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ABSTRACT-The role of nitric oxide (NO) in neurotransmitter release was studied using bovine adrenal 
medullary chromaffin cells. L-Arginine and sodium nitroprusside (SNP) slightly increased the intracellular 
free calcium concentration ([Ca2+]i), and the effects of the agents were dependent on the presence of the ex
tracellular Ca" ([Ca2+]o), but were not blocked by verapamil (30 pM) or diltiazem (30 pM). SNP enhanced 
the acetylcholine (ACh)-induced rise in [Ca2+]i in the presence but not in the absence of [Ca2+]o. The effects 
of L-arginine but not those of SNP were inhibited by N°-nitro-L-arginine (L-NNA). L-NNA significantly 
reduced the ACh-induced rise in [Ca2+]i and catecholamine (CA) release, and the reduction was restored by 
L-arginine but not by D-arginine. These results suggest a possible involvement of NO in ACh-induced [Ca2+]i 
rise and CA release in bovine adrenal chromaffin cells.
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 Endothelium-derived relaxing factor: nitric oxide (NO) 
has recently been found to mediate diverse physiologic 

functions in many organs. The synthesis of NO from the 
terminal guanidino nitrogen atom(s) of L-arginine was 

originally demonstrated in vascular endothelial cells. In 
the peripheral nervous system, recent experiments have 

provided compelling evidence that the previously uniden
tified neurotransmitter released by non-adrenergic, non
cholinergic nerves, which supply a variety of tissues, is in 

fact NO (for review, see ref. 1). In the central nervous 
system, NO may link activation of postsynaptic NMDA 

receptors to functional modifications in neighboring 

presynaptic terminals and glial cells (for review, see ref. 
2). In both cases, a major action of NO is to activate solu

ble guanylate cyclase and thereby raise cGMP levels in the 
target cells. We have previously shown that NO and other 

nitric compounds could stimulate catecholamine (CA) re
lease from perfused adrenal glands and suggested the in
volvement of cGMP in the process (3). In this study, the 

involvements of NO in acetylcholine (ACh)-induced CA

release and in the movement of intracellular calcium con

centration ([Ca2+]i) were examined in cultured bovine 
adrenal chromafl'in cells. 

 Chromaffin cells of bovine adrenal glands were isolated 
enzymatically according to the procedure described by 

Fenwick et al. (4) with some modifications (5). Chromaf
fin cells were maintained in Dulbecco's modified Eagle's 
medium containing 10% fetal calf serum, 100 U/ml 

penicillin G, 100 pg/ml streptomycin, 0.1 mM ascorbate 
and 5 mM HEPES in suspension culture for 24-72 hr 

or in monolayer culture for 5-7 days at 371C under 
5% CO2/95o1o air as described previously (5). Cells were 
washed and suspended before use in a medium contain

ing 150 mM NaC1, 5 mM KCI, 1 MM MgSO4, 1.3 mM 

CaC12, 5 mM glucose, 10 mM HEPES-Tris buffer and 
0.5% BSA, pH 7.4. When Ca2+-deficient medium was 
used, CaC12 was omitted and 10 pM EGTA was added in 

the medium. [Ca 21]i was estimated by the use of the cal
cium-sensitive dye fura-2 as described previously (5), ex

cept that fluorescence was measured with a two-wavelength 
fluorescence spectrophotometer (Hitachi F2000, Tokyo) 
with excitation at 340 nm and 380 nm and emission at 

510 nm. The procedures for the measurement of CA re
lease from a monolayer culture have been described



previously (5). Statistical analyses were performed by 
Student's t-test.

Fig. 1. Effects of arginine and sodium nitroprusside (SNP) on basal and acetylcholine (ACh)-induced [Ca 2+]1 rise in isolated 
bovine adrenal chromaffin cells. Cells were washed and suspended in normal medium (containing 1.3 mM CaC12, except as 
indicated) or Ca2+-deficient medium (Ca 2+-def.). A 1-ml aliquot of the cell suspension was preincubated in a cuvette at 37 C for 
5 min and then challenged with various agents dissolved in the corresponding medium in a volume of 10 fd at the time point 
indicated. These and the following experiments are representative examples of experiments performed with very similar results 
in at least three different batches of cells. (A) L-arginine-induced [Ca 2+]i rise and the effect of N"-nitro-L-arginine (L-NNA). 
L-NNA was added 5 min before the addition of L-arginine. Each basal value of [Ca 21]i was represented by Arabic numerals. 
(B) SNP and ACh-induced [Ca 2+]i rise and the effects of various treatments. Thin curves are the controls of the various treat
ments (thick curves). Treatment with verapamil (V, 30 pM) or diltiazem (D, 30 pM) was performed 5 min before the addition of 
SNP (1). Treatment with L-NNA was performed 5 min before the addition of ACh (2). SNP and ACh were added at the time 
point indicated in (3) and (4), and L-NNA was added 5 min before the addition of ACh (4).

  L-Arginine, but not D-arginine, caused a small increase 
in [Ca 2+]1, and this effect of L-arginine was inhibited by 

Ca 2+ deprivation in the medium or by pretreatment with 
N'-nitro-L-arginine (L-NNA) (Fig. IA). L-Arginine, but 
not D-arginine, slightly increased CA release, and this 

effect of L-arginine disappeared by pretreatment with L
NNA (CA released in ig/ 106 cells during the 10-min incu

bation were 0.17±0.002, 0.23±0.007 and 0.15±0.019

for the basal level, with 1 MM L-arginine, and with 100 

pM L-NNA and 1 MM L-arginine, respectively). Sodium 
nitroprusside (SNP) caused a gradual increase in basal 

[Ca 2+]1, and the effect of SNP was dependent on the 
presence of extracellular Ca ([Ca 2+]o), but was not block
ed by pretreatments of Ca-antagonists, verapamil and 
diltiazem (Fig. lB-1). ACh caused a sharp and transient 

increase and a subsequent sustained increase in [Ca 21]i 

(Fig. 1B-2). The former increase markedly decreased but 
still remained in the absence of [Ca 2+]o, and the latter in



crease disappeared under this condition. L-NNA (100 

,uM) reduced the ACh-induced [Ca2+]i transient in the 
presence but not in the absence of [Ca 21]0. SNP potenti
ated the ACh-induced [Ca 2+]i rise (Fig. 1B-3) and CA 

release: the increases of CA release induced by 5 pM of 
ACh without and with 100 pM of SNP were 0.41 ±0.05 

and 0.54±0.06*, and the increases of CA release induced 
by 10 pM of ACh without and with SNP were 0.93 -L 0.08 

and 1.21 ±0.09* pg/106 cells/3 min, respectively (*sig
nificantly different at P<0.05, n=5). The effects of L
arginine and SNP were small but constantly observed. 

Pretreatment with L-NNA had no effect on the SNP-in
duced [Ca 2+]i rise and ACh-induced rise in the presence 

of SNP (Fig. 1B-4). Other nitric compounds such as so
dium azide, hydroxylamine and sodium nitrite also in
duced the rise of [Ca 21]i (data not shown). The effects of 

L-NNA on the transient rise in [Ca 2+]i and CA release in
duced by ACh are shown in Fig. 2. L-NNA significantly 

decreased the ACh-induced [Ca 2+]i rise at concentrations 
of more than 50 pM (Fig. 2A). The effects of L-NNA 

were restored with L-arginine, but not with D-arginine 

(Fig. 2A). CA release evoked by ACh was also decreased 
by L-NNA (Fig. 2B). The reduction of ACh (30 pM)-in

duced CA release by L-NNA reached maximum at 10-20 

pM, and no further reduction was obtained by increasing 
the concentrations of L-NNA up to 100 pM. Similar

results, although the effects were less potent, were ob

tained with another inhibitor of NO synthase (NOS),1VG
methyl-L-arginine (data not shown). 

 NO has been recognized recently as a prominent neu

ronal messenger. The presence of NOS in neuronal tissues 
including the adrenal medulla has been demonstrated an 

immunohistochemical study (6). A constitutive form of 
NOS (cNOS) has been purified, cloned and sequenced 
from rat brain (7). We have previously shown that vari

ous nitro-compounds including NO stimulate CA release 
from perfused dog adrenal glands accompanied by the 

increased output of cGMP (3). ACh also stimulated 
both CA release and cGMP output (8). Results of the 

present study show that L-arginine increased [Ca2+]i 
and CA release, and the effects of L-arginine may be 
mediated by NO, because both responses were blocked by 

L-NNA. Although the CA release and [CA 2+]i rise in 
response to L-arginine in chromaffin cells were marginal 

compared to the L-arginine-induced dopamine release 
reported in superfused rat striatal slices (9), it is notice

able that ACh-induced [Ca 2+]i rise and CA release were 
significantly reduced by L-NNA. Thus, it seems likely 
that the L-arginine: NO pathway may play a significant 

role in these responses to ACh. The counter effects of L
arginine but not D-arginine against the L-NNA-induced 

reduction of ACh-induced [Ca 2+]; rise support this idea.

Fig. 2. Effects of N -nitro-L-arginine (L-NNA) on acetylcholine (ACh)-induced rise of [Ca 2+]i and catecholamine (CA) release 
in isolated bovine adrenal chromaffin cells. (A) Cells were preincubated with L-NNA in combinations with or without L and D
arginine for 10 min and then challenged with ACh. Values are the mean ±S.E.M. of the peak rise in [Ca 21]i induced by ACh. 
*Significantly different from the control at P <0 .05 (n=5) by Student's t-test. E Control; I L-NNA, 20 uM; Ej L-NNA, 50 
pM; ® L-NNA, 100 pM. (B) Cells were preincubated with various concentrations of L-NNA for 30 min, and then the medium 
was replaced with fresh medium containing corresponding concentrations of L-NNA and ACh, and incubated for an additional 
3 min. Values are the mean ± S.E.M. of the CA released during the last 3-min incubations. *Significantly different from the con
trol at P<0.05 (n=5).



The evidence that SNP enhanced the ACh-induced rise of 

[Ca 2+]i and that L-NNA specifically antagonized the 
effects of L-arginine but not those of SNP on the [Ca 21]i 
transient also suggest that NO possibly produced within 

the cells from L-arginine or arginine-containing peptide 
by the stimulation with ACh might act to enhance the 
ACh responses. 

 In the light of the concept of stimulus-secretion 
coupling in the adrenal medulla, it is considered that 

stimulation of the nicotinic ACh receptor (nAChR) initi
ates depolarization by stimulating Na+ and Ca 2+ entry 

through the receptor channels, followed by activation of 
voltage-sensitive Na+ and Ca 21 channels (VOC), conse

quently resulting in Ca 2+ entry. These are the initial steps 
in CA secretion in response to nAChR stimulation. 
Although, stimulation of muscarinic ACh receptors 

(mAChR) causes various biochemical responses involving 
increases of [Ca 21]i (5), cGMP formation (10), Ca 21 flux

es (11) and phosphatidylinositol turnover (5), the role of 
mAChR in CA release is insignificant because mAChR 

agonists have little or no effect on CA release in bovine 
adrenal chromaffin cells. However, ACh-induced [Ca 21]i 
rise and CA release were partly reduced by the M,-an

tagonist pirenzepine in the present study (% reduction of 
ACh-induced [Ca 2+]i rise and CA release by 0.1 pM piren

zepine were 30.1 ±2.9 and 21.2± 1.8, respectively). Piren
zepine (0.1 pM) did not affect 12  25 mM KCl-evoked 

[Ca 2+]i rise and CA release (data not shown). Therefore it 
may be assumed that mAChR activation does not stimu

late CA release directly by itself but is involved in the 
ACh-induced [Ca 2+]i rise and CA release in bovine 
adrenal chromaffin cells. 

 It has been recognized that the activity of cNOS is regu
lated by Ca/calmodulin (1). It may be assumed that stimu

lation of nAChR and mAChR on chromaffin cells by 
ACh allows the [Ca 21]i to increase, thereby activating 

cNOS. 
 A major action of NO is to activate soluble guanylate 

cyclase. Actually, the guanylate cyclase of adrenal me
dulla homogenate was found to be activated by NO (3). 
Thus to test the possibility that the effect of NO on [Ca 21]i 

transient is mediated by cGMP, the effect of cGMP on the 
nicotine-induced [Ca 2+]i rise was examined. Increases in 

[Ca 21]i in bovine adrenal chromaffin cells induced by a 
30-sec incubation with nicotine in combination with 8Br
cGMP were as follows: the 3-pM nicotine-induced [Ca 211i 

rise without or with 0.1 mM of 8Br-cGMP was 74.9 _±:6.2 
and 122.9± 11.4* nM/3 x 106 cells (*significantly differ

ent at P<0.05, n=5), and the 10-pM nicotine-induced 
rise without or with 8Br-cGMP was 277.0±12.5 and 
424.9 ± 18.3 * nM/3 x 106 cells (*significantly different at 

P < 0. 05, n = 5), respectively. 8Br-cGMP by itself, had no 
effect on [Ca 2+]i. These results are in agreement with the

observation of O'Sullivan and Burgoyne (12) that cGMP 

potentiated the nicotine-induced CA release from bovine 
adrenal chromaffin cells, although cGMP failed to alter 

the nicotine-induced [Ca 2+]i rise. We have recently 
demonstrated that cAMP, formed via Ca/calmodulin in 

chromafl'in cells upon stimulation with ACh, acts to 

potentiate the effects of ACh on [Ca 2+]i rise and CA re
lease (13). For the mechanism of cAMP-potentiation, it 

is proposed that cAMP primarily inhibits the Na+,K+
ATPase of the plasma membrane of chromafl'in cells and 

thus enhances stimulation-induced accumulation of Na+, 
resulting in further increases in membrane depolariza
tion, opening of VOC, Na+-Ca 2+ exchange through the 

plasma membrane and [Ca 2+]i rise (14). The effects of L
arginine and SNP on the [Ca 2+]i transient are probably 

due to facilitation of Ca 2+ influx through the plasma 
membrane, because their effects were dependent on the 

presence of the extracellular Ca 2+, and L-NNA decreased 
the ACh-induced [Ca 2+]i transient in the presence of 

[Ca 2+]o, but not in Ca 2+-deficient medium. Verapamil 
and diltiazem, at concentrations that effectively inhibited 
the elevation of the KCl-evoked CA release (13), did not 

affect the SNP-induced [Ca 2+]i rise. Thus, the facilitation 
of Ca 2+ influx does not seem to be mediated via activa

tion of VOC. Although the mechanism for NO/cGMP-in
duced enhancement of the [Ca 2+]i transient is not known 

at present, we assume that the L-arginine: NO-cGMP path
way permits the enhancement of stimulation-evoked 

[Ca 2+]i rise, resulting in the potentiation of the secretory 
response. Findings from the study by Palacios et al. (15) 
indicating the formation of NO by L-arginine: NOS 

and its stimulation of the soluble guanylate cyclase 
in adrenal glands are in good agreement with this inter

pretation. 
 In summary, the demonstrations of the modification by 

a substrate or inhibitors of NOS and nitric compounds of 

[Ca 21]i transient and CA release in bovine adrenal chro
maffin cells support the idea that NO participates in ACh

induced neurotransmitter release in these cells.
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