine exocytosis in
chromaffin cells. This is due to the fact that LDCVs
normally contain large amounts of Ca2+ (see below), which is
liberated together with the stored catecholamines from the
vesicles upon disruption of vesicular stores. Apparently,
AMPH and methylamine can disrupt vesicular stores to a
sufficient degree that both catecholamines and Ca2+ can
escape vesicles, resulting in an increase in cytosolic
catecholamines as well as an increase in [Ca2+]i sufficiently
large to trigger exocytosis [65,70]. The combined results
demonstrate that vesicular transporters limit the rate of
transmitter accumulation in secretory vesicles and that
vesicle contents is increased when the driving force for their
uptake is enhanced. Moreover, disruption of vesicular stores
reduces the amount of DA released per vesicle, though
vesicular Ca2+, liberated by this disruption, can increase the
frequency of DA exocytosis.

Intravesicular Storage

Neurotransmitters are stored in SVs, SDCVs or LDCVs
at concentrations that far exceed the cytosolic
neurotransmitter concentration. To do so, an effective
storage mechanism is required. In case of DA-containing
SDCVs or LDCVs, storage is achieved by binding of DA to
an intravesicular matrix, which keeps the osmolarity low and
thus prevents excessive swelling of the vesicles. The
intravesicular storage matrix is made up of granins, i.e.
chromogranins A (CgA) and B (CgB) and secretogranins
(Table 1), which can be co-released with catecholamines
during exocytosis from sympathetic nerve terminals and
neuroendocrine cells [71]. CgA plays a crucial role in the
regulation of the formation of LDCVs, as down-regulation of
CgA expression in neuroendocrine PC12 cells led to
profound loss of secretory granule proteins and LDCVs, and
impairment of regulated secretion. In CgA-deficient PC12
cells the regulated secretory phenotype could be rescued by
transfection with CgA [72]. Thus, CgA appears to be an
"on/off" switch and is a required factor for the formation of
LDCVs in neuroendocrine cells. It remains to be established
whether this applies to SDCVs in dopaminergic neurons as
well.

Additionally, granins tend to bind large amounts of Ca2+,
allowing for the storage of large amounts of Ca2+ in LDCVs
[73]. As CgA and CgB are coupled to and interact with
inositol-1,4,5-triphosphate (IP3) receptors [74], which are
present on LDCVs and can function as Ca2+ channels,
LDCVs are believed to play an important role in regulation
of the [Ca2+]i [73,75]. Consequently, granins may also be a
target for modulation of the frequency of quantal
catecholamine release, as the liberation of stored vesicular
Ca2+ could play an important role in the catalysis of
exocytosis [65,70]. Furthermore, granins and their cleavage
products can act as autocrine feedback factors [71]. CgA, or
one of its cleavage products, potently inhibits depolarization-
induced DA release from striatal slices [76].

The effects of the proteolytic cleavage products of
granins on catecholamine release are summarized in Table 1,
with the CgA and CgB proteolytic cleavage products
inhibiting secretion in neuroendocrine cells and
noradrenergic neurites [77-82]. On the other hand,
secretogranin-derived secretoneurin stimulates the release of
DA from nigrostriatal neurons [83]. Thus, granins and
derived cleavage products provide an autocrine feedback
mechanism controlling the frequency of catecholamine
release within neuroendocrine cells and neurons.
Considering the wide distribution [84,85] and above
described properties of granins, it is not surprising that
granin levels are often altered in the diseased brain. CgA
levels in the cerebrospinal fluid are reduced in patients with
PD, which may be a useful diagnostic finding [84].
Furthermore, CgA accumulates in the senile and pre-amyloid
plaques of Alzheimer’s disease, in PD-associated Lewy
bodies in the SN, and in the swollen neurons of Pick’s
disease [86,87], whereas patients with schizophrenia display
reduced granin levels in the prefrontal cortex [88].

Summarizing, modulation of the vesicular proton-
gradient, the vesicular neurotransmitter transporter or the
availability of storage molecules affects the amount of
vesicular neurotransmitter uptake and storage, and eventually
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the amount of neurotransmitter secreted during vesicle
fusion. In combination with the granin-mediated autocrine
feedback, this is likely of critical importance for normal
progression of dopaminergic neurotransmission. This is
supported by the often observed deregulation of above-
mentioned processes in several pathological nervous system
disorders. Consequently, future research focusing on the
effects of these processes on DA release from dopaminergic
neurons might provide important insights in dopaminergic
neurotransmission and brain disorders.

THE MOLECULAR MACHINERY OF QUANTAL DA

RELEASE AND VESICLE CYCLING

The frequency of quantal DA release is a major
determinant of neurotransmission. Vesicles have to be
docked and primed by the molecular exocytotic machinery
before an elevation in [Ca2+]i can trigger vesicle fusion.
Consequently, the release frequency can be modulated by the
number of vesicles available for release as well as by the
molecular interactions underlying docking, priming and
vesicle fusion, as will be shown below for catecholamine-
releasing neuroendocrine cells.

The Actin Network and Vesicle Fusion

The number of vesicles available for docking and
priming is regulated by synapsins, a class of vesicle-
associated proteins that can link vesicles to a filamentous,
submembranal actin network [89-91], i.e., in a so-called
reserve pool of vesicles. Phosphorylation of synapsin, by
PKA, PKC and Ca2+-calmodulin-dependent protein kinase II
(CaMKII), decreases its interaction with actin, resulting in an
increased availability of vesicles for docking. Decreasing
phosphorylation of synapsins, by protein phosphatase 2A
and Ca2+-calmodulin-dependent protein phosphatase 2B
(calcineurin), reduces the availability of vesicles for docking
[89,90]. The importance of synapsins for vesicle availability
was demonstrated using mutant mice lacking synapsin I,
which shows a marked decrease in the number of releasable
vesicles and in the maximum release rate [92,93]. Moreover,
using specific anti-synapsin antibodies, it was demonstrated
in Aplysia neurons that synapsins do not directly affect the
readily releasable pool of vesicles but instead are required
for vesicle recruitment from the reserve pool [90].

The cortical actin network acts as a barrier for vesicle
docking, requiring disassembly of this network for vesicle

translocation [91]. Disassembly of the actin network in
chromaffin cells is achieved by cell depolarization, PKC
activity and activation of nicotinic receptors. Disassembly
precedes exocytosis, whereas re-assembly of the actin
network occurs upon termination of stimulation, and is
regulated in a Ca2+-dependent manner by scinderin [91].
Actin disassembly and Ca2+-induced catecholamine release
are enhanced by addition of recombinant scinderin to
permeabilized chromaffin cells; this effect was reversed by
phosphatidylinositol 4,5-biphosphate [94] and treatment with
scinderin antisense [95]. Phorbol ester-induced PKC
activation results in disassembly of the actin network as well,
which is prevented by PKC inhibitors [91, 96]. This suggests
that PKC activation, which is known for many years to
increase the releasable pool of vesicles and catecholamine
secretion, regulates the size of the releasable vesicle pool at
least partly through disassembly of the actin network. This is
underlined by an amperometric study demonstrating an
increase in the number of readily releasable vesicles
following PKC-mediated actin disassembly in chromaffin
cells [96]. Fusion of DA-containing SV fusion in
dopaminergic neurons is enhanced following phorbol ester-
induced PKC activation as well [97], though it is presently
unclear whether this is related to PKC-mediated actin
disassembly. The PKC-mediated disassembly of the actin
network is probably mediated by phosphorylation of a
Myristoylated Alanine-Rich C Kinase Substrate (MARCKS).
Apparently, unphosphorylated MARCKS stabilizes the actin
network, whereas phosphorylation results in network
disassembly and vesicle translocation from the reserve pool
to the readily releasable pool of vesicles [91]. The
phosphorylation of MARCKS is enhanced by mitochondrial
inhibitors, which potentiate the secretory response and
increase actin disassembly. Both phosphorylation of
MARCKS and actin disassembly, induced by mitochondrial
inhibitors, are inhibited by PKC inhibition, suggesting that
normally, rapid sequestration of Ca2+ by mitochondria limits
PKC activation and subsequent phosphorylation of
MARCKS and actin disassembly, thereby limiting the extent
of the secretory response [98]. Both the scinderin and the
MARCKS pathway act in parallel to disassemble the actin
network; which pathway is predominant appears to depend
on the kind of stimulation [91].

A minimal actin network appears critical for the final
vesicle fusion event, as application of high concentrations of
actin-disrupting agents, e.g. cytochalasin D, inhibit

Table 1.

Prohormone Active peptide Effect on exocytosis Mechanism Ref.

pancreastin phospholipase activation [79]

CgA parastatin phospholipase activation [77]

vasostatin phospholipase activation [78]

chromostatin inhibition of L-type Ca2+ channels [80]

CgB catestatin nicotinic cholinergic antagonist [81,82]

secretogranin secretoneurin G protein-coupled receptor cascade [83]

Granins serve as prohormones (first column) for a number of proteolytic cleavage products (second column). These cleavage products exert modulatory effects on exocytosis (third
column) through the mechanisms indicated (fourth column).
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exocytosis [99]. Using a combination of amperometry and
confocal microscopy in permeabilized chromaffin cells it
was shown that drugs that inhibit the activity of myosin
specifically affect the slow phase of secretion occurring > 5 s
after Ca2+-application, as well as the secretory response to
subsequent stimulations, and strongly reduce vesicle
mobility [100]. The actin-stabilizing agent phalloidin
specifically decreases the initial burst of exocytosis, i.e. < 5 s
after depolarization, as well [100]. Moreover, overexpression
of unphosphorylatable form of myosin regulatory light chain,
which prevent myosin motor proteins from interacting with
the actin network, reduces vesicle mobility, the initial and
slow phase of evoked-exocytosis and slows the fusion
kinetics of individual granules [101], indicating that myosin
is not only implicated in the transport of vesicles but in the
final phases of exocytosis as well. Taken together, the actin
network not only acts as a negative clamp for exocytosis,
but, together with myosin, is an essential component for
vesicle movement and the final fusion event as well.
Consequently, deregulation of actin and/or myosin function
likely affects both the number of releasable vesicles and the
kinetics of single exocytotic events, at least in
neuroendocrine chromaffin cells. Future studies, using
dopaminergic neurons, can reveal whether these mechanisms
apply to neuronal DA exocytosis as well.

The Molecular Release Machinery

The basic molecular machinery underlying membrane
fusion is well-studied and the current knowledge has been
summarized in a large number of reviews [1,102-105].
Therefore, in this section an overview is provided on some
aspects of the molecular machinery, followed by examples
demonstrating the importance of these aspects for quantal
catecholamine/DA release from neuroendocrine cells.

Upon reaching the cell membrane, secretory vesicles are
docked through formation of the SNARE-complex
consisting of vesicle-associated synaptobrevin (v-SNARE)
and plasma membrane-associated synaptosomal associated
protein of 25 kDa (SNAP-25) and syntaxin (t-SNAREs)
[1,102-105]. Obviously, prevention of SNARE-complex
formation, or disruption of this complex, prevents vesicles
from docking and subsequent priming and release. Classic
examples of impairment of vesicle exocytosis are provided
by exposure to botulinum neurotoxin (BoNT) or tetanus
neurotoxin (TeNT). Depending on the type of neurotoxin,
one of the SNARE proteins is cleaved, resulting in failure of
synaptic transmission, paralysis and, in severe cases, death
[106]. Using amperometry it was shown in neuroendocrine
chromaffin cells that BoNT/A and BoNT/E, which cleave
SNAP-25, strongly reduce exocytosis [107-109]. Similar
results were observed following exposure to BoNT/C1,
which cleaves syntaxin and SNAP-25, as well as to BoNT/D
and TeNT light chains, which cleave synaptobrevin,
demonstrating the requirement for SNARE-complex
formation in exocytosis [108-109]. Nowadays, certain
isoforms of these neurotoxins are used to treat several
neurological disorders, including migraine, tremors and
dystonia [110]. As these neurotoxins affect exocytosis in
general, the potential of these toxins as therapeutic agents for
treatment of hyperactivity of the dopaminergic system will
depend on the ability to target these toxins specifically to the

neurons that innervate the dopaminergic system or to the
dopaminergic system itself.

The t-SNARE syntaxin is normally bound to Munc18,
preventing formation of the SNARE-complex.
Phosphorylation of Munc18 by PKC or cyclin-dependent
kinase 5 (Cdk5) decreases its affinity for syntaxin, thus
allowing the interaction of syntaxin with SNAP-25 and
synaptobrevin [1,102-105,111]. Chromaffin cells lacking
Munc18-1 display a strong reduction in LDCV exocytosis
and in the number of morphologically docked LDCVs,
whereas overexpression of Munc18-1 increases the amount
of releasable vesicles and accelerates repletion of the
releasable pool of vesicles [112]. Expression of a Munc18
mutant with reduced affinity for syntaxin, modifies the
kinetics of single exocytotic events, consistent with an
acceleration of fusion pore expansion [113], whereas
expression of syntaxin with reduced binding to Munc18
results in an increased vesicle contents size and a slowing of
the kinetics of release [114]. The effects of Munc18 on
fusion pore expansion, the kinetics of single exocytotic
events and vesicle contents size appear controlled by
phosphorylation of Munc18 by both PKC and Cdk5
[115,116]. Thus Munc18 functions in an early (docking)
stage of the fusion process, as well as in a late stage of the
fusion process by binding to syntaxin, thereby limiting the
availability of syntaxin for SNARE-complex formation. The
dissociation of Munc18 from syntaxin apparently determines
the kinetics of the final fusion events.

Munc13 is one of the proteins that is now believed to
play a central role in the priming reaction, which has to
occur before fusion competence is gained [1,104,105].
Munc13 is able to interact with syntaxin and has a phorbol
ester binding site, activation of which potentiates exocytosis
[117]. The putative essential role of Munc13 in exocytosis is
based on the absence of exocytosis in Munc13-deficient
mice, though the number of docked vesicles is not reduced
[118]. Munc13 overexpressing chromaffin cells display an
increase in both the fast and slow component of LDCV
exocytosis as measured using amperometry. However, the
response to a second stimulation is greatly reduced,
indicating a depletion of release-competent vesicles. As the
number of docked vesicles is unchanged, these results
suggest that Munc13 is involved in LDCV priming by
accelerating the rate constant of vesicle transfer from a pool
of docked, but unprimed vesicles to a pool of release-
competent, primed vesicles [119].

Following priming, Ca2+-dependent triggering of LDCV
fusion requires a specific cytosolic factor, Ca2+-dependent
Activator Protein for Secretion (CAPS), which localizes
selectively to plasma membranes and to LDCVs, but not to
SVs [120]. Introduction of CAPS antibodies in chromaffin
cells reduces the initial exocytotic burst, representing the
readily releasable vesicle pool. Additionally, amperometric
spikes are much smaller and broader, suggesting that CAPS
plays a role in determining release of vesicle contents via the
fusion pore [121]. Moreover, Ca2+ is ineffective in triggering
vesicle fusion following ATP-dependent priming in the
absence of CAPS, indicating CAPS functions to enhance
Ca2+-dependent LDCV exocytosis by acting at an
unidentified rate-limiting, Ca2+-dependent prefusion step
[122]. These combined results are consistent with a
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widespread functional role of CAPS in the regulated
exocytosis of LDCVs in the nervous and endocrine systems,
though the abundance of CAPS in synaptic terminals
indicates that CAPS may also be important for neuronal
functions not exclusively related to LDCV exocytosis.

The proposed Ca2+-sensor synaptotagmin (Syt), which
exists in several isoforms, prevents the SNARE-complex
from further interactions until an increase in the [Ca2+]i

displaces Syt and catalyses membrane fusion. Syt contains
two Ca2+-binding C2 domains and exhibits Ca2+-dependent
phospholipid, syntaxin and SNAP-25 binding properties. Syt
has been proposed to facilitate endocytosis and to modulate
Ca2+-channels, fusion pore kinetics and the mode of
exocytosis [1,102-105,123,124]. One of the isoforms, Syt-I,
was previously demonstrated to be essential for fast,
synchronous Ca2+-dependent exocytosis in various cell types
[123,125,126]. Amperometric studies revealed that Syt-I-
deficient chromaffin cells display prolonged exocytotic
delays and slow, Ca2+-dependent fusion rates, resulting in
strongly reduced LDCV release in response to short
depolarizations, demonstrating that Syt-I is required for
rapid, highly Ca2+-sensitive LDCV exocytosis [126].
Chromaffin cells carrying a mutated Syt C2A domain, which
increases the KD of Ca2+-dependent phospholipid binding to
the double C2A-C2B domain of Syt, display slower
secretory rates, longer secretory delays, and a higher
intracellular Ca2+-threshold for secretion. Thus, Ca2+-
dependent phospholipid binding to Syt-I mirrors the
intracellular Ca2+ dependence of exocytosis [127]. These
results indicate that Syt-I is essential for triggering fast
synchronous neurotransmitter release and suppression of
slow asynchronous release, which is likely mediated by other
Syt isoforms or other Ca2+-sensing proteins. Amperometric
studies also demonstrate the involvement of Syt in the
regulation of fusion pore kinetics and the mode of exocytosis
(see Endocytosis and kiss-and-run section).

In addition to Syt, other proteins might be involved in
late or final steps of Ca2+-dependent exocytosis. One of these
is a neural cytosolic protein that acts as a positive regulator
of exocytosis, known as complexin (CPX). CPX, of which
two closely related isoforms exist, binds only to the
assembled SNARE-complex and competes with alpha-SNAP
for binding to the SNARE-complex, suggesting that
complexins may modulate neurotransmitter release process
[1,104,105,128]. The potential importance of CPX is further
underlined by the fact that CPX II KO mice display deficits
of motor, behavioral and cognitive function [129]. These
deficits are strikingly similar to those seen in the R6/2 mouse
model of Huntington's disease (HD), where a progressive
depletion of CPX II is seen [130]. Moreover, CPX II levels
are markedly reduced in post-mortem striatum of patients
with HD [131]. A similar loss of CPX is seen in PC12 cells
expressing the HD mutation. Using amperometry it was
shown that this loss in CPX II is accompanied by a dramatic
decline in Ca2+-triggered catecholamine exocytosis, which
can be rescued by expression of CPX II [132]. Moreover,
overexpression of CPX II in chromaffin cells modified the
kinetics of single exocytotic events so that their time course
was shortened, consistent with a function of complexin in
stabilizing an intermediate of the SNARE-complex to allow
kiss-and-run exocytosis [133]. These combined data suggest
that depletion of CPX II modulates single vesicle exocytosis

and could thereby contribute to the cognitive abnormalities
in R6/2 mice and HD.

After fusion, the actions of N-ethylmaleimide-sensitive
fusion protein (NSF) and alpha-soluble NSF attachment
protein (alpha-SNAP) are required to disassemble the
SNARE-complex for future rounds of vesicle fusion.
Additionally, alpha-SNAP and NSF have been reported to
have a role in priming as well [102-104]. The important role
of these proteins was demonstrated in a series of
amperometric experiments in chromaffin cells. Chromaffin
cells dialyzed with a solution containing alpha-SNAP
display enhanced exocytosis upon repeated depolarizations.
This increase is not observed following dialysis with mutant
alpha-SNAP which was unable to bind syntaxin [134].
Moreover, alpha-SNAP increases the amplitude of the
exocytotic burst and the slow component following flash-
photolysis of caged Ca2+, but does not change their kinetics
[135]. The stimulatory action of alpha-SNAP on exocytosis
requires ATP hydrolysis mediated via NSF. This action of
alpha-SNAP is significant only at [Ca2+]i between 100 and
300 nM, suggesting that alpha-SNAP enhances a component
of exocytosis that is regulated by a high-affinity Ca2+ sensor
[136]. On the other hand, expression of a dominant negative
alpha-SNAP(L294A) substantially inhibits LDCV
exocytosis, without affecting the amplitude and
characteristics of the single exocytotic events [137]. These
results indicate that alpha-SNAP has a stimulatory effect on
exocytosis and suggest an important role for alpha-
SNAP/NSF in priming granules for release at an early step,
but not in the final fusion process.

Summarizing, the basic release machinery is provided by
the SNARE-complex, whereas the temporal regulation
appears at least partly mediated by the proposed Ca2+-sensor
Syt. The additional involvement of a large number of
regulatory proteins, including but certainly not limited to
alpha-SNAP, NSF, Munc18, Munc13, CAPS and CPX,
enables the regulation required for proper neurotransmission
under a range of different conditions. As described above,
interference with one of the normally occurring interactions
can result in profound effects on neurotransmission.

Modulation of the Molecular Release Machinery by

Phosphorylation

Protein kinase mediated phosphorylation affects
numerous mechanisms involved in neurotransmission,
including the regulation of ligand-gated ion channels [138],
the dynamics and disassembly of the actin network [91],
DAT activity [139] and the late steps of exocytosis, i.e. the
final fusion event [140]. Consequently, protein phosphatases
play a key role in neurotransmission as well, since they can
counteract the protein kinase-induced phosphorylation and
change the basal levels of phosphorylation, which can result
in profound effects [141].

PKA is widely expressed and has profound effects on
many aspects related to dopaminergic neurotransmission
[102,142]. Activation of the cAMP/PKA pathway is known
to prevent the Ca2+-induced inhibition of L-type Ca2+

channels [143] and could thereby prolong the exocytotic
response upon intense and prolonged stimulation. In rat
striatum, depolarization-evoked DA release is markedly
reduced by PKA inhibitors [144]. As constitutive PKA



Targeting Exocytosis CNS & Neurological Disorders - Drug Targets, 2006, Vol. 5, No. 1     65

activity appears necessary to maintain a large number of
vesicles in the readily releasable pool of vesicles, the
SNARE protein SNAP-25 is a likely PKA target mediating
the stimulatory effects on exocytosis [145]. Overexpression
of SNAP-25a, mutated in a PKA phosphorylation site (Thr-
138), eliminates the effect of PKA inhibitors on the vesicle
priming process. Another, unidentified, PKA target appears
responsible for regulation of the relative size of two different
primed vesicle pools, which are distinguished by their
release kinetics [145]. Additionally, PKA appears to affect
the late steps of vesicle fusion. Forskolin, which increases
the intracellular cAMP levels, increases the amount of
catecholamines released per vesicle in neuroendocrine
chromaffin cells, which is accompanied by a slowing down
of the release kinetics. These effects are not due to newly
synthesized catecholamines and suggest that cAMP/PKA
might favor granule aggregation before fusion with the cell
membrane and slow the late step of the exocytotic process
[140,146]. This is further supported by the finding that tonic
activity of PKA near the cell membrane appears to modulate
the amount of catecholamines released per vesicle, as well as
the size of the readily releasable pool of vesicles, and could
thereby regulate neurotransmitter release [147]. These
combined data indicate that PKA, in addition to its effects on
Ca2+ entry, regulates neurotransmitter release by modulating
the size of the primed pool of vesicles as well as the amount
of neurotransmitter released per vesicle in neuroendocrine
cells. Whether this applies to dopaminergic neurons as well,
largely remains to be established.

PKC is probably the best studied protein kinase with
respects to neurotransmission. Phorbol esters are potent
activators of PKC and enhance basal and evoked
catecholamine and DA release from neuronal and
neuroendocrine preparations [144,148-151]. The effects of
phorbol ester on neurotransmitter release are suppressed by
inhibition of PKC, absent under Ca2+-free conditions and
prevented by chronic phorbol ester treatment, i.e.
downregulation of PKC [148-150]. Treatment of
permeabilized chromaffin cells with phorbol esters
selectively potentiates the ATP-dependent priming step,
which is at least partly mediated by PKC-induced
phosphorylation of GAP-43 [148]. Phorbol ester-induced
PKC activation has also been reported to increase basal
catecholamine exocytosis via a selective shift in the
activation of L-type Ca2+ channels, resulting in an increase in
[Ca2+]i under resting conditions [149]. However, activation
of PKC has also been reported to decrease depolarization-
induced catecholamine release in intact PC12 and chromaffin
cells [151,152]. This is caused by a reduction in the
frequency of exocytotic events [151] and likely due to
alterations in Ca2+ entry as phorbol ester-induced PKC
activation strongly inhibited [Ca2+]i transients evoked by K+

and the L-type Ca2+ channel activator Bay K 8644 [152].
PKC is also implicated in vesicle trafficking and
redistribution. In resting neuroendocrine PC12 cells, LDCVs
are distributed throughout the cytoplasm, whereas vesicles
redistribute towards the plasma membrane following phorbol
ester-induced PKC activation [153]. In neurons, a
comparable redistribution from the cell body to neurites was
observed following PKC activation. This redistribution is, at
least partly, mediated by PKC-MARCKS signaling pathways
[154; see also The actin network and vesicle fusion section].

Additionally, activation of PKC appears to modify the
kinetics of single exocytotic events in chromaffin cells [140].
Following phorbol ester treatment, the mean half-width of
amperometric events decreases, whereas the rate of the initial
rise and the fall to baseline of the spikes increase, resulting
in a decreased total charge. This suggest that PKC regulates
the rate of fusion pore expansion and subsequent pore
closure, thereby modulating the amount of catecholamines
released per fusion event [109]. Finally, AMPH increases
PKC activity in striatum, which could be responsible for
AMPH-induced increases in striatal DA release. The
increased PKC activity is linked to AMPH-induced outward
transport of dopamine through the DAT. When transporter-
mediated release is diminished, the inward transport of
AMPH inhibits PKC activity instead [155]. As PKC
inhibitors significantly attenuate the MDMA-induced
increase in the extracellular concentration of DA in the
striatum, whereas PKC activation significantly increases
MDMA-induced DA release [156], PKC may prove to be an
important target for treatment of adverse effects of certain
classes of drugs of abuse and psychostimulants. The
combined results demonstrate that PKC modulates a variety
of presynaptic processes involved in neurotransmission,
including vesicle trafficking, priming and release. The actual
effect of PKC modulation will depend on the cellular
composition and might thus vary in different cell types.

Inhibition of Ca2+/calmodulin-dependent protein kinase II
(CaMKII) was reported to reduce evoked catecholamine
secretion from neuroendocrine PC12 and chromaffin cells
[157,158], as well as basal and evoked DA release from rat
striatum [144]. Moreover, CaMKII, as PKC, could play a
key role in the AMPH-induced DAT-mediated DA efflux,
which is enhanced in schizophrenic patients.
Correspondingly, CaMKII mRNA levels are elevated in
post-mortem schizophrenia frontal cortex [159]. AMPH-
induced DA efflux in striatum was Ca2+-dependent and
accompanied by increased CaMKII activity and increased
phosphorylation of synapsin I at a site specifically
phosphorylated by CaMKII [160]. Though the AMPH effect
appears primarily mediated by DAT, the CaMKII-induced
increased phosphorylation of synapsin I suggests that
vesicular DA release may be affected as well [see
amphetamine section for more details]. The combined results
indicate that CaMKII likely is an important modulator of
vesicular catecholamine and DA release.

Calmodulin has a modulatory role in exocytosis [161].
As Ca2+/calmodulin can bind to a C-terminal domain of
synaptobrevin, and this calmodulin- and phospholipid-
binding domain of synaptobrevin is required for Ca2+-
dependent exocytosis [162], calmodulin may modulate
exocytosis by regulating SNARE-complex assembly.
Moreover, calmodulin can bind to CaMKII and Ca2+

channels, underlining the importance of calmodulin as a
modulator of exocytosis. Application of calmodulin in
permeabilized chromaffin cells increases Ca2+-dependent
catecholamine release in a dose-dependent manner, whereas
calmodulin antagonists inhibit Ca2+-dependent exocytosis
[151,161-163]. The observed enhancement of the basal
release frequency in intact PC12 cells by inhibition of
calmodulin, could be mediated by an effect on basal Ca2+

homeostasis [151]. Inhibition of calmodulin was shown to
decrease the amount of catecholamines released per vesicle
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[163]. As comparable results could not be reproduced in
another study using a 3-fold lower concentration of
calmodulin inhibitors [151], the involvement of calmodulin
in fusion pore formation and/or vesicle filling remains a
matter of debate.

Phosphatases dephosphorylate proteins previously
phosphorylated by protein kinases. As several protein
kinases strongly affect vesicular DA release, phosphatases
could have profound effects on DA exocytosis as well
[141,164]. Though the actions of phosphatases are less well
characterized, present evidence supports the notion that
exocytosis is tuned by the balance between phosphorylation
and dephosphorylation, with increased phosphorylation
enhancing exocytosis. In line with this, inhibition of protein
phosphatase types 1, 2A and 2B (calcineurin), increases
basal catecholamine secretion in intact and permeabilized
chromaffin and PC12 cells, by increasing the frequency of
exocytosis [151,165]. Nonetheless, further studies are
required to determine the exact molecular targets of these
phosphatases in basal and stimulation-induced DA
exocytosis, from both neuroendocrine cells and
dopaminergic neurons.

Ca
2+

 SIGNALING AND VESICLE FUSION

As already mentioned, exocytosis is triggered by an
increase in the [Ca2+]i [1,102-105,123]. Additionally, Ca2+

ions regulate the activity of a variety of cytoplasmic proteins
involved in the regulation of the vesicle cycle and are
implicated in presynaptic plasticity [166-168]. As a result of
the major role of Ca2+, neurons and neuroendocrine cells
have to continuously maintain a low baseline [Ca2+]i and
have to exert a sharp control over the dynamics of their Ca2+

signals. To do so, requires a strong control over the balance
between Ca2+ influx and extrusion, Ca2+ sequestration and
Ca2+ buffering by cytosolic Ca2+ binding proteins (CaBPs).

Voltage-Sensitive Ca
2+

 Channels

One important pathway to increase the [Ca2+]i is Ca2+

influx through voltage-sensitive Ca2+ channels (VSCC)
located in the plasma membrane. VSCCs are divided in
several pharmacologically and functionally distinct types,
including L-, N-, T-, R- and P/Q-type Ca2+ channels, which
are all strongly implicated in the regulation of
DA/catecholamine secretion from both neurons and
neuroendocrine cells [169-174]. The types of Ca2+ channels
involved in Ca2+ entry and subsequent neurotransmitter
release differ between various cell types and even with the
type of stimulus [175-185, Table 2A). In line with these
findings, L-type Ca2+ channel agonists have been reported to
dose-dependently potentiate locomotor activity [186],
whereas N- and P/Q-type Ca2+ channel antagonists dose-
dependently inhibit some forms of drug-induced
hyperactivity [187]. Consequently, Ca2+ channel antagonists
have widely been used in the treatment of neurological and
cardiovascular disorders, albeit sometimes with
parkinsonism and movement disorders as side effects [188],
and antagonism of Ca2+ channels may ameliorate activation
of the dopaminergic system induced by DA hyperactivity.
Moreover, depolarization-evoked DA release is significantly
inhibited by purified immunoglobulin G from Amyotrophic
Lateral Sclerosis patients, supporting a role for L-type Ca2+

channels in the pathogenesis of this disease [189].

As VSCC are crucial for regulating Ca2+ entry and
subsequent exocytosis, they are subject to modulation by
various factors, including autoinhibition and autocrine
modulation [143,178,190-200, Table 2 B]. Additionally,
numerous exogenous factors modulate Ca2+ entry through
VSCC. Opioids, ethanol, volatile anaesthetics, intravenous
anaesthetic agents and barbiturates, as well as heavy metals
(see Heavy metals section), all inhibit Ca2+ channel-mediated
Ca2+ entry as well as catecholamine secretion in both

Table 2

A - Ca
2+

 channels primarily involved in Ca
2+

 entry and catecholamine exocytosis -

 Model system Ca
2+

 channel subtype Ref.

neuroendocrine PC12 cells L-, N-type [175, but see also 176]

neuroendocrine chromaffin cells L-, N-, P/Q-, R-type [174,177,178, but see also 179,180]

dopaminergic neurons N-, P/Q-type and possibly L-type* [181,182]

(*) L-type has a role in somatic DA release [183]

in vivo substantia nigra and striatum N-, P/Q-, R-type [184,185]

B - Endogenous modulation of Ca
2+

 channels -

Type of modulation Ca
2+

 channel Mechanism Ref.

depolarization-induced autoinhibition N-, P/Q- Ca2+-and voltage dependent [178]

catecholamine-induced autocrine inhibition L-, N- activation of adrenergic receptors [143,190-192]

ATP-induced autocrine inhibition L-, N-, P/Q- activation of P2Y receptors [143,190-192]

DA D1 activation-induced autocrine inhibition N-, P/Q-, T- cAMP/PKA/phosphatase cascade [193,194]

DA D2 activation-induced autocrine inhibition L-, P/Q- G protein-mediated; phospholipase C [195-197]

DA D3 activation -induced autocrine inhibition P/Q- G protein-mediated [198]

DA D1 activation-induced autocrine potentiation L- activation cAMP/PKA signaling [194,199,200]

Involvement of Ca2+ channels in the modulation of exocytosis. A) Depending on the cell type (first column) different Ca2+ channel subtypes (second column) are primarily involved
in Ca2+ entry and subsequent catecholamine exocytosis. B) Ca2+ channels are modulated by a variety of autocrine feedback mechanisms (first column), which effect only a subset of
Ca2+ channel subtypes (second column) through the mechanisms indicated (third column).
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neuroendocrine cells and striatal slices [143,190-192,201-
204]. Moreover, both glucocorticoids as well as neurotrophic
factors are able to modulate Ca2+ entry through VSCC and
subsequent exocytosis [205; see growth factors and
hormones section]. Differentiation of neuroendocrine PC12
cells with glucocorticoids increased the expression of VSCC,
thereby enhancing the frequency of depolarization-induced
exocytosis [206]. Additionally, GDNF rapidly and reversibly
potentiates VSCC currents as well as exocytosis in cultured
dopaminergic neurons [207].

Ca2+ channels not only allow for Ca2+ entry required for
triggering exocytosis, but also interact directly with SNARE
proteins. Synaptotagmins and synaptotagmin-SNARE-
complexes associate with N- and P/Q-type Ca2+ channels,
which may serve to co-localize the Ca2+ sensor that triggers
exocytosis within a microdomain of Ca2+ entry
[170,172,208,209]. The interaction of N-type Ca2+ channels
with SNARE-complexes is modulated by Ca2+, PKC and
CaMKII. Changes in this interaction are paralleled by
changes in neurotransmitter release and the amount of
docked vesicles. This suggests that presynaptic Ca2+

channels not only provide the Ca2+ signal required for
exocytosis, but also contain structural elements that play a
role in vesicle docking, priming, and fusion processes and
enable a rapid secretory response to an incoming signal
[170,172,208,209]. More recently, syntaxin has been shown
to interacts with and modify the channel kinetics of the
cardiac L-type and neuronal R-type Ca2+ channels [210],
further strengthening the importance of Ca2+ channels in the
modulation of neurotransmitter release.

Ca2+ entry via VSCCs has also been reported to play a
role in hypoxia-induced catecholamine release. Hypoxia
induces depolarization via inhibition of a TEA-sensitive K+

conductance, resulting in Ca2+ influx through L- and N-type
Ca2+ channels and potentiation of catecholamine secretion.
Additionally, hypoxia-induced catecholamine secretion is
related to an up-regulation of L-type Ca2+ channels,
formation of a Cd2+-resistant Ca2+ influx pathway and an
increase in the amount of catecholamines released per
vesicle. Hypoxia-induced catecholamine exocytosis is
severely reduced by inhibitors of Alzheimer's disease-
associated amyloid beta-peptides (AbetaPs), including an N
terminus-directed monoclonal antibody, whereas the
hypoxia-induced effects are mimicked by exposure of
normoxic cells to AbetaPs [211-213]. Antioxidants fully
blocked the enhancement of catecholamine exocytosis and
augmentation of whole-cell Ca2+ currents caused by both
chronic hypoxia and by application of AbetaP. AbetaP
formation and resulting elevated levels of reactive oxygen
species, appeared to be an absolute requirement for the
effects of hypoxia on [Ca2+]i and catecholamine release
[212,213]. Recently, opioid agonists were shown to inhibit
the hypoxia-induced increase in [Ca2+]i and Ca2+ influx
through antagonism of hypoxia-induced changes in K+

conductance [214], suggesting that future research may turn
up with useful opioid agonists as potential drugs for the
treatment of Alzheimer disease.

Intracellular Stores and Ca
2+

-Exchangers

The [Ca2+]i can be increased by Ca2+ release from
intracellular stores, including endoplasmic reticulum (ER)

and mitochondria (for Ca2+ storage in secretory vesicles see
intravesicular storage section). Intracellular stores can be
divided in IP3- and ryanodine-sensitive stores. The release of
Ca2+ from these stores plays an important role in secretion
and can be achieved by a variety of stimulants, including
Ca2+-induced Ca2+ release (CICR) [173,215]. On the other
hand, these stores can take up excess cytosolic Ca2+ after
stimulation to terminate the Ca2+ signal and restore the
[Ca2+]i to baseline levels. Thus, intracellular Ca2+ stores can
modulate secretion either behaving as a Ca2+ sink to
terminate secretion or as a Ca2+ source to induce or
potentiate secretion.

Generation of IP3, e.g. by histamine-induced activation
of phospholipase C, leads to Ca2+ mobilization from internal
stores in neuroendocrine cells. Mobilization of IP3-sensitive
intracellular Ca2+ stores induces an increase in the [Ca2+]i

and subsequent exocytosis [215,216]. Moreover, transient
elevation of the [Ca2+]i with a brief histamine treatment
enhances subsequent secretory responses. However, the
enhancement of secretion is absent in cells pretreated with
thapsigargin, which prevents Ca2+ storage in the ER by
inhibiting the ER Ca2+ATPase pump. Therefore, these results
suggest that intracellular Ca2+ stores are vital for the
continuation of exocytosis during repetitive stimulation
[217]. Furthermore, IP3 elicits a sharp and transient rise in
[Ca2+]i in dopaminergic neurons, which could be prevented
by depletion of intracellular IP3-sensitive Ca2+ stores [218].
Stimulation of neuroendocrine chromaffin cells by caffeine
results in a transient increase in [Ca2+]i and subsequent
exocytosis, which is prevented by prior depletion of
intracellular Ca2+ stores [216,219,220]. Moreover, caffeine
produces an outward K+ current mediated by Ca2+ released
from internal Ca2+ stores in chromaffin cells [219]. In striatal
slices, caffeine-induced intracellular Ca2+ mobilization and
subsequent DA release likely underlie the hypermotor
activity observed after caffeine application [221].
Furthermore, caffeine enhances the frequency and the
amplitude of spontaneous hyperpolarizations in
dopaminergic neurons [222].

Depletion of intracellular Ca2+ stores in neuroendocrine
cells not only elevates the [Ca2+]i, but induces a sustained
phase of Ca2+ entry through a non-voltage dependent
pathway as well [175,223]. The Ca2+ current that is activated
by store depletion is called Ca2+ release-activated Ca2+

current (ICRAC) [224]. This process of Ca2+ influx is known
as capacitive or store-operated Ca2+ entry and, of course,
requires the presence of extracellular Ca2+ [225,226]. Ca2+

entry through this pathway is sufficient to stimulate
exocytosis at negative membrane potentials. In addition,
depolarization-evoked exocytosis is markedly facilitated on
activation of this current [175,223], indicating that store-
operated Ca2+ influx may modulate excitation-secretion
coupling.

Activation of Ca2+ channels on the plasma membrane and
on intracellular Ca2+ stores generates local transient increases
in the cytosolic [Ca2+]. This results in rapid Ca2+ uptake by
neighboring mitochondria to terminate the transient increase
in cytosolic [Ca2+]. Fast mitochondrial Ca2+ uptake has a
rather low Ca2+ affinity. Only stimulation that induces a high
local [Ca2+] can fully activate mitochondrial Ca2+ uptake
[227,228]. Abolishing mitochondrial Ca2+ uptake results in a



68      CNS & Neurological Disorders - Drug Targets, 2006, Vol. 5, No. 1 Remco H.S. Westerink

reduced decay of the [Ca2+]i and in a strong increase in
catecholamine exocytosis in neuroendocrine cells [227-229],
indicating that mitochondria modulate secretion by
controlling the availability of Ca2+ for exocytosis.

The Na+/Ca2+ exchanger (NCX) normally removes
excessive Ca2+ from the cytosol after stimulation and,
together with mitochondrial Ca2+ uptake and the ER Ca2+

pump, restores the [Ca2+]i to baseline levels. Reversal of the
NCX by changing the normal inward gradient of Na+, results
in a strong increase in [Ca2+]i and enhancement of
catecholamine release [230-232]. Additionally, inhibition of
plasma membrane Ca2+-ATPases and NCX substantially
increases catecholamine secretion induced by agents that
mobilize intracellular Ca2+ stores, e.g. histamine, caffeine
and thapsigargin. Moreover, the rise in cytosolic [Ca2+]
during mobilization of intracellular Ca2+ stores is enhanced
and prolonged following inhibition of plasma membrane
Ca2+-ATPases and NCX, suggesting that the efficacy of
intracellular Ca2+ stores in evoking exocytosis is enhanced
dramatically by inhibiting Ca2+ efflux from the cell [233].
However, under normal conditions the NCX appears to
function only in the initial phase of [Ca2+]i decay and when
the ER Ca2+ pump is blocked [229]. Thus, intracellular Ca2+

stores and Ca2+ exchangers play an important role in
modulating exocytosis and even in regulating the excitability
of midbrain dopaminergic neurons and neuroendocrine cells.

Ca
2+

 Binding Proteins

Neurons and neuroendocrine cells contain an array of
CaBPs, that are likely to play an important role in Ca2+

buffering and thus may affect the [Ca2+] at vesicle release
sites [171,234]. One of these proteins is Calbindin-D28K

(CB), which is abundantly present in several brain areas and
neuroendocrine cells [238, Westerink et al., submitted] and
is involved in the regulation of the [Ca2+]i in a variety of cell
types [235-237]. Recently, it was shown that the number of
vesicles released upon repeated depolarizations is strongly
reduced in CB-deficient chromaffin cells. This coincides
with a reduction in the amount of catecholamines released
per vesicle, which is suggestive for incomplete release, i.e.
kiss-and-run exocytosis [Westerink et al., submitted]. These
effects of CB are probably the result of changes in Ca2+-entry
and in short-term submembranal Ca2+-homeostasis.
Interestingly, CB has been reported to be neuroprotective
[236] and the expression of CB in ventral mesencephalon
dopaminergic neurons is enhanced by brain-derived
neurotrophic factor (BDNF) [238]. Moreover, the
progression of some neurological diseases, including
Amyotrophic Lateral Sclerosis, is paralleled by low levels of
CB [239], underlining the importance of proper Ca2+

buffering by CaBPs.

Neuronal Ca2+ Sensor 1 (NCS-1), which is expressed in
neurons and neuroendocrine cells, has been implicated in the
modulation of neurotransmitter release and in the regulation
of VSCCs [240,241]. NCS-1 was shown to down-regulate
VSCCs [242], whereas NCS-1 overexpression enhances
neurotransmitter release in chromaffin cells [243]. As
exogenous NCS-1 is without effects on Ca2+-dependent
catecholamine release in permeabilized chromaffin cells, it
was suggested that the effects of NCS-1 seen in intact cells
are likely due to an action on the early steps of stimulus-

secretion coupling or on Ca2+ homeostasis [244]. The
interaction of NCS-1 with phosphatidylinositol 4-
hydroxykinase appears to underlie the stimulatory effects of
NCS-1 on exocytosis by modulating vesicle trafficking in a
phosphoinositide-dependent manner [243,245]. Moreover,
increases in NCS-1 change paired-pulse depression into
paired-pulse facilitation without altering basal synaptic
transmission or initial neurotransmitter release probability in
cultured hippocampal neurons [246]. These results indicate
that NCS-1 strongly modulates exocytosis, though direct
changes of NCS-1 on dopaminergic neurotransmission are
scarce. Therefore, it is noteworthy that NCS-1 can mediate
desensitization of DA D2 receptors. NCS-1 is found in close
proximity to intracellular Ca2+ stores and in association with
both the D2 receptor and G-protein-coupled receptor kinase
2, a regulator of D2 receptor desensitization. NCS-1
attenuates agonist-induced receptor internalization via a
mechanism that involves both a reduction in D2 receptor
phosphorylation as well as an increase in D2 receptor-
mediated cAMP inhibition after DA stimulation. It is
therefore suggested that NCS-1 plays a key role in
dopaminergic neurotransmission, possibly because the NCS-
1/D2 receptor interaction couples DA and Ca2+ signaling
pathways [247].

ENDOCYTOSIS AND KISS-AND-RUN

Endocytosis, the recycling of secretory vesicles following
exocytosis, is a critical feature of neuronal communication as
it ensures a constant supply of vesicles for neurotransmitter
release and prevents excessive swelling of the presynaptic
cell. Endocytosis, which critically depends on Ca2+, allows
for the selective and efficient retrieval of the specialized
membrane structures of secretory vesicles. Following re-
filling with neurotransmitter, the recycled vesicles can
participate in successive rounds of exocytosis. The process
of exocytosis and subsequent endocytosis follows one of two
pathways, i.e., full-fusion and subsequent clathrin-mediated
endocytosis or kiss-and-run exocytosis [102,248-251]. The
mode of exocytosis and subsequent endocytosis is of critical
importance as it may not only modulate the release
frequency, but the time course of the release event and the
amount of transmitter released per event as well.

During full-fusion, as originally proposed by Heuser and
Reese [252], neurotransmitter-containing vesicles
completely fuse with the cell membrane. The vesicular
membrane components are subsequently recovered by
clathrin-mediated endocytosis, i.e. pinched off as a ‘coated
vesicle’. These coated vesicles fuse with a sorting endosome
from which new secretory vesicles emerge. The alternative
for full-fusion was proposed by Ceccarelli and coworkers
[253] and is now widely known as kiss-and-run exocytosis.
During kiss-and-run exocytosis, fusion is transient and
secretion occurs solely via a fusion pore [254]. After closing
of the fusion pore, the vesicles are retrieved rapidly and
completely without loss of identity, instead of undergoing
clathrin-mediated endocytosis [102,248-251]. Kiss-and-run
exocytosis could be a mechanism to keep up with high-
frequency stimulation. Moreover, kiss-and-run exocytosis
could be a means to regulate quantal size, with the open time
of the fusion pore determining the amount of
neurotransmitter released per vesicle. Finally, during kiss-
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and-run exocytosis, LDCV retain their dense-core, which is
made up of granins [255], thereby preventing granin-
mediated feedback. Consequently, factors that regulate the
dynamics of the fusion pore or control the choice between
full fusion and kiss-and-run exocytosis are critical for
neurotransmission and are likely to play a role in synaptic
plasticity [256].

The first direct proof for the existence of kiss-and-run
exocytosis was obtained in mast and chromaffin cells using
an elegant combination of cell-attached capacitance
measurements with carbon-fiber microelectrode
amperometry [6,7]. It was occasionally found that the narrow
fusion pore forms only transiently without expanding, i.e.
without full fusion of the vesicle with the plasma membrane.
This allows for complete emptying of the vesicle as
demonstrated by the presence of a normal amperometric
spike [6,7]. A strong increase in extracellular [Ca2+] shifts
the preferred mode of exocytosis to the kiss-and-run
mechanism in a Ca2+ concentration-dependent manner in
chromaffin cells. This suggests that the mode of exocytosis
is modulated at least partly by Ca2+ to attain optimal
conditions for coupled exocytosis and endocytosis according
to synaptic activity [257]. In line with this, it has been
suggested that neurotrophins, like BDNF, may elicit a switch
from the slow to the fast mode of endocytosis by modulating
Ca2+ microdomains associated with VSCC at active zones
[205]. Kiss-and-run exocytosis is not restricted to
neuroendocrine chromaffin cells, but is widely occurring in
other neuroendocrine and neuronal systems as well [11,258-
261].

In cortical nerve terminals, glutamate release occurs via
two mechanisms, i.e. PKC-independent full fusion and PKC-
dependent kiss-and-run exocytosis [259]. This is in line with
some amperometric studies using chromaffin cells where
PKC activation was reported to increase the kinetics of
single exocytotic events and to decrease the amount of
neurotransmitter released per vesicle, suggesting that PKC
regulates the rate of fusion pore expansion and subsequent
pore closure [109,262]. Moreover, CPX II and Cdk5 have
been reported to regulate fusion pore dynamics in
neuroendocrine cells, suggesting a role for these proteins in
kiss-and-run exocytosis as well [116,133]. Amperometric
recordings of DA release from SVs of ventral midbrain
neurons indicate that SV fusion pores flicker either once or
several times in rapid succession, with each flicker releasing
approximately 25-30% of vesicular dopamine. The incidence
of events with multiple flickers is reciprocally regulated by
PKC activation and inhibition [97]. Thus, dopaminergic
neurons regulate the amount of neurotransmitter released
from SVs by controlling the number of fusion pore flickers
per exocytotic event. This mode of exocytosis, which likely
is a variant of kiss-and-run exocytosis, is a potential
mechanism whereby dopaminergic neurons can rapidly reuse
vesicles without undergoing the comparatively slow process
of recycling.

One of the proteins that appears critically involved in
determining the mode of exocytosis is Syt. Using
amperometry, synaptotagmins were shown to modulate
fusion pore dynamics. Overexpression of Syt-I in
neuroendocrine PC12 cells prolongs the time from fusion
pore opening to pore dilation, whereas Syt-IV shortens this

time. Transfection with Syt-IV, or increasing endogenous
Syt-IV by forskolin treatment, increases the frequency and
duration of kiss-and-run events. Full fusion is inhibited by
mutation of a Ca2+ ligand in the C2A domain of Syt-I,
whereas kiss-and-run exocytosis is inhibited by mutation of a
homologous Ca2+ ligand in the C2B domain of Syt-IV. This
demonstrates that synaptotagmins regulate the balance
between full fusion and kiss-and-run, with Ca2+ binding to
the C2A and C2B domains and their interaction with SNAP-
25/syntaxin, playing an important role in this balance
[263,264]. The GTPase dynamin I binds to the vesicle
protein synaptophysin in a Ca2+-dependent way suggesting
that a dynamin/synaptophysin complex functions in vesicle
recycling. In PC12 cells, the immediate recapture of
secretory granules after fusion pore formation is inhibited
after inhibition of dynamin [265]. In chromaffin cells, a
rapid form of endocytosis, likely to be kiss-and-run
exocytosis, also depends on dynamin I, whereas a much
slower form depends on dynamin II [266]. Moreover, mean
vesicle contents and the half-width and fall time of
amperometric spikes are increased following disruption of
dynamin function, suggesting that a dynamin-dependent
process can prevent vesicles from undergoing full fusion
[262].

Thus, kiss-and-run exocytosis is a widely occurring Ca2+-
and PKC-dependent pathway for vesicle cycling. Kiss-and-
run is mediated by synaptotagmins and dynamin I and
possibly CPX II and Cdk5. Increasing the incidence of kiss-
and-run exocytosis may affect the demand for vesicle supply
and could consequently affect the release frequency. More
importantly, kiss-and-run exocytosis could limit the amount
of neurotransmitter released per fusion event or change the
time course of single fusion events. This would greatly affect
the [DA] at nearby target receptors and might even change
brain DA levels. Likely, future studies will provide details
on kiss-and-run exocytosis, its modulation and its
consequences for brain DA levels and target receptors.
Depending on the outcome of these studies, kiss-and-run
exocytosis might well be an upcoming target for
understanding neurological disorders and developing
therapeutic strategies.

ENDOGENOUS AND EXOGENOUS FACTORS

MODULATING CATECHOLAMINE/DA EXOCY-

TOSIS

Growth Factors and Hormones

Growth factors and hormones can induce differentiation
and alter cellular homeostasis in dopaminergic neurons and
neuroendocrine cells. Of these factors, nerve growth factor
(NGF) is often used to differentiate PC12 cells towards a
more neuronal cell system with increased voltage-dependent
Na+ and Ca2+ currents, and neurite extension [267,268]. An
amperometric study demonstrated that upon NGF-
differentiation, PC12 cells release catecholamines primarily
from varicosities along their neurites with no release from
the cell body. The number of exocytotic events observed
decreases as the cells become more neuronal in character,
though the mean vesicle contents is not significantly altered
upon differentiation [269]. Upon acute application of NGF,
Ca2+-induced DA release from intact and permeabilized
PC12 cells is enhanced, possibly as a result of an increased
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number of secretory vesicles in the readily releasable pool
mediated by activation of tyrosine kinase-linked receptor
TrkA [270].

Glucocorticoids, like corticosterone and cortisol, are
secreted upon elevated stress levels and affect a variety of
neuronal and neuroendocrine pathways. Corticosterone, an
important stress hormone, regulates dopaminergic
neurotransmission at the level of DA D-1 receptors and DA
synthesis [271,272]. Chronic exposure to the synthetic
glucocorticoid dexamethasone, which induces a chromaffin
cell-like phenotype in neuroendocrine PC12 cells, was
shown to increase the activity of TH, the amount of stored
catecholamines, the Ca2+ current magnitude, the frequency of
depolarization-induced catecholamine exocytosis, and the
amount of catecholamines released per fusion event
[206,273,274]. In line with this, corticosterone increases
extracellular [DA] and locomotor activity, whereas
suppression of endogenous glucocorticoid secretion
decreases basal and depolarization-induced DA release in the
NAcc as well as apomorphine-induced locomotor activity
[275]. These effects are mediated by the membrane-
associated glucocorticoid receptor, since blockade of these
receptors dose-dependently reduces locomotor activity as
well as the basal and depolarization-induced DA release in
the NAcc [276]. The combined results suggest that
glucocorticoids and glucocorticoid receptor antagonists may
prove to be very valuable for treatment of DA induced
behavioral disturbances and disorders.

Estrogens have been shown to modulate DA receptor
expression and function and the synthesis, release, uptake
and metabolism of DA in neurons and neuroendocrine cells
[277]. The nigrostriatal DA system is sexually dimorphic, as
striatal DA activity is modulated by gonadal steroid
hormones in female but not male rats [278-280], which may
partly explain the gender differences in response to drugs of
abuse. The exact mechanism through which estrogen exerts
its effect on the dopaminergic system remains a matter of
debate, though it likely includes the beta isoform of the
estrogen receptor, which is found only in subsets of neurons
[281]. The effects of estrogens on dopaminergic
neurotransmission appear to be mediated by Ca2+-signaling
pathways, as 17-beta-estradiol directly increased [Ca2+]i in a
dose-dependent manner in primary cultures from embryonic
mouse midbrains. The increase in [Ca2+]i was due to Ca2+

release from intracellular Ca2+ stores. However, it was not
restricted to dopaminergic neurons, but occurred in
GABAergic neurons as well [282]. Conversely, high
concentrations of estrogens inhibited Ca2+ entry in
neuroendocrine chromaffin cells [283]. Additionally,
estradiol rapidly uncouples μ-opioid and GABAB receptors
from G-protein-gated inwardly rectifying K+ channels in
dopaminergic neurons, which could affect excitability of
dopaminergic neurons and subsequently DA release [284]. In
neuroendocrine chromaffin cells, estrogens modify the
kinetics of single exocytotic events. Application of
nanomolar concentrations of estrogens produced a profound
slowing down of exocytosis, as measured by amperometry,
without alterations in the total amount of catecholamines
released per exocytotic event. These low concentrations of
estradiol increased the intracellular cAMP levels, suggesting
the involvement of PKA in the observed slowing down of
exocytosis [283]. Whether this holds for DA release from

dopaminergic neurons as well remains to be established.
Notably, DA release in striatum and NAcc evoked by the
neurotoxin MPP+ is dose-dependently reduced in the
presence of estrogen [280]. Moreover, estrogen inhibits the
clearance of DA in both the striatum and NAcc. This
indicates that estrogen may function as a neuroprotectant by
reducing the uptake of both DA and of the neurotoxin into
dopaminergic neurons [280]. Thus, estrogens have profound
effects on DA release from dopaminergic neurons and
neuroendocrine cells, mediated by both genomic (long term)
and nongenomic (short term) mechanisms. Moreover, the
effects on dopaminergic systems suggest a neuroprotective
role for estrogens and may implicate that hormonal
modulation of nigrostriatal dopaminergic neurotoxicity may
represent an important variable responsible for the sex
differences which are reported in PD.

The neurotrophin BDNF promotes the survival and
differentiation of cultured nigral dopaminergic neurons.
BDNF is synthesized in the pyramidal layer of cerebral
cortex and released in the striatum [285]. BDNF is
responsible for inducing normal expression of the DA D3
receptor in NAcc during development and in adulthood and
can trigger overexpression of the D3 receptor in striatum of
hemiparkinsonian rats [286; Sokoloff et al, this issue].
Moreover, BDNF increases neostriatal levels of DA and
increases depolarization-induced DA release from ventral
mesencephalon dopaminergic neurons [238]. Additionally,
BDNF potentiates the depolarization-induced release of
GABA, DA and serotonin in striatal slices. This potentiation
is dependent on activation of the high-affinity tyrosine
kinase-linked receptor TrkB as well as on membrane
depolarization, as BDNF alone is incapable of potentiating
release [287]. Though the precise mechanisms of action are
currently unknown, these results indicate that BDNF
potentiates depolarization-induced vesicular DA release
[205]. Consequently, BDNF may have a potential role in the
treatment of PD as it potentiates DA release and is able to
affect D3 receptor expression.

GDNF is known to affect DA release as well as the
survival and differentiation of dopaminergic neurons of the
midbrain. Though GDNF rapidly and reversibly potentiates
voltage-activated Ca2+ currents as well as the amplitude and
frequency of spontaneous and evoked excitatory autaptic
currents in dopaminergic neurons [207], GDNF is
particularly noted for its delayed (days-weeks), long-term
(days-weeks) effects, which occur even after a single
administration. A single GDNF administration increases K+-
evoked DA overflow throughout the striatum and in primary
cultures of dopaminergic neurons, without affecting the
release of GABA or the basal levels of DA [38,238,288].
The enhancement of DA overflow is likely caused by
increased DA synthesis as GDNF strongly increases TH
phosphorylation [288]. In support of this view, amperometric
recordings demonstrated a > 3 fold increase in the amount of
DA released per exocytotic event in dopaminergic neurons
[38]. Chronic application of GDNF leads to comparable
effects, i.e. increased excitatory autaptic currents and
increased frequency of spontaneous miniature excitatory
autaptic currents in dopaminergic neurons. Moreover,
chronically applied GDNF increases the number of
dopaminergic terminals in cultured dopaminergic neurons,
without affecting release of GABA or the number of
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terminals from GABAergic neurons [289]. As the effects of
GDNF are mainly restricted to dopaminergic neurons,
serious attempts were made to investigate the possibility to
treat PD with GDNF. Administration of GDNF in animal
models of PD increases TH expression in striatum,
ameliorates behavioral symptoms, allows protection of nigral
dopaminergic neurons against lesion-induced cell death and
improves survival and differentiation of embryonic
dopaminergic neuronal grafts [290,291]. Summarizing,
GDNF acts, at least partly, by increasing TH-mediated DA
synthesis, which is reflected in an increased amount of DA
released per vesicle and an increased number of DA
releasing terminals. Consequently, GDNF increases brain
DA levels, making it a valuable tool for future treatments of
dopaminergic disorders.

PCBs

Polychlorinated biphenyls (PCBs), which persist in the
environment and accumulate in biological tissues, induce
behavioral symptoms, alterations in brain neurotransmitter
levels and alterations in the amount of basal and evoked
neurotransmitter release from cell populations [292].
Numerous studies have been performed to elucidate the
mechanisms underlying the effects of PCBs on
neurotransmission. PCBs were reported to alter the [Ca2+]i,
striatal DA levels, intracellular DA content and DA synthesis
through inhibition of TH, VMAT and DAT in neurons and
neuroendocrine cells [292-296]. As these effects provide a
strong indication that PCBs can alter vesicular
neurotransmitter, it is surprising that to date in only one
study the effects of PCBs on quantal neurotransmitter release
were investigated. Acute exposure of neuroendocrine PC12
cells to the nonplanar congener PCB 4 and to the coplanar
congener PCB 126, but not exposure to the nonplanar
congener PCB 128, increases the basal frequency of
catecholamine exocytosis. Though, acute and subchronic
exposure failed to cause changes in the contents of
catecholamine-containing vesicles in this study [297].
Consequently, additional experiments are required to
elucidate the effects of PCBs on quantal catecholamine/DA
release in both neuroendocrine cells and dopaminergic
neurons.

Heavy Metals

Heavy metals, including Cd2+, Pb2+ and Mn2+, are known
to exert numerous adverse effects, including disturbance of
the metabolism of  brain neurotransmit ters ,
neurotransmission and behavior [298]. A variety of metal
effects on voltage- and ligand-gated ion channels, depending
on metal species and concentration, have been reported
[299]. A large number of heavy metals exert effects on
VSCCs. The inhibition of Ca2+ entry by Cd2+-induced block
of VSCCs and subsequent inhibition of evoked
neurotransmitter release is well known. However, Cd2+ has
also been reported to increase basal catecholamine secretion
from chromaffin cells by increasing cytosolic free [Ca2+]
[300] as well as by a direct effect on the exocytotic
machinery [301]. More recently, using a combination of
amperometry and membrane capacitance measurements, the
vesicular origin of Cd2+-evoked catecholamine secretion, and

of secretion induced by several other metals, including Sr2+,
could be demonstrated in PC12 cells [302].

Exposure to the heavy metal Pb2+, as with Cd2+, was
reported to exert biphasic effects. Depolarization-evoked DA
overflow in NAcc is increased after chronic exposure to low
concentrations of Pb2+, whereas DA clearance time is
reduced [303]. On the other hand, acute exposure to Pb2+

inhibits evoked neurotransmitter release, at least partly by
inhibition of VSCCs, whereas spontaneous neurotransmitter
release is enhanced following a short delay [301,304-306].
Recently, amperometry was used to demonstrate that Pb2+-
induced exocytosis in neuroendocrine PC12 cells is mediated
through direct effects on intracellular mechanisms, without
apparent changes in the intracellular [Ca2+] and in vesicle
contents. In addition, a low-affinity intracellular effect of
Pb2+, leading to inhibition of exocytosis in permeabilized
cells, was observed [274]. Pb2+-evoked exocytosis in
permeabilized PC12 cells appears insensitive to modulation
of PKC and calcineurin activity, though it is strongly
reduced by inhibition of CaMKII, indicating that CaMKII
plays a role in Pb2+-induced catecholamine release from
PC12 cells [151]. Additionally, nanomolar concentrations of
Pb2+ catalyze the interaction of the C2A domain of Syt-I with
phospholipid liposomes and protect Syt-I from proteolytic
cleavage in a manner similar to Ca2+. However, Pb2+ is
unable to promote the interaction of Syt-I with syntaxin and
is a competitive inhibitor of the Syt-I-syntaxin interaction
induced by micromolar concentrations of Ca2+ [307].

Sr2+ was reported to induce catecholamine exocytosis
from intact and permeabilized chromaffin cells, through an
indirect effect that is secondary to the displacement of bound
Ca2+ [301,308]. More recently it was shown that Sr2+-
induced exocytosis has a vesicular origin and could be
mediated by Sr2+- binding to the proposed Ca2+-sensor [302].
In support of this, the fast component of both Ca2+- and Sr2+-
induced exocytosis is selectively impaired in Syt-I KO mice.
Sr2+-induced exocytosis is mediated by binding of Sr2+ to the
C2B domain of Syt-I. As with Pb2+, Sr2+ is unable to
promote the interaction of Syt-I with SNARE proteins [309].
These findings indicate that the proposed Ca2+ sensor Syt
likely plays an important role in the potentiating effects of
heavy metals on exocytosis.

Chronic exposure to manganese (Mn) causes selective
toxicity to the nigrostriatal dopaminergic system, resulting in
a Parkinsonian-like neurological condition which is known
as Manganism. Manganism is likely the result of extensive
apoptosis and irreversible DA depletion. Mn2+-induced
apoptosis appears mediated by proteolytic activation of
protein kinase Cdelta via a mitochondrial-dependent
caspase-3 cascade [310]. Mn2+ enters the cytoplasm through
membrane associated channels, in particular VSCCs, and the
NCX to exert its adverse effects [311,312]. In addition to
inducing apoptosis, entry of Mn2+ induces catecholamine
release in neuroendocrine chromaffin cells and striatal
synaptosomes [311,312], indicating that Mn2+ is a surrogate
for Ca2+ in triggering and maintaining catecholamine release.
Interestingly, Mn2+ also stimulates phosphorylation of
MARCKS (see the actin network and vesicle fusion section),
which could contribute to the catecholamine-releasing action
of Mn2+, though Mn2+ , unlike Ca2+, does not stimulate an
increase in TH phosphorylation [311]. On the other hand,
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Mn2+ was reported to inhibit Ca2+-evoked catecholamine
release from permeabilized chromaffin cells [301]. It is
obvious that Mn can severely affect dopaminergic
neurotransmission due to its apoptotic effects as well as its
capability to affect catecholamine release. However, the
exact underlying mechanisms are not fully unraveled yet,
though the net effect of Mn exposure likely depends on dose
and exposure time, as well as on the valency state of Mn
[313].

Thus, heavy metals exert multiple differential effects on
VSCCs, intracellular Ca2+ stores and multiple cellular
targets, which depending on exposure time and
concentration, result in either inhibition or potentiation of
vesicular catecholamine release. Consequently, exposure to
heavy metals provides a potential risk for proper
dopaminergic neurotransmission.

Solvents

The organic solvent toluene, which is occasionally used
as a drug of abuse, causes a variety of neurotoxic and
neuropathological effects [314]. It was recently shown that,
in addition to several postsynaptic effects [314-316], toluene
induces vesicular catecholamine release in PC12 cells.
Toluene enhances basal exocytosis but is without effects on
depolarization-induced catecholamine exocytosis, indicating
that the exocytotic process remains intact. Toluene-induced
exocytosis depends on the influx of extracellular Ca2+

through VSCCs [317]. However, in another study it was
shown that toluene does not increase the [Ca2+]i, but dose-
dependently inhibits the depolarization-induced rise in
[Ca2+]i [318]. These rather contradictory results might be
explained by the differences in the differentiation of the used
PC12 cells, i.e., dexamethasone-differentiated cells vs. NGF-
differentiated cells, which affects Ca2+ channel expression
and density. Nonetheless, the increase in catecholamine
exocytosis as observed in the amperometric study is in
agreement with the reported elevated levels of extracellular
DA in rat brain [315] and suggest that toluene affects
dopaminergic neurotransmission which may result in the
solvent-induced neuropathies.

Amphetamine

With respect to dopaminergic neurotransmission, AMPH
is probably the best studied drug of abuse. AMPH is long
known to increase extracellular DA levels in brain [25]. As a
substrate of DAT, AMPH affects the excitability of DA
neurons, reduces DA uptake and enhances DA release
through reverse transport, thereby increasing basal
extracellular DA levels in brain and limiting the availability
of DA for vesicle filling [DA uptake section]. The DA
releasing action of AMPH is potentiated by the ability of
AMPH to both redistribute vesicular DA to the cytosol and
to increase [Ca2+]i sufficiently for triggering exocytosis
[Vesicular monoamine transporter section]. Moreover, the
ability of AMPH, as well as of METH, to increase DA
synthesis in dopaminergic neurons further contributes to the
elevation of cytosolic DA levels [25,319]. The accumulation
of cytosolic DA and subsequent oxidation to quinones and
reactive oxygen species may contribute significantly to the
observed neurodegeneration following METH exposure
[319,320]. Due to the effects of AMPH on DA uptake and

vesicle filling, it is expected that AMPH exposure reduces
the amount of DA released per vesicle. Proof that this is
indeed the case was obtained from amperometric recordings
using PC12 cells [22] and DA-containing neurons of
Planorbis corneus [321]. In addition to decreasing vesicle
contents, AMPH reduces the frequency of nicotine-induced
exocytotic events from chromaffin cells, as demonstrated
using amperometry [65,70]. On the other hand, basal
exocytosis is enhanced because of the AMPH-triggered Ca2+

release from vesicular stores [65,70].

Thus, AMPH-induced DA release appears primarily
mediated by DAT, though it is also mediated by vesicle
fusion due to the release of vesicular Ca2+. As the amount of
DA released per vesicle is decreased and background levels
of DA are increased, AMPH strongly influences the signal to
noise ratio of evoked DA signals, which could have
important consequences. Additionally, AMPH is able to
increase the activity of PKC and CaMKII, which likely
enhances the adverse effects of this drug of abuse
[Modulation of the molecular release machinery by
phosphorylation section]. AMPH is often the drug of choice
in the treatment of attention-deficit hyperactivity disorder
(ADHD). ADHD is likely caused by dysfunction of
dopaminergic and noradrenergic systems and is
characterized by a variety of symptoms, including
hyperactivity, impulsivity, poorly sustained attention and
developmental behavioral deficiencies. The behavioral
disturbances observed in animal models of ADHD appear to
be the result of an imbalance between noradrenergic and
dopaminergic systems in the prefrontal cortex, with
inhibitory dopaminergic activity being decreased and
noradrenergic activity increased relative to controls.
Application of AMPH preferentially increased DA levels,
resulting in amelioration of the symptoms [322,323]. As the
exact nature of dopaminergic dysfunction in ADHD is
unknown, future research will have to reveal whether the
dysfunction resides at the level of DA storage, synthesis or
release (either through reverse transport or by exocytosis)
and may consequently aid in developing new therapeutic
strategies for treatment.

CONCLUSION AND PERSPECTIVES

Dopaminergic neurotransmission is involved in motor
movement, reward and cognitive behavior, and responses to
drugs of abuse. Deregulation can result in severe disorders,
including ADHD, PD and schizophrenia. Under normal
conditions, DA is released mainly from axons, as well as
from dendrites and from the soma of dopaminergic neurons.
DA can be released through exocytosis to exert its effects on
both nearby and remote target receptors, though DAT-
mediated reverse transport plays an important role as well.
DA receptor activation affects DA synthesis, VMAT
functioning, a PKC-mediated component of AMPH-induced
DA efflux, PKA-mediated long-term potentiation and Ca2+

channel modulation. DA can inhibit its own release through
DA autoreceptors. In mice lacking D2 autoreceptors, or in
mice in which D2 receptors are antagonized using
haloperidol, autoinhibition of DA release is impaired
[324,325] and extracellular DA levels in brain are increased.
Moreover, DA autoreceptor activation upregulates DAT-
mediated DA clearance [325] as well as the excitability of
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dopaminergic neurons. Consequently, DA autoreceptors may
prove to be a specific and important target for therapeutic
strategies.

DA exocytosis is tightly regulated. Formation, filling,
translocation and fusion of DA-containing vesicles, as well
as the underlying mechanisms, are all initiated and
coordinated by sophisticated interactions between a large
number of molecular players. Many of these have been
identified in the last decade and our understanding of these
interactions aided considerably in the how and why of
dopaminergic neurotransmission and disorders related to the
dopaminergic system. Nonetheless, the list of key players in
the process of vesicle exocytosis is still growing rapidly.
Even though exocytosis is tightly regulated by multiple,
sophisticated interactions, it can be easily deregulated, as
should be clear from the above. Though science is far from a
total understanding of DA exocytosis and its consequences
for dopaminergic neurotransmission in the healthy and
diseased brain, these and future studies, directed to pin-point
additional ways to deregulate exocytosis, will certainly
contribute to the emerging picture. As changes in DA release
are likely to affect the extracellular levels of DA, these in
vitro findings in neuroendocrine cells are certainly relevant.
However, presently, one can only speculate on the functional
in vivo consequences of these changes. Consequently, in vivo
observations of changes in extracellular DA levels can be
related to basic cellular mechanisms with great difficulty
only.

ABBREVIATIONS

[Ca2+]i = Intracellular Ca2+ concentration

AbetaP = Amyloid beta-peptide

ADHD = Attention-deficit hyperactivity disorder

alpha-SNAP = Soluble NSF attachment protein

alpha-Syn = Alpha-synuclein

AMPH = Amphetamine

BDNF = Brain-derived neurotrophic factor

BoNT = Botulinum neurotoxin

CaBP = Ca2+ binding protein

calcineurin = Ca2+-calmodulin-dependent protein phos-
 phatase 2B

CaMKII = Ca2+-calmodulin-dependent protein kinase
 II

CAPS = Ca2+-dependent activator protein for
 secretion

CB = Calbindin-D28K

Cdk5 = Cyclin-dependent kinase 5

CgA = Chromogranin A

CgB = Chromogranin B

CPX = Complexin

DA = Dopamine

DAT = Membrane dopamine transporter

ER = Endoplasmic reticulum

ERK = Extracellular signal-regulated kinase

GDNF = Glial cell line-derived neurotrophic factor

HD = Huntington’s Disease

IP3 = Inositol-1,4,5-triphosphate

LDCV = Large dense-core vesicle

L-DOPA = L-3,4-dihydroxyphenylalanine

MAO = Monoamine oxidase

MARCKS = Myristoylated Alanine-Rich C Kinase
 Substrate

MDMA = 3,4-methylenedioxymethamphetamine

METH = Methamphetamine

MPTP = 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
 pyridine

NAcc = Nucleus Accumbens

NCS-1 = Neuronal Ca2+ sensor 1

NCX = Na+/Ca2+ exchanger

NGF = Nerve growth factor

NSF = N-ethylmaleimide-sensitive fusion protein

PD = Parkinson’s Disease

PCB = Polychlorinated biphenyl

PKA = cAMP-dependent protein kinase A

PKC = Protein kinase C

SDCV = Small dense-core vesicle

SN = Substantia nigra

SNAP-25 = Synaptosomal-associated protein of 25
 kDa

SNARE = Soluble NSF Attachment protein Receptor

SV = Synaptic vesicle

Syt = Synaptotagmin

TeNT = Tetanus neurotoxin

TH = Tyrosine hydroxylase

VMAT = Vesicular MonoAmine Transporter

VSCC = Voltage-sensitive Ca2+ channel
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