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Abstract We studied the effects of the cAMP-hydrolyzing
enzyme phosphodiesterase type-4 (PDE4) on the L-type
Ca”" channels (LTCCs) and Ca”*‘-dependent secretion in
mouse chromaffin cells (MCCs). The selective PDE4
inhibitor rolipram (3 uM) had a specific potentiating action
on Ca®" currents of MCCs (40% increase within 3 min). A
similar effect was produced by the selective 3;-AR agonist
denopamine (1 uM) and by the unselective PDEs inhibitor
IBMX (100 uM). Rolipram and denopamine actions were
selective for LTCCs, and the Ca®" current increase
remained unchanged if the two compounds were applied
simultaneously. This suggests that at rest, LTCCs in MCCs
are down-regulated by the low levels of cAMP determined
by PDE4 activity and that LTCCs can be up-regulated by
either inhibiting PDE4 or activating 3;-AR. No other PDEs
are likely involved in this specific action. PDE4 inhibition
had also a marked effect on the spontaneous firing of
resting MCCs and catecholamine secretion. Rolipram up-
regulated the LTCCs contributing to the “pace-maker”
current underlying action potential (AP) discharges and
accelerated the firing rate, with no significant effects on AP
waveform. Acceleration of AP firing was also induced by
the LTCC-agonist Bay K (1 uM), while nifedipine (3 uM)
reduced the firing frequency, suggesting that LTCCs and
intracellular cAMP play a key role in setting the pace-
maker current regulating MCCs excitability. Rolipram

A. Marcantoni - V. Carabelli - D. H. Vandael - V. Comunanza *

E. Carbone (I<)

Department of Neuroscience, NIS Center, CNISM Research Unit,
Corso Raffaello 30,

10125 Torino, Italy

e-mail: emilio.carbone@unito.it

increased also the size of the ready-releasable pool and
the quantal content of secretory vesicles without affecting
their probability of release. Thus, rolipram acts on MCCs
by up-regulating both exocytosis and AP firings. These two
processes are effectively down-regulated by PDE4 at rest
and can dramatically increase the quantity of released
catecholamines when PDE4 is inhibited and/or cAMP is
raised.
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Introduction

L-type Ca®" channels (LTCCs) sustain catecholamine secre-
tion [8, 16, 17] and contribute to shape the action potential
firing [50], thus playing a major role in the control of
chromaffin cell excitability. LTCC contribution is particularly
effective in rodent and human chromaffin cells [5, 24, 27]
and can be up- or down-modulated by a variety of locally
released neurotransmitters. This occurs either through
membrane-delimited pathways [7, 25] or through intracellu-
lar second messenger cascades, such as those mediated by
c¢cGMP/PKG [4] or cAMP/PKA [9]. The cAMP/PKA
pathway is particularly effective in up-regulating LTCCs
within minutes in rat chromaffin cells (RCCs) and to
increase down-stream vesicle secretion during prolonged
exposures with permeable cAMP or 3;-AR agonists in
bovine chromaffin cells (BCCs) [5]. Thus, cAMP/PKA
acts on adrenal chromaffin cells by both potentiating LTCCs
and up-regulating catecholamine release to a different
degree.

In BCCs, intracellular cAMP and catecholamine secre-
tion can be effectively raised by either applying neuro-
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transmitters, such as nicotine [1], PACAP [51], histamine
[37], and VIP [63] or by inhibiting cAMP degradation
mediated by cyclic nucleotide phosphodiesterares (PDEs)
[33, 36]. Inhibition of PDEs is very effective in elevating
the basal levels of cAMP, suggesting high PDE enzymatic
activity in chromaffin cells. This is interesting since there is
clear evidence for the existence of intracellular compart-
mentalized pools of cAMP strictly controlled by PDEs and
acting on multiple targets in a variety of cells [28]. Such
a highly organized intracellular compartmentation pro-
vides a tool for regulating cAMP levels in regional areas
of the cell and for driving cAMP-mediated effects to
specific targets [57].

To date, little is known about the PDE isoforms
effectively expressed in chromaffin cells, except that the
PDE type-4 (PDE4) inhibitor rolipram raises cAMP levels
[36, 38] and increases the net granule content of catechol-
amines [33]. Even more striking is the lack of information
concerning the effects of PDEs on LTCCs and the
parameters controlling secretion (ready-releasable pool,
probability of vesicle release, membrane area of unitary
vesicle, Ca®" dependence). This is of great interest since
LTCCs are the Ca>* channels most sensitive to cAMP and
PKA [3, 5, 9] and control a large fraction of secretion in
chromaffin cells [16, 32, 41, 48], and preliminary findings
[35] indicate them as possible candidates for pace-making
chromaffin cell activity.

Here, we studied the effects of rolipram on Ca®"
channels in mouse chromaffin cells (MCCs) and found that
the specific PDE4 inhibitor selectively up-regulates cAMP
levels and the size of L-type currents. Elevation of cAMP
and potentiation of LTCCs by rolipram were comparable in
time and size to the effects of the selective 3;-AR agonist
denopamine [54], suggesting similar efficacy of cAMP
molecules elevated by either (3;-AR stimulation or PDE4
inhibition. Current-clamp and action potential-clamp mea-
surements showed that inhibition of PDE4 by rolipram
increased the size of inward L-type currents sustaining the
interpulse pace-maker” potential and the frequency of
spontaneous action potential (AP) firing, thus, furnishing
a rationale to the hypothesized critical role of LTCC in
controlling AP firing in MCCs. Rolipram had also a
marked effect on catecholamine secretion, which was
partially unrelated to the cAMP-dependent increase of
LTCCs’ activity. The PDE4 inhibitor increased the size of
the RRP and the unitary membrane area and quantal size
of secretory vesicles without affecting their probability of
release. Thus, by up-regulating the exocytosis and AP
firing, rolipram produces a dual synergistic action on
MCCs that can markedly increase the quantity of released
catecholamines, highlighting the critical role that cAMP
and PDE4 play in the control of L-type channels and
secretion in MCCs.
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Materials and methods

Isolation and culture of mouse adrenal medulla
chromaffin cells

All experiments were performed in accordance with the
guidelines established by the National Council on Animal
Care and were approved by the local Animal Care
Committee of Turin University. Chromaffin cells were
obtained from young C57BL/6J mice, which were killed
by cervical dislocation and cultured following the method
of Sorensen et al. [56], with minimal modifications. After
removal, the adrenal glands were placed in Ca**- and
Mg**-free Locke’s buffer containing (in millimolar): 154
NaCl, 3.6 KCl, 5.6 NaHCOs;, 5.6 glucose, and 10 HEPES,
pH 7.2, at room temperature. The glands were decapsu-
lated, and the medullas were precisely separated from the
cortical tissue. Medulla digestion was achieved for 60 min
at 37°C in the Locke’s buffer mentioned before containing
20 U/ml of papain (Worthington Biochemical, Lakewood,
NJ, USA). The cell suspension was then centrifuged for
5 min at 900 rpm, washed two times, and resuspended in
2 ml DMEM supplemented with 15% fetal calf serum
(FCS). Cells were plated in four-well plastic dishes treated
with poly-L-ornithine (0.5 mg/ml) and laminin (10 pg/ml in
L-15 carbonate) by placing a drop of concentrated cell
suspension in the center of each well. After 1 h, 1.8 ml of
DMEM supplemented with 15% FCS (Invitrogen, Grand
Island, NY, USA), 50 IU/ml penicillin, and 50 pg/ml
streptomycin (Invitrogen) was added to the wells. Cells
were then incubated at 37°C in a water-saturated atmo-
sphere with 5% CO, and used within 2—6 days after plating.

Voltage-clamp and current-clamp recordings

Ca®" currents were recorded in perforated-patch recording
conditions using an Axopatch 200-A amplifier and pClamp
9.0 software programs (Axon Instruments Inc., USA) [6].
Patch pipettes were made of thin borosilicate glass (Kimax 51;
Witz Scientific, Holland, OH, USA) and filled with an internal
solution containing (in millimolar): 135 CsMeSO;, 8 NaCl, 2
MgCl,, 20 HEPES, pH 7.3, with CsOH plus amphotericin
B (Sigma). The external bath contained (in millimolar):
145 TEACI, 5 CaCl,, 2 MgCl,, 10 glucose, 10 HEPES,
pH 7.4, with CsOH. Amphotericin B was dissolved in
dimethyl sulfoxide stored at —20°C in stock aliquots of
50 mg/ml and used at a final concentration of 500 pg/ml.
To facilitate the sealing, the pipette was first dipped in a
beaker containing the internal solution and then back-
filled with the same solution containing amphotericin B.
Pipettes with series resistance of 1-2 M) were used to
form giga-seals. Recording of Ca®" currents started when
the access resistance decreased below 15 MS), which
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usually happened within 10 min after sealing [9]. Series
resistance was compensated by 80% and monitored
throughout the experiment.

Ca”" currents were evoked by step depolarization of 10—
100 ms to a fixed potential (+10 mV), ramp commands
(1 V/s), or action potential trains (“action potential-clamp”).
In the latter case, the cell was voltage-clamped using a
pattern of three action potentials previously recorded in
current-clamp conditions. This allowed studying the time
course of Ca®" currents underlying an action potential train
[58]. Extra- and intracellular solutions in this case were the
same as those used for current-clamp measurements. The
holding potential was =70 mV throughout the experiments.
Fast capacitative transients during step depolarization were
minimized online by the patch-clamp analog compensation.
Uncompensated capacitative currents were further reduced
by subtracting the averaged currents in response to P/4
hyperpolarizing pulses. All of the experiments were
performed at room temperature (22—-24°C).

Action potentials were recorded in perforated-patch-
clamp conditions using an intracellular solution containing
(in millimolar): 135 KAsp, 8 NaCl, 20 HEPES, 2 MgCl,,
and 5 EGTA. The external bath contained (in millimolar):
137 NaCl, 4 KCl, 2 CaCl,, 1 MgCl,, and 10 HEPES,
pH 7.4, with NaOH. Spontaneous action potentials could be
stably recorded in most chromaffin cells at resting
conditions without passing any current.

Membrane capacitance changes

Ca”" currents and the corresponding depolarization-evoked
capacitance changes were measured in the perforated-patch
configuration using an EPC-9 patch-clamp amplifier
(HEKA Elektronik, Lambrecht, Germany) and an extracel-
lular solution containing (millimolar): 135 NaCl, 2 MgCl,,
10 HEPES, 10 glucose, and 5 CaCl, (pH 7.3 with NaOH),
as previously described [5, 18]. Ca** currents were sampled
at 10 kHz and filtered at 2 kHz. Depolarization-evoked
exocytosis was measured as membrane capacitance
increases by applying a sinusoidal wave function on the
holding potential (25 mV amplitude, 1 kHz). Fast capaci-
tive transients due to depolarizing pulses were minimized
online by the patch-clamp analog compensation. Series
resistance was compensated by 80% and monitored during
the experiment.

Amperometric detection of exocytosis

Amperometric recordings were performed using a HEKA
EPC-10 amplifier. Carbon fibers were purchased from ALA
Scientific Instruments Inc. (Westbury, NY, USA). The
carbon fiber microelectrode (5-pm diameter) was polarized
at +800 mV and then gently positioned adjacent to the cell

membrane (see [6]). Detection of amperometric spikes was
performed by initially keeping the cells in a KCl-free
solution containing (millimolar): 130 NaCl, 2 MgCl,, 10
HEPES, 10 glucose, and 10 CaCl,. The solution was then
switched to one containing 30 mM KCI and proportionally
less NaCl. Amperometric currents were sampled at 4 kHz,
low-pass-filtered at 1 kHz, and monitored during 2-min
recordings. Data were analyzed by IGOR macros (Wave-
Metrics, Lake Oswego, OR, USA) as described elsewhere
[55].

Solutions, cCAMP immunoassay, and data analysis

External solutions were exchanged by gravity using a
multi-barreled pipette with a single outlet and five inlets.
Nifedipine, Bay K 8644, denopamine, and rolipram were
purchased from Sigma and dissolved daily in the extracel-
lular solution. Tetrodotoxin citrate (TTX) was purchased
from Tocris (Northpoint, Fourth Way Avonmouth, UK) and
prepared to the final concentration.

The levels of cAMP in isolated chromaffin cells were
measured using an enzymatic immunoassay (EIA) accord-
ing to the manufacturer’s instructions (Biotrak, Amersham-
Pharmacia Biotech, Amersham, UK). Briefly, chromaffin
cells were plated in a 96-well microplate at a density of
60,000 cells/well and challenged for 10 min at 37°C with
denopamine and rolipram. Cells were then lysed with the
supplied buffer, and the supernatant was transferred to the
EIA microplate. After processing, absorbance was read
with a 450-nm filter microplate reader (BioRad, Hercules,
CA, USA).

Data are given as mean+SEM for » number of cell.
Statistical significance was calculated by either using
Student’s paired ¢ test or one-way analysis of variance
(ANOVA) followed by a Bonferroni post hoc test when
multiple data comparisons were required (Figs. 2d, 3d, and
8). Values of p<0.05 were considered significant.

Results

The percentage of LTCCs expressed in mouse chromaffin
cells was evaluated in a preliminary series of experi-
ments. MCCs had mean cell capacitance of 9.3+0.3 pF
(n=110) and Ca®" currents, determined by ramp com-
mands, had mean peak currents of 21.0+2.9 pA/pF
(n=36; Fig. la) at around +10 mV in 5 mM external Ca*".
Nifedipine (3 pM) blocked 45.8+4.6% of the total Ca®"
current (n=12 cells), causing a slight shift of the I/ curve
toward more positive potentials (Fig. 1a), in good agreement
with what Hernandez-Guijo et al. [24] reported on the same
cell preparation. L-type channels were expressed in all the
MCC:s tested.
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Fig. 1 Potentiating effects of rolipram on L-type currents. a I/V
relationships recorded from a voltage-clamped MCC using a ramp
command in control condition and in the presence of 3 uM nifedipine.
In the inset are reported the percentage of L- and non-L-type current
density normalized to the total Ca*" current. The non-L-type
component was determined by applying 3 uM nifedipine (n=12),
and the L-type component was calculated as the control minus the
nifedipine-resistant fraction (**p<0.01 vs. control using Student’s
paired ¢ test). b Time course of peak Ca>" current at +10 mV before,
during and after addition of 3 uM rolipram. In the inset are shown the

Selective L-type Ca®" current potentiation by rolipram

We then studied the acute effects of rolipram (3 pM) on Ca*"
currents (Fig. 1b). Cells were depolarized every 5 s at
+10 mV, with pulses lasting 10 ms. We found that in a
subpopulation of cells (60%, n=17), the PDE4-inhibitor
rolipram enhanced the currents up to 40.1£6.1% over basal
values (Fig. 1b), while in the remaining cells, there was no
significant effect. We considered significant only those
MCCs which responded to rolipram or to any other
compound with a Ca®" current increase >10% over control
values. Maximal potentiation was observed after about 3 min
of acute application, and return to control conditions
occurred slightly faster. The onset of potentiation had mean
time constant of 3.4+1.0 min (7,,) while washout (offset)
had mean 7, of 2.1£0.9 min (white boxes in Fig. 2d). Time
constants were evaluated by exponential fits to the data
points of current amplitudes vs. time, as shown in Fig. 1b.
Ca”" current increase occurred in the whole range of tested
potentials (from —50 to +30 mV; Fig. I¢) and was maximal
at =30 mV (2.4-fold increment over control). No significant
changes to the activation—inactivation kinetics could be
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current traces recorded at the time indicated by the numbers (1-3).
Onset and offset of rolipram action were best fitted with single
exponential functions with time constants: 7,,=2.8 min and 7.
1.6 min. ¢ //V relationships of total Ca®>" currents before and during
rolipram application obtained by 10-ms step depolarizations to the
indicated voltages for n=10 MCCs (*p<0.05 vs. control using
Student’s paired ¢ test). d Time course of peak Ca®" currents before,
during, and after nifedipine (3 M) application. Addition of rolipram
in the presence of nifedipine does not produce any current increase

detected (inset in Fig. 1b), suggesting that inhibition of
PDE4 mainly causes an increased probability of channel
opening with little or no changes to channel gating [3, 7].
A preferential potentiating effect of rolipram at very
negative potentials (—30 mV) is indicative of a specific action
on LTCCs, which activate at relatively low voltages. For this
reason, we tested whether LTCCs were the specific target of
rolipram and repeated the experiments in the presence of
nifedipine (3 uM; Fig. 1d). In all the cells tested (n=10), the
DHP antagonist fully prevented the action of rolipram,
confirming specific effects of PDE4 on L-type currents.

Denopamine selectively potentiates L-type currents

RCCs express sufficient densities of 3;-ARs and (3,-ARs.
The former are remotely coupled to LTCCs via a
potentiating cAMP/PKA-mediated pathway, while the latter
are negatively coupled to LTCCs via PTX-sensitive G;
proteins [9]. We tested therefore if (3;-ARs were also
expressed in MCCs and how their action is coupled to the
potentiating effects of rolipram. For this, we used the
selective 31-AR agonist denopamine and found that in a
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Fig. 2 Potentiating effects of denopamine on Ca*" currents. a I/V
relationships from a MCC in control conditions and in the presence of
1 uM denopamine. b Time course of peak Ca>" current at +10 mV
before, during, and after addition of 1 uM denopamine. Onset and
offset of denopamine action was best fitted with single exponential
functions with time constants: 7,,=2.5 min and 7,4=2.2 min. ¢ Time
course of peak Ca”" currents before, during, and after nifedipine

large fraction of cells (58%, n=12), addition of the agonist
significantly enhanced the Ca®" currents up to 41.0+8.0%
over basal values (Fig. 2a,b), whereas in the remaining
cells, there was no action. As for the effects of isoprenaline
on RCCs [9], the onset and offset of 3;-AR stimulation was
slow and comparable to that of rolipram (7, 2.941.8 min;
Toff 2.5%1.5 min n=5; gray boxes in Fig. 2d). As for
rolipram, the action of denopamine was fully prevented by
nifedipine (Fig. 2¢), suggesting a selective remote action of
31-AR on LTCCs. When denopamine and rolipram were
applied together, Ca®" currents increased to 39.0+9.0%
over basal values in 50% of the cells (n=14; Fig. 3a), and
this was not significantly different from what was observed
after administration of denopamine or rolipram alone
(Fig. 3d). The remaining cells did not respond, and
sequential application of the two compounds could not be
accurately tested since MCCs did not last for prolonged
perfusion periods. We were, thus, unable to establish
whether the subpopulation of cells not responding to
rolipram were sensitive or not to denopamine and vice
versa. We could nevertheless establish that the onset and
the offset of the action caused by both compounds applied
together (rolipram plus denopamine; black boxes in

(3 uM) application. Addition of denopamine (1 uM) in the presence
of nifedipine does not produce any Ca®" current increase. d Mean
values of 7., and 7., determined for the potentiating action of
rolipram, denopamine, rolipram+denopamine, and IBMX for the
number of cells indicated inside the bars. The data sets were compared
using one-way ANOVA followed by a Bonferroni post hoc test and
were found not to be statistically different

Fig. 2d) were not significantly different from those obtained
by applying one compound at the time. Taken together,
these data suggest that (1) (3;-AR is expressed and
functionally active in MCCs and their stimulation up-
regulates LTCCs activity; (2) the cAMP-dependent trans-
duction pathway controlled by PDE4 is equally effective to
that activated by 31-AR, suggesting close coupling of the
two pathways to membrane compartments where LTCCs
are located; (3) both systems produce saturating effects on
L-type currents; and (4) the lack of effects of denopamine
and/or rolipram may be derived from the heterogeneous
distribution of the two LTCCs expressed in MCCs (Cavl.2
and Cavl.3; Marcantoni, Carbone, Striessnig, unpublished
observation), which may be differently sensitive to cAMP/
PKA (see “Discussion”).

The above data, however, do not exclude the possibility
that other PDEs could be involved in the cAMP-dependent
LTCCs potentiation. In mammals, of the 11 types of PDEs
currently described [11], only three are cAMP specific
(PDE4, PDE7, PDES). All the remaining are either specific
for cGMP (PDES, PDE6, PD9) or partially sensitive to both
c¢GMP and cAMP (PDEI1, PDE2, PDE3, PDE10, PDEI1).
Since cGMP down-modulates the activity of single LTCCs
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Fig. 3 Potentiating effects of denopamine plus rolipram and IBMX
on Ca*" currents. a Time course of peak Ca®' current at +10 mV
before, during, and after addition of 1 uM denopamine plus 3 uM
rolipram. Onset and offset of denopamine+rolipram action was best
fitted with single exponential functions with time constants: 7,,=
2.5 min and 7,z=2 min. b Time course of peak Ca>" current at +10 mV
before, during, and after addition of 100 uM IBMX. Onset and offset
of IBMX action was best fitted with single exponential functions with
time constants: 7,,=2.8 min and 7,=2.7 min. ¢ Mean [~V curves

in RCCs [4] and there are no available specific inhibitors
for PDE7 and PDES, we found it unreasonable to undertake
a detailed investigation of the role of other PDEs on
LTCCs. Just as a general test, we studied the effects of the
unspecific PDE inhibitor, IBMX, on LTCCs. We found that
in 40% of the cells (n=16), acute application of 100 uM
IBMX caused on average a 38.3+6.0% increase of peak L-
type current (Fig. 3b,d), with an “on” and “off” potentiation
kinetics comparable to that of rolipram and denopamine
(dashed boxes in Fig. 2d). Higher doses (500 uM IBMX)
and prolonged incubation (20 min) of IBMX gave no better
results when compared to rolipram (see /—F curves in
Fig. 3c).

Effect of rolipram on action potential firing frequency

The effects of rolipram on spontaneous APs were studied in
current-clamp mode using bath and intracellular solutions
close to physiological conditions (see “Materials and
methods”). The cells had mean resting potentials (V;) of
—49.0+1.5 mV (n=24) that, after correction for the liquid
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obtained from MCCs in control conditions (n=15) or incubated for
20 min with 500 uM IBMX (n=5; *p<0.05; **p<0.01 vs. control
using Student’s paired ¢ test). The dashed curve of rolipram effects
was taken from Fig. 1c. d Percentage of Ca®" current increase induced
by rolipram (3 pM), denopamine (1 puM), a mixture of the two
compounds, and IBMX (100 pM) for the number of cells indicated.
The data sets were compared using one-way ANOVA followed by a
Bonferroni post hoc test and were found not to be statistically different

junction potential (—15.8 mV), resulted to be more negative
and in good agreement (after appropriate compensation)
with other V; estimated using patch pipettes (from —50 to
=70 mV [13, 27, 61]). The average input resistance
measured using small hyperpolarizing current pulses (5—
10 pA) was very high (1.2+0.2 Gf2; n=7) and in good
agreement with previously reported values in other chro-
maffin cell types (0.6 to 5 GQ) [13, 27, 35].

Cultured MCCs normally exhibited spontaneous AP
firings (85% of the cells), which lasted for several minutes
(Fig. 4a) and had mean firing frequency of 0.7+0.1 Hz. The
frequency of the spontaneous APs, however, was not
constant over time for any given cell and varied between
cells. AP waveforms were analyzed by measuring several
parameters both in control conditions and after rolipram
administration. To characterize the AP firings, we measured
the frequency, the potential at half the interpulse duration,
the maximum rate of raise, the width at 0 mV, the
overshoot, and undershoot. We observed that all these
parameters remained unchanged after rolipram administra-
tion (Table 1), except for the frequency that increased by
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Fig. 4 The accelerating effects of rolipram on action potentials firings
in MCCs. a Spontaneous AP recordings in current-clamp mode from a
MCC before, during, and after exposure to rolipram (3 uM). The thick
horizontal bar indicates the interval of rolipram application. On top,
18-s intervals of recordings are shown at a more expanded time scale.
Notice the mean increased frequency of firing when rolipram is added
to the bath. b Overlapping of two consecutive APs in control

about a factor 2 (1.5+0.2 Hz, n=14; *p<0.05; Figs. 4b and
5b and d). Thus, tonic activation of PDE4 mainly
contributes to maintain a low frequency firing at rest, while
the block of the enzyme increases the firing rate. This also
suggests that LTCCs control the duration of interpulse
intervals in MCCs and may effectively contribute to the
pace-maker current sustaining AP spontaneous activity.
We tested this hypothesis by checking whether blocking
LTCCs by nifedipine could have the opposite effects of
rolipram. In 14 MCCs, we found that 3 puM nifedipine
could either decrease the rate of firing (Fig. 5a;, n=5) or
fully block the spikes’ activity (Fig. 5b, n=9). This gives a
mean frequency of about 1/10 of the control value (91%
decrease; Fig. 5d). Figure 5b shows an example of how
nifedipine can prevent the increased firings induced by

10ms

condition (dark trace) and with rolipram (gray trace) to highlight
the change in the slope of the pace-maker potential during the
interpulse interval. ¢ Two overlapped APs in control conditions and
with rolipram at a more expanded time scale. The PDE4 inhibitor
causes only a slight decrease of the AP amplitude with no changes to
the time course. The overshoot depression is not significative on
average (see Table 1)

rolipram (n=3) by fully blocking AP generation. In either
case, the washout of nifedipine required some time
before restoring the normal firing (2040 s). The partial or
full-blocking action of nifedipine could depend on the
density and isoform of LTTCs expressed in MCCs (see
“Discussion”). Most interesting, when nifedipine had a
mild action, the AP amplitude and duration increased
(Fig. 5a;) as expected from the block of BK channels,
which are shown to be strongly coupled to LTCCs in RCCs
[50] and MCCs (Marcantoni et al., unpublished observa-
tions). The less pronounced hyperpolarization due to the
LTCCs block induces a slower depolarization, which
prolongs the interpulse duration (Fig. 5a,). Further support
for a role of LTCCs in the control of firing frequency comes
from the observation that Bay K 8644 (1 uM) increases AP

Table 1 Action potential parameters monitored in control conditions and during exposure to rolipram

Pot. at half interp. Max. rate of rise (V/s)  Overshoot (mV)

duration (mV)

Width 0 mV (ms)  Undershoot (mV) Frequency (Hz)

C Roli C Roli C Roli
—49.0+1.5 472423 60.7£3.0 50.4+2.0

40.6+£2.7 38.1+£3.9

C Roli C Roli C Roli
1.9+0.1 2.1+0.3 -58.2+54 -51.849.2 0.7+0.1 1.5+£0.2*

The potential at half the interpulse duration is the voltage measured at half the distance between two consecutive action potentials (interpulse
duration); the maximum rate of rise is the maximal slope during depolarization; the width at 0 mV is the action potential duration at 0 mV; the
overshoot is the maximal voltage reached during the fast depolarization; the undershoot is the lowest potential reached during repolarization; the
frequency is the number of action potentials per second calculated during firing periods of 10-20 s. The indicated values are means+SEM
calculated over n=24 (control) and n=14 (rolipram) cells.

*p<0.05 vs. control using Student’s paired # test
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Fig. 5 Opposing effects of ni-
fedipine and Bay K 8644 on
action potentials firing in
MCCs. a; Spontaneous AP
recordings from a MCC before,
during, and after exposure to
nifedipine (3 uM). a,, a; Over-
lapped APs at two expanded
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time scales to highlight the
prolonged pace-maker potential
(a) and the changes of AP
waveform (a3) in the presence of

nifedipine. b Spontaneous AP

recordings in control conditions, -2
with rolipram alone and with
rolipram plus nifedipine. Notice
the increased AP discharges
with rolipram alone and their
full block after addition of the
DHP antagonist. ¢ Spontaneous
AP recordings under basal con-
ditions and sequential exposure
to Bay K 8644 (1 uM) and
nifedipine (3 uM). On the top
are illustrated 4-s intervals of
recordings at a more expanded
time scale. The thick horizontal
bars indicate the interval of drug
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application. d Percentage of fre-
quency increase induced by
rolipram (n=9) and Bay K 8644
(n=6) and percentage of fre-
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nifedipine (n=14). Notice the v
potent action of Bay K 8644 on
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about four-fold (*p<0.05 vs.
control using Student’s paired
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discharges in MCCs by about a factor of 4 over basal value
(392% increase; p<0.05; Fig. 5c,d).

L-type channels contribute to the pace-maker current
generating spontaneous APs

As shown in Fig. 1, LTCCs in MCCs start activating at
relatively low voltages (around —50 mV in 5 mM Ca”") and
are good candidates for carrying the inward current that
generates the pace-maker potential of spontaneous firings.
In order to test this hypothesis, we recorded MCCs Ca*"
currents in voltage-clamp conditions using either single or
trains of APs as voltage command (action potential-clamp)
[58]. Ca®" currents were isolated by adding TEA (20 mM)
and TTX (300 nM) to the extracellular solution in order to
block K" and Na" channels.
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Figure 6a shows the shape of the single AP used as
voltage command at two different time scales recorded
during spontaneous activity. The cell was held at =70 mV
before and after the AP clamp. Under these conditions,
Ca®" currents activated soon after the beginning of the AP
stimulus, had slow rise during the early depolarizing phase
(=50 to —40 mV), and showed no sign of inactivation (slow
phase). The current accelerated to reach a first negative
peak at the beginning of the AP upstroke and then
decreased during the rapid rise of the AP (due to the
lowered driving force for Ca”") to become slightly outward
at the peak of the AP. The inward Ca®" current increased
again during the repolarizing phase and reached a second
negative peak, which results from the increased driving
force and the large Ca®" channel conductance at these
potentials (fast phase). Addition of 200 uM Cd*" (n=6)
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Fig. 6 Ca®" currents elicited by
an AP waveform. a Two differ-
ent views of the AP waveform
used to voltage-clamp MCCs.
The arrow indicates the time
when the membrane potential
reaches —45 mV, corresponding
to the time at which the ampli-
tude of the slow Ca”" current
component was estimated. b Ca®"
currents recorded in control con-
ditions and during exposure to
200 uM Cd**. ¢ Nifedipine
blocks most potently the slow
Ca®" current component preced-
ing the AP (pace-maker current)
and to a minor extent, the second
current component during the
spike. d, e Effects of rolipram

(3 uM) on the inward Ca*"
current sustaining the AP from
two MCCs displaying different
Ca®" current components during
the slow depolarizing phase in
control conditions and respond-
ing differently to rolipram (see
text). In both cases, rolipram
potentiates the slow early phase
of the Ca®" current but causes a
partial decrease of the second fast
peak current (see text). Inset
Percentage variation of Ca®"
currents induced by rolipram
(positive changes) and nifedipine
(negative changes) at the time
indicated by the arrows (see
panels above; *p<0.05 vs. con-
trol using Student’s paired

t test)

a
+50+

my

A0 -

% |ca changes
versus control

Action potential stimulus I Action potential stimulus

.

Cd”*  control cd*
1 control
I 100pA
nife —— nife
control
control
100pA

20 ms

L

+50
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+30
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+10

control
\

rolipram -
rolipram

100pA

control control

rolipram

* rolipram

200pA,

blocked both the early and late phase of the currents,  LTCCs (Fig. 6¢). Nifedipine reduced by 75.6+£6.6% this
leaving a residual transient component associated with a  slow phase at the time indicated by the arrow when the

fraction of uncompensated leakage current (Fig. 6b).

potential is =45 mV (from —54.7+16.5 to —14.6+6.3 pA;

The slow early phase of the action potential was  n=8; inset in Fig. 6e) and had minor effects on the second
characterized by an inward Ca®" current dominated by  negative peak (Fig. 6c—right). On average, nifedipine
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blocked by 31.1+4.3% the second negative peak. Rolipram
had also a marked action on the inward Ca’’ current,
although opposite to nifedipine. It increased 3.8-fold the
slow early phase of the current (from —11.8+5.4 to —38.7+
7.9 pA at —45 mV; n=5; inset in Fig. 6e) and partially
depressed the second negative peak (average 22%; Fig. 6d).
The recordings in Fig. 6d and e were obtained from two
MCCs with different control Ca®" currents. In Fig. 6d, the
slow early phase was 29.6 pA at —45 mV and increased to
53.3 pA (80% increase over control value) with rolipram. In
Fig. 6e, the control current was smaller (13.6 pA at
—45 mV) and increased to 68.5 pA (403% increase) with
rolipram. The unexpected decrease of the second peak with
rolipram occurred most likely for three reasons: (1) the little
or no sensitivity of rolipram for the non-LTCCs that
dominate this component, (2) a decreased driving force
for Ca®" due to a lowered reversal potential for Ca®" (Ec,)
caused by the increased Ca®" entry and accumulation
induced by the PDE4 inhibitor. The lower E¢, is suggested
by the increased outward current with rolipram at the peak
of AP (Fig. 6d) and (3) a partial rundown of Ca** channels
with time (10-15%).

The up-regulating action of rolipram was fully prevented
by nifedipine (3 uM). We never observed a rolipram-
induced Ca*" current increase in the presence of nifedipine
(n=16). This suggests that the slow early phase of inward
Ca*" currents is mostly carried by LTCCs while the late fast
phase by non-LTCCs. The L-type component is thus
relevant for the generation of spontaneous APs, whereas
the nifedipine-resistant Ca®" currents contribute mainly to
the fast rise and duration of the AP.

We also tested whether the potentiation of the pace-maker
current by rolipram was preserved during a train of three APs
and not limited to a single AP generated after holding the cell
to —70 mV (Fig. 7a). In this case, the percentage of Ca®"
channels available for opening is higher than after holding
the cell at resting potential. As shown in Fig. 7b, the size of
the rolipram-potentiated current remained high and persistent
also before the second and third AP generated after the long
depolarization preceding the two pulses. Nifedipine blocked
the potentiating action of rolipram also when using the AP
train command (Fig. 7b), confirming that LTCCs are the
main targets of rolipram effects.

Rolipram, denopamine, and IBMX increase the basal levels
of cAMP in MCCs

We also evaluated the effects of rolipram, denopamine, and
IBMX on basal intracellular cAMP in cultured MCCs,
using an EIA system on microtiter plates (96 wells). The
amount of cAMP under basal conditions was very low
(about 33.6+£5.3 fmol/well, n=8, Fig. 8). Considering that
each well contained on average 60,000 cells, a single MCC
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pace-maker potential

| 20mv

rolipram + nife
B9

rolipram

Fig. 7 Ca®" currents elicited by a train of three APs. a The AP train
waveform used to measure Ca®" currents during the interspike
intervals and responsible for the pace-maker potential, as indicated.
b Ca®" currents recorded in control conditions and during exposure to
rolipram (3 uM) and nifedipine (3 uM). Notice how the potentiating
effects of rolipram are preserved after the first and second AP

had a mean cAMP quantity of ~5.6x10* fmol, which
corresponds to a mean [cAMP] of 2.2 mM, assuming a
mean cell diameter of 17 pum that gives a mean cell
capacitance of 9.3 pF. In the presence of denopamine, the
cAMP level nearly doubled (62.7+6.7 fmol/well, n=7), but
with rolipram and rolipram+denopamine, cAMP increased
nearly three-fold (91.2+4.3 and 83.9+6.8 fmol/well, re-
spectively; n=6). IBMX increased even further the resting
cAMP levels (121.2+6.8 fmol/well; n=4), suggesting that
at variance with the cAMP-dependent LTCC potentiation
(mainly regulated by PDE4), the overall cytosolic cAMP is
only partially affected by PDE4 and that other PDEs down-
regulate cAMP levels at rest.

Rolipram increases the size of the RRP and the magnitude
of single secretory events without altering the probability
of vesicle release

To complete our analysis on the effects of rolipram on
MCC:s activity, we studied how the PDE-4 inhibitor affects
the secretion by measuring the depolarization-induced
capacitance changes [5, 18]. Figure 9a shows fast capaci-
tance changes (AC) recorded following pulses of 100 ms to
+10 mV from different MCCs maintained in control
solution (n=52) and after incubation for 10 min with
rolipram (3 puM). The voltage protocol was designed to
attain maximal Ca*" current amplitudes and robust secre-
tion during single pulses. In 48 MCCs tested, rolipram
caused well-resolved fast capacitance changes that in-
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Fig. 8 Rolipram, denopamine, and IBMX up-regulate the intracellular
cAMP concentration. Mean intracellular cAMP concentration mea-
sured in populations of cultured MCCs in the presence of denopamine
(1 puM), rolipram (3 pM), denopamine-+rolipram, and IBMX
(100 uM) using an enzyme immunoassay. Values are expressed as
fentomoles per well, and the cells were plated at concentration of
60,000 cells/well. The data sets were compared using one-way
ANOVA followed by a Bonferroni post hoc test (¥*p<0.05, ***p<
0.001 vs. control). Moreover, the intracellular cAMP increase by
rolipram was higher than that induced by denopamine (#p<0.05) and
the effect by IBMX was higher than that induced by rolipram,
denopamine, and rolipram-+denopamine (#p<0.05; ##p<0.01; ##p<
0.001; indicated by horizontal bars)

creased on average by 25% with respect to control (from
32.5+£2.0 to 40.6+3.3 {F; p<0.05; Fig. 9b), while the total
Ca®" charge density entering during the pulse increased by
only 16% (from 3.6%0.3 to 4.2+0.3 pC/pF; p<0.05). The
small increase of Ca®" entry was mainly due to the fact that
(1) rolipram effects were tested on a set of cells different
from control and thus comprehensive of those cells
responding and not responding to rolipram; (2) the longer
pulses used in these experiments (100 ms) attenuated
significantly the large current increases induced by rolipram
on pulses of 10 ms. The Ca*" charge increase is calculated
over the total Ca>* current area and not up the current peak;
(3) in the experiments of Fig. 9, rolipram was incubated for
10 min, while in those of Figs. 1, 2, 3, and 4, rolipram was
applied acutely. Apart from this, the results of Fig. 9
suggest that rolipram produces a percentage increase of
exocytosis, which is higher than that expected from the
increased amount of Ca®" entry during voltage-clamp
pulses.

To obtain more detailed information on the molecular
parameters controlling secretion, we ran a series of experi-
ments to estimate the maximal size of the pool of readily
releasable vesicles (RRP) and probability of release (p,).
Using the double-pulse protocol illustrated in Fig. 9c (see
figure legend), we found that rolipram caused a 47% increase
of Bax (from 43.6+3.7 to 64.2+13.5 {F; p<0.05; Fig. 9d),

while the capacitance change induced by the first pulse
(AC)) increased by 25%, in good agreement with the result
of Fig. 9b. It is interesting to notice that B« and AC, set
the upper and lower limits for the true value of the RRP (see
[19]). In addition, we found that p, was not affected by
rolipram (0.65+0.05 vs. 0.57£0.06; p>0.05; Fig. 9d),
suggesting that as for the effects of cAMP on RCCs [5],
rolipram increases the depolarization-evoked exocytosis by
mainly affecting the size of the RRP but not p,.

To complete this analysis, we also studied the action of
rolipram on the Ca®" dependence of secretion and on the
size of unitary secretory events (Ac). In the first case, we
measured the amplitude of fast capacitance changes
following voltage pulses of fixed amplitude (+10 mV) and
increasing length (10 to 200 ms) and plot the values of AC
vs. the density of Ca®" charges entering the cell. The results
are shown in Fig. 10a, in which it is evident that rolipram
(filled squares) increased by nearly 50% the slope of the
linear Ca®" dependence of secretion of control MCCs
(empty squares). This implies that for the same quantity
of Ca®" entering the cell, pretreatment with rolipram
increases vesicle secretion by about 50%, in good agree-
ment with the increased estimate of B, in the presence of
rolipram (Fig. 9d).

In the second case, we estimated the capacitance change
associated to individual exocytotic events (membrane area
of a single vesicle) by using a statistical analysis of trial-
to-trial variations during short depolarization-induced ca-
pacitance increases repeated quickly [40]. Using this
approach, we measured the AC increases after repetitive
depolarizations of 20 ms to +10 mV, applied at 0.3 Hz. We
collected 150 to 180 depolarizations over a period of 9—
10 min and measured the corresponding AC values plotted
vs. time (see [5] for further details). After having calculated
the means and variances using a four-bin analysis moving
forward point-to-point, the sample variances (0°) were
plotted vs. the averaged sample means (<AC>) and fitted
by a regression line. The slope of the linear regression gave
the mean exocytic size (Ac) according to the equation:
o’=Ac <AC> [40]. As shown in Fig. 10b, rolipram
significantly increased the size of Ac (from 1.56+0.11 to
2.28+0.23 {F; p<0.05; inset), suggesting that the PDE-4
inhibitor increases the size of elementary exocytic events by
46%.

Rolipram increases the quantal content of secretory
granules without affecting the frequency of amperometric
spikes

The results of Figs. 9 and 10 lead to two main conclusions:
(1) rolipram acts on the secretory apparatus of MCCs by
increasing the size of the RRP without affecting the
probability of vesicle release, and (2) most of the RRP
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Fig. 9 Rolipram potentiates the quantity of Ca’>" charge and
corresponding secretion by increasing the RRP without affecting the
probability of release (p;). a Capacitance changes (fop) and Ca”*
current recordings (bottom) during step depolarizations to +10 mV in
two representative MCCs: one in control condition and the other in the
presence of rolipram (3 uM; 10 min incubation). b The mean quantity
of charge normalized to cell capacitance was 3.6+0.3 pC/pF (n=52) in
control MCCs and 4.2+0.2 pC/pF (n=48) with rolipram. Mean
capacitance changes (AC) were 32.542.0 fF in control MCCs and
40.6+3.3 with rolipram. Both sets of data were significantly different
(*p<0.05 vs. control using Student’s paired ¢ test). ¢ Double pulse
protocol used to estimate the size of the RRP and p,. The two

increase (47%) is likely associated to an augmented size of
single exocytic events (46%). To confirm this possibility, we
studied the exocytosis of single chromaffin granules using
the carbon fiber detection method, which allows measuring

C,
¢,

pCIpF Fr
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Rolipram

Rolipram
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consecutive pulses were applied at 0 and +10 mV in order to have the
same amount of Ca>" ions entering the cell during the pulse (see [5]).
AC; and AC, indicate the capacitance changes measured during the
first and second pulse, respectively. d Left Mean values of Biax
calculated from (AC;+AGC,)/(1—(ACy/AC)?) (corresponding to the
upper limit of the RRP). They were 43.6+3.7 for control MCCs (n=
18) and 64.2+13.5 with rolipram (n=6; *p<0.05 vs. control using
Student’s paired ¢ test). Middle Mean values of AC (corresponding to
the lower limit of the RRP): 28.0£2.8% for control MCCs and 36.1+
4.6% with rolipram. Right Mean values of p, calculated from 1-AC,/
AC,. Mean values were 65+5% for control MMCs and 57+6% with
rolipram. These values were not statistically different

of the quantal release of catecholamine as fast amperometric
spikes [10, 62]. Catecholamine release was evoked by cell
depolarizations using solutions containing 30 mM KCI and
10 mM CaCl,. As shown in Fig. 1la, control MCCs
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Fig. 10 Rolipram enhances the Ca*" dependence of exocytosis and
the quantal size of elementary exocytic events. a Ca>” dependence of
exocytosis determined by plotting AC vs. the corresponding Ca**
charge density. Pulses of variable length (10, 20, 50, 100, 150,
200 ms) were applied at +10 mV either in control or in the presence of
3 uM rolipram, incubated for 10 min (=22 cells in both cases). The
slope of the linear regression line is 8.4+0.6 fF/(pC/pF) for control
MCCs (empty squares) and 12.9+1.3 fF/(pC/pF) with rolipram (filled
squares). The two slopes were statistically different (¥*p<0.05 vs.
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control using Student’s paired ¢ test). b Estimate of the quantal
capacitance change (Ac) obtained by plotting sample variances (o7)
vs. averaged sample means (SAC>; see “Results” for details). The
secretory responses were triggered by brief depolarization pulses of
20 ms to +10 mV and repeated at a frequency of 0.3 Hz. The linear fit
gave 1.6+0.1 fF for control MCCs and 2.2+0.2 with rolipram. /nset
Mean values of Ac were 1.6+0.1 and 2.3+0.2 as indicated (*p<0.05
vs. control using Student’s paired 7 test)
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Fig. 11 Rolipram enhances the charge content of individual secreting
granules without affecting their frequency of occurrence in ampero-
metric recordings. Amperometric spikes detection of catecholamine
release in a representative control (a) and a rolipram-treated MCC (b).
The spikes were elicited by applying an external solution containing
30 mM KCI and 10 mM CaCl, (see “Materials and methods”). Data
were acquired for 2 min. 7op panels Enlarged view of a representative
spike and histogram of Q' values. Data are fitted by the sum of two

Gaussian distributions (two white traces), peaking at 0.55 (55%) and
0.77 (45%) pC'? for control MCCs (n=59) and at 0.57 (54%) and

responded on average with a sequence of exocytotic bursts,
with mean frequency of 34 spikes/min, which lasted for the
entire duration of the KCl-induced depolarization (2 min).
Histograms of the cubic root of the charge associated to each
spike (0'?) was best fit with a double Gaussian function,
suggesting that the MCCs used in these experiments possess
two populations of vesicles, one with small and one with
large diameter, which is in good agreement with the findings
of Grabner et al. [21] (Fig. 11a, top-middle). Notice that due
to the spherical shape of chromaffin granules, Q' is
commonly associated to their diameter (Q'” «d). The mean
0'* was 0.67 pC"3, which increased to 0.76 pC"? with
rolipram. The corresponding mean quantal charge (Q) was
0.47+£0.04 pC (Fig. lla, top right), which markedly
increased to 0.67+0.09; p<0.05) without affecting the burst
frequency (32+3 spikes/min) and the proportion of the two
Gaussian distribution fitting the O'” histogram (see legend
of Fig. 11b). The estimated value of Q at control is in-line

0 60 s 120

20s

0.85 (46%) pC'” with rolipram (n=24). The sum of the two Gaussians
is indicated by dark traces. The spike frequency was not statically
different: 33+3 spike/min (control) and 32+3 spike/min (rolipram). To
the fop right of a are reported the mean values of O: 0.47+0.04 pC
(control) and 0.67+0.09 pC (rolipram; *p<0.05). To the top right of b
are illustrated the time course of the mean cumulative secretion in
control and with rolipram, obtained by averaging over 2 min the
cumulative secretion of each amperometric recordings. Notice the
marked increased final amplitude in the presence of rolipram (42.4 vs.
27.1 pC)

with those reported by other groups in MCCs: 0.67 pC [39],
0.45 pC [14], and 0.3 pC [20].

The nearly 43% increase of Q with rolipram was
confirmed by calculating the cumulative secretion curve,
which represents the sum of the quantity of charge of all the
spikes recorded during a 2-min depolarization. As shown in
the top-right panel of Fig. 11b, rolipram increased the
cumulative secretion by 56% (from 27.1 to 42.4 pC). Since
the frequency of spikes was nearly constant, this suggests
that the enhanced catecholamine secretion is mainly due to
the increased quantal size of secretory granules.

Discussion
We provided evidence that PDE4 inhibition exerts a dual

action on MCCs functioning: It up-regulates the activity of
LTCCs and increases the amount of released catechol-
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amines. A second important finding is that LTCCs act as
pace-maker channels and control AP generation in resting
MCCs. This has a direct consequence on the action of
PDE4 or of any other compound controlling intracellular
cAMP, such as nicotine [1], histamine [37], PACAP [51],
VIP [63], and [(3;-AR agonists (Fig. 2). The increased
cAMP markedly increases the quantity of secreted adren-
aline and noradrenaline by enhancing the quantal size of
vesicles and the rate of AP firing. The third important
observation is that PDE4 inhibition and the consequent
elevated local cAMP increase exocytosis by mainly altering
the size and content of single secretory vesicles without
affecting the probability of vesicle release. The increased
exocytosis is only partially due to the enhanced Ca®"
passing through open LTCCs, while most of the action
occurs down-stream the Ca?-entry and acts directly on the
quantal size of vesicle secretion. A corollary of our findings
is that there is an effective cAMP production at rest in
MCCs and PDE4 keeps cAMP levels low. Under these
conditions, the functioning LTCCs and exocytosis are
down-regulated and both increase when cAMP hydrolysis
by PDE4 is blocked by rolipram.

L-type channels as pace-makers of MCCs firing activity

An important issue of our findings is the specific role that
LTCCs play in the regulation of AP activity in isolated
MCC:s (Figs. 4 and 5). LTCCs do not only contribute to the
broadening of the AP waveform, as in most excitable cells
[26], but participate to the inward pace-maker current,
which underline the “slow depolarization potential” pre-
ceding the fast upstroke. This derives from three main
properties of LTCCs: (1) their high densities of expression
in MCCs (45% of the total Ca*" currents are carried by
LTCCs; Fig. 1c), (2) their low-threshold of activation
(LTCCs open at about —50 mV in 2 mM Ca”>" and carry
tens of picoamperes at =40 mV, Fig. 7), and (3) their slow
kinetics of inactivation [29], which allows to maintain long
depolarization during interpulse intervals of 300-600 ms
(Figs. 6 and 7). All three conditions are necessary for
generating slowly inactivating inward Ca”" currents of 5 to
10 pA that, passing through an input resistance of 1-2 Gf,
can depolarize the cell by 5 to 20 mV. This small amount of
current is sufficient to drive the resting voltage from the
mean interpulse potential (—49 mV) to the threshold of AP
firing (—40 mV) and generate spikes. Rolipram and Bay K
8644 increase this inward current and accelerate the slow
depolarizing phase (pace-maker potential), which sets the
frequency of firing discharges. Nifedipine blocks LTCCs
and thus prolongs interspikes intervals or even completely
blocks spontaneous firing.

Our data suggest a new uncovered role of LTCCs in the
control of chromaffin cell activity. These channels do not
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only contribute to the Ca>" entry during an AP but also set
the action potential firing frequency and modulate catechol-
amines release [17]. LTCCs carry significant current during
the slow rising phase that precedes the spike and, thus, any
change of their gating and availability will strongly
condition chromaffin cells functioning. This might partially
explain why LTCCs are so critically linked to adrenaline
and noradrenaline release in chromaffin cell preparations
where LTCCs contribute very little to the total Ca>* currents
[15]. In BCCs, which express small densities of LTCCs, the
DHP antagonists block about 80% of the total catechol-
amines release during prolonged KCl-induced cell depolari-
zations [32]. It is also interesting to notice that LTCCs
dominate catecholamine secretion not only on BCCs but also
on MCCs [48] and RCCs [41] when using repeated electrical
stimulations. The unifying rationale for this is most likely
associated with the slower time-dependent inactivation and
the favored availability of LTCCs at low holding potentials
with respect to the other high-threshold channels (N, P/Q, R).

Ca, 1.3 as possible candidate for pace-making MCCs:
contribution of other ion channels

Given that LTCCs affect the frequency of AP discharge, the
next question is: What types of Ca, 1 channels are involved in
this process? RCCs express two LTCC isoforms, Ca,1.2 and
Ca,1.3 [2], and the same is true for MCCs (Marcantoni,
Sinnegger-Brauns, Striessnig, Carbone; unpublished obser-
vations). Ca,1.2 channels activate at membrane voltages
more negative than N, P/Q, and R-type channels [31], but the
Ca,1.3 isoform activates at even more negative potentials
(about =50 mV), making these channels good candidates for
supporting pace-maker currents in spontaneously firing
neurons and sino-atrial cells [12, 34, 47, 64]. Preliminary
experiments performed comparing the density of LTCCs of
MCCs in wild and Ca,1.3 KO mice suggest that a large
fraction of cells possess functional Ca,1.3 channels with
low-threshold of activation and incomplete inactivation
during step depolarizations of 600 ms to +10 mV in 2 mM
Ca®" (Marcantoni, Striessnig, Carbone, unpublished obser-
vations). Thus, the present information supports the view that
MCCs are equipped with a set of “low-threshold” LTCCs
that may sustain spontaneous AP discharges.

Ca,1 channels are unlikely to be the only ion channels
controlling the rhythmic activity of MCCs, but our present
data do not support a role for other channels carrying ionic
currents near resting conditions. The hyperpolarization-
activated cationic current (/;,) seems not directly involved in
MCCs AP firings (Marcantoni, Vandael, Carbone, unpub-
lished observations). The low-threshold T-type channel
Ca,3.2 could be another good candidate for pace-making
cells, but in physiological conditions, this channel is weakly
expressed in RCCs [6, 46] and MCCs (Figs. 1 and 2). Other
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candidates are also the BK, SK, and ERG K" channels,
which are expressed in RCCs [22, 44] and whose outward
currents counterbalance the inward L-type currents flowing
during interspike intervals. However, we do not have
enough data either to prove or disprove their involvement
in controlling AP frequency. We also cannot exclude the
contribution of Na" TTX-sensitive inward currents as in
central neurons [58], although it seems unlikely that these
fast inactivating Na' channels can carry sufficient inward
currents during interspike intervals of 300—600 m:s.

Rolipram and denopamine up-regulate L-type channels
in MCCs

Our findings on the potentiating action of rolipram on LTCCs
are in good agreement with the reported data on adult rat
ventricular myocytes, in which basal L-type currents are
effectively up-regulated by selective inhibition of PDE4 [30].
Among the various PDE isoforms expressed in cardiac
myocytes, PDE4 appears the most directly involved in the
control of intracellular cAMP and cardiac contraction.
Inhibition of PDE4 by rolipram causes marked potentiation
of cardiac LTCCs requiring 3—4 min to reach maximal
effects [60], similar to the up-regulation produced in MCCs
(Fig. 1). PDE4 is also expressed in chromaffin cells, but its
role has not yet been properly investigated. The few
available data show that rolipram increases the basal levels
of intracellular cAMP in BCCs [36] and produces a 25%
increase of catecholamines content inside the granules [33].
To our knowledge, there are no data on the action of PDE4
and on the gating and availability of LTCCs in chromaffin
cells. This is surprising, given the high density of expression
of Ca,l channels in rodent chromaffin cells [17] and the
existing coupling with cAMP [7].

The present data are in good agreement with previous
findings on the up-regulatory effects of 3;-AR on the
LTCCs of RCCs [9]. 3;-AR stimulation in chromaffin cells
up-regulates LTCCs by increasing the open channel
probability through a cAMP/PKA-dependent pathway [3].
MCCs appear to possess the same modulatory cascade
(Figs. 2 and 3). The selective (3;-AR agonist denopamine
potentiate LTCCs in the majority of cells and rolipram and
IBMX mimic this action, indicating the specific involve-
ment of PDE4, which selectively hydrolyzes cAMP with
high affinity [11, 23]. Our results also reveal that rolipram
and IBMX generate high intracellular cAMP levels than
that produced by denopamine (Fig. 8), suggesting good
coupling between (3;-ARs and LTCCs. Simultaneous
application of denopamine and rolipram increases further
the intracellular cAMP concentration but not the size of
Ca,1 currents and the onset of potentiation, suggesting that
the inhibition of PDE4 by rolipram produces alone
saturating levels of cAMP. Most likely both modulators

(rolipram and denopamine) act independently on the same
pool of cAMP surrounding LTCCs. It is also interesting to
notice that PDE4 is not the only PDE affecting the basal
levels of cAMP since IBMX largely elevates the resting
cAMP (Fig. 8). The lack of selective inhibitors for the two
other PDEs specific for cAMP (PDE7 and PDES) [11] did
not allow any better conclusion about the involvement of
other PDEs on LTCCs modulation (see “Results”).

An unresolved issue of the present work is related to the
observation that only a fraction of MCCs respond to
rolipram. This could be due to various causes: (1) a
different degree of expression of PDE4, (2) a different
degree of coupling of PDE4 to the two Ca,l channels
expressed in MCCs (Ca, 1.2 and Ca,1.3), and (3) a different
sensitivity of Cavl isoforms to cAMP/PKA. The latter,
however, is the most unlikely since, in cardiac tissues, both
isoforms can be up-regulated by cAMP-PKA [43, 52].
Experiments using Ca,1.3 and Ca,l1.2 KO mice will
certainly clarify this issue.

Rolipram increases the membrane area and catecholamine
content of unitary vesicle without affecting the probability
of release

Our conclusions on the potentiating action of rolipram on
catecholamine secretion could be derived by combining
membrane capacitance [19, 45] and amperometric measure-
ments [10, 62]. As shown in Fig. 9d, rolipram increases
more the size of the RRP (47%) than the quantity of Ca®"
charges entering the cell (16%). This suggests that about
30% of the increased secretion is Ca®" independent and
occurs down-stream of Ca®" elevation through LTCCs, most
likely by affecting directly the secretory apparatus. Since the
probability of release remains unaltered (Fig. 9d) and the size
of single capacitance changes Ac increases (46%; Fig. 10b),
most of the Ca**-independent capacitance enhancement is
likely associated to an augmented vesicle membrane area
resulting in an increased vesicle diameter (). Although large
(46%), the Ac increase is in fairly good agreement with the
expected 30% increase of the RRP, particularly if consider-
ing that the estimate of Ac is complex and strongly biased
by the critical experimental conditions and specific assump-
tions of the method (see [40]).

Assuming that the Ca*'-independent increase of RRP
associated to an increased diameter of secretory vesicle is
likely in the order of 30%, this allows clear predictions on
how much should increase the quantal content of each
vesicle if the concentration of catecholamine remains
constant [20]. Indeed, a 30% increase of membrane
capacitance would predict a 15% increase of d (AC/C«
2Ad/d) and a 45% increase of vesicle volume (V) and
quantal content Q (AV/V«AQ/Q«=3Ad/d). The ampero-
metric data of Fig. 11 are in good agreement with this
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prediction. They show an average 43% increase of O with
rolipram, confirmed by the increased amount of cumulative
secretion (56%). As the frequency of spikes is unaffected
by rolipram, the increased cumulative secretion (Fig. 11b)
is entirely attributable to the increased quantal size.

Our data are in good agreement and give a rationale to
previously reported findings on the action of cAMP and
rolipram. cAMP increases the size of the RRP by 75% and
nearly doubles the membrane area of unitary vesicles in
RCCs [5], while it increases the quantal size by 38% in
RCCs [59] and by 50% in BCCs ([33]; in this work, cAMP
was raised by applying forskolin). Rolipram has been tested
only in BCCs and causes a quantal content increase of 25%
[33]. Our data are also in excellent agreement with recent
observations showing that an increase in quantal size in
BCCs is usually associated with a proportional increase in
vesicle membrane area [20]. In other words, vesicles
undergo swelling or shrinking in response to changes in
transmitter content in order to preserve the intravesicular
concentration of transmitter. This is an interesting mecha-
nism of “membrane dynamics” that applies also to vesicles
of other neuroendocrine cells and presynaptic terminals
[49]. Concerning the possible mechanisms by which cAMP
or rolipram can increase the quantal size and vesicle
membrane area in RCCs, there are various possibilities
(see [20, 33, 49]). Those most likely are linked to actions
that increase the transport rate of neurotransmitter inside the
vesicle, but our present analysis does not allow any
reasonable discrimination among them.

The functional role of PDE4 in MCCs

In chromaffin cells, different pools of compartmentalized
cAMP control a variety of processes, including CREB-
mediated protein synthesis [53], vesicle recruitment and
fusion [42], catecholamine secretion [5], ion channel gating
[3], and ion channel recruitment [18, 46]. Thus, cAMP
represents a clear example of how a single messenger
regulates multiple transduction pathways. All these pro-
cesses require specific stimuli, which elevate cAMP from
low basal levels. Under these conditions, the basal
hydrolysis of cAMP mediated by PDE4 is crucial for
triggering cAMP signaling, which regulate specific cellular
functions. This holds true also for the cAMP-sensitive
LTCC modulation [3, 7, 9] and catecholamine secretion [5].
As LTCCs are shown to control the spontaneous firing
discharge, the hydrolyzing action of PDE4 appears critical
for the control of basal MCCs electrical activity. If cAMP
rises in an uncontrolled manner inside the cell, the
increased firing frequency and catecholamine release [65]
may trigger an autocrine feedback loop that lead to an
undesired cell overstimulation. The increased release of
catecholamines may in fact boost cAMP levels through the

@ Springer

activation of (3;-AR and drive the cells to a progressively
increasing firing frequency. PDE4 activity thus works as a
“brake” for cell excitability, allowing chromaffin cells to
fire and release catecholamines regularly during resting
activity even when cAMP is moderately produced by
various stimuli.
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