
Abstract Previously, we have presented evidence for
the presence of L-type voltage-dependent Ca2+ channels
(VDCC) in 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-
tetraacetic acid, (acetoxymethyl)ester (BAPTA-AM)-in-
cubated motor nerve terminals (MNTs) of the levator au-
ris muscle of mature mice. The aim of the present work
was to study the coupling of these L-type VDCC to neu-
rotransmitter release by inhibiting protein phosphatases.
We thus studied the effects of the protein phosphatase in-
hibitors okadaic acid (OA) and pervanadate on quantal
content (QC) of transmitter release with the P/Q-type
channels fully blocked. The QC was not significantly
different under the three experimental conditions tested:
incubation with dimethylsulphoxide (DMSO), ethylene-
glycol-bis(β-aminoethylether)-N,N,N′,N′-tetraacetic acid,
(acetoxymethyl)ester (EGTA-AM) and BAPTA-AM. Af-
ter preincubation with OA (1 µM), but not with pervana-
date, QC increased substantially in the BAPTA-AM-in-
cubated (up to 400%) MNT, but not in those incubated
with DMSO or EGTA-AM. The OA-induced increment
of QC was attenuated greatly (~95% reduction) by prein-
cubation with either nitrendipine (10 µM) or calciseptine
(300 nM). The effect of OA (1 µM) and pervanadate
(0.1 mM) on spontaneous neurotransmitter release was
also studied. After preincubation with OA, but not per-
vanadate, miniature end-plate potential (MEPP) frequen-
cy increased only in the BAPTA-AM-incubated MNT
(up to 700% increment). This response was attenuated
(by ~80%) by nitrendipine (10 µM) or calciseptine
(300nM). In contrast, neither ω-agatoxin IVA (120 nM)
nor ω-conotoxin GVIA (1 µM) affected this OA-induced
increment significantly. We also evaluated the relation-
ship between QC and extracellular [Ca2+] ([Ca2+]o) in
BAPTA-AM-incubated MNT. Under conditions in which

only P/Q-type VDCC were available to participate in
neurotransmitter release, QC increased as [Ca2+]o was
raised from 0.5 to 2 mM. However, when only L-type
VDCC were available, QC increased when [Ca2+]o in-
creased from 0.5 to 1 mM, but decreased significantly at
2 mM. The mean latency for P/Q-type VDCC-mediated
EPP was 1.7–1.9 ms; for L-type VDCC-mediated EPP,
1.9–2.5 ms. The rise time of the L-type VDCC mediated
EPP was significantly slower than that mediated by P/Q-
type VDCC. Preincubation with H-7 (100 µM), a potent
inhibitor of protein kinase C (PKC) and adenosine 3′,5′-
cyclic monophosphate (cAMP)-dependent protein kinase
(PKA), attenuated the OA-induced increment of both QC
and MEPP frequency (50% and 70% decrement, respec-
tively), suggesting the participation of at least these two
protein kinases in the coupling of L-type VDCC. In sum-
mary, our results show coupling of L-type VDCC to neu-
rotransmitter release when protein phosphatases are in-
hibited and intracellular [Ca2+] is buffered by the fast
chelator BAPTA.
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Introduction

Voltage dependent calcium channels (VDCC) play a key
role in neuronal signalling as mediators of Ca2+ entry
during the process of neurotransmitter release [26, 30].
At the mature mammalian motor nerve terminal (MNT),
neurotransmitter release is mediated by VDCC of the
P/Q- but not L- or N-types [47]. During development,
however, changes in the VDCC types coupled to neuro-
transmitter release have been described in avian [20],
amphibian [19] and mammalian MNT [38]. Besides, at
the mouse neuromuscular junction, the presence of new
types of VDCC mediating neurotransmitter release has
also been reported during processes such as re-innerva-
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tion [27], and functional recovery from botulinum toxin
type-A poisoning [39].

During neurotransmitter release, intracellular Ca2+ is
arranged in “local microdomains” of elevated concentra-
tion that originate from VDCC [29]. Ca2+-triggered cel-
lular events behave according to the localisation of the
Ca2+-sensitive element with respect to these microdo-
mains. This means that intracellular Ca2+ constitutes a
complex signal that can be shaped by factors that alter
Ca2+ buffering and/or Ca2+ diffusion. Specifically, stud-
ies using intracellular Ca2+ chelators provide additional
evidence in this respect and are effective tools for dis-
rupting specific interactions between channels and syn-
aptic proteins [33]. Cell-permeant Ca2+ chelators, which
become active intracellular Ca2+ buffers after the action
of cytoplasmic esterases, have been accepted as a non-
invasive means of reducing the elevation of intracellular
[Ca2+] ([Ca2+]i), despite the fact that their final intracel-
lular concentration is unknown [44, 46]. 1,2-Bis(2-ami-
nophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA)
and ethyleneglycol-bis(β-aminoethylether)-N,N,N′,N′-te-
traacetic acid (EGTA), the most widely used Ca2+ chel-
ators, have similar affinity constants (Kd) for Ca2+, but
EGTA has a binding rate constant (kon) for Ca2+ more
than 100 times slower [2].

L-type VDCC are thought to play an important role in
neurotransmitter release [3, 5, 15, 27, 39]. Interestingly,
the activity of L-type VDCC is controlled by voltage as
well as by Ca2+-dependent inactivation, the latter being
mediated by the fast Ca2+ influx through the channel [32,
41]. The local microdomains of elevated [Ca2+] generat-
ed by the influx of Ca2+ through the pore of the channel
account for L-type VDCC Ca2+-dependent inactivation.
We have shown previously [48] that cell-permeant Ca2+

chelators, such as the (acetoxymethyl)ester of BAPTA
(BAPTA-AM), can unmask L-type perineural Ca2+ cur-
rents. This allowed us to postulate that BAPTA acts by
lowering the [Ca2+] quickly enough so as to decrease the
[Ca2+] sensed by the L-type VDCC “inactivation ma-
chinery”. Therefore, when using BAPTA-AM, the level
of the Ca2+ signal at the local microdomains is reduced,
thus preventing inactivation. This revealed an L-type
VDCC component in the perineural Ca2+ currents in the
mature mammalian neuromuscular junction. Contrary to
findings in the squid giant presynaptic terminal [2], the
final intracellular concentration of BAPTA in our experi-
ments in mouse MNT (i.e. normal saline solution and
low rate of stimulation) did not affect the quantal content
(QC) of transmitter [48]. This indicates that, in mature
mammalian MNT, the coupling between P/Q-type
VDCC and neurotransmitter release is so tight that it
cannot be disrupted, even by the action of a fast Ca2+

chelator. Experiments using fura-2 as an indicator sug-
gest that the [Ca2+]i transient amplitude is less attenuated
by EGTA-AM than by BAPTA-AM [46]. Similarly, we
detected a nitrendipine-sensitive, L-type presynaptic
perineural Ca2+ current in MNT incubated with BAPTA-
AM, but not with EGTA-AM. This L-type component
was not, however, implicated directly in nerve-evoked

neurotransmitter release [48]. Thus, our previous results
have suggested the existence of Ca2+-inactivated L-type
VDCC in mature MNT, which can be unmasked by the
action of BAPTA. Interestingly, Arenson and Gill [4]
have described the coupling of “silent” (not directly in-
volved in neurotransmitter release) L-type VDCC to
neurotransmitter release at frog MNT after the inhibition
of serine/threonine phosphatases with okadaic acid
(OA).

Protein phosphorylation is a relatively fast process
that plays a cardinal role in neuronal excitability regula-
tion, plasticity and excitotoxicity. The balance between
protein kinases and protein phosphatases regulates phos-
phorylation. In fact, when protein phosphatases are in-
hibited, numerous cell proteins are trapped in their phos-
phorylated forms. Most of the protein phosphatases de-
scribed can be classified as either protein serine/threo-
nine phosphatases or protein tyrosine phosphatases [25,
43, 45]. In particular, the function of L-type VDCC is
regulated by either serine/threonine [3, 5, 8, 15, 18, 21,
41, 42] or tyrosine [16, 34] phosphorylation. Further-
more, many proteins involved in neurotransmitter release
are known to be regulated by phosphorylation [43, 45].

The aim of the present work was to examine the pos-
sibility that, when intracellular Ca2+ is buffered by the
fast Ca2+ chelator BAPTA, L-type VDCC couple to neu-
rotransmitter release when protein phosphatases are in-
hibited. Some of these data have been reported in ab-
stract form [12].

Materials and methods

Experiments were carried out on the left levator auris longus mus-
cle of male Swiss mice weighing 20–30 g. The animals were cared
for in accordance with national guidelines for the humane treat-
ment of laboratory animals, which are comparable to those of the
US National Institutes of Health. Animals were anaesthetised with
an overdose of 2% tribromoethanol (0.15 ml/10 g body wt) and
exsanguinated immediately. The corresponding muscle with its
nerve supply was excised and dissected on a Sylgard-coated Petri
dish containing physiological saline (normal saline solution) of the
following composition (mM): NaCl 137, KCl 5, CaCl2 2, MgSO4
1, NaHCO3 12, Na2HPO4 1 and glucose 11; continuously bubbled
with 95% O2/5% CO2; pH 7.2–7.4. The preparation was then
transferred to a recording chamber of 1.0 ml. Experiments were
performed at room temperature (20–23 °C).

Intracellular recordings

Evoked endplate potentials (EPP) were recorded intracellularly
with conventional glass microelectrodes filled with 3 M KCl
(10–15 MΩ resistance). Records were rejected if the 10–90% EPP
rise time exceeded 1 ms. The resting membrane potential of the
muscle fibres (Vm) ranged from –60 to –80 mV and neither OA or
H-7 affected it. After impaling a muscle fibre, the nerve was con-
tinuously stimulated at 0.5 Hz via two platinum electrodes cou-
pled to a pulse generator and a stimulus isolation unit.

In dimethylsulphoxide- (DMSO, the chelator vehicle), EGTA-
AM- and BAPTA-AM-incubated MNT, in the presence of either
ω-agatoxin IVA or ω-agatoxin TK (ω-Aga, 120 nM), failure of
neuromuscular transmission, i.e. the absence of EPP during nerve
stimulation was observed frequently. In fact, 120 nM ω-Aga
strongly blocks (up to 95%) the P/Q-type VDCC present in this



muscle [28]. Hence, the meanQC was estimated by the failures
method: QC=ln(N/n0) where N is the total number of episodes at
0.5 Hz (at least 100) and n0 is the number of trials in which the re-
sponse failed [24].

QC was calculated in the presence of 120 nM ω-Aga using a
saline solution modified to prevent the Ca2+-dependent inactiva-
tion of L-type VDCC (see below) and containing (mM): NaCl
137, KCl 5, CaCl2 1, MgSO4 1, NaHCO3 12, Na2HPO4 1 and glu-
cose 11; continuously bubbled with 95% O2/5% CO2, pH 7.2–7.4.
In addition, other bath [Ca2+] ([Ca2+]o: 0.5 and 2 mM) were used
at the same [Mg2+] to evaluate the relationship between QC and
[Ca2+]o.

The relationship between QC and [Ca2+]o was calculated also
under conditions in which only P/Q-type (i.e. exposure to 40 nM
ω-Aga and 300 nM calciseptine to block L-type VDCC fully,
whilst blocking the P/Q-type VDCC only partially) or only L-type
(i.e. fully blocking the P/Q-type VDCC by 120 nM ω-Aga) VDCC
were available to participate in neurotransmitter release (see [28]
for the ω-Aga concentration/response relationship in this muscle).
Under both conditions, EPP latency (computed as the time elapsed
from the stimulation artefact to the foot of the EPP) was also anal-
ysed when the 10–90% EPP rise time was 1 ms or less (see
Fig. 3B). OA concentration was kept constant at 1 µM.

Spontaneous miniature EPPs (MEPP) were recorded intracellu-
larly with conventional glass microelectrodes filled with 3 M KCl
(10–15 MΩ resistance) in normal saline solution for periods of
1–2 min and stored on disk for further computer analysis.

Recording electrodes were connected to an amplifier (Axo-
clamp 2A, Axon Instruments, Foster City, Calif., USA). A distant
Ag-AgCl electrode connected to the bath solution via an agar
bridge (agar 3.5% in 137 mM NaCl) was used as reference. The
signals were digitised (Digidata 1200; Axon Instruments), ac-
quired, stored and analysed using appropriate software (PClamp v.
6.0 and Axoscope v. 1.0, Axon Instruments). Origin 3.0 software
(Microcal Software, Northampton, Mass., USA) was used to plot
the data.

Loading procedure

MNTs were loaded with BAPTA or EGTA as previously described
[48]. In brief, the nerve-muscle preparation was incubated with
10 µM of the AM form of the Ca2+ chelator for 2 h at 37 °C 
in Ca2+-free saline solution. The cell-permeant Ca2+ chelators 
BAPTA-AM and EGTA-AM have similar structures and molecu-
lar weights and were used at equimolar concentrations; their accu-
mulation in MNT should therefore be of the same order of magni-
tude. After incubation with chelators, the preparations were then
washed for 15 min with the Ca2+-free solution and finally for
15 min with normal saline solution.

Toxins and chemicals

Tribromoethanol was purchased from Aldrich. Nitrendipine, OA
and H-7 dihydrochloride were purchased from RBI (Natick,
Mass., USA). Bovine serum albumin (BSA), and all other salts
were of analytical grade and purchased from Sigma (St. Louis,
Mo., USA). BAPTA-AM and EGTA-AM were purchased from
Molecular Probes (Eugene, Ore., USA). Orthovanadate was kindly
provided by Dr. Rodolfo R. Llinás (New York University Medical
Center, USA). The synthetic polypeptides ω-conotoxin GVIA (ω-
CgTX) and calciseptine were purchased from Alomone (Jerusa-
lem, Israel). To block P/Q-type VDCC we used either ω-agatoxin
IVA (Peptide Institute; Tokyo, Japan) or ω-agatoxin TK (Alom-
one). In these experiments, both control and toxin-treated fibres
were assayed in the presence of a final concentration of 0.01%
BSA.

Nitrendipine was made up as a 50 mM stock solution in 
DMSO, stored at 4 °C and protected from light. Experiments in
the presence of nitrendipine were carried out in the absence of di-
rect illumination. BAPTA-AM and EGTA-AM were prepared as
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10 mM stock solutions in DMSO and stored at –20 °C. Aliquots
were diluted in the Ca2+-free saline solution to yield the final con-
centration of 10 µM. The serine/threonine phosphatase inhibitor
OA was made up as 10 mM stock solution in DMSO and stored at
–20 °C. Aliquots were diluted in the saline solution in use to yield
the final concentration of 1 µM. Experiments were performed
from at least 20 min after OA application. A preincubation of
60 min with either nitrendipine or toxins was allowed before ap-
plication of OA. The final DMSO concentration in control and
drug-treated preparations was 0.1% (v/v). The parameters under
study were not affected by either the incubation period or DMSO
(two muscles, data not shown).

The tyrosine phosphatase inhibitor pervanadate was prepared
as previously described [31]. In brief, a stock solution was pre-
pared by mixing 1 vol 50 mM H2O2 with 5 vol 10 mM sodium or-
thovanadate in Ca2+-free saline solution and then incubating at
room temperature for 10 min. This stock solution was diluted 1:10
in normal saline solution to a final concentration of 0.1 mM vana-
date and 0.1 mM H2O2. The inhibitor of adenosine 3′,5′-cyclic
monophosphate (cAMP)-dependent protein kinase (PKA) and pro-
tein kinase C (PKC), H-7 dihydrochloride, was made up as a
10 mM stock solution in distilled water and stored at –20 °C. Ali-
quots were diluted in the saline solution in use to yield the final
concentration of 100 µM. Preparations were preincubated in H-7
for 60 min before the application of OA.

Data presentation, fitting and statistics

In figures, changes in both spontaneous MEPP and QC are pre-
sented as fractions of the control values. The fraction of control
was calculated as the mean of the ratio: test MNT/mean of control
MNT. Under our conditions, the relation between QC and [Ca2+]o
was a power relationship: QC=b·([Ca2+]o)m. This can be linearized
as a double-logarithmic plot: log(QC)=m·log([Ca2+]o)+logb where
m and logb are the slope and the intercept with the abscissa, re-
spectively. The significance of differences between means was
evaluated by the Welch's t-test (two-tailed, for unpaired values and
not assuming equal variances). Histograms of P/Q- and L-type
VDCC mediated EPP latency were fitted to a single normal distri-
bution (r2>0.9). The significance of differences in EPP latency and
10–90% rise times were evaluated by one-way ANOVA. P<0.05
was regarded as significant.

Results

Effect of OA and pervanadate on QC in DMSO-, 
BAPTA-AM- and EGTA-AM-incubated MNT

Evoked neurotransmitter release mediated by L-type
VDCC was investigated after preincubation with 120 nM
ω-Aga, to block the P/Q-type VDCC in these MNT [28].
Under these conditions, we studied the effects of okadaic
acid (OA) and pervanadate, specific serine/threonine and
tyrosine protein phosphatase inhibitors, respectively.

In the presence of 120 nM ω-Aga, frequent EPP ab-
sences (i.e. failures) occurred after nerve stimulation in
the DMSO- (control), EGTA-AM- and BAPTA-AM-incu-
bated MNT (see Fig. 1A, B and C left, respectively).
Thus, QC of DMSO-, EGTA-AM- and BAPTA-AM-
incubated MNT were not significantly different (DMSO
0.16±0.03, n=20 MNT, 2 muscles; BAPTA-AM,
0.11±0.02, n=20 MNT, 2 muscles; EGTA-AM 0.13±0.04,
n=55 MNT, 3 muscles).

Adding OA to the bath solution decreased the number
of transmission failures significantly in BAPTA-AM-in-



827

cubated MNT (Fig. 1C, right), but not in MNT incubated
with DMSO or EGTA-AM (Fig. 1A and B, right, respec-
tively). After preincubation with OA (1 µM), the QC of
BAPTA-AM-incubated MNT increased drastically
(Fig. 1D, filled bars, 0.46±0.05, n=25 MNT, 3 muscles,
P<0.001) but not that in DMSO- (Fig. 1D, open bar,
0.18±0.05, n=12 MNT, 2 muscles; P>0.05) or EGTA-
AM-incubated (Fig. 1D, hatched bar, 0.12±0.03, n=29
MNT, 3 muscles; P>0.05) MNT. The effects induced by

OA were reversed after 15 min washout (three muscles,
data not shown).

Preincubation of BAPTA-AM-treated MNT with the L-
type VDCC blockers nitrendipine (10 µM) or calciseptine
(300 nM) drastically reduced the QC increment induced by
OA (Fig. 1D; filled bars, nitrendipine: 0.11±0.02, n=40
MNT, 2 muscles; calciseptine: 0.08±0.03, n=28 MNT, 2
muscles; P<0.001). This effect was also reversible (two
muscles, data not shown). There was no significant differ-
ence between these L-type blockers.

We also studied the effect of pervanadate (0.1 mM), a
specific tyrosine phosphatase inhibitor, on the coupling
of L-type VDCC to neurotransmitter release in BAPTA-
AM-incubated MNT. After 30 min preincubation with
pervanadate, QC was not significantly different (fraction
of control: 0.78±0.16, n=59 MNT, 3 muscles, data not
shown). These results indicate OA-induced coupling 
of L-type VDCC to evoked neurotransmitter release in 
BAPTA-AM-incubated MNT.

Effect of OA and pervanadate on spontaneous 
MEPP frequency in DMSO-, BAPTA-AM- 
and EGTA-AM-incubated MNT

Basal MEPP frequency was not significantly different
between DMSO-, EGTA-AM or BAPTA-AM-incubated
MNT (49±4.8, 43.5±7.8 and 42.5±6.9 min–1, respective-
ly). After preincubation with 1 µM OA, however, MEPP
frequency increased up to 7 times in BAPTA-AM-incu-
bated MNT (313.3±29 min–1, n=57 MNT, 4 muscles;
P<0.001). In contrast, OA elicited no increment in
MEPP frequency in MNT incubated with DMSO
(70±7 min–1, n=53 MNT, 3 muscles) or EGTA-AM
(73±12 min–1, n=34 MNT, 3 muscles) (Fig. 2). More-

Fig. 1A–D Effect of okadaic acid (OA) on quantal content (QC)
in dimethylsulphoxide (DMSO)-, 1,2-bis(2-aminophenoxy)ethane-
N,N,N′,N′-tetraacetic acid, (acetoxymethyl)ester (BAPTA-AM)-
and ethyleneglycol-bis(β-aminoethylether)-N,N,N′,N′-tetraacetic
acid (acetoxymethyl)ester (EGTA-AM)-incubated motor nerve ter-
minals (MNT) in the levator auris muscle of mature mice. A, B,
Superimposed consecutive traces during nerve stimulation before
(left) and 30 min after (right) bath application of 1 µM OA record-
ed in the same DMSO- and EGTA-AM-incubated MNT, respec-
tively. Resting membrane potential (Vm) was –70 and –50 mV, re-
spectively. C As in A and B but in BAPTA-AM-incubated MNT.
Vm –75 mV. Arrows indicate spontaneous miniature endplate po-
tentials (MEPP). D Summary of the effect of OA on quantal con-
tent calculated by the failures method (see Materials and methods)
in DMSO- (open bars), BAPTA-AM- (filled bars) and EGTA-
AM-incubated (hatched bars) MNT in the presence of 120 nM ω-
agatoxin IVA or ω-agatoxin TK (ω-Aga). In all conditions, data
were obtained after 60 min preincubation with either nitrendipine
(Nitre) or calciseptine (Calci) and 30 min after addition of OA. In
all cases, stimulation frequency was 0.5 Hz. Stimulation artefacts
were reduced for clarity. The numbers of MNT studied in each
case are given in parentheses (at least two muscles per bar). Data
are presented as means±SEM of the ratio: test MNT/mean of con-
trol MNT. *P<0.001 vs. BAPTA-AM-incubated group before OA
addition; #P<0.001 vs. BAPTA-AM-incubated group in the pres-
ence of OA

Fig. 2 Effect of OA on spontaneous MEPP frequency in DMSO-
(open bar), BAPTA-AM- (filled bars) and EGTA-AM- (hatched
bar) incubated MNT. Spontaneous MEPP were recorded in normal
saline solution. The number of MNT studied in each case is given
in parentheses (at least two muscles per bar). In all conditions, da-
ta were obtained after 60 min preincubation with ω-Aga, ω-cono-
toxin GVIA (ω-CgTX), nitrendipine or calciseptine and 30 min af-
ter addition of OA. Data are presented as means±SEM of the ra-
tios: test MNT/mean of control MNT. *P<0.001 vs. BAPTA-AM-
incubated group before OA addition; #P<0.001 vs. BAPTA-AM-
incubated group in the presence of OA
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Fig. 3A–C Parameters of P/Q- and L-type voltage-dependent Ca2+

channel (VDCC)-mediated neurotransmitter release in BAPTA-
AM-incubated MNT. A Double-logarithm plot of QC as a function
of extracellular [Ca2+] ([Ca2+]o). QC was calculated by the fail-
ures method (see Materials and methods) under conditions in
which only P/Q-type VDCC (● , presence of 40 nM ω-Aga and
300 nM calciseptine), or only L-type VDCC (●● , presence of
120 nM ω-Aga) were available to participate in neurotransmitter
release. In both cases, OA concentration was constant (1 µM)
whilst [Ca2+]o was 0.5, 1 or 2 mM. [Mg2+] was constant. The num-
ber of MNT studied in each case is shown in parentheses (at least
two muscles per point). Data presented as means±SEM for 
P/Q-type (continuous line; r2>0.99) and L-type (dotted line;
r2>0.99) VDCC were fitted to the linear equation: Log(QC)=
m·log[Ca2+]o+logb where m and logb are the slope and abscissa
intercept, respectively. *P<0.05 vs. L-type VDCC at [Ca2+]o=
1 mM. B Representative EPP recorded during nerve stimulation
under conditions in which only P/Q-type (i) or L-type (ii) VDCC
were available to participate in neurotransmitter release (see Mate-
rials and methods). C EPP latency distribution histograms ob-
tained under conditions in which only P/Q- (■ ) or L- (■■ ) -type
VDCC were available to participate in neurotransmitter release.
Histograms comprised 203 and 230 EPP, respectively. The contin-
uous lines show the fit to a single normal distribution (r2>0.9)

over, the OA-induced increment in BAPTA-AM-incubat-
ed MNT was prevented by nitrendipine (10 µM,
63.8±6.2 min–1, n=31 MNT, 2 muscles, P<0.001) or cal-
ciseptine (300 nM, 73.6±17 min–1, n=46 MNT, 4 mus-
cles, P<0.05). Neither preincubation with ω-Aga
(120 nM, 382±30 min–1, n=15 MNT, 2 muscles,) nor 
ω-CgTX (1 µM, 307.5±32, n=42 MNT, 2 muscles) af-
fected the OA-induced increment in MEPP frequency.
These results thus suggest an OA-induced coupling of 
L-type VDCC with spontaneous neurotransmitter release
in BAPTA-AM-incubated MNT. After 30 min preincu-
bation with pervanadate, spontaneous MEPP frequency
in BAPTA-AM-incubated MNT remained unchanged
(fraction of control: 0.88±0.11, n=68 MNT, 3 muscles;
data not shown), suggesting that pervanadate did not af-
fect the coupling status of L-type VDCC with spontane-
ous neurotransmitter release in BAPTA-AM-incubated
MNT.

Parameters of P/Q- and L-type VDCC-mediated 
neurotransmitter release in BAPTA-AM-incubated MNT

We investigated the relationship between QC and [Ca2+]o
(see Materials and methods) to characterise further the
coupling between L-type VDCC and evoked neurotrans-
mitter release. QC was calculated under conditions in
which only P/Q-type VDCC were available to participate
in the process of release in BAPTA-AM-incubated MNT
(i.e. exposure to 40 nM ω-Aga and 300 nM calciseptine).
Under these conditions, QC increased over the whole
range of [Ca2+]o employed (Fig. 3A; filled circles). The
straight line fitted to the points had a slope of 0.7
(Fig. 3A; continuous line; r2>0.99). On the other hand,
under conditions under which only L-type VDCC were
available (i.e. exposure to 120 nM ω-Aga), QC increased
on raising [Ca2+]o from 0.5 to 1 mM but decreased sig-
nificantly at 2 mM (Fig. 3A; open circles; P<0.05). The
reduction in QC caused by 2 mM [Ca2+]o suggests that
L-type VDCC might be inactivated by this [Ca2+]o (see
Discussion). The straight line fitted to the two first
points had a slope of 1.4 (Fig. 3A; dotted line; r2>0.99).

Next, we studied the latency and rise time of EPP
during neurotransmitter release mediated by either P/Q-
or L-type VDCC in BAPTA-AM-incubated MNT. 
Figure 3B shows representative EPP when only P/Q-
type (Fig. 3B, i) or L-type (Fig. 3B, ii) VDCC were
available to participate in neurotransmitter release. As
shown in Fig. 3C, the histograms of EPP latency values
corresponding to both conditions were fitted by a single
normal distribution (continuous lines; r2>0.9). The
mean latency for P/Q-type VDCC-mediated EPP was
1.91±0.01 ms; for L-type VDCC-mediated EPP,
2.35±0.04 ms (P<0.001 vs. P/Q-type VDCC-mediated
EPP latency). Differences in the EPP rise time were also
observed. P/Q-type VDCC-mediated EPP were faster
than those mediated by L-type VDCC (0.65±0.03 ms,
n=69 and 0.83±0.02, n=73, for P/Q- and L-type VDCC-
mediated EPP, respectively; P<0.001).

These results indicate that neurotransmitter release
mediated by these two types of VDCC in BAPTA-AM-
incubated MNT have a different Ca2+-co-operativity. The
differences observed in EPP latency and rise time may
result from the spatial relationship between the VDCC
and the active zone and/or different kinetics of activation
of these channels.

Role of protein kinases in the OA-induced coupling 
of L-type VDCC to neurotransmitter release 
in BAPTA-AM-incubated MNT

To determine whether phosphorylation or some other
mechanism is responsible for the OA-induced effects de-



AM-incubated MNT. It is well known that Ca2+ entering
the terminal through P/Q-type VDCC mediates nerve-
evoked, but not spontaneous, transmitter release in these
MNT [28, 47]. Considering this, and seeking to detect
any effect involving L-type VDCC, we studied QC in the
presence of a high concentration of ω-Aga, under which
conditions changes in QC following the action of OA or
pervanadate cannot be accounted for by an effect of
these drugs on P/Q-type VDCC.

Under these conditions, QC remained very low and
no significant differences were observed when MNT
were loaded with fast or slow cell-permeant Ca2+ chel-
ators. Interestingly, QC remained very low after loading
the MNT with the fast chelator BAPTA even though,
presumably, under these conditions Ca2+ inactivation is
removed and Ca2+ influx through L-type VDCC is main-
tained for a longer period. However, in the presence of
OA (1 µM) there was a significant and reversible incre-
ment in both QC and spontaneous MEPP frequency in
BAPTA-AM-incubated MNT, but not in those incubated
with DMSO or EGTA-AM. This suggests that the speed,
and not the capacity, of the Ca2+ chelator was relevant
for this process.

It is well known that OA at this concentration inhibits
the serine/threonine phosphatases PP1, PP2A and PP4
[25]. Likewise, effects of OA have been described previ-
ously on MNT [1, 4, 6] and chromaffin cells [5]. In par-
ticular, Arenson and Gill [4] have shown the coupling of
L-type VDCC to neurotransmitter release in the frog
MNT as a consequence of the action of OA.

Under our conditions, the OA-induced increment of
both QC and spontaneous MEPP frequency at BAPTA-
AM-incubated MNT was blocked by nitrendipine
(10 µM) or calciseptine (300 nM), indicating the partici-
pation of L-type VDCC in this process. The regulation of
the function of L-type VDCC by serine/threonine phos-
phorylation has been described extensively [3, 5, 8, 15,
18, 21, 41, 42]. Finally, although the function of L-type
VDCC is reportedly regulated by tyrosine phosphoryla-
tion [16, 34], under our conditions pervanadate exerted
no significant effects.

Our results thus indicate that both increased phos-
phorylation levels and prevention of Ca2+ inactivation
were necessary to couple L-type VDCC to neurotrans-
mitter release, as there was no increment in either QC or
MEPP frequency when OA was applied in the EGTA-
AM-incubated MNT. However, we cannot exclude the
possibility that the fast chelator BAPTA regulates phos-
phorylation levels of MNT downstream from the L-type
VDCC [23].

The relationship between [Ca2+]o and the amount of
neurotransmitter released at vertebrate MNT is linear (in
a double-logarithm plot) and slopes of nearly 4 in frogs
[14] and 2.7–3.4 in mammals [9, 10] have been reported.
Here, we compared the relationship between QC and
[Ca2+]o under conditions in which only P/Q- or L-type
VDCC were available to participate in neurotransmitter
release and found slope values of 0.7 and 1.4 for neuro-
transmitter release mediated by P/Q- and L-type VDCC,

829

scribed above, we evaluated whether H-7, a potent inhib-
itor of both PKA and PKC [22], was able to affect the
OA-induced increment in QC and MEPP frequency. 
Figure 4 shows that preincubation of the BAPTA-AM
treated MNT with H-7 (100 µM), attenuated the OA-in-
duced increment of both QC (Fig. 4A, 0.26±0.05, n=54
MNT, 3 muscles, P<0.001) and MEPP frequency
(Fig. 4B, 91.5±9.4 min–1, n=61 MNT, 3 muscles,
P<0.001). Preincubation with 100 µM H-7 alone did not
affect either QC or MEPP frequency (two muscles; data
not shown).

These results are consistent with the hypothesis that
OA exerted its effects by enhancing the serine/threonine
phosphorylation state of cellular proteins and suggests
that at least PKA and/or PKC might be involved in the
coupling of L-type VDCC to neurotransmitter release.
Other types of PKs may also be involved.

Discussion

The presence of a nitrendipine-sensitive, L-type presyn-
aptic perineural Ca2+ current in BAPTA-AM-, but not in
DMSO- or EGTA-AM-incubated MNT of the levator au-
ris muscle of mature mice has been described recently.
These results led us to postulate that fast Ca2+ chelators,
such as BAPTA, unmask the L-type Ca2+ currents by
eliminating Ca2+ channel inactivation. This L-type com-
ponent was not, however, directly implicated in nerve-
evoked neurotransmitter release and the coupling of P/Q-
type VDCC with neurotransmitter release was not dis-
rupted by BAPTA [48].

Here we studied the effect of OA and pervanadate,
specific serine/threonine and tyrosine protein phospha-
tase inhibitors, respectively, on evoked and spontaneous
neurotransmitter release in BAPTA-AM- and EGTA-

Fig. 4A, B Role of protein kinases in the OA-induced coupling of
L-type VDCC to neurotransmitter release in BAPTA-AM-incubat-
ed MNT. A Effect of OA on QC in the absence (■ ) or presence
(■■ ) of H-7 (100 µM) in BAPTA-AM-incubated MNT. QC was
calculated by the failures method in the presence of 120 nM 
ω-Aga. B As for A, but for MEPP frequency. The preparations
were preincubated with H-7 for 60 min before the application of
OA. The number of MNT studied in each case is shown in paren-
theses (at least two muscles per bar). Data are presented as
means±SEM of the ratio: test MNT/mean of control MNT.
*P<0.001 vs. MNT treated with BAPTA-AM and incubated with
OA without H-7



respectively in BAPTA-incubated MNT in the presence
of OA. Moreover, recent experiments from our group
have shown a slope of 2.8 for P/Q-type VDCC-mediated
neurotransmitter release in BAPTA-AM-incubated MNT
without OA (data not shown). Moreover, there were dif-
ferences in the EPP latency and rise time between P/Q-
and L-type VDCC-mediated EPP. These differences were
not due to a decrease in conduction velocity since the de-
lay of the perineural Na+ current (INa) is unchanged after
the application of high concentration of ω-Aga [48].

Interestingly, Betz and Henkel have described an OA-
induced spread of FM1-43 stained synaptic vesicles
throughout the MNT of the frog [6]. Likewise, we found
OA-induced coupling of L-type VDCC to neurotransmit-
ter release, probably in agreement with a more distant
position from active zones distribution of these channels
at MNT combined with a higher concentration of distant
“OA-disrupted vesicles” available to be liberated. Also,
a reduction of the neurotransmitter release after preincu-
bation with OA was observed, agreeing with our low
Ca2+ co-operativity of P/Q-type VDCC-mediated neuro-
transmitter release from BAPTA-AM-incubated MNT in
the presence of OA. More specific experiments combin-
ing optical and ultrastructural techniques may clarify this
point. Other cases of multiple VDCC coupling to neuro-
transmitter release at same synapse have been reported
previously [17, 49].

Moreover, the relationship between QC and [Ca2+]o,
corresponding to neurotransmitter release mediated by
L-type VDCC, showed a drastic and significantly reduc-
tion when [Ca2+]o was increased from 1 to 2 mM, sug-
gesting a typical Ca2+-inactivation feature of L-type
VDCC reported in other systems [32, 41]. Calmodulin
has been recently described as the Ca2+ sensor for Ca2+-
dependent inactivation of the L-type VDCC [35, 37, 50].
In fact, calmodulin has a constitutive association with an
IQ-like motif on the carboxyl tail of the α1-subunit of the
L-, but also of the N-, P/Q- and R-type VDCC. Interest-
ingly, we found no direct effect of OA on presynaptic
Ca2+ currents (data not shown), precluding participation
of such a mechanism in the process described here. In
addition, H-7 attenuated the effect of OA, suggesting the
participation of at least PKA and/or PKC. However,
more experiments will be necessary to clarify whether
other PKs are involved also. This is consistent with a
bulk of growing evidence which indicates that Ca2+-cal-
modulin and PKC obstruct each other in competing for
the same domains in many cellular targets [7]. However,
more direct measurement of Ca2+ influx in these MNT
will be necessary clarify this point.

It is also important to note that, in this preparation,
calciseptine blocks L-type VDCC in BAPTA-AM-incu-
bated MNT without affecting nerve conduction (data not
shown). This peptide has been shown previously to
block L-type VDCC in muscle [13] and nerve prepara-
tions [40]. It is also well known that the sensitivity of 
L-type VDCC to calciseptine is tissue dependent [13],
being higher in cells of the cardiovascular system than in
neural cells.

Many physiological functions have been attributed to
the activity of L-type VDCC. In neonatal rats, messenger
ribonucleic acid (mRNA) for the α-subunits of L-type
VDCC is present in the somata of the rat facial nucleus
(i.e. the brainstem nucleus innervating the levator auris
longus muscle) motoneurons [36]. In addition, L-type
VDCC have been implicated in the process of neuro-
transmitter release in immature mammalian MNT during
development [38], during re-innervation [27] and during
functional recovery from intoxication with botulinum
toxin type-A [39]. These reports might indicate the pres-
ence of “silent” but available L-type VDCC during
“plastic stages” of MNT. Also, L-type VDCC have been
reported to be involved in the release of peptides or neu-
romodulators [17].

On the other hand, involvement of L-type VDCC in
other functions, not associated with neurotransmitter re-
lease, have been described. For instance, in hippocampal
neurons the Ca2+ influx through L-type VDCC causes
translocation of calmodulin from the cytoplasm to the
nucleus [11]. In cerebellar granule cells L-type VDCC
are involved in neuronal development [16].

In conclusion, our results indicate that L-type VDCC
can mediate neurotransmitter release under experimental
conditions in which intracellular Ca2+ is buffered by the
fast Ca2+ chelator BAPTA and in the presence of OA.
This could be a useful model for the understanding of the
process of neurotransmitter release by multiple types of
VDCC during development.
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