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SUMMARY
Both sodium nitroprusside (SNP), a nitric oxide (NO) generator,
and C-type natriuretic peptide (CNP) have been found to raise
cGMP levels in bovine chromaffin cells in a time- and concen-
tration-dependent manner. The effect of these compounds on
catecholamine secretion and calcium influx has also been stud-
ied, and both compounds were found to produce a slowly
developing inhibitory effect on acetylcholine- or depolarization-
stimulated catecholamine secretion and calcium increases
without affecting the spontaneous release or the basal intracel-

lular Ca2� concentration. These inhibitory effects were ob-
served only at high doses of acetylcholine or high levels of
extracellular potassium and required concentrations of SNP or
CNP very similar to those that increased cGMP levels. Prein-
cubation with 1 00 p.M zaprinast, a cGMP-phosphodiesterase
inhibitor able to increase cGMP levels, mimicked the inhibitory
effects of SNP and CNP. We investigated the effect of the
soluble guanylate cyclase inhibitor methylene blue and the
cGMP-dependent protein kinase (PKG) inhibitor 8-(4-chloro-
phenylthio)-guanosine 3’ ,5’-cyclic monophosphorothioate, Rp

isomer, on inhibition by SNP or CNP. Although methylene blue
(1 0 p.M) partially prevented the inhibitory effect of SNP, it did not
do so for that produced by CNP, thus indicating that SNP acts
through cGMP produced by the NO-activated guanylate cy-
clase. 8-(4-Chlorophenylthio)-guanosine 3’,5’-cyclic mono-
phosphorothioate, Rp isomer totally reversed both the SNP and
CNP inhibitory effects. These results suggest that the activation
of PKG mediates the inhibition induced by SNP and CNP. We
successfully measured the PKG activity from cells preincu-
bated with SNP or CNP, and our results show that this enzy-
matic activity increased with a time dependence very similar to
the increase in the cGMP levels. Our results indicate that NO
and CNP peptide inhibit secretagogue-stimulated catechol-
amine release via activation of soluble and particulate isoforms
of the guanylate cyclase, respectively, presumably by inhibition
of calcium entry through voltage-activated calcium channels.
This inhibitory effects seems to be mediated by activation of the
PKG.

The physiological function of cGMP in visual transduction
has been unequivocally demonstrated ( 1), and the role of

cGMP in relaxation of smooth muscle is rapidly being clari-

fled (2). However, in the nervous system, although several
lines of evidence suggest that cGMP might be involved in
long-term potentiation in the hippocampus and in long-term

depression in the cerebellum (3), the role of cGMP as an
intracellular messenger for neurons in mammals is not fully
understood.
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l#{244}gica(PB93-0091). FR-P. was supported by a fellowship from the Univer-
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Chromaffin cells from the adrenal medulla have many

properties in common with neurons: they originate in the

neural crest of the embryo, they function to release sub-

stances contained in the vesicles in response to specific stim-
uli, they are electrically excitable, and they are depolarizable
by acetylcholine, the neurotransmitter released by the

splachnic nerve terminals synapsing with chromaffin cells.

Acetylcholine activates receptor-associated cation channels,
which in turn leads to membrane depolarization and activa-

tion of voltage-sensitive calcium channels. Ca2� entry

through these channels triggers the exocytotic machinery to

secrete catecholamines to the extracellular medium (4). The

fact that these cells can be readily isolated in large numbers

ABBREVIATIONS: NO, nitric oxide; SNP, sodium nitroprusside; CNP, C-type natriuretic peptide; [Ca2�]�, intracellular calcium concentration;
[Ca2�]0, extracellular calcium concentration; PKG, cGMP-dependent protein kinase; DHBA, 3,4-dihydroxybenzylamine; EGTA, ethylene glycol
bis(J3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; Rp-8-pCPT-cGMPS, 8-(4-chlorophenylthio)-cyclic guanosine monophosphorothioate, Rp-
isomer; NOS, nitric oxide synthase; 8-Br-cGMP, 8-bromo-cGMP; IBMX, 3-isobutyl-1-methylxanthine; PTX, pertussis toxin; HEPES, 4-(2-

hydroxyethyl)-1 -piperazineethanesulfonic acid; HPLC, high performance liquid chromatography.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Role of cGMP-lncreasing Agents in Chromaffin Cell Function I 059

as a homogeneous cell population and maintained in culture

makes them a good alternative model with which to investi-

gate the modulation of neurosecretion by a second messenger
like cGMP. Moreover, the adrenal medulla is of particular

interest in the search for cGMP effects because of the special
anatomic architecture of the organ. The adrenal medulla is a

highly vascular endocrine organ in which chromaffin cells

are grouped around capillary vessels. Endothelial cells that

form the capillary walls can synthesize and release a wide
range of bioactive substances, including NO (5). This mole-

cule, which is generated during the conversion of L-arginine

to citrulline by NOS, is an important mediator of cellular

communication. Endothelium-derived relaxation of smooth
muscle cells is thought to be mediated mainly through the
release of NO from endothelial cells. NO possibly acts by

activating a soluble guanylate cyclase, thereby causing a rise
in intracellular cGMP (6). A functional interaction between

adrenal chromaffin cells and endothelial cells has been sug-
gested, and a NO/guanylate cyclase pathway seems to be
implicated (7). Another potential source ofNO in the adrenal

medulla that must be taken into account is the innervation of

the gland. Studies have shown that chromaffin cells into the
adrenal medulla seem to be surrounded by NOS-immunore-

active fibers (8).
Previous studies have shown that chromaffin cells possess

elements of the cGMP signaling system. First, cytosolic NO

synthase activity has been described in the adrenal medulla;

thus, chromaffin cells constitute not only receptor but also

producer cells of NO (9-11). The two types of guanylate
cyclase have also been described in chromaffin cells: the

soluble form, which is activated by NO, and the particulate
form, which is activated by natriuretic peptide ligands that

bind to cell membrane receptors with transmembrane do-
mains that are contiguous with intracellular guanylate cy-

clase (12, 13). CNP has been reported to exist in adrenal

medullary cells and to be secreted from the cells during the

secretory response (14). Moreover, like NO, CNP is produced

in and secreted from endothelial cells (15). The most impor-

tant receptor protein for cGMP in the majority of the studied
cell types is PKG. Recently, we found PKG activity in bovine
cultured chroma.ffin cells (16).

The literature suggests a dual role for cGMP in its effect on

chromaffin cell function. cGMP has been reported to stimu-

late the catecholamine synthesis through activation of ty-
rosine hydroxylase, which catalyzes the conversion of ty-
rosine to dopa, the rate-limiting step in the synthesis (17).
Also, cGMP plays an inhibitory role in the regulation of

secretion from chromaffin cells (7, 18, 19). Recently, we

showed that the membrane-permeable cGMP analogue 8-Br-
cGMP produces an inhibition of catecholamine secretion and

a reduction of calcium influx in bovine chromaffin cells and

that these effects are mediated by activation of an endoge-
nous PKG. The mechanism for these cGMP analogue effects

seem to be a specific action on dihydropyridine-insensitive
voltage-dependent calcium channels, which are present in

chromaffin cells and actively participate in stimulus/secre-
tion coupling (16, 20).

In the present study, we demonstrated that compounds

that produce robust increases in chromaffin cGMP levels,

such as SNP-generating NO or the physiological ligand CNP,
are also able to inhibit both the acetylcholine- or depolariza-

tion-evoked catecholamine secretion and calcium influx. We

hypothesized that natriuretic ligands and NO from chromaf-
fin cells, adjacent endothelial cells, or even nerve terminals

play an important physiological role in the modulation of the
neurosecretion from the adrenal medulla and that such a role
is mediated by the cGMP signaling system.

Materials

Experimental Procedures

Culture media and heat-inactivated fetal calfserum were obtained

from GIBCO (Uxbridge, UK). Culture plates were obtained from
Costar (Cambridge, MA). Collagen A was from Biochrom KG (Berlin,
Gennany). Collagenase A (EC 3.4.24.3) from Clostridium histolyti-

cum and phenylmethylsulfonyl fluoride were purchased from Boehr-

inger Mannheim (Mannheim, Germany). Urografin was from Scher-

ing Espa#{241}a (Madrid, Spain). IBMX, SNP, acetylcholine chloride,

epinephrine and norepinephrine bitartrate salts, DHBA, methylene
blue, octanesulfonic acid, leupeptin, j3-mercaptoethanol, histamine,

and PTX from Bordetella pertussis were from Sigma Chemical Co.
(St. Louis, MO). [y-32P}ATP, [3H}cGMP, and AMP radioimmunoas-

say kits were from Amersham (Buckinghamshire, UK). Fura-2/AM

was from Molecular Probes (Eugene, OR). CNP was from Peninsula

Laboratories (Belmont, CA). 1P20-amide peptide inhibitor of protein
kinase A and forskolin from Coleus forskohlii were from Calbiochem

(San Diego, CA). Heptapeptide (RKRSRA.E) was obtained from Pro-
mega Corporation (Madison, WI). Rp-8-pCPT-cGMPS was from Bi-

olog (Bremen, Germany). Zaprinast (M&B 22,948) was kindly pro-
vided by Rh#{244}ne-Poulenc Rorer Pharmaceuticals (Dagenham, UK).

Protein was measured using the Bio-Rad protein assay from Bio-Rad

(M#{252}nchen, Germany). Inorganic salts were from Merck (Darmstadt,

Germany).

Preparation of Chromaffin Cells

Chromaffin cells were obtained after digestion of bovine adrenal

glands with collagenase in retrograde perfusion as described previ-

ously (16). Briefly, glands supplied by a local slaughterhouse were
trimmed of fat, cannulated through the adrenal vein, and washed

with Ca2�fMg��-free saline buffer containing 154 mM NaC1, 5.6 mM

KC1, 3.6 mM NaHCO3, 5 mM glucose, and 5 mM HEPES, pH 7.4.

Digestion was performed with a 0.2% collagenase plus 0.5% bovine

serum albumin solution in the above medium. After digestion, glands

were halved, soft medulla were removed, and minced and dispersed

cells were filtered through a nylon mesh. Cells were purified through

a Urografin density gradient. Of the collected cells, >90-95% were
chromaffin cells, as they were massively and clearly stained by
neutral red. Occasionally, the culture purity was lower than this

range; in this case, cells were further purified through differential

plating. Purified chromaffin cells were suspended at a density of 106

cells/ml in Dulbecco’s modified Eagle’s medium containing 10% heat-

inactivated fetal calf serum and standard antibiotics. Cells were
plated onto collagen-treated 24-well Costar cluster dishes at a den-

sity of 106 cells/well for cGMP and cAMP determinations or 5 x i0�
cells/well for cateeholamine secretion in culture medium supple-
mented with 10 �M cytosinearabinofuranoside and 10 �tM fluorode-

oxyuridine, maintained at 37#{176}in 5% CO�/95% air. These cells were
used during 3-5 days ofcell isolation. For cytosolic calcium measure-

ments and PKG determinations, cells were maintained in suspen-

sion and kept at 4#{176}.These cells were used at 2-3 days ofcell isolation.

Intracellular Cyclic Nucleotide Measurements

Cells were serum-deprived for 24 hr before cyclic nucleotide mea-
surement and then washed twice with Locke’s solution containing

140 mM NaCl, 4.4 mM KC1, 2.5 mM CaC12, 1.2 m�,i MgSO4, 1.2 mr�
KH2PO4, 4 raM NaHCO3, 5.6 mM glucose, and 10 mM HEPES, pH 7.4.

After a 30-mm preincubation at 37#{176}in Locke’s solution (plus 0.5 mr�
IBMX when used), cells were stimulated with agents in 0.5 ml of
Locke’s solution (with or without IBMX) for the indicated times.
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Incubations were terminated through aspiration of the medium and

the addition of 300 �l of 6% trichloroacetic acid. Cells were then
scraped out of the wells and centrifuged. The supernatant fraction
was neutralized with 3 M KOH and evaporated with a Speed-vac
(Savant). The samples were resuspended in 4 mM EDTA, 50 mr� Tris,

pH 7.5, and the cGMP and cAMP contents were determined in the
crude extracts with the use of commercial [3H]cGMP and [3H]cAMP
radioimmunoassay kits (11).

Catecholamine Secretion Experiments

Secretion experiments. Cultured chromaffin cells in 24-well
Costar cluster dishes at a density of 500,000 cells/dish were serum

deprived for 24 hr before the experiments. The cells were washed

twice with Locke’s solution, and after 30 mm of incubation with the

same medium, they were incubated with the compounds to test their

effect on catecholamine secretion during different experimental pe-

nods; they were then stimulated for 2 mm with acetylcholine, high
potassium solution, or Locke’s solution (basal) in a final volume of

200 �l. Secretion was terminated through the aspiration of the

medium. Catecholamines were assayed in both the supernatants and

the cells.

In the catechQlamine assay, two different methods were
used to quai�tify catecholam�nes. For fluorimetric measure-

ments, the supernatants containing the released catecholamines
were maintained at 0#{176}until the catecholamines were assayed (usu-

ally 15-30 mm ). The cellular catecholamine contents were extracted

by adding 0.3 ml of 10% acetic acid to each well; cells were then
scraped out of the wells and centrifuged. Catecholamines were as-

sayed in both supernatants (that released to the medium and intra-
cellular content) according to a trihydroxyindole fluorescence

method (21). Epinephrine was used as standard. Catecholamine
release is expressed as a percentage of the total catecholamine con-

tent (release plus content). The net secretion was obtained by sub-

tracting the number of catecholamines spontaneously released from

the number released by stimulation.
For HPLC measurements, catecholamines secreted into the me-

dium and those remaining in the cells were separated through re-
verse-phase HPLC with electrochemical detection. Aliquots of the
release media were mixed with an acidic solution to give 0.2 N

HC1O4, 0.5 mM sodium metabisulfite, and 0.45 mM EDTA and cen-
trifuged. Then, these supernatants were diluted to adjust the cate-

cholamine quantities to the detector sensitivity by using the same

solution containing DHBA as the internal standard. Catecholamine

contents were extracted by adding 0.3 ml of perchloric/bisulfite/

EDTA solution to each well; cells were scraped out of the wells and

centrifuged. As with the released amines, the supernatants were

diluted with the same solution plus DHBA. The HPLC isocratic

mobile phase consisted of 25 mM citric acid, 25 mM Na2HPO4, 5 j�M

EDTA, and 0. 12 mM octanesulfonic acid, pH 3.4 adjusted with phos-

phoric acid. at a flow rate of 1.2 mI/mm. The HPLC stationary phase
was a LC-18-DB, 15 cm X 4.6 mm, 5-sm column (Supelco, Bellefonte,

PA). Detection was performed with a Metrohm 641 VA electrochem-

ical detection set at a working potential of +0.8 V and a sensitivity
of 50 nA. Epinephrine and norepinephrine release was calculated as

a percentage of the total content of each amine.

Measurement of Cytosolic [Ca2�]

Cytosolic lCa2] was determined with the fluorescent indicator

Fura-2. The cells were washed twice with Locke’s solution, loaded
with 2.5 �M Fura-2/AM for 45 mm, and washed through centrifuga-

tion. The recordings were performed with a Perkin-Elmer LS-50

fluorimeter using 1-mi samples containing 10� cells in thermostated
and stirred cuvettes. The excitation and emission wavelengths were

set to 340 and 510 nm, respectively. When experiments were per-

formed in the absence of [Ca2 � j�, cells were resuspended in calcium-
free EGTA-based Locke’s medium calculated to give 100 nai [Ca2�i0.

At the end of each experiment, the cells were lysed and the dye

content was calibrated as described above (16). The cytosolic Ca2�

concentration ([Ca211) was derived from fluorescence traces with the

use of the equation of Grynkiewicz et al. (22).

Assays of PKG Activity

In experiments in which PKG was measured in vitro after specific

treatments in situ, suspended chromaffin cells were washed twice

with Locke’s solution and then stimulated with 100 �M SNP or 100

nM CNP at 37#{176}.Aliquots (500 �d) of chromaffin cell suspensions (-�-5

x 106 cells) were taken out at the indicated times. The cells were

harvested by centrifugation (3000 rpm for 1 mm). The supernatants
were aspirated, and the cells taken for PKG activity were rapidly

frozen by immersion of the tubes in liquid N2. Then, 200 �d of a

solution containing 10 mM potassium phosphate, 1 nni EDTA, 15 m�i
/3-mercaptoethanol, 0. 1 m�i phenylmethylsulfonyl fluoride, and 10

jLM leupeptin, pH 6.8, was added; cells were disrupted by sonication
for 10 sec with a Braun Micro-Ultrasonic Cell Disrupter, and the

suspensions were centrifuged at 13,000 rpm for 10 mm at 4#{176}.Por-

tions (30 �d) of the supernatants containing 60-70 �g of protein

(average, 67.34 ± 3.39 � of protein) were taken for kinase activity

determinations as described previously (23). Assays were carried out
in a buffer consisting of 40 mai TrisHC1, pH 7.4, 20 mM magnesium
acetate, 0.2 m�i [y-32P}ATP (200-300 cpmlpmol), 50 nM 1P20-amide

peptide inhibitor of protein kinase A, and 10 j.�g of heptapeptide

(RKRSRAE) as substrate of PKG. The reaction was initiated by the

addition of 30 �il of soluble extract and incubated for 10 mm at 30#{176}.
The reaction was terminated by pipetting an aliquot of the incuba-
tion mixture onto filter paper squares (Whatman P81 2.5 x 2.5 cm)

and washing with 75 m�M phosphoric acid (four times with 10 mu
paper). The filters were dried, and radioactivity was determined.

Analysis of Data

cGMP and cAMP experiments were performed in triplicate, and

results are expressed as pmolIlO6 cells ± standard error. The data
from the fluorimeter were interfaced to a computer to allow off-line

analysis, and the numerical values presented are mean ± standard
error of the magnitude of the calcium peak increase.

Concentration-response relationships were fitted to a sigmoidal
model of the form log-concentration versus response. When the ex-

ponential decay of �Ca2� j� toward basal level after a transient was
examined, the recovery was fitted to a monoexponential decay of first

order and the t112 values calculated from this equation. Both types of

curve-fitting were done with the program Parameter Fitter (Biosoft).

Results
SN? a�d CNP st�ong1y increase cGMP levels in bo-

vine adrenal chromaffin cells. cGMP levels in bovine

chromaffin cells were increased by both SNP and CNP. Fig. 1

shows the time course ofcGMP production in response to 100

�M SNP (Fig. 1A) or 100 nM CNP (Fig. 1B), in the absence and

presence of the nonspecific phosphodiesterase inhibitor

IBMX at a concentration of 0.5 m�i. Preincubation with

IBMX caused a 2-fold increase in the levels of cGMP in

unstimulated cells and greatly potentiated the production on

stimulation by the agents. Both SNP and CNP produced a

time-dependent cUMP increase. In the absence of IBMX,

SNP caused a continuous increase in cGMP formation for

�15 mm ofincubation, after which the levels remained high.
In the presence of IBMX, levels increased continuously, and

equilibrium was not reached within the studied experimental

times. Stimulation with CNP caused a time-dependent in-

crease in cGMP levels, reaching an equilibrium at 5 mm of

stimulation in both the presence and absence of IBMX, and

the levels were maintained high during CNP stimulation.
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SNP was a more potent stimulator of cGMP production than

CNP throughout the experimental time range.
Because the increases in the cGMP levels were greatly

potentiated by the presence of IBMX, these experimental

conditions were chosen to determine the concentration de-

pendence of the cGMP increases evoked by both SNP and
CNP. Fig. 2 shows that both compounds produced dose-de-

pendent cGMP increases. The EC50 values for SNP and CNP

obtained through measurement ofthe cGMP production at 15
mm were 18.13 ± 2.99 p.M and 25.63 ± 5.96 n�vi, respectively.

CNP and SNP produce increases in cGMP levels through
different mechanisms. CNP activates a particulate guanylate

cyclase, whereas SNP spontaneously releases NO in solution
and activates the soluble guanylate cyclase. Thirty-minute
incubations with SNP and CNP in the absence of IBMX

produced 1 1- and 5-fold increases in cGMP formation, respec-
tively. When chromaffin cells were incubated in the presence

of 100 nM CNP plus 100 p.M SNP, cGMP levels were increased

18-fold (basal, 0.976 ± 0.050; CNP, 4.774 ± 0.358; SNP,

11.277 ± 0.507; CNP plus SNP, 18.329 ± 1.361 pmol cGMP/
106 cells). The effects of SNP and CNP on cGMP production

at supramaximal concentrations were cumulative, confirm-

ing that each acts through a different mechanism.
cGMP may modulate the levels of the relative cyclic nude-

otide cAMP and produce its biological effects by modifying
the enzymatic activity of cGMP-stimulated or -inhibited cy-
clic nucleotide phosphodiesterases (24). To determine
whether this type of modulation occurs in these cells, we
examined the effect of SNP and CNP on cAMP biosynthesis

in unstimulated cells and in forskolin-stimulated chromaffin

cells. As shown in Table 1, basal cAMP levels were 7-fold

higher than cGMP levels, and treatment with SNP or CNP
did not modify the cAMP levels. Stimulation of chromaffin

Role of cGMP-Increasing Agents in Chromaffin Cell Function 1061
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Fig. 1. cGMP production induced by SNP and CNP in bovine chro-

maffin cells. Time courses of cGMP formation elicited by 100 �M SNP
(A) and 1 00 nM CNP (B) in the presence (S) and absence (0) of IBMX.
Cultured bovine chromaffin cells (1 06 cells/dish) were preincubated
with Locke’s solution with or without 0.5 m�vi IBMX at 37#{176}for 30 mm.
After preincubation, they were incubated for the indicated times with

SNP or CNP (with or without IBMX). cGMP in the cells was assayed as
described in Experimental Procedures. Experiments were performed in
triplicate, and data, expressed in pmol/1 06 cells, are mean ± standard
error from three different cellular preparations.

I�NPl (nM)

30

Fig. 2. Concentration-dependence curves for cGMP production and
inhibition of catecholamine (CA) secretion and calcium increases in-
duced by SNP (A) and CNP (B). For cGMP determinations (U), cells

were preincubated for 30 mm with 0.5 mM IBMX. After preincubation,
they were incubated for 1 5 mm with increasing concentrations of SNP
or CNP. For catecholamine secretion (#{149})and [Ca2�] (0), cells were

preincubated for 45 mm with the different concentrations of SNP or
CNP in the absence of the phosphodiesterase inhibitor and then stim-

ulated with 50 �M acetylcholine. cGMP, catecholamine secretion, and
calcium increases were measured as described in Experimental Pro-
cedures. Curves show cGMP expressed in pmol/1 06 cells, net cate-
cholamine secretion as a percentage of total content (after subtraction
of the basal release), and [Ca2�]i measurements as increases in the
calcium peaks. Experiments were performed in triplicate, and data are

mean ± standard error from two different cellular preparations.
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TABLE 1

Cyclic nucleotide accumulation in response to combined incubations with cGMP-increasing agents and forskolin
Cultured chromaffin cells were preincubated with Locke’s solution at 37#{176}for 30 mm. Then, they were incubated for 30 mm with different drugs according to the
treatment carried out, and the cAMP and cGMP levels were measured through radioimmunoassay as described in Experimental Procedures. Experiments were
performed in triplicate, and data are mean ± standard error from two different cellular preparations.

Treatment cAMP Percent of basal cGMP Percent of basal

pmoi/icP cells % pmol/1O� cells %

Basal 6.820 ± 0.330 100 0.976 ± 0.050 100

CNP100nM 6.790±0.110 99 4.774±0.358 489
SNP100�M 6.811 ±0.171 99 11.277±0.507 1155

Forskolin 10 �M 10.918 ± 0.673 160 0.988 ± 0.133 101

CNP + forskolin 11.237 ± 0.789 164 5.089 ± 0.173 521

SNP + forskolin 10.768 ± 0.118 157 10.896 ± 0.250 1116
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cells for 30 mm with 10 �M forskolin increased cAMP levels

1.6 times but did not affect the cGMP levels. Although under

our experimental conditions forskolin did not produce much
increase in cAMP content, it must be taken into account that

the results shown in Table 1 were obtained in the absence of

any phosphodiesterase inhibitor. Other authors working

with chromaffin cells have described very similar cAMP in-

creases with the use offorskolin in the absence ofIBMX (25).

Moreover, combined incubations of chromaffin cells with for-

skolin plus SNP or CNP did not alter the increases in cAMP

or cGMP elicited by each drug separately. Thus, at least in

chromaffin cells, there seems to be no mechanisms control-

ling the cAMP levels through cGMP-regulated phosphodies-

terases.

The increasing cGMP compounds, SNP and CNP,

produced inhibition of secretagogue-stimulated cate-

cholamine secretion. Incubation of chromaffin cells with

SNP or CNP did not modify the basal catecholamine secre-

tion rate (1.58 ± 0.06% in the absence of any drug, 1.46 ±

0.06% incubated with SNP, and 1.66 ± 0.18% incubated with

CNP; basal secretion released within 2 mm and is expressed

as a percentage of total content) but did significantly reduce
the secretion evoked by stimulation with the physiological
secretagogue acetylcholine. Stimulation with 50 �M acetyl-

choline for 2 mm caused a release of 8. 15 ± 0. 10% of the total

catecholamine content. The activation ofboth the soluble and
the membrane-bound guanylate cyclase by SNP and CNP in

the absence ofIBMX produced a time-dependent inhibition of

acetylcholine-stimulated catecholamine secretion, as is

shown in Fig. 3A. Preincubation with either 100 �M SNP or
100 nM CNP for 30-60 mm produced a -30% inhibition of

acetylcholine-elicited catecholamine secretion. Similar re-

sults were obtained when 30 mM KC1 was used to elicit the

secretory response (results not shown). To study whether

preincubation with SNP and CNP could be specifically affect-
ing one of the secretory cell types (i.e., adrenergic and nor-

adrenergic), both amines, epinephrine and norepinephrine,

were separated and measured by HPLC coupled to electro-
chemical detection. Both SNP and CNP were able to inhibit

both epinephrine and norepinephrine release in percentages
in very similar manners (Fig. 3B). Thus, on preincubation
with SNP and CNP, 50 jtM acetylcholine-stimulated catechol-

amine secretion, although lower than in control conditions,
presented the same epinephrine/norepinephrine ratio (-�--1.8-
2.2, showing variability among cultures).

When low doses of secretagogues were used to stimulate

chromaffin cells, neither SNP nor CNP was able to produce
an effect. Fig. 4B shows a comparison of the effect of 45-mm
preincubation with 100 j.�M SNP or 100 nM CNP on the

B
6

‘U
0

-4

C
0

U

0 =
� ‘U

0

C
0

0

� 3,

Fig. 3. Inhibitory effect of SNP and CNP on acetylcholine-evoked cat-
echolamine (CA) secretion. A, Time course ofthe inhibitory effect of 100
� SNP (#{149})or 100 nM CNP (0) on acetylcholine-evoked catecholamine
secretion. B, Effect on epinephrine or norepinephnne release after
preincubation with these compounds for 45 mm. C, control. Cells were
preincubated for the indicated times with SNP or CNP. After preincu-
bation, the catecholamines released by 50 �M acetylcholine during a
period of 2 mm were measured as described in Experimental Pro-

cedures. The net secretion is expressed as a percentage of the total
content (after subtraction of the basal release) and percentage of
inhibition. Experiments were performed in triplicate, and data are mean
± standard error from four different cellular preparations.

catecholamine secretion evoked by 50 �tM acetylcholine with

that elicited by a secretagogue concentration of 10 �M. SNP

and CNP inhibited the response to 50 .tM acetylcholine,

whereas they did not affect the response to 10 p.M. Similar

results were obtained with two different concentrations of

KC1. At 30 mM KC1, SNP and CNP inhibited catecholamine
release, but they did not modify the response to 18 mM KC1

(results not shown).

The catecholamine content was slightly increased after
preincubation with SNP or CNP (expressed as total cat-

echolamines, 130.65 ± 5.68 nmolJlO6 cells in control condi-

tions and 169.37 ± 10.10 and 168.42 ± 6.74 nmol/106 cells

after 60-mm preincubation with SNP and CNP, respectively).
We tested the range of SNP and CNP concentrations that

produced increases in cGMP levels on the stimulated-cate-
cholamine release. A 45-mm preincubation with SNP or CNP

produced dose-dependent inhibitory effects on catecholamine
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studied in the absence of the phosphodiesterase inhibitor

IBMX to avoid a nonspecific effect of this compound.

Fig. 5, A and B, shows typical records of [Ca2�1� increases

elicited by 50 �M acetylcholine or 30 m� KC1 measured with

the use of Fura-2 in cells preincubated for different times

with 100 �M SNP. Fig. SC shows the time courses for inhib-

itory effects of SNP and CNP on KC1-evoked [Ca2�1� in-

creases. The maximal effect was achieved at a 60-mm expo-

sure to SNP or CNP (44.20 ± 2.68% and 34.69 ± 3.33%,
respectively). In Fig. SD, the effects are shown of SNP and

CNP on acetylcholine-evoked [Ca2�1� increase. SNP and CNP

inhibited the acetylcholine-evoked calcium response by 49.32

± 3.53% and 38.31 ± 3.35%, respectively. This inhibition was

calculated as a reduction in peak response.
When 10 .tM acetylcholine was used to elicit calcium in-

creases, the cGMP-increasing agents SNP and CNP were not

able to produce any effect (Fig. 4A). Similar results were

obtained when 18 m� KC1 was used as a stimulator (results
not shown).

On examination of the calcium signals in detail, the shape

of the 50 p�M acetylcholine- or 30 mM KC1-evoked [Ca2�11

peaks was not altered by SNP or CNP pretreatment. The

exponential recovery of [Ca2 � ]� toward basal levels was not
altered by pretreatment with SNP or CNP. The t112 for the

decay phase of the acetylcholine-evoked [Ca2 � 1 peak was
14.50 ± 1.11 sec. This value was not altered by SNP or CNP
preincubation, being 14.71 ± 0.44 sec and 14.72 sec in the
presence of SNP or CNP, respectively.

Although acetylcholine also activates muscarinic receptors

coupled to Ca2� mobilization from internal stores, results

obtained in the absence of [Ca24]0 (Fig. 6) indicate that the
contribution of this release to calcium increase in bovine
tissue is very small (<5%) compared with the calcium influx.

The slight response to acetylcholine in Ca2�-free medium
cannot be accounted for by nonfunctional calcium stores be-

cause histamine, a well-known agonist that mobilizes cal-
cium stores in these cells (4), was able to produce significant
increases in {Ca2�]1.

Fig. 6 also shows that SNP or CNP preincubation did not

affect the calcium release response to histamine. Thus, both
drugs were only able to modify the calcium entry evoked by

activation ofvoltage-dependent calcium channels and did not
produce an effect on the calcium release response to hista-

mine.
The concentration dependence was studied of this inhibi-

tory effect on calcium entry. Fig. 2 shows that SNP and CNP

inhibited stimulated calcium influx with IC50 values of 6.94

± 2.41 pM and 11.01 ± 2.11 nM, respectively. These results,
together with the EC50 values for cGMP production and the

IC50 values for catecholamine secretion, show a clear parallel

between the concentrations required to elicit cGMP increases

and those that inhibit catecholamine secretion and calcium
influx. This behavior indicated that an intracellular signal-

ing pathway based on cGMP may cause the inhibitory effect

on catecholamine secretion by acting on calcium channels.
Involvement of PKG in the action of SNP and CNP

on [Ca24]� and catecholamine secretion. Although SNP

and CNP elevate cGMP levels through different mechanisms
by activation of different guanylate cyclases, the inhibitory

pathway converges after cGMP production in an unique way
because combined incubations for 60 mm of both compounds
did not reduce the acetylcholine-evoked catecholamine secre-

0
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0 0 � � �. 0 Q� a� 0 Q� Q�

z z z z
U) (�) C,3 0

Ach 5OpM Ach 10pM

Fig. 4. Effect of SNP and CNP on catecholamine secretion elicited by
two different doses of acetylcholine (Ach). Cells were preincubated for
45 mm with 1 00 �.tM SNP or 1 00 nM CNP. After preincubation, cells were

stimulated with 50 �M or 10 �M acetylcholine, and calcium increases (A)
and catecholamine (CA) secretion (B) were measured as described in
Experimental Procedures. C, control. Catecholamine secretion is ex-
pressed as a percentage of the total content (after subtraction of the
basal release), and [Ca2�], measurements are expressed as increases
in the calcium peaks. Experiments were performed in triplicate, and

data are mean ± standard error from two different cellular preparations.

secretion with IC50 values of2.40 ± 1.06 jiM and 19.00 ± 5.76

nM, respectively (Fig. 2).

SNP and CNP also produced inhibition of the cal-

cium influx. Challenging chromaffin cells with 50 �M ace-
tylcholine or 30 mM KC1 induced a rapid and transient rise in

cytosolic calcium followed by a slow decline to a plateau level

(Fig. 5). Both the direct and indirect depolarizations evoked

by high extracellular potassium levels and through nicotinic

receptor activation, respectively, led to activation of voltage-

dependent calcium channels, which provide the rise in

[Ca2�]1 (4)

Fig. 5 also shows that SNP (like CNP; data not shown)

failed to elicit any change in [Ca2�}1 levels in adrenal chro-
maffin cells. The resting [Ca2�]� level was unaffected by these

two compounds, and its concentration remained at -� 150-170

flM. Cells not responding to SNP or CNP were challenged
with 50 �tM acetylcholine or 30 mrvt KC1 and always responded

to these stimuli. However, when cells were preincubated for

longer times (30-60 mm) with 100 p.M SNP or 100 ni� CNP,
an inhibitory action on both acetylcholine- and KC1-evoked

[Ca2�J� rise was observed (Fig. 5, A-D). These actions were
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Fig. 5. Time-dependent inhibitory effect of SNP and CNP on acetylcholine (Ach)- and KCI-evoked calcium increases. Cells loaded with Fura-2
were preincubated for the indicated time with 1 00 �M SNP or 1 00 nM CNP. Representative records show the calcium transients evoked by 30 m�
KCI (A) or 50 ,.�M acetylcholine (B) under control conditions or after 3-, 30-, and 60-mm preincubation with SNP. Time courses show the magnitude

of calcium increases evoked by 30 mr�i KCI (C) or 50 �M acetylcholine (D) after preincubation for the indicated times with SNP (#{149})or CNP (0).

Experiments were performed in triplicate, and data in C and D are mean ± standard error from four different cellular preparations.

CaCI2 2.5mM
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Fig. 6. Effect of SNP and CNP pretreatment on calcium release from

internal stores. Adrenomedullary chromaffin cells loaded with Fura-2
were stimulated with 50 �M acetylcholine (Ach) in normal medium

including 2.5 mM CaCI2 and in calcium-free EGTA-based medium with

100 flM [Ca2�]0. The effect of 100 �M histamine (His) was studied in
calcium-free medium. Cells were preincubated for 45 mm with 1 00 �M

SNP or 100 nM CNP. Each tracing shows individual results from rep-
resentative experiments.
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tion and calcium influx to a greater extent than did each drug
separately (data not shown).

To gain additional information about the role of the cGMP

signaling pathway in regulating catecholamine secretion and

calcium influx, the effect of several agents on these processes
was examined. Fig. 7 shows the effect of zaprinast, an inhib-

itor ofthe cGMP phosphodiesterase, on cGMP levels (Fig. 7A)

and on both acetylcholine-evoked [Ca2�11 increase (Fig. 7C)
and catecholamine release (Fig. 7B). Zaprinast (100 j.�M) dou-

bled the cGMP levels and was able to inhibit both calcium
increase and catecholamine release elicited by acetylcholine,
mimicking the effects of SNP or CNP. As was expected,

methylene blue (10 KM), a well-known soluble guanylate cy-
clase inhibitor, effectively inhibited the cGMP increase elic-
ited by SNP (78.47 ± 6.26% of inhibition) and did not affect

the cGMP production elicited by CNP (data not shown). As
shown in Fig. 8, simultaneous incubation with methylene

blue and CNP did not modify the extent of inhibition caused
by CNP on acetylcholine-evoked [Ca2�]� transient and cate-

cholamine release. Nevertheless, simultaneous incubation
with methylene blue and SNP limited the inhibitory effect of

SNP on acetylcholine-evoked catecholamine release and

[Ca2�], increases. The partial reversion caused by methylene
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FIg. 7. Effect of the cGMP-phosphodlesterase Inhibitor zaprinast on
cGMP levels and on acetylcholine (Ach)-stlmulated catecholamine (CA)

secretion and calcium Increases. A, Concentration-dependence curve
for cOMP levels from chromaffin cells Incubated for 30 mm with In-
creasing concentrations of zaprinast. B, Histogram showing the effect
of 30-mm preincubatlon with 100 �M zaprlnast on 50 MM acetylchollne-
stimulated catecholamine secretion. C, (Ca2 ‘�] traces from representa-
tlve records showing the effect of 30-mm preincubation with 100 MM
zaprinast on 50 MM acetylcholine-stimulated calcium increases. Exper-
iments were performed in triplicate, and data in A and B are mean ±
standard error from two different cellular preparations.

blue could be accounted for by the fact that SNP-evoked

cGMP production in the presence of 10 �M methylene blue is

still sufficient to produce a small inhibitory effect. The ape-

cHic inhibitor of PKG, Rp-8-pCPT-cGMPS) (26), was able to
limit the inhibitory effects of both SNP and CNP on lCa2 �
and catecholamine release (Fig. 8). This PKG inhibitor in a

dose-dependent manner totally reversed the observed inhib-

itory effect of cGMP-increasing compounds (shown for CNP,

Fig. 9). The ICn() value for this compound for the reversion of

the inhibitory effect produced by CNP on acetyicholine-

evoked catecholamine secretion was 4.34 ± 1.87 �M. Al.

though other mechanisms cannot be ruled out, these results

argue for the involvement of cGMP through PKG activation

in the mechanisms by which both SNP and CNP act.
To further examine the involvement of PKG in the inhibi-

tory actions of CNP and SNP, chromaf’fin cells were treated

with SNP (100 �M) and CNP (100 nM) for different periods,

and PKG activity was measured through phosphorylation of

an exogenous substrate. These agents enhanced the activity

of PKG measured in vitro as a function of time (Fig. 10). For

comparison, Fig. 10, A and B, show the time courses of cGMP

production and the inhibition ofcalcium influx and catechol-

amine secretion for both SNP and CNP. It can be observed

that on incubation with SNP or CNP, a well-defined sequence

of events occurs: cGMP production is accompanied by the

triggering of PKG activity, reaching maximal kinase activity

after the cGMP production has reached its maximal level for

0

FIg. 8. Effects of the soluble guanylate cyclase Inhibitor methyiene
blue and the PKG inhibitor Rp-8-pCPT-cGMPS on the Inhibition by
SNP and CNP of acetylcholine-evoked catecholamine (CA) secretion
and calcium increases. Cells were preincubated for 45 mm with SNP or
CNP in the presence and absence of 10 MM methylene blue (MB) or 5
MM Rp-8-pCPT-cGMPS (Rp-analog). C, control. After preincubation,
calcium increases (A) and catecholamine secretion (B) were determined
as described in Experimental Procedures. Experiments were performed
in triplicate, and data are mean ± standard error from three different
cellular preparations.

both SNP and CNP. Maximal inhibitory effects on calcium
influx and catecholamine secretion require longer incubation

times and appear with a significant delay compared with the

earlier phenomena.

Although relatively long periods of incubation with SNP

and CNP were required to inhibit [Ca2 � l� peaks and catechol-

amine secretion, this does not imply that the continuous

presence of these compounds is needed for such effects. After

a brief 5-mm pulse with SNP (sufficient to increase cGMP

levels), a 55-mm wash period made the cGMP levels drop to

basal level, whereas an inhibitory effect on calcium influx

and secretory response was still produced and persisted

throughout the experimental time, although this inhibitory

effect was not as great as that observed in the continuous

presence ofSNP (data not shown). These results suggest that

intracellular signaling requires short intervals of activation

by agents that increase cGMP to produce long term effects on

secretory response.

The involvement of G proteins in the PKG calcium and

cation channel modulation mechanism has been shown in

several cell types (27). For this reason, we wondered whether

G proteins could be involved in the cGMP increase-mediated

inhibitory mechanism. Fig. 1 1 shows the effect of PTX on

Role of cGMP-lncreasing Agents in Chromaffin Cell Function I 065
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Fig. 9. Concentration-dependent reversion of CNP inhibitory effect by
Rp-8-pCPT-cGMPS. Chromaffin cells were preincubated for 5 mm with
different concentrations of Rp-8-pCPT-cGMPS before 45 mm treat-
ment with 100 nM CNP. Cells were stimulated to secrete with 50 p.M

acetylcholine for 2 mm. A 43.57 ± 1 .63% of inhibition caused by CNP
on catecholamine secretion is normalized to 1 00% . Experiments were
performed in triplicate, and data are mean ± standard error from two
different cellular preparations.

catecholamine release and on the inhibitory effects of 45-mm

preincubation ofchromaffln cells with SNP or CNP. Pretreat-
ment of chromaffin cells with PTX (150 ng/ml) over 24 hr
produced an increase in acetylcholine-stimulated catechol-
amine release of -�53% compared with the control value

(non-PTX-treated cells). The basal release was also increased

in PTX-treated cells, reaching twice that ofcontrol cells (data

not shown). Nevertheless, pretreatment of chromaffin cells
with P1FX did not prevent CNP or SNP from having an
inhibitory effect on catecholamine release, and the level of
inhibition obtained was similar to that obtained in non-PTX-

treated cells, although the net catecholamine release was

higher in PTX-pretreated cells. These results indicate that

there are no PTX-sensitive G proteins involved in this cGMP

increase-mediated inhibitory mechanism.

Discussion

The present study shows that agents that increase cGMP

in bovine chromaffin cells caused an inhibition of catechol-

amine secretion and calcium influx elicited by high doses of
the secretagogues acetylcholine and KC1 in these same cells.
This response occurred regardless of whether the cells were

exposed to SNP, which releases NO, activating soluble guan-
ylate cyclase, or to CNP, which stimulates the particulate
guanylate cyclase.

In some tissues, cGMP can produce its biological effects by

modifying cAMP levels (24). According to our results, the

cAMP levels do not seem to be regulated by cGMP levels
through the action of cGMP-stimulated or -inhibited cyclic
nucleotide phosphodiesterases. Thus, cGMP is the agent re-

sponsible for the observed effects that cannot attributed to
cAMP.

Although SNP could alter cellular function through NO-

and cGMP-independent mechanisms and CNP has been
shown to produce neuromodulatory effects independent of
cGMP (28, 29), several results show that cGMP is the mes-

senger involved in the inhibitory effects observed in chromaf-

fin cells: (i) there is a close parallel between the concentra-

tions of both compounds required to increase cGMP levels

and those that induce inhibitory effects on calcium entry and
catecholamine release, and (ii) the specific cGMP phosphod-
iesterase inhibitor zaprinast (30) was able to increase cGMP

levels and inhibit both acetylcholine-stimulated [Ca2�1� in-

creases and catecholamine release. This indicates that the

inhibitory effects can also be obtained not only by stimulating

the biosynthetic pathway but also by inhibiting the catabolic
one. In addition, (iii) we used two drugs that affect the cGMP

pathway at different points. First, the soluble guanylate cy-
clase inhibitor methylene blue was able to attenuate the

inhibition induced by SNP but not by CNP, indicating that a

NO-activated guanylate cyclase is involved in the effects
mediated by SNP. Second, the novel specific inhibitor of the

PKG Rp-8-pCPT-cGMPS (26) reversed the inhibitory effects

produced by preincubation with SNP or CNP in a concentra-
tion-dependent manner. These results indicate that these

compounds modulate catecholamine secretion through a

mechanism that gives rise to cGMP production and activa-

tion of PKG.
In previous studies with the permeable analogue of cGMP,

8-Br-cGMP, we provided evidence that in bovine chromaffin

cells the NO/cGMP pathway is involved in inhibition of secre-

tagogue-stimulated catecholamine release and calcium influx

(16, 20). We proposed a mechanism based on the modulation
of voltage-dependent calcium channels, in particular, the
dihydropyridine-insensitive type, which exists and actively

participates in catecholamine secretion from bovine chromaf-
fin cells. Here, we show that the natriuretic peptide and the
NO generator also produce inhibition of secretagogue-in-

duced calcium influx but only in conjunction with high doses
of acetylcholine or KC1. When low doses of the secretagogue
were used to elicit the calcium and secretory response, nei-
ther inhibition nor stimulation occurred. The depolarizations
induced by low doses of secretagogues are small, and there-

fore the activation of voltage-dependent calcium channels is
also very low. Under these conditions, both calcium response

and catecholamine secretion from control cells were dimin-

ished, and, interestingly, inhibition by SNP and CNP was not
observed. It must be taken into consideration that chromaffun

cells possess only high voltage-activated calcium channels

(31). Thus, according to these results, SNP and CNP may be

affecting the calcium entry through these channels that
would participate to a great extent at high depolarizations
induced by high doses of secretagogue. Also, when the inhi-

bition of calcium peak was observed (at 50 p.M acetylcholine

and 30 mM KC1), no change was found in the rate of recovery

of [Ca2�11 after the Ca2� peak evoked by both secretagogue
stimuli. These [Ca2�]� transients exhibit a similar shape in

the presence or absence of either SNP or CNP. This means
that secondary calcium processes such as the bufferingiCa2�

extrusion capacity or other components of calcium entry of

the chromaffin cells were not modified by treatment with
SNP or CNP. Moreover, neither drug was able to modify the

calcium response to histamine in Ca2�-free medium, a re-

sponse that is exclusively due to mobilization from internal

stores. Although the purpose of this work was not to study

this type ofcalcium response, this latter result suggests that,

at least in chromaffin cells, it is not modulated by the NO!
cGMP pathway. Taken together, these results indicate that

the reduction in [Ca2�]1 increase seems to be due to an
inhibition of calcium influx through voltage-sensitive cal-
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Fig. 10. Time-dependent effect of SNP and CNP
on PKG activity from bovine chromaffin cells. Cells
were preincubated for the indicated times with 100
p.M SNP (A) or 100 nM CNP (B), and then the PKG
activity (U) was measured by with an in vitro phos-
phorylation assay as described in Experimental
Procedures. PKG is expressed as a percentage of
basal activity; 100% corresponds to 441 .19 ±

89.43 units/mg protein (1 unit is defined as the
enzymatic activity able to incorporate 1 pmol
phosphate/mm into the heptapeptide substrate at
30#{176}).For comparison, cGMP levels (#{149}),calcium
increases (0), and catecholamine (CA) secretion
(0) from Figs. 1 , 3, and 5, respectively, are also
shown. Experiments were performed in triplicate,
and data are mean ± standard error from two
different cellular preparations.

. 50

. 40 �
C)
S
S

. 30

. 20 S

. 10 g

�0

- 40 C)
>

S
S
C,

- 30 .

0

3

- 20

- 10 �

0

-0

I I

0 10 20 30 40 50 60

Time (mm)

+PTx

Fig. I 1. Effect of PTX (PTx) pretreatment on the inhibition by SNP and
CNP of the acetylcholine-stimulated catecholamine (CA) secretion.
Chromaffin cells in culture were treated with 150 ng/ml PTX for 24 hr.
After this pretreatment, cells were preincubated with 1 00 p.t�i SNP or
100 flM CNP for 45 mm, and the 50 p.M acetylcholine-evoked catechol-
amine secretion during a period of 2 mm was measured. Experiments
were performed in triplicate, and data are mean ± standard error from
two different cellular preparations.

cium channels, as we previously observed with 8-Br-cGMP
(20).

Because the inhibition of both the epinephrine and the

norepinephrine release was observed, the mechanism by

which cGMP acts seems to be present in both secretory cell
types (i.e., adrenergic and noradrenergic cells). On the other

Role of cGMP-lncreaslng Agents in Chromaffin Cell Function I 067

hand, in agreement with the work of other authors (17), we

also observed a modest increase in the total content of cat-
echolamines after long pretreatment with SNP or CNP. This

effect has been account for by increased catecholamine syn-

thesis by activation of the cGMP pathway, presumably

through phosphorylation of regulatory residues of tyrosine
hydroxylase by PKG (17).

The results of the current demonstrated that this neuro-
modulatory pathway based on cGMP has physiological im-

portance because its natural ligands (i.e., NO and CNP), can
arise from different sources within the adrenal gland.

We questioned the sources of NO and CNP in the adrenal
medulla. The anatomic characteristics of the gland make it
necessary to consider the types of cells present in the me-

dulla. First, endothelial cells that surround the clusters in
which chromaffin cells are grouped can synthesize and re-

lease several substances, including CNP and NO (5, 15). In

experiments with bovine chromaffin cells and aortic endothe-
lial cells, it was suggested that factor or factors released by
endothelial cells might have an inhibitory role on the chro-
maffin cell secretory response (7). This inhibition was sensi-

tive to NOS and soluble guanylate cyclase inhibitors. These
results indicate that this factor could be NO. Another source
of NO is innervation of chromaffin cells. From immunohisto-

chemical studies, strongly labeled NOS-immunoreactive fi-
bers have been found entering the medulla and coming into

contact with chromaffin cells (8). Therefore, the NO pathway
is of special interest because it may be regulated by synaptic
inputs. Finally, the chromaffin cells themselves can be the

source (and, of course, the destination) of both CNP and NO.
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CNP exists in these cells and can be secreted from them

during the secretory response, as has been described prey-
ously (14). The presence in chromaffin cells of the neuronal

isoform of the constitutive NOS has been demonstrated by

histochemical and biochemical studies (8-10). We recently

showed that the agonists used in this study to elicit calcium
and secretory responses, acetylcholine and KCI, were able to
increase chromaffin cGMP levels ( 1 1). Such increases were

mediated by NO production from NOS and required calcium
entry and activation by Ca2� of calmodulin. However, it is
noteworthy that these increases in cGMP levels were transi-

tory and modest due to the simultaneous activation by Ca27
calmodulin of a cyclic nucleotide phosphodiesterase activity.

The presence of this enzymatic activity would allow chromaf-
fin cells to respond to exogenous NO with a cGMP elevation

but would limit such a response when the NO is produced

endogenously through activation of NOS with secretagogue

compounds via [Ca2�]1 increase. Because of this phosphodi-

esterase activity, we decided to determine the role of cGMP

on chromaffin cell function by using compounds able to stim-
ulate the cGMP signaling but in a way that is independent of

calcium signaling; we used the NO donor and the natriuretic
peptide.

Results obtained with other neural tissues correlate well
with the present observations. For example, NO reduces

depolarization-induced calcium influx in the pheochromocy-

toma cell lineage, PC12 cells, via a cGMP-mediated mecha-
nism (32). Furthermore, it has been demonstrated that NO
may be involved in transient presynaptic depression in the

CAl region of the hippocampus through activation of soluble
guanylate cyclase (33) and that nitroprusside inhibits neuro-

transmitter release at the frog neuromuscular junction (34).

Also, a mechanism based on inhibition of calcium entry has
been reported in the hippocampus, in which cGMP depresses

a high voltage-activated Ca2� current (35).
Although little work has been done on the role of cGMP in

the secretory response of chromaffin cells, there are some
reports indicating a modulatory role. Previous studies

showed inhibitory effects of NO, although no possible mech-

anism ofaction was studied (10, 18). The work of O’Sullivan

and Burgoyne ( 19) deserves special mention. These authors
described a biphasic effect of cGMP on catecholamine secre-

tion from chromaffin cells; i.e., it was stimulatory when low

doses of the secretagogue nicotine were used and inhibitory
at higher concentrations. Several explanations can be pro-
vided to account for the divergent results obtained at low
doses of secretagogue. First, the experimental protocols fol-

lowed by these authors were very different from ours. They

added simultaneously the secretagogue and the cGMP-in-
creasing compound (SNP or atrial natriuretic peptide). Ac-

cording to our results, both the increase in cGMP production
and the PKG activity require time to develop. Therefore, the
immediate stimulatory effect observed by these authors can
hardly come from a cGMP-based mechanism. We analyzed

the effect of SNP and CNP on catecholamine secretion and

calcium influx elicited by low doses of secretagogue after
preincubation for 45 mm with SNP and CNP. These condi-
tions ensured that when the secretion and calcium responses

were measured, increased cGMP production and PKG activ-

ity really existed. Second, there are differences in the meth-

ods used to elicit catecholamine release. In the work carried

out by these authors, the duration of exposure to the secret-

agogue was 10 mm, whereas we measured secretion over a
2-mm period. Short periods of time better reflect the rapid

response of the pool of granules ready to be secreted and

minimize the influences of other processes such as transport
of vesicles to the plasma membrane or the accumulation of
the released endogenous substances in the extracellular en-

vironment, including catecholamines, which may affect the

secretory function.

Furthermore, a biphasic effect of different concentrations

of cGMP on calcium entry has been described in other tis-

sues. For example, Xu et al. (36) showed a stimulatory effect
at low concentrations of cGMP and an inhibitory effect when

the second messenger pathway was stimulated to produce

high amounts ofcGMP. Using the pancreatic acini as a model
in which calcium entry is evoked by depletion of internal

stores, these authors showed that cGMP may function as an

intracellular messenger between the internal stores and the

plasmalemma calcium channels. The Ca2� released from
internal stores would increase the cGMP levels via produc-

tion of NO. Subsequently, the cGMP generated may posi-

tively or negatively modulate the capacitative calcium entry

in the plasma membrane (depending on the loading of the

stores). However, it must not be forgotten that these authors

studied very different phenomena than those investigated

here. Thus, under our experimental conditions, we did not

observe any biphasic cGMP effect but only an inhibition of

calcium entry and secretory response at the highest acetyl-

choline and KC1 concentrations used, presumably due to an
effect on voltage-dependent calcium channels.

Regarding the effect of CNP, Babinski et al. (13) described

the inhibitory effects ofCNP on catecholamine secretion from

chromaffin cells. However, they proposed an action indepen-

dent of cGMP for such an inhibitory role. These authors
reported that 1-mm incubation with 10 �M CNP produced an

inhibition of nicotinic-evoked, but not of depolarization-
evoked, calcium currents and catecholamine secretion. In our
study, on the other hand, CNP was able to inhibit both

acetylcholine- and KC1-evoked catecholamine release and

�Ca2t ) increase. Moreover, no inhibition was found either at
a time as short as 1 mm or at concentrations as low as 10 pM.
We found that these effects are mediated by cGMP increases,

and thus the receptor involved would be the R-1C subtype,
which is activated by CNP at a nanomolar range and coupled

to cGMP synthesis, and not ANF-R2, which is activated at a

picomolar and not coupled to cGMP increases (37). It is not
possible to explain these discrepancies at present.

An aspect of our results that deserves special attention is

the time course of the signaling. We measured four different

parameters: cGMP increase, PKG activity, catecholamine re-
lease, and �Ca2� l� increase. The results show that the in-
creases in cGMP levels are accompanied by the activation of

PKG. However, to observe an inhibition of both catechol-
amine release and calcium influx, longer incubation times
with SNP and CNP are required. As the inhibitory effect

persisted even when cells were stimulated for 5 mm with

either SNP or CNP followed by a 55-mm wash period, it
seems that only short periods of stimulation are needed to

activate the PKG enzyme, but the mechanism linking PKG
activation and calcium influx inhibition, and therefore cate-
cholamine release, is rather slow. The question that remains
and requires thorough investigation is whether the response
to phosphorylating agents reflects a direct action of the ki-

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Role of cGMP-lncreasing Agents in Chromaffin Cell Function 1069

nase on calcium channels or an indirect action mediated by

other regulatory molecules whose own activity depends on

phosphorylation.

In addition, it is worth pointing out that although SNP was

more potent than CNP in increasing cGMP levels and PKG
activity, the inhibitory effect on catecholamine release and

calcium influx was similar to that produced by CNP. These
results could indicate that full activation of PKG is not nec-

essary for maximal inhibitory effects to be produced.
As discussed above, the secretagogue-evoked [Ca2�J1 tran-

sient inhibition caused by SNP or CNP seems to be due to an
inhibition of voltage-sensitive calcium channels as is seen in

other tissues, such as heart and smooth muscle, in which
cGMP inhibits calcium currents by stimulating PKG (38).

PTX-sensitive G proteins of the G. and G0 families are in-

volved in stimulation and inhibition of voltage-dependent

Ca2� channels (39). There is evidence that PKG modulates
calcium and cation channels in different cellular prepara-
tions through a membrane-delimited pathway triggered by a

G protein (27). We therefore examined whether PTX pre-
treatment of chromaffin cells could prevent SNP or CNP
inhibitory effects on catecholamine secretion. As has been

shown, pretreatment of chromaffin cells with PTX effectively
increases catecholamine release, as has been described (40),

but does not have any effect on the inhibition caused by SNP
or CNP. Thus, SNP and CNP inhibit catecholamine release
and calcium influx via a mechanism that involves PKG acti-
vation but not a G protein.

In conclusion, the data reported here show that agents that
strongly increase cGMP levels in chromaffin cells, such as

NO and CNP, produce significant inhibition of the secretory

response. This modulation seems to be due to an inhibition of

voltage-dependent calcium channels through a mechanism
mediated by PKG. From these results, several key issues

arise and should stimulate future research regarding, for

example, an understanding of the role of cGMP within the

complex context of the adrenal medulla in which different

sources of NO and CNP have been described. Also, it is

necessary to study in depth the precise molecular mechanism
linking PKG activation and the action on calcium channels,

as this remains unknown.

Acknowledgments

We are grateful to Dr. Rosario de Miguel for valuable help in

setting up the measurement of catecholamines through HPLC sep-

aration coupled to electrochemical detection and to Dr. Enrique
Castro for discussions and critical reading of the manuscript. We
thank Duncan Gilson for help in preparation of the manuscript.

References

1. Stryer, L. Cyclic GMP cascade of vision. Annu. Rev. Neurosci. 9:87-119
(1986).

2. Lincoln, T. M., P. Komalavilas, and T. L. Cornwell. Pleiotropic regulation
of vascular smooth muscle tone by cyclic GMP-dependent protein kinase.
Hypertension 23:1141-1147 (1994).

3. Schuman, E. M., and D. V. Madison. Nitric oxide and synaptic function.
Annu. Rev. Neurosci. 17:153-183 (1994).

4. Burgoyne, R. D. Control ofexocytosis in adrenal chromaffin cells. Biochim.
Biophys. Acta 1071:174-202 (1991).

5. Ignarro, L. J., G. M. Buga, K. S. Wood, R. E. Byrns, and G. Chadhuri.
Endothelium-derived relaxing factor produced and released from artery

and veins is nitric oxide. Proc. Nati. Acad. Sci. USA 84:9265-9269 (1987).

6. Palacios, M., R. G. Knowles, R. M. J. Palmer, and S. Moncada. Nitric oxide
from L-arginine stimulates the soluble guanylate cyclase in adrenal
glands. Biochem. Biophys. Res. Commun. 165:802-809 (1989).

7. Torres, M., G. Ceballos, and R. Rubio. Possible role of nitric oxide in

catecholamine secretion by chromaffin cells in the presence and absence of
cultured endothelial cells. J. Neurochem. 63:988-996 (1994).

8. Dun, N. J., S. L. Dun, S. Y. Wu, and U. FOrstermann. Nitric oxide synthase
immunoreactivity in rat superior cervical ganglia and adrenal glands.
Neurosci. Lett. 158:51-54 (1993).

9. Moro, M. A., P. Michelena, P. Sanchez-Garcia, R. Palmer, S. Moncada, and
A. G. Garcia. Activation ofadrenal medullary L-arginine:nitric oxide path-
way by stimuli which induce release ofcatecholamines. Eur. J. Pharnzacol.

246:213-218 (1993).
10. Oset-Gasque, M. J., M. Parram#{243}n, S. Hortelano, L. Boscd, and M. P.

Gonzalez. Nitric oxide implication in the control of neurosecretion by
chromaffin cells. J. Neurochem. 63:1693-1700 (1994).

11. RodrIguez-Pascual, F., M. T. Miras-Portugal, and M. Torres. Activation of
NO:cGMP pathway by acetyicholine in bovine chromaffin cells: possible
role ofCa2� in the down-regulation ofcGMP signaling. Biochem. Pharma-
col. 50:763-769 (1995).

12. Aunis, D., M. Pescheloche, and J. Zwiller. Guanylate cyclase from bovine

adrenal medulla: subcellular distribution and studies on the effect of
lysolecithin on enzyme activity. Neuroscience 3:83-93 (1978).

13. Babinski, K., P. Haddad, D. Vallerand, N. McNicoll, A. De Lean, and H.
Ong. Natriuretic peptides inhibit nicotine-induced whole-cell currents and
catecholamine secretion in bovine chromaffin cells: evidence for the in-
volvement of the atnal natriuretic factor R.2 receptor. J. Neurochem. 64:
1080-1087 (1995).

14. Babinski, K., J. F#{233}thi#{232}re,M. Roy, A. De Lean, and H. Ong. C-type natri-
uretic peptide in bovine chromaffin cells. FEBS Lett. 313:300-302 (1992).

15. Suga, S. I., H. Itoh, Y. Komatsu, Y. Ogawa, N. Hama, T. Yoshimasa, and
K. Nakao. Cytokine-induced C-type natriuretic peptide (CNP) secretion
from vascular endothelial cells, evidence for CNP as a novel autocrine/
paracrine regulator from endothelial cells. Endocrinology 133:3038-3041
(1993).

16. RodrIguez-Pascual, F., M. T. Miras-Portugal, and M. Torres. Cyclic GMP-
dependent protein kinase activation mediates inhibition of catecholamine
secretion and Ca2� influx in bovine chromaffin cells. Neuroscience 67:149-

157 (1995).

17. Tsutsui, M., N. Yanagihara, K. Minanii, H. Kobayashi, Y. Nakashima, A.

Kuroiwa, and F. Izumi. C-type natriuretic peptide stimulates catechol-
amine synthesis through the accumulation of cyclic GMP in cultured
bovine adrenal medullary cells. J. Pharmacol. Exp. Ther. 268:584-589
(1994).

18. Derome, G., R. Tseng, P. Mercier, I. Lemaire, and S. Lemaire. Possible
muscarinic regulation of catecholamine secretion mediated by cyclic GMP
in isolated bovine adrenal chromaffin cells. Biochem. Pharmacol. 30:855-

860 (1981).
19. O’Sullivan, A. J., and R. D. Burgoyne. Cyclic GMP regulates nicotinic-

induced secretion from cultured bovine adrenal chromaffin cells: effects of
8-bromo-cyclic GMP, atnal natriuretic peptide and nitroprusside (nitric
oxide). J. Neurochem. 54:1805-1808 (1990).

20. RodrIguez-Pascual, F., M. T. Miras-Portugal, and M. Torres. Modulation of
the dihydropyridme-insensitive Ca2�-influx by 8-bromo-guanosine-3’:5’-
monophosphate, cyclic (8-Br-cGMP) in bovine adrenal chromaffin cells.
Neurosci. Lett. 180:269-272 (1994).

21. Miura, Y., V. Campese, V. DeQuattro, and D. Meijer. Plasma cat-
echolamines via an improved fluonmetric assay: comparison with an en-

zymatic method. J. Lab. Clin. Med. 89:421-427 ( 1977).
22. Grynkiewicz, G., M. Poenie, and R. Y. Tsien. A new generation of calcium

indicators with greatly improved fluorescence properties. J. Biol Chem.
240:3440-3450 (1985).

23. Cornwell, T. L., and T. M. Lincoln. Regulation ofintracellular Ca2� levels
in cultured smooth muscle cells: reduction of Ca2 � by atriopeptin and
8-bromo-cyclic GMP is mediated by cyclic GMP-dependent protein kinase.
J. Biol. Chem. 264:1146-1155 (1989).

24. Schmidt, H. H. H. W, S. M. Lohmann, and U. Walter. The nitric oxide and
cGMP signal transduction system: regulation and mechanism of action.
Biochem. Biophys. Acta 1178:153-175 (1993).

25. Wilson, S. Pertussis toxin enhances proenkephalin synthesis in bovine
chromaffin cells. J. Neurochem. 61:1901-1906 (1993).

26. Butt, E., M. Eigenthaler, and HG. Geniesser. (Rp)-8-pCPT-cGMPS, a
novel cGMP-dependent protein kinase inhibitor. Eur. J. Pharmacol. 269:
265-268 (1994).

27. Meriney, S. D., D. B. Gray, and G. R. Pilar. Somatostatin-induced inhibi-
tion of neural Ca2� current modulated by cGMP-dependent protein ki-
nase. Nature (Land.) 369:336-339 (1994).

28. Brune, B., and E. G. Lapetina. Activation of a cytosolic ADP-ribosyltrans-
ferase by nitric oxide generating agents. J. Biol. Chem. 264:8455-8458
(1989).

29. Trachte, G. J. Atrial natriuretic factor alters neurotransmission indepen-

dently ofguanylate cyclase-coupled receptors in the rabbit vas deferens. J.
Pharmacol. Exp. Ther. 264:1227-1233 ( 1993).

30. Merkel, L. Zaprinast: a cGMP-selective phosphodiesterase inhibitor. Car.
diovasc. Drug Rev. 11:501-515 (1993).

31. Lopez, M. G., M., Villarroya, B., Lara, R. M., Sierra, A., Albillos, A. G,

Garcia, and L. Gandla. Q- and L-type Ca2� channels dominate the control
of secretion in bovine chromaffin cells. FEBS Lett. 349:331-337 (1994).

32. Desol#{233},M. S., W. K. Kim, R. A. Rabin, and S. G. Laychock. Nitric oxide

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


I 070 Rodrlguez-Pascual et aL

reduces depolarization-induced calcium influx in PC12 cells by a cyclic
GMP-mediated mechanism. Neuropharmacology 33:193-198 (1994).

33. Boulton, C. L., A. J. Irving, E. Southam, B. Potier, J. Garthwaite, and G.
L. Collingridge. The nitric oxide-cyclic GMP pathway and synaptic depres-
sian in rat hippocampal slices. Eur. J. Neurosci. 6:1528-1535 (1994).

34. Lmdgren, C. k, and M. V. Laird. Nitroprusside inhibits neurotransmitter

release at the frog neuromuscularjunction. Neuroreport 5.2205-220(1994).
35. Doerner, D., and B. E. Alger. Cyclic GMP depresses hippocampal Ca2�

currents through a mechanism independent of cGMP-dependent protein
kinase. Neuron 1:693-699 (1988).

36. Xu, X., R. A., Star, G. Tortorici, and S. Muallem. Depletion of intracellular
Ca2� stores activates nitric oxide synthase to generate cGMP and regulate
Ca2� influx. J. Biol. Chem. 269:12645-12653 (1994).

37. Koller, K. J., and D. V. Goeddel. Molecular biology of the natriuretic
peptides and their receptors. Circulation 86:1081-1088 (1992).

38. Butt, E., J. Geiger, T. Jarchau, S. M. Lohmann, and U. Walter. The
cGMP-dependent protein kinase: gene, protein and function. Neurochem.

Res. 18:27-42 (1993).
39. Brown, A. M., and L. Birmbaumer. Ionic channels and their regulation by

G protein subunits. Annu. Rev. Physiol. 52:197-213 (1990).
40. Brocklehurst, K. W., and H. B. Pollard. Pertussis thxin stimulates delayed-

onset, Ca2�-dependent catecholamine release and the A.DP-ribosylation of

a 40 KDa protein in bovine adrenal chromaffin cells. FEBS Lett. 234:439-

445 (1988).

Send reprint requests to: Dr. Magdalena Torres, Departamento de Bio-
qulmica, Facultad de Veterinaria, Universidad Complutense de Madrid, 28040

Madrid, Spain. E-mail:mitorres@eucmax.sim.ucm.es

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



