
Nitric oxide (NO) is a highly diffusible and reactive free

radical (Ignarro et al. 1987; Palmer et al. 1987), recognized

as a key intercellular messenger in central and peripheral

neurons. NO is involved in synaptic plasticity phenomena,

such as long-term potentiation and long-term depression

(Shuman & Madison, 1994), and in the modulation of

sensory transmission (Haley et al. 1992), including

modulation of acoustic and proprioceptive signals (Grassi

et al. 1995; Azzena et al. 2000).

NO effectively also modulates the activity of neuro-

endocrine cells. In bovine chromaffin cells, NO production

can be induced autocrinally (Oset-Gasque et al. 1994;

Schwarz et al. 1998) or paracrinally by both the afferent

nerves (Dun et al. 1993) and surrounding endothelial cells

(Torres et al. 1994). When either applied directly or

produced by NO donors, NO affects the release of

catecholamines in a distinct manner depending on cell

stimulation. NO increases the basal secretion of catechol-

amines (O’Sullivan & Burgoygne, 1990; Oset-Gasque et al.
1994), while inhibiting the exocytosis evoked by high doses

of ACh (Oset-Gasque et al. 1994; Rodriguez-Pascual et al.
1996; Nagayama et al. 1998), sustained KCl depolarizations

(Rodriguez-Pascual et al. 1996) or application of Ba2+ ions

(Machado et al. 2000). The origins of the reduced release

during strong stimuli are still unclear, although there is

evidence for a cGMP-mediated inhibition of P/Q-type

Ca2+ currents (Rodriguez-Pascual et al. 1994) and a drastic

slow-down of the emptying of granules (Machado et al.
2000). Since Ca2+ is crucial for NO synthase activation and

consequent NO production (Bredt & Snyder, 1990), the

negative control of NO on voltage-gated Ca2+ channels

could represent an effective autocrine mechanism to limit

the rate of Ca2+ entry and catecholamine release during

sustained adrenal gland stimulation (Schwarz et al. 1998).
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Nitric oxide (NO) regulates the release of catecholamines from the adrenal medulla but the

molecular targets of its action are not yet well identified. Here we show that the NO donor sodium

nitroprusside (SNP, 200 µM) causes a marked depression of the single CaV1 L-channel activity in

cell-attached patches of bovine chromaffin cells. SNP action was complete within 3–5 min of cell

superfusion. In multichannel patches the open probability (NPo) decreased by ~60 % between 0 and

+20 mV. Averaged currents over a number of traces were proportionally reduced and showed no

drastic changes to their time course. In single-channel patches the open probability (Po) at +10 mV

decreased by the same amount as that of multichannel patches (~61 %). Such a reduction was

mainly associated with an increased probability of null sweeps and a prolongation of mean shut

times, while first latency, mean open time and single-channel conductance were not significantly

affected. Addition of the NO scavenger carboxy-PTIO or cell treatment with the guanylate cyclase

inhibitor ODQ prevented the SNP-induced inhibition. 8-Bromo-cyclicGMP (8-Br-cGMP; 400 µM)

mimicked the action of the NO donor and the protein kinase G blocker KT-5823 prevented this

effect. The depressive action of SNP was preserved after blocking the cAMP-dependent up-

regulatory pathway with the protein kinase A inhibitor H89. Similarly, the inhibitory action of

8-Br-cGMP proceeded regardless of the elevation of cAMP levels, suggesting that cGMP/PKG and

cAMP/PKA act independently on L-channel gating. The inhibitory action of 8-Br-cGMP was also

independent of the G protein-induced inhibition of L-channels mediated by purinergic and

opiodergic autoreceptors. Since Ca2+ channels contribute critically to both the local production of

NO and catecholamine release, the NO/PKG-mediated inhibition of neuroendocrine L-channels

described here may represent an important autocrine signalling mechanism for controlling the rate

of neurotransmitter release from adrenal glands.
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The inhibitory action of NO on voltage-gated Ca2+ channels

is well documented, although the mechanism of action is

not yet well identified. This is due to the complexity of

the system and to a number of unresolved controversial

results. In rat pinealocytes, NO inhibits the whole-cell

L-type currents via a cGMP-dependent mechanism (Chik

et al. 1995), while in glomus cells of rabbit carotid body the

specific action of NO on L-channels is direct and cGMP

independent (Summers et al. 1999). In rat insulinoma

RINm5F cells NO and 8-bromo-cyclicGMP (8-Br-cGMP)

are very effective in inhibiting both L- and non-L-type

channels (Grassi et al. 1999). NO and 8-Br-cGMP are also

effective in inhibiting cardiac and smooth muscle L-type

channels, but the action seems to proceed through three

different mechanisms in a rather contradictory manner

(Tohse & Sperelakis, 1991; Han et al. 1994; Hu et al. 1997;

Tewari & Simard, 1997; Gallo et al. 1998; Jiang et al. 2000).

Early studies on cardiac L-channels suggest that the

inhibitory effect of NO/cGMP derives from the activation

of a cGMP-dependent phosphodiesterase (PDE), which

lowers the level of cAMP/protein kinase A (PKA) and the

corresponding L-channel activity (Méry et al. 1993; Han et
al. 1994). In contrast, other reports suggest that 8-Br-cGMP

inhibits cardiac L-channel activity via a protein kinase G

(PKG)-mediated phosphorylation regardless of the

cAMP/PKA pathway (Tohse & Sperelakis, 1991; Jiang et al.
2000), or that NO directly inhibits the cardiac L-channels

expressed in heterologous systems independently of cGMP

and cAMP (Hu et al. 1997).

Since the neuroendocrine L-channel plays a critical role in

the control of catecholamine release (García et al. 1984) and

NO preferentially acts on this channel type, we considered

it of interest to study the molecular mechanisms that form

the basis of neuroendocrine L-channel gating modulation

by NO. Given the existence of multiple modulatory

pathways, we also examined the possible cross-talk between

the NO/PKG-mediated signalling and both the autocrine

G-protein-induced inhibition and the cAMP/PKA-

mediated potentiation, which all markedly affect neuro-

endocrine L-channel gating (Carabelli et al. 2001). As

before, we followed the single-channel approach with the

dual purpose of studying the NO/PKG signalling pathway

in an intact intracellular environment and to gain further

information about the effects of NO at the unitary

L-current level. Data on the action of NO on single

L-channels are quite limited and incomplete (Tohse &

Sperelakis, 1991; Tewari & Simard, 1997), although essential

for clarifying a number of controversial issues about

the molecular mechanisms controlling the NO-induced

inhibition of L-channels in various tissues (Han et al. 1994;

Hu et al. 1997; Gallo et al. 1998; Jiang et al. 2000).

Here, we show for the first time that the NO/PKG

signalling pathway inhibits the single L-channel activity in

bovine chromaffin cells by driving the channel into a

gating mode of low probability of opening regardless of the

level of available cAMP and activated Gi/Go proteins. This

action widens the possibility of modulating neuroendocrine

L-channels, which also experience up- and down-regulation

by locally activated Gi/Go proteins or remotely stimulated

cAMP/PKA signalling (Carbone et al. 2001), and may

furnish a rationale for an autoregulatory role of NO in

controlling Ca2+ channel activity and catecholamine

secretion in adrenal glands.

METHODS 
Cell cultures
Bovine chromaffin cells were obtained by digestion with collagenase
from adrenal glands of 6- to 18-month-old cows and successively
purified by density gradient centrifugation as previously described
(Carabelli et al. 1998). The cells were plated at a density of 105 ml_1

in plastic dishes pretreated with poly-L-ornithine (1 mg ml_1) and
laminin (5 µg ml_1 in L-15 carbonate) and maintained in an
incubator at 37 °C in a water-saturated 5 % CO2 atmosphere. The
culture medium contained: DMEM, supplemented with 10 % fetal
calf serum (GIBCO, Grand Island, NY, USA), 50 I.U. ml_1 penicillin,
50 µg ml_1 streptomycin (GIBCO), 2.5 µg ml_1 gentamicin (Sigma
Chemical Co., St Louis, MO, USA), 10 µM cytosine arabinoside
and 10 µM fluorodeoxyuridine (Sigma).

Cell-attached recordings
The activity of single L-type channels was recorded in the cell-
attached configuration of the patch-clamp technique (Hamill et
al. 1981) using an EPC-9 amplifier (HEKA Elektronik, Lambrecht,
Germany). Electrodes of 4–8 MV resistance were made from
thick borosilicate glass (Hilgenberg, Mansfield, Germany) as
previously described (Carabelli et al. 1996). The pipette-filling
control solution contained (mM): 100 BaCl2, 10 TEA-Cl, 1 MgCl2,
10 Na-Hepes, 10 µM v-conotoxin-MVIIC (v-CTx-MVIIC) and
300 nM TTX (pH adjusted to 7.3 with TEAOH). (_)-Bay K 8644
(5 µM) was always present in the pipette solution to better
resolve L-channel openings, otherwise hardly detected. In most
experiments, opioidergic and purinergic receptor antagonists
(10 µM naloxone and 100 µM suramin) were added to prevent
autocrine L-channel inhibition (Carabelli et al. 2001). In a different
set of experiments, in which the receptor-coupled G proteins
were activated, the antagonists were replaced with a mixture of
opioidergic and purinergic agonists (10 µM DAMGO, 1 µM

DPDPE and 100 µM ATP) in the pipette solution. The cell-
attached condition was achieved with the cell bathed in a Tyrode’s
solution containing (mM): 140 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2 and
10 Hepes (pH adjusted to 7.3 with NaOH). Membrane potential
was zeroed by perfusing the cell with a control solution containing
(mM): 135 KAsp, 1 MgCl2, 10 Hepes, 5 EGTA and 300 nM TTX
(pH adjusted to 7.3 with KOH). Voltages were not corrected for
the liquid junction potential, which was _16 mV between KAsp
and the pipette solution (Barry & Lynch, 1991;  Neher, 1992). In
this way we could compare our results with previously published
data (Carabelli et al. 1998, 2001).

To induce NO production we employed sodium nitroprusside
(SNP), which is one of the NO donors most widely used in the
literature. To reach maximal effects, SNP was added to the
external solution at near saturating concentration (200 µM; Grassi
et al. 1999) and illuminated with an optic fibre beam of dim light
directed onto the cells (Bates et al. 1991). The culture dish was
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replaced after each trial with SNP. This allowed each set of
recordings to be performed on cells that were not previously
challenged with the NO donor.

Current traces were acquired at 5–10 kHz and filtered at 1 kHz
with an 8-pole low-pass Bessel filter. Membrane stimulation and
data acquisition were performed using PULSE programs (HEKA
Elektronik). L-channel activity was recorded by applying 200 ms
(or 600 ms) depolarizing pulses to 0, +10 or +20 mV from
_40 mV holding potential (Vh). Consecutive depolarizations were
applied every 6 s for 7–10 min. Except for a series of experiments
in which channel activity was monitored for 20 min to check
channel rundown in control conditions, in most experiments the
data shown refer to the first 7 min of recordings. The first minute
was in control conditions and the following six during drug
application. All the experiments were performed at room
temperature (22–24 °C).

Data analysis
Data analysis was performed using TAC and TACFIT software
(version 3.04; Bruxton Corporation, Seattle, WA, USA). Fast
capacitative transients were minimized on-line by the patch-
clamp analogue compensation. Uncompensated capacitative
currents were corrected by averaging sweeps with no channel
activity (nulls) and subtracting them from each active sweep.
Event detection was performed with the 50 % threshold detection
method, with each transition visually inspected before being
accepted.

Most of the present data derive from patches containing two or,
less frequently, three channels. They refer to the experiments in
which the channel activity in control conditions was compared to
that during the application of specific compounds on the same
patch (SNP, carboxy-PTIO, 8-Br-cGMP). Under these conditions,
there was no strict requirement to limit our analysis to patches
containing only one channel, so the NPo was calculated by adding
the time duration of single, double and even triple openings and
dividing the sum by the duration of the analysed time interval
(Lambert & Feltz, 1995). NPo was evaluated sweep by sweep,
excluding the first and the last closure. Null traces were included
in the calculation of mean NPo for both controls and drug
application. This was suggested by the fact that the percentage of
nulls significantly increased during cell perfusion with NO donors
and PKG activators and thus the NPo reduction with time could be
better evaluated (see Fig. 2B).

Patches containing unitary openings (n = 9) were identified
following the criteria previously described (Carabelli et al. 1996,
2001) and were used to calculate the mean open time, the mean
closed time and the single-channel open probability (Po) at a fixed
potential (+10 mV; Fig. 3). As for NPo, Po was evaluated by
excluding the first and last closure and mean open probability was
calculated including null sweeps. This furnished lower values of
mean Po than those previously reported, in which null sweeps were
not included (Carabelli et al. 2001). The inclusion of nulls was
required for studying time-dependent reductions of mean Po and
did not alter the final interpretation of the data. To better resolve
the longest closed time component (Fig. 3C), in five patches the
depolarizing pulse was prolonged to 600 ms.

Open time and closed time histograms were plotted on square
root–log coordinates and constructed as previously described
(Carabelli et al. 2001). Data were not corrected for missed events
and distributions of open and closed times were fitted by the sum
of decaying exponentials. To increase the number of events of the

open time distributions, unitary data events were also pooled
from patches containing two channels. In these patches, single-
channel openings were frequent and usually occurred at the end of
the depolarizing pulse, where the degree of channel inactivation
was sufficiently high to favour the occurrence of single events. The
mean amplitude of the unitary current was determined by fitting
the amplitude histograms with a Gaussian distribution. The
unitary conductance was evaluated by linear regression of the
mean unitary currents at 0, +10 and +20 mV.

Data are presented as means ± S.E.M. for number of patches (n).
Statistical significance was calculated using Student’s paired t test
and P values less than 0.05 were considered significant. The statistical
significance of open probability (NPo) changes during drug
application was assessed by ANOVA for repeated measurements.

Drugs and solutions
(_)-Bay K 8644, ATP, naloxone, suramin, SNP, 8-bromo-
guanosine 3‚,5‚-cyclic monophosphate sodium salt (8-Br-cGMP),
8-(4-chlorophenylthio)-cAMP (8-CPT-cAMP), [D-Pen2-Pen5]-
enkephalin (DPDPE) and [D-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin
(DAMGO) were purchased from Sigma. 2-(4-Carboxyphenyl)-
4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide potassium salt
(carboxy-PTIO) was obtained from Affiniti Research Products Ltd
(Mamhead, UK) and 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-
one (ODQ) from Alexis Corporation (Läufelfingen, Switzerland).
H89 and KT-5823 were purchased from CN Biosciences Inc.
(Darmstadt, Germany). v-CTx-MVIIC was obtained from Tocris
Cookson (Bristol, UK).

RESULTS 
SNP inhibits L-channel activity in multichannel
recordings
Single L-channel activity can be resolved in cell-attached

patches of bovine chromaffin cells using step depolarizations

to +10 mV from _40 mV (Vh) and pipette solutions

containing 100 mM BaCl2, 5 µM Bay K 8644 and 10 µMv-CTx-MVIIC (Carabelli et al. 1998, 2001). Under these

conditions, single L-channel currents have a mean

amplitude of _1.24 pA and mean open time of ~4 ms,

which make them easily distinguishable from the brief

openings of N- and P/Q-channels observed occasionally in

some patches (mean open time ~0.6 ms). Despite these

advantages, the activity of L-channels in chromaffin cells is

usually inhibited in control conditions, due to the presence

of endogenous neurotransmitters (ATP and opioids)

directly released inside the recording pipette (Carabelli et
al. 2001). This autocrine inhibition is mediated by PTX-

sensitive G proteins and switches the channel into a low-Po

mode in which the open probability is reduced by about a

factor of two. To prevent this, except where otherwise

indicated, all the experiments were performed in the

presence of purinergic and opioidergic receptor antagonists

(100 µM suramin and 10 µM naloxone) in the patch pipette,

to keep the autoreceptor-coupled G proteins inactive. This

caused a scaling-up of reconstituted averaged currents

without changing channel activation and inactivation.

Under these control conditions the L-channel activity

could persist unaltered for 10–20 min (n = 5), without
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showing signs of channel rundown. The time course of the

open probability recorded from a representative control

patch is shown in Fig. 1D.

The action of SNP was tested using the protocol illustrated

in Fig. 1. L-channel activity was evoked every 6 s with

pulses of 200 ms to +10 mV. After 1 min in control

conditions (10 traces) the cell was continuously exposed to

200 µM SNP and the activity of available channels was

tested with the same frequency for a period of 6 min. In

most of the experiments we focused on two parameters:

the open channel probability in multichannel patches

(indicated as NPo) and the time course of the averaged

currents calculated after the second minute of SNP

application, when the activity of L-channels was visibly

lowered. In multichannel recordings, NPo ranged from

0.30 to 0.95 but significantly decreased after the second

minute of SNP application (ranging from 0 to 0.4 in most

traces; Fig. 1A and B). The SNP-induced decrease of NPo

appeared with a delay of 1–2 min and reached maximal

effects usually between the third and the fifth minute of

SNP application. Compared to control traces, the averaged

current in the presence of SNP was scaled down, i.e. of

smaller size but similar time course. The same thing

occurred if the mean currents were obtained by averaging
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Figure 1. The NO donor SNP markedly inhibits the single L-channel activity in bovine
chromaffin cells
A, representative traces of L-channel activity, recorded in a cell-attached patch containing more than one
channel under control conditions (left) and during exposure to 200 µM SNP (right). v-CTx-MVIIC (10 µM),
Bay K 8644 (5 µM) and a mixture of purinergic and opioidergic receptor antagonists (100 µM suramin, 10 µM

naloxone) were present in the pipette solution. Bottom traces are averaged currents calculated over 10
(control) and 40 sweeps (SNP) from the same patch. B, NPo versus time before (4) and during SNP exposure
(5). Horizontal segments indicate the selected traces shown in A. C, averaged currents obtained from
13 patches, taking 10 traces in control and 40 traces from the third to the sixth minute of SNP application
from each individual patch. D, NPo versus time for a representative control cell. Channel activity was tested
for rundown for 18 min.



the traces of 13 patches in control conditions and from the

third to the sixth minute of SNP addition (Fig. 1C). The

half-time-to-peak (tÎ) was 11 ms in control conditions

and 9.5 ms with SNP and the percentage of inactivation

calculated over the last 30 ms of the recordings was 26 % in

control conditions and 34 % with SNP. Similar mean

values were obtained from the averaged currents of each

individual patch; the mean tÎ was 10.7 ± 0.9 (control) and

9.1 ± 2.8 ms (SNP) and mean percentage of inactivation

was 28.5 ± 5 (control) and 35.5 ± 5 % (SNP).

The analysis of NPo performed over 13 patches showed that

mean NPo was 0.33 ± 0.05 in controls and its reduction by

SNP was statistically significant starting after the second

minute of SNP perfusion (F(4,12) = 3.49; P < 0.05; Fig. 2).

The depression of NPo was then estimated by averaging the

data collected from the third to the sixth minute of SNP

exposure. In this time interval NPo decreased to 0.13 ± 0.01,

with a 60.6 % reduction with respect to controls (P < 0.01).

After SNP removal, wash out with control solutions did

not usually produce a significant recovery of channel

activity in the following 2–3 min. This is because, with the

high SNP concentration used (200 µM), the recovery

required long periods of washing (~20 min) (Rauch et al.
1997; Tewari & Simard, 1997; Grassi et al. 1999; Lang et al.
2000).

As shown in Fig. 2, the decrease of NPo with SNP addition

was associated with a threefold increase in the number of

null sweeps (Fig. 2B), which contributed to NPo reduction,

although it was clearly not the only cause. In fact, NPo

decreased by 43.2 % even when null sweeps were excluded

from the determination of NPo (Fig. 2C). Notice that the

reduction of NPo was not limited to L-channel activity at
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Figure 2. Mean NPo and null sweeps probability versus time before and during SNP
application
Filled bars are data in control conditions obtained by averaging data collected during 1 min of recording
from 13 patches. Open bars are values during SNP application obtained at intervals of 30 s (A–C) or by
grouping all the values from the third to the sixth minute (D). In A–C, depolarizations were at +10 mV.
A shows the mean NPo calculated including the null sweeps (see Methods) and B shows the probability of null
sweeps versus time. Notice the marked decrease of NPo and the almost threefold increase of null sweeps
probability with time. C shows the values of NPo calculated by excluding the null sweeps from the analysis.
NPo decreased from 0.37 ± 0.05 to 0.21 ± 0.01 with a 43.2 % reduction with respect to controls, P < 0.05.
D shows the mean values of NPo at 0, +10 and +20 mV in control conditions and during SNP application,
with the percentage of reduction indicated below (* P < 0.05, ** P < 0.01). The difference between minimal
and maximal reduction (57.7 vs. 64.9 %) was not statistically significant (P > 0.05).



+10 mV. NPo was also comparably depressed at 0 and

+20 mV (by 57.7 and 64.9 %, respectively; Fig. 2D). The

percentage of reduction at various potentials was not

significantly different, suggesting that the inhibitory action

of SNP was insensitive to voltage in the range between 0

and +20 mV.

SNP increases the shut times and probability of null
traces in single-channel recordings
Given that SNP causes a marked diminution in NPo, the

next step was to quantify the action of the NO donor on

those parameters characterizing single L-channel activity.

As shown in Fig. 3, SNP did not cause significant changes
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Figure 3. Single L-channel parameters in control conditions and during application of SNP
A, histograms showing distribution of single L-channel amplitudes measured at +10 mV before (left) and
during exposure to 200 µM SNP (right) collected from 13 patches. The curves are best-fitted Gaussian
functions with a mean of _1.24 ± 0.07 pA in controls and _1.27 ± 0.18 pA with SNP. B, open time
distribution at +10 mV in control conditions (left) and during SNP application (right). The data were
collected from 13 patches: 4 patches with two channel openings and 9 with single channel openings (of these
latter, 4 were depolarized with pulses of 200 ms and 5 with pulses of 600 ms). The distributions were fitted
with a two-exponential function with the following time constants: tO1 = 1.9 ms (57 % of channel openings)
and tO2 = 7.1 ms (43 %) in controls, and tO1 = 1.9 ms (60 %) and tO2 = 7.5 ms (40 %) with SNP. Mean open
times (<tO>) derived from the fit are given to the top right of each distribution. C, closed time distribution at
+10 mV in control conditions (left) and during SNP application (right). The data were collected from
5 patches displaying single channel openings and depolarized with pulses of 600 ms to +10 mV. The
distributions were fitted with a three-exponential function with the following time constants: tC1 = 1.3 ms
(65 %), tC2 = 12.7 ms (32 %) and tC3 = 127 ms (3 %) in controls, and tC1 = 1.4 ms (56 %), tC2 = 12.5 ms
(32 %) and tC3 = 127 ms (12 %) with SNP. Mean closed times (<tC>) derived from the fit are given to the top
right of each distribution. D, mean unitary current amplitudes plotted versus voltage. The linear regressions
through data points have mean slope conductances of 21.3 ± 2.6 pS (control) and 21.5 ± 6.8 pS (SNP)
(n = 5–13). E and F, average tO, tC, Po and null sweeps probability in controls and with SNP obtained from the
arithmetic mean of the values calculated from patches containing a single Bay K-modified L-channel
(* P < 0.05, ** P < 0.01).



to the amplitude distribution at +10 mV. The mean

amplitude was _1.24 ± 0.07 pA in control conditions and

_1.27 ± 0.18 pA with SNP (Fig. 3A). Similarly, small

changes occurred at 0 and +20 mV, giving nearly unaltered

single-channel conductance of 21.3 ± 2.6 and 21.5 ± 6.8 pS

with and without the NO donor, respectively (Fig. 3D).

Almost no changes were also observed in the open time

distributions at +10 mV, which were fitted with two

exponentials both in control conditions and in the presence

of SNP. The fit gave the same mean tO (<tO> = 4.1 ms) in

control conditions and with SNP (Fig. 3B). Also, no

significant difference was found when the mean open

times were calculated by the arithmetic means of all the

data in control conditions and with SNP (4.7 vs. 4.5 ms,

Fig. 3E).

In nine patches containing single L-channels, SNP markedly

inhibited Po (61.2 % reduction, Fig. 3E). Such a reduction

is nearly identical to the 60.6 % decrease of NPo at +10 mV

reported above and suggests that the predominant action

of the NO donor is on L-channel gating (Po) rather than on

the number of available channels (N). Most of the effects

on Po are due to both a prolongation of mean closed times

(Fig. 3C and D) and an increase of null sweep probability

(Fig. 3F). To better resolve long closures during application

of SNP, in five patches the shut time distribution was

constructed with data collected using step depolarizations

of 600 instead of 200 ms. A fit with a three-exponential

function showed that the main effect of SNP was on the

contribution of the longest component, tC3, which increased

from 3 to 12 %, while the contribution of the other two

components, tC1 and tC2, was little affected (see Fig. 3C,

legend). Notice that the mean tC derived from the fit, <tC>,

compared well with the arithmetic means of the shut times

calculated from five patches in control conditions (8.42 vs.
9.45 ms) and in the presence of SNP (20.0 vs. 21.9 ms;

Fig. 3F), confirming that the prolongation of mean tC is

one of the primary causes of Po reduction by SNP.

Finally, we found that SNP did not alter the latency of

first openings. In the nine patches containing only single

channels, the mean first latency was 37.3 ± 6.9 ms in control

conditions and 37.4 ± 2.7 ms with SNP. Considering that

these values are partly derived from step depolarizations of
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Figure 4.  The NO scavenger carboxy-PTIO prevents the inhibitory effects of SNP
A, representative traces of L-channel activity recorded in control conditions (left) and during the
simultaneous application of 200 µM SNP and 300 µM carboxy-PTIO (right). Bottom traces are averaged
currents calculated from the same patch over 10 and 40 sweeps, respectively. B, time course of NPo during cell
exposure to both solutions. Filled bars are NPo values in control conditions and open bars are NPo values
during drug application. C, mean NPo values obtained by averaging data collected from 7 patches over 1 min
(control, 4) and 30 s periods (drug application, 5). D, normalized mean NPo with respect to control, for
cells exposed to SNP + carboxy PTIO (n = 7; 5) or carboxy PTIO alone (n = 4; %). All the patches contained
multichannel openings.



600 ms (n = 5), they appear in good agreement with

previous estimates obtained using threefold shorter pulses

(33.8 ± 1.6 ms; Carabelli et al. 2001).

NO action on neuroendocrine L-channels is
mediated by cGMP and PKG
To prove the involvement of NO production we first tested

the effects of SNP in the presence of the NO scavenger

carboxy-PTIO (300 µM), which traps the NO produced by

SNP breakdown but induces no significant changes in NPo

when applied alone (n = 5, Fig. 4D). As shown in Fig. 4A
and B, in the presence of carboxy-PTIO, SNP failed to

notably change L-channel activity in multichannel patches.

On average, in seven patches there was no significant

decrease in NPo at +10 mV from the third to the sixth

minute of drug addition (Fig. 4C and D). Mean currents

with and without the drugs were of comparable size

(bottom traces in Fig. 4A). Carboxy-PTIO alone also had

no significant effects on mean NPo (% in Fig. 4D).

The next step was to check whether NO effects on

L-channels were mediated by an increase in the intra-

cellular levels of cGMP. To verify this hypothesis, SNP was

applied after blocking guanylate cyclase activity with the

selective inhibitor ODQ (Garthwaite et al. 1995). To

ensure an effective action of the inhibitor, cells were

pretreated for 15 min with 10 µM ODQ dissolved in

Tyrode solution and then checked for the effects of the NO

donor. As shown in Fig. 5, ODQ alone and ODQ plus SNP

failed to significantly change NPo. The averaged currents

had comparable amplitude and similar time course to

controls. On average, NPo was 0.34 ± 0.14 in control

conditions and 0.33 ± 0.04 with SNP (n = 6). Thus,

blockade of guanylate cyclase activity prevented the

inhibitory effects of SNP, suggesting that the action of NO

is probably mediated by an increase in the intracellular

levels of cGMP. To prove the existence of a cGMP-

mediated mechanism, we also tested whether the

membrane-permeable analogue, 8-Br-cGMP, was able to

depress L-channel gating as well as SNP. As reported in

various cell preparations, 8-Br-cGMP starts having effects

on Ca2+ currents above 300 µM (Grassi et al. 1999; Tohse &

Sperelakis, 1991). We therefore checked whether 400 µM
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Figure 5. The guanylate cyclase inhibitor ODQ prevents SNP action
A, during simultaneous application of SNP (200 µM) and ODQ (10 µM; right), L-channel activity is not
significantly different from that in the presence of ODQ alone (left). Bottom traces are averaged currents
from the same patch over 10 and 40 sweeps, respectively. Notice the close similarities between the two traces.
B, NPo values versus time calculated from the same patch shown in A. Horizontal segments indicate the
representative traces shown in A. C, mean NPo obtained by averaging data from 5 patches over 1 min
(control + ODQ, 4) and 30 s periods (SNP + ODQ, 5), respectively. All the patches contained
multichannel openings.



8-Br-cGMP mimicked the SNP effects and reduced NPo.

We found that the cGMP analogue reduced NPo from

0.52 ± 0.11 to 0.20 ± 0.03 (61.5 % reduction, n = 5,

P < 0.05), in good agreement with the SNP-induced

inhibition. The reduction of NPo was statistically significant

starting from the third minute of drug application

(F(4,4) = 6.5, P < 0.05; Fig. 6C). Recovery from 8-Br-

cGMP-induced inhibition was not evident on a short time

scale (2–3 min), as in different experimental models

(Rauch et al. 1997).

Given that the action of NO was probably mediated by

cGMP, we next tested whether PKG was involved in this

inhibition of NPo. To verify this hypothesis, we tested the

action of 8-Br-cGMP (400 µM) in cells pretreated with the

membrane-permeable PKG inhibitor, KT-5823 (1 µM for

20 min; Grider, 1993). KT-5823 is widely recognized as a
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Figure 6. 8-Br-cGMP mimics the effects of SNP by reducing L-channel activity through a PKG-
mediated mechanism
A, cell exposure to 400 µM 8-Br-cGMP (right) reduces the probability of channel opening with respect to
controls (left). B, after incubation with the specific PKG inhibitor, KT-5823 (1 µM), 8-Br-cGMP fails to
evoke the marked reduction in NPo shown in A. Bottom traces in A and B are averaged currents obtained
from 10 (control) and 40 traces (drug) in both cases. C and D show the mean NPo values versus time obtained
from 5 patches. Filled bars in C and D are mean control values collected over 1 min; open bars are mean values
obtained by averaging data over 30 s periods during application of 8-Br-cGMP and 8-Br-cGMP + KT-5823,
respectively. The inset in C shows normalized mean NPo with respect to controls exposed to KT-5823 for
about 10 min (n = 4), pretreated with KT-5823 and then exposed to 8-Br-cGMP (n = 5), or exposed to 8-Br-
cGMP alone (n = 5). All the patches contained multichannel openings.



selective PKG inhibitor, although its specificity in platelets

and rat mesangial cells has recently been questioned

(Burkhardt et al. 2000). We found that pretreatment with

the PKG inhibitor was effective in preventing the potent

action of 8-Br-cGMP. In fact, in five cells pretreated with

KT-5823, we observed only a slight decrease in NPo, which

was not statistically significant (0.41 ± 0.03 vs. 0.48 ± 0.10

in controls, P > 0.05). We also tested the action of KT-5823

alone for about 10 min (n = 4) and found no relevant

difference in NPo with respect to untreated control cells

(Fig. 6C, inset). Thus, KT-5823 per se does not alter

L-channel gating but prevents cGMP/PKG-mediated

inhibition.

NO/cGMP action is unrelated to the intracellular
levels of PKA
Increased levels of cAMP up-regulate the activity of

normally available L-channels in bovine chromaffin cells

(Carabelli et al. 2001). In cardiac cells, NO is known to

decrease L-channel activity by lowering the levels of cAMP

through the up-regulation of a cGMP-activated phospho-

diesterase (Méry et al. 1993). Thus, any interference of NO

with the cAMP/PKA pathway would in principle produce

a reduction of L-channel activity independently of the

effect of PKG. We checked whether this could also occur in

our cell preparation by testing the effects of SNP after

having blocked the cAMP/PKA pathway by the PKA

inhibitor H89. We found that 20 min cell pretreatment

with 1 µM H89 did not alter the inhibitory action of SNP.

Indeed, the activity of available L-channels was strongly

depressed by SNP (Fig. 7A and B). NPo was markedly

reduced and so was the mean current obtained by averaging

the traces collected from the third to the sixth minute of

drug application (Fig. 7C). In five patches, the mean NPo

decrease was 59.0 % (F(4,4) = 3.6, P < 0.05). Thus, in bovine

chromaffin cells the inhibitory action of NO on L-channels

is unrelated to the cAMP/PKA pathway and can therefore

be entirely attributed to a PKG-mediated action on

channel gating.
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Figure 7. SNP preserves its action even when the PKA inhibitor H89 prevents cAMP-mediated
up-regulation of L-channel
A, L-channel activity in a chromaffin cell incubated for 20 min with 1 µM H89 (left) is effectively inhibited by
exposure to SNP (200 µM; right). Bottom traces are averaged currents obtained from 10 (control + H89) and
40 traces (SNP + H89) of the same patch. Notice the strong depression induced by SNP, which is comparable
to that of Fig. 1. B and C show the time course of NPo and mean NPo derived from 6 patches following the
same protocols as in Fig. 5. Horizontal segments in B indicate the representative traces shown in A. All the
patches contained multichannel openings.



cGMP-mediated inhibition is independent of other
L-channel modulations
The L-channel of bovine chromaffin cells possesses two

distinct modulatory pathways of channel gating: a direct

PTX-sensitive G protein down-modulation and a remote

PKA-mediated up-regulation (Carabelli et al. 2001; Carbone

et al. 2001). We therefore checked whether these modulatory

pathways could interfere with the presently described NO-

mediated inhibition, by testing whether PKG activation by

8-Br-cGMP was still effective when either one of the two

modulations was active. Figure 8 shows that in both cases

the PKG-mediated inhibition proceeded independently of

the activity of the other pathway. In the case of G protein

activation, with the recording pipette containing ATP

(100 µM) and µ/d-opioid receptor agonists (10 µM DAMGO

and 1 µM DPDPE), the addition of 400 µM 8-Br-cGMP

markedly inhibited L-channel activity after about 3 min of

application. There was a clear prolongation of closed times
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Figure 8. 8-Br-cGMP inhibits L-channel activity regardless of the down- and up-modulation
induced by Gi/Go proteins and cAMP
A, L-channel activity recorded in the presence of purinergic and opioidergic receptor agonists (100 µM ATP,
10 µM DAMGO and 1 µM DPDPE) in the patch pipette (left) is inhibited by cell exposure to 400 µM 8-Br-
cGMP (right). Averaged currents from 10 traces in the presence of agonists alone and 40 traces in the
presence of agonists + 8-Br-cGMP are shown at the bottom. B shows the averaged currents and the NPo

values derived from the data of 6 patches. NPo with the agonists was 0.25 ± 0.04 (4) and decreased to
0.10 ± 0.03 (* P < 0.02) with 8-Br-cGMP (5). C, L-channel activity recorded from a chromaffin cell
incubated for 30 min with 8-CPT-cAMP (1 mM) (left) in which a single L-channel displayed high-Po activity.
Addition of 400 µM 8-Br-cGMP (right) produced a marked inhibition, which started to become significant
from the third minute of application. The selected traces to the right were recorded between the third and
sixth minute of drug application. Bottom traces are averaged currents obtained from 10 (cAMP) and
40 traces (cAMP + 8-Br-cGMP; right). Notice their larger amplitude with respect to those in A. D shows the
averaged currents and the NPo values derived from 4 patches. NPo with 8-CPT-cAMP was 0.45 ± 0.08 (4)
and decreased to 0.19 ± 0.04 (* P < 0.05) with 8-Br-cGMP (5). All the patches contained multichannel
openings.



and a robust depression of averaged currents obtained from

one patch (Fig. 8A) or six patches (Fig. 8B) in the presence

of 8-Br-cGMP. On average, NPo was low in patches

containing only the agonists (0.25 ± 0.04) and decreased

to 0.1 ± 0.03 after addition of 8-Br-cGMP (Fig. 8B). The

same thing occurred in patches pretreated with the

membrane-permeable cAMP analogue, 8-CPT-cAMP

(1 mM), which significantly increases the activity of

L-channels (Fig. 8C). Addition of 8-Br-cGMP produced a

marked increase of channel closed times and a net decrease

of the averaged currents derived from one patch (Fig. 8C)

or four patches (Fig. 8D). NPo was high in the presence of

1 mM 8-CPT-cAMP (0.45 ± 0.08) and was nearly halved

after 3 min of exposure to 8-Br-cGMP (0.19 ± 0.04).

DISCUSSION 
We have provided evidence for the existence of an

inhibitory action of NO donors on single L-channel gating

of bovine chromaffin cells, through the activation of a

cGMP/PKG pathway. The action requires 3–5 min to

complete and produces a marked lowering of L-channel

activity; the channel opens less frequently and stays more

closed than normal. There are no appreciable changes

in the lifetime of channel openings, the single-channel

conductance and the latency of first openings, suggesting

that PKG modifies the gating machinery without altering

channel activation and ion permeation. The inhibition of

L-channel gating by NO proceeds regardless of other

modulatory pathways (cAMP/PKA and G proteins), thus

uncovering a possible novel site for channel phosphorylation

distinct from others, which may help the understanding of

the structure and function of different L-channel isoforms,

but whose existence still needs to be proved (see Dolphin,

1998; Jiang et al. 2000; Carbone et al. 2001).

The molecular components of NO action on
L-channel gating
Qualitatively, our results compare well with those reported

in different neuronal and neuroendocrine cells, in which

the NO donors induce a scaling down of the whole-cell

Ca2+ currents without altering the activation–inactivation

time course (Chik et al. 1995; Grassi et al. 1999; Summers

et al. 1999). Except for the case of sympathetic neurons

(Chen & Schofield, 1995), retinal ganglion cells (Hirooka

et al. 2000) and rod photoreceptors (Kurenny et al. 1994),

in which NO is shown to produce a modest scaling-up of

N-type Ca2+ currents, there is a general agreement that NO

donors produce a robust reduction of Ca2+ currents.

There seem to be three distinct pathways by which NO can

reduce Ca2+ channel activity. First, NO may interact directly

with neuronal and cardiac L-channels by S-nitrosylation

of the channel protein (Hu et al. 1997; Summers et al.
1999), in a way similar to that reported for Na+, K+ and

NMDA channels (Bolotina et al. 1994; Aizenman et al.
1998; Li et al. 1998; Choi et al. 2000). This action usually

occurs more quickly than in the case of indirect effects and

proceeds regardless of the levels of cGMP.

Second, NO interferes with Ca2+ channel activity through

the activation of a cytosolic guanylate cyclase and subsequent

elevation of cGMP/PKG levels. A PKG-mediated inhibition

of L-channel activity has been reported in chick cardiac

cells (Tohse & Sperelakis, 1991), guinea-pig smooth

muscle cells (Tewari & Simard, 1997) and rat pinealocytes

(Chik et al. 1995). A cGMP/PKG-mediated inhibition also

occurs on the gating of cloned rabbit L-channels expressed

in oocytes (Jiang et al. 2000) and it might be also

implicated in the cGMP-mediated reduction of high-

threshold Ca2+ currents of rat dorsal root ganglion cells

(Kim et al. 2000). Our data fit this mechanism nicely. The

inhibitory effects of SNP are mimicked by 8-Br-cGMP

and prevented by both the NO scavenger (carboxy-PTIO)

and the selective inhibitors of guanylate cyclase (ODQ)

and protein kinase G (KT-5823).

Third, NO inhibits L-channels through the activation of

cGMP-dependent cAMP-phosphodiesterases (PDE), which

lowers the levels of cAMP and reverses the cAMP-mediated

up-regulation of L-channel activity (Méry et al. 1993). This

action is typical of cardiac L-type channels (Wahler &

Dollinger, 1995) and is clearly distinct from the PKG-

mediated inhibition of the same channel proposed by

other authors (Tohse & Sperelakis, 1991; Jiang et al. 2000).

Given this, we thought it of primary interest to verify

whether the two above-mentioned mechanisms (i.e. PKG-

and PDE-mediated channel inhibitions) could coexist and

interact in neuroendocrine L-channels of chromaffin cells.

We found that, at variance with the cardiac L-channel, the

cAMP/PKA signalling does not interfere with the NO-

induced inhibition of L-channels. In our experimental

model, the action of SNP does not require high levels of

cAMP to proceed, as in cardiac cells (Méry et al. 1993). In

fact, the NO-induced inhibition occurs in control cells in

which the basal level of cAMP is usually low (Carabelli et
al. 2001) and is fully preserved in cells in which the cAMP-

PKA pathway is blocked by the PKA inhibitor H89 (Fig. 7).

Thus, at variance with cardiac L-channels, all the data point

to a PKG-mediated inhibition of the neuroendocrine

L-channel of bovine chromaffin cells. Along this line, it is

also interesting to notice that, while in cardiac myocytes the

endogenous levels of cGMP are sufficient to down-regulate

the amplitude of L-type Ca2+ currents through the activation

of a cAMP-PDE (Gallo et al. 1998), in bovine chromaffin

cells the basal levels of endogenous NO are insufficient to

affect L-channel activity through the cGMP/PKG pathway.

In fact, in the presence of the NO scavenger (carboxy-

PTIO) and the guanylate cyclase inhibitor (ODQ) the

L-channel activity is not significantly different from

control values (Figs 4 and 5). This implies that, in our

experimental conditions, the levels of endogenous NO are

low, probably because of the absence of physiological
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stimuli (e.g. an increase in Ca2+ influx) required to activate

local NO synthase.

PKG action on single L-channel parameters
Given that the neuroendocrine L-channels of bovine

chromaffin cells are down-modulated by a cGMP/PKG-

mediated mechanism, the next issue was to identify the

single-channel parameters modified by this action. We

found that the depressive effect of PKG-phosphorylation

is voltage independent between 0 and +20 mV. The action

is due to both an increased contribution of the slow

component of closed times and increased probability of

null sweeps, while mean open times, single-channel

conductance and first latencies are practically unchanged.

In other words, PKG-phosphorylation switches the channel

into a low-Po gating mode with a reduced number of

openings but of otherwise similar lifetime and activation

kinetics. Notice that the increased contribution of the

slowest closed time component with no change of the time

constant (tC3 = 127 ms) by NO is able to produce increased

mean closed times (decreased Po) with no changes to the

mean first latency, whose probability distribution function

depends only on the values of the time constants of closed

times distribution (Colquhoun & Hawkes, 1981). The

increased number of nulls, however, implies that the PKG-

modified channel is likely to enter a closed state which may

last for several seconds, as shown by the repeated nulls

often observed in SNP-treated patches.

The above effects are more or less the opposite of PKA-

phosphorylation, which switches cardiac (Hess et al.
1984), neuronal (Kavalali et al. 1997) and neuroendocrine

L-channels (Carabelli et al. 2001) into a gating mode of

high Po characterized by an increased frequency of channel

openings and greater open channel lifetimes. The PKG

effects reported here are in qualitative agreement with the

only two studies available on single L-channels of cardiac

and smooth muscle cells, in which SNP and 8-Br-cGMP

are shown to prolong the slow component of closed times

(Tohse & Sperelakis, 1991) and reduce the availability of

functioning channels (Tewari & Simard, 1997). At variance

with these reports, our data point to a voltage-independent

inhibitory action of PKG on L-channel gating (Po) due to

an increased contribution (not a prolongation) of the

slowest closed times and an increased number of nulls.

Our data exclude the possibility of a reduced L-channel

availability (N). We observed practically the same degree

of NO-induced depression in multichannel and single-

channel patches (60.6 vs. 61.2 %; Figs 2A and 3E). Assuming

a homogeneous population of L-channels, a dual effect of

NO on both Po and N would be expected to produce a

much greater inhibition in multichannel patches.

Our findings represent the only data available on the effects

of cGMP/PKG on single neuroendocrine L-channels. So

far, there are no comparable reports about the effects of

NO on single neuronal and neuroendocrine L-channels.

In our experience, however, SNP exerts qualitatively

similar effects on the single L-channel of insulin-secreting

RINm5F cells (C. Grassi, M. D’Ascenzo & G. B. Azzena,

unpublished results), suggesting that the action reported

here may be valid in general for different types of

neuroendocrine L-channels. Future studies on neuronal

cell preparations are thus required to confirm the present

findings, which may be helpful for clarifying the role of NO

in the control of neuronal excitability.

Site of action of PKG and cross-talk with other
L-channel modulations
The voltage-independent inhibition of neuroendocrine

L-channel gating induced by PKG is indicative of a

modulatory effect, which is independent of the probability

of the channel to be open. Very likely, channel inhibition

by PKG occurs while the channel is closed at rest and

persists at various membrane potentials, introducing no

obvious delay of channel openings and changes to the

open channel lifetime. This action is impressively similar

to the voltage-independent inhibition induced by

PTX-sensitive G proteins recently observed on the same

L-channel (Carabelli et al. 2001). Activation of Gi/Go protein

subunits by either exogenous application or endogenous

release of opioids and ATP causes a marked decrease of Po,

mainly due to increased closed times and null sweeps. We

found this similarity very interesting for understanding

the functioning of L-channel gating and thought it

worthwhile to test whether the two signalling pathways

acted at distinct or closely related binding sites. As shown

in Fig. 8A, the effects of the two inhibitors were additive.

8-Br-cGMP was able to halve the NPo in patches in which

the G proteins were activated by the presence of purinergic

and opiodergic receptor agonists in the pipette. A reason

for this is that the Gi/Go protein subunits (most likely bg)

bind at a channel region well separated from the site of

action of PKG, which for the cardiac a1C subunit is located

at position Ser533 in the I–II cytoplasmic linker (Jiang et al.
2000). This is in agreement with the idea that there are no

apparent consensus sequences for Gbg subunits in the

I–II cytoplasmic linker on both the a1C and a1D L-channel

isoforms (Bell et al. 2001). In this case, the alternative is

that Gbg binds at the C-terminal of L-channels, where the

site of cAMP phosphorylation is likely to coexist (at Ser1928

in rabbit a1C subunit; Gao et al. 1997). This would be in

agreement with two main observations: (1) PKG and PKA

act in parallel on L-channel gatings (Tewari & Simard,

1997; see also Fig. 8); and (2) cAMP prevents the action of

G protein subunits (Carabelli et al. 2001). However, since

there are not yet clear indications of which G protein subunits

are involved in neuroendocrine L-channel inhibition, we

cannot exclude the possibility that PKG and G protein

subunits act on the same channel region (I–II cytoplasmic

linker) which, at the moment, appears to be a critical site

for controlling Ca2+ channel activation (Dolphin, 1998).
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Relevance of L-channel modulation by NO to
catecholamine release
The effect of L-channel block by NO-mediated activation

of PKG is expected to be relevant in those cells in which

neuroendocrine L-channels play a critical role in the

regulation of cell activity. L-channels contribute to a

variable fraction of the total current (20–50 %) and are

shown to be determinant in the control of catecholamine

release during nicotinic receptor activation in feline

(Lopez et al. 1994), bovine (Lomax et al. 1997) and rat

chromaffin cells (Kim et al. 1995). In particular, L-channel

activation dominates the nicotinic induced release of

catecholamines from rat adrenal glands and the role

played by these channels is greater in the secretion of

noradrenaline than in that of adrenaline (Nagayama et al.
1999). Thus, the presently described inhibitory action of

NO on neuroendocrine L-channel activity may be crucial

to the control of catecholamine release in chromaffin cells.

Our findings are in agreement with a number of reports

showing that NO and NO donors inhibit Ca2+ entry and

the corresponding exocytosis of catecholamines evoked by

strong stimuli. In bovine chromaffin cells, NO, SNP and

8-Br-cGMP produce a marked inhibition of ACh- and

KCl-stimulated catecholamine secretion and opposite

effects on basal release (Oset-Gasque et al. 1994). The

action on ACh- and KCl-induced secretion appears linked

to a decrease of Ca2+ fluxes associated with P/Q- rather than

L-type channels (Rodriguez-Pascual et al. 1994). Notice,

however, that these data were derived from fluorescence

measurements of intracellular Ca2+ concentrations and

not from whole-cell or single-channel current recordings,

as in our case. Thus, specific inhibitory effects of NO on

L-type channels could be partly overlooked. Our data do

not exclude a NO-mediated action on P/Q-type channels,

as already reported in RINm5F cells (Grassi et al. 1999).

On the contrary, they highlight the existence of a PKG-

mediated inhibition of L-channels that might work in

concert with the cAMP-dependent up-regulation and

G protein-mediated down-modulation of the same channel

in the autocrine/paracrine control of catecholamine

release (Figs 7 and 8).

Since NO can be made available from different sources,

including the endothelial cells of closely packed capillary

vessels (Torres et al. 1994), the preganglionic sympathetic

fibres (Dun et al. 1993) and the chromaffin cells themselves

(Dun et al. 1993; Moro et al. 1993; Oset-Gasque et al.
1994), the inhibitory action of neuroendocrine L-channels

mediated by the NO/PKG signalling pathway may represent

an effective feedback system to regulate Ca2+ entry and

catecholamine secretion during massively stimulated

adrenal gland activity. However, these effects do not

account for the NO-mediated increase of catecholamine

release under basal conditions (O’Sullivan & Burgoygne,

1990; Oset-Gasque et al. 1994). A possibility, which needs

to be tested, is that the positive effects of NO on basal

release derive from an increased Ca2+ mobilization induced

via either a PKG-mediated elevation of Ca2+-mobilizing

agents (Willmott et al. 1995; Clementi et al. 1996) or direct

nitrosylation of ryanodine receptors (Stoyanovsky et al.
1997).
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