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Influence of 5'-(N'-Ethylcarboxamido) Adenosine on Catecholamine
Secretion Evoked by Cholinergic Stimulation and Membrane
Depolarization in the Rat Adrenal Gland
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Abstract — The present study was attempted to determine the effect of 5'-(N'-ethylcarboxamido) adenosine
(NECA), which is an potent A,-adenosine receptor agonist, on catecholamine (CA) secretion evoked by cho-
linergic stimulation, membrane depolarization and calcium mobilization from the isolated perfused rat adrenal
gland. NECA (20 nM) perfused into the adrenal vein for 60 min produced a time-related inhibition in CA
secretion evoked by ACh (5.32 X 1073 M), high K* (5.6 X 10~2 M), DMPP (10~ M for 2 min), McN-A-343
(10™* M for 2 min), cyclopiazonic acid (107> M M for 4 min) and Bay-K-8644 (10~ M for 4 min). Also, in the
presence of fi,-methylene adenosine-5'-triphosphate (MATP), which is also known to be a selective P, -pusi-
nergic receptor agonist, showed a similar inhibition of CA release evoked by ACh, high potassium, DMPP,
McN-A-343, Bay-K-8644 and cyclopiazonic acid. However, in adrenal glands preloaded with 20 uM NECA
for 20 min under the presence of 20 uM 3-isobutyl- 1-methyl-xanthine (IBMX), an adenosine receptors antag-
onist, CA'secretory responses evoked by ACh, high potassium, DMPP, McN-A-343, Bay-K-8644 and cyclo-
piazonic acid were much recovered in comparison to the case of NECA-treatment only. Taken together, these
results indicate that NECA causes the marked inhibition of CA secretion evoked by stimulation of cholinergic
(both nicotinic and muscarinic) receptors as well as by membrane depolarization. This inhibitory effect may be
mediated by inhibiting influx of extracellular calcium and release in intracellular calcium in the rat adrenom-
edullary chromaffin cells through the adenosine receptor stimulation. Therefore, it is suggested that the inhib-
itory mechanism of adenosine receptor stimulation may play a modulatory role in regulating CA secretion.
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By means of indirect studies, it has been demonstrated that
5'-(N-ethylcarboxamido) adenosine (NECA), A, and A, ago-
nist is able to activate adenosine transport. This activation
appears as a consequence of an increase in the number of
transporters, as demonstrated by the increase in number of
nitrobenzyl-thioinosine binding sites (Delicado ez al, 1990).
Adenosine receptors present in a given cell membrane are
classified by their biochemical characterization, including the
order of potency of agonists and antagonists and the calcula-
tion of the equilibrium binding parameters of the more spe-
cific ligands. For A, receptors, specific ligands are R-pheny
lisopropyladenosine (R-PIA) as agonist and 8-cyclopentyl-
1,3-dipropylxanthine (DPCPX) as antagonist (Bruns et al,
1986; Lohse et al, 1987; Stone et al, 1988). For the A, sub-
class, the agonist that has been widely used is NECA (Bruns
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et al, 1986; Friedman et al, 1989). However, NECA also
binds to A, receptors (Bruns er al, 1986; Reddington er al,
1986). On the other hand, in some A, systems two compo-
nents are identified in the binding of agonists: one of high
affinity (A,,) and the other of low affinity (A,,) (Bruns et al,
1986; Jarvis et al, 1989). Furthermore, Casado and his co-
workers (1992) have demonstrated that the receptors present
on the plasma membrane of bovine chromaffin cells are
exclusively of the A, subtype, which is low-affinity form of
the A,-receptor. Recently, prolonged exposure to NECA is
found not to affect the adenosine A, -mediated vasodilatation
in porcine coronary arteries (Conti et al, 1997). It has been
also suggested that dephosphorylation of a protein involved in
1.1-dimethyl-4-pheny! piperazinium iodide (DMPP)-evoked
Ca®* influx pathway could be the mechanism of the inhibitory
action of adenosine receptor stimulation on CA secretion
from bovine chromaffin cells (Mateo et al, 1995). The effects
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of both adenosine and adenosine agonists on. CA secretion
(Chern et al, 1988; 1992) and adenosine transport (Delicado
er al, 1990) are not associated with a modification of cAMP
levels in chromaffin cells. However, NECA elevates cellular
cAMP content in the presence of forskolin without having
any positive effect on secretion. This finding suggests that the
rise in cAMP level may not be the sole cause of the increase
in secretion by adenosine (Chern er al, 1988). Gurden and co-
workers (1993) have found that receptors present in dog coro-
nary artery, human platelet and neutrophils, probably corre-
spond to the A,,, while those present in the guinea-pig aorta
may be of the A, subtype. In addition, it has been suggested
that NECA cavses vasorelaxation in the rabbit and guinea-pig
aorta by interfering with the Ca?* influx via receptor-operated
channels induced by norepinephrine (Ford and Broadly,
1996). Thus, there is considerable controversy in the physio-
logical effects of adenosine, especially on adrenomedullary
chromaffin cells. The purpose of the present study is an
attempt to investigate whether NECA, a potent agonist at A,-
type adenosine receptors, affect CA secretory response
evoked by stimulation of muscarinic and nicotinic receptors
from the perfused rat adrenal gland and to establish the mech-
anism of its action.

MATERIALS AND METHODS

Experimental procedure

Male Sprague-Dawley rats, weighing 180 to 300 grams,
were anesthetized with thiopental sodium (40 mg/kg) intrap-
eritoneally. The adrenal gland was isolated by the methods
described previously (Wakade, 1981). The abdomen was opened
by a mid-line incision, and the left adrenal gland and sur-
rounding area were exposed by placing three-hook retractors.
The stomach, intestine and portion of the liver were not
removed, but pushed over to the right side and covered by
saline-soaked gauge pads and urine in bladder was removed
in order to obtain enough working space for tying blood ves-
sels and cannulations.

A canuula, used for perfusion of the adrenal gland, was
inserted into the distal end of the renal vein after all branches
of adrenal vein (if any), vena cava and aorta were ligated.
Heparin (400 IU/ml) was injected into vena cava to prevent
blood coagulation before ligating vessels and cannulations. A
small slit was made into the adrenal cortex just opposite
entrance of adrenal vein. Perfusion of the gland was started,
making sure that no leakage was present, and the perfusion

fiuid escaped only from the slit made in adrenal cortex. Then
the adrenal gland, along with ligated blood vessels and the
cannula, was carefully removed from the animal and placed
on a platform of a leucite chamber. The chamber was continu-
ously circulated with water heated at 37 1°C.

Perfusion of adrenal gland

The adrenal glands were perfused by means of a peristaltic
pump (1SCO Co., Lincoln, NB, USA) at a rate of 0.31 ml/min.
The perfusion was carried out with Krebs-bicarbonate solution
of following composition (mM) : NaCl, 118.4; KCl, 4.7; CaCl,,
2.5; MgCl, 1.18; NaHCO,, 25; KH,PO,, 1.2; glucose, 11.7.
The solution was constantly bubbled with 95% O, +5% CO,
and the final pH of the solution was maintained at 7.4 0.05. The
solution contained disodium EDTA (10 pg/ml) and ascorbic
acid (100 ng/ml) to prevent oxidation of catecholamine.

Drug administration

The perfusions of DMPP (100 uM) and McN-A-343 (100
uM) for 2 minutes, and a single injection of ACh (5.32 mM)
and KCl1 (56 mM) in a volume of 0.05 ml were made into per-
fusion streamn via a three way stopcock, respectively. Bay-K-
8644 (107> M) and cyclopiazonic acid (107 M) were also per-
fused for 4 min, respectively. In the preliminary experiments
it was found that upon administration of the above drugs,
secretory responses to ACh, KCI, McN-A-343, Bay-K-8644
and cyclopiazouic acid returned to preinjection level in about
4 min, but the responses to DMPP in 8 min.

Collection of perfusate

As a rule, prior to stimulation with various secretagogues,
perfusate was collected for 4 min to determine the spontane-
ous secretion of CA (background sample). Immediately after
the collection of the background sample, collection of the per-
fusate was continued in another tube as soon as the perfusion
medium containing the stimulatory agent reached the adrenal
gland. Stimulated samples were collected for 4 to 8 min. The
amounts secreted in the background sample have been sub-
tracted from those secreted from the stimulated sample to
obtain the net secretion value of CA, which is shown in all of
the figures. In order to study the effect of NECA on the spon-
taneous and evoked secretion, the adrenal gland was perfused
with Krebs solution containing NECA for 20 min. Then the
perfusate was collected for the background sample, and then
the medium was changed to the one containing the stirnulat-
ing agent and the perfusates were collected for the same
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period as that for the background sample. Generally, the adre-
nal gland's perfusate was collected in chilled tubes.

Measurement of catecholamines

CA content of perfusate was measured directly by the fluo-
rometric method of Anton and Sayre (1962) without the inter-
mediate purification alumina for the reasons described earlier
(Wakade, 1981) using fluorospectrophotometer (Kontron Co.,
Italy). A volume of 0.2 ml of the perfusate was used for the
reaction. The content of CA in the perfusate was expressed in
terms of norepinephrine (base) equivalents.

Statistical analysis

The statistical significance between groups was determined
by the Student's t-test. A P-value of less than 0.05 was consid-
ered to be significant unless specifically noted in the text, Val-
ues given in the text refer to means and the standard errors of
the mean (S.E.M.). The statistical analysis of the experimen-
tal results was made by computer program described by Tal-
larida and Murray (1987).

Drugs and their sources

The following drugs were purchased from Sigma Chemical
Co., US.A.: 5-(N'-ethylcarboxamido) adenosine), acetyl-
choline chloride, 1.1-dimethyl-4-phenyl piperaziniom iodide
(DMPP), P,y-methylene adenosine-5'-triphosphate (MATP), 3-
isobutyl-1-methylxanthine (IBMX), norepinephrine bitartrate,
and methyl-14-dihydro-2, 6-dimethyl-3-nitro-4-(2-trifluorome-
thylphenyl)-pyridine-5-carboxylate (BAY-K-8644). cyclopia-
zonic acid, (3-(m-chloro-phenyl-carbamoyl-oxy)-2-butymnyl-
trimethyl ammonium chloride [McN-A-343] were purchased
from RBI, U.S.A, Drugs were dissolved in distilled water
(stock) and added to the normal Krebs solution as required
except Bay-K-8644, which was dissolved in 99.5% ethanol
and diluted appropriately (final concentration of alcohol was
less than 0.1%). Concentrations of all drugs used are expressed
in terms of molar base.

RESULTS

Effect of 5'-(N'-ethylcarboxamido) adenosine on CA secre-
tion evoked by ACh, high K*, DMPP and McN-A-343
After the initial perfusion with oxygenated Krebs-bicar-
bonate solution for 1 hr, basal CA release from the isolated
perfused rat adrenal glands amounted to 16.3 + 1.8 ng/2 min
(n=6). Since it has shown that in cultured bovine adrenal

chromaffin cells, the NECA reduces CA secretory response
evoked by DMPP (Mateo et al, 1995), it was attempted ini-
tially to examine the effects of NECA itself on CA secretion
from perfused rat adrenal glands. However, in the present
study, NECA itself did not produce any effect on basal CA
output from perfused rat adrenal glands (data not shown).
Therefore, it was decided to investigate the effects of NECA
on cholinergic receptor stimulation- as well as membrane
depolarizationmediated CA secretion. Secretagogues were
given at 15 to 20 minintervals. NECA was present 15~20 min
before initiation of stimulation.

When ACh (5.32 X10* M) in a volume of 0.05 ml was
injected into the perfusion stream, the amounts of CA secreted
was 486 2 54 ng for 4 min, However, the pretreatment with 20
M NECA for 60 min inhibited significantly ACh-stimulated
CA secretion in a time-dependent manner from 6 adrenal
glands, as shown in Fig. 1. Also, it has been found that depo-
larizing agent like KCl stimulates sharply CA secretion. In the
present work, excess K+ (5.6 X 102 M)-stimulated CA secre-
tion after the pretreatment with NECA was significantly inhib-
ited as compared with its corresponding control secretion (171
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Fig. 1. Intluence of 5'-(N'-ethylcarboxamido) adenosine (NECA)
on ACh-stimulated catecholamine (CA) secretion from the iso-
lated perfused rat adrenal glands. CA secretion was induced by
a single injection of ACh (5.32 X 1073 M) after perfusion with
normal Krebs solution for one hour prior to initiation of the
experimental protocol, “CONTROL™ and “AFTER” denote CA
secretion evoked by ACh before and after loading with 20 uM
NECA, respectively. Number in the parenthesis indicates num-
ber of experiments. Vertical bars represent the standard error of
the mean (S.E.M.). Ordinate: the amounts of CA secreted from
the adrenal gland in ng. Abscissa: Collecting time of the perfu-
sate (min). Statistical difference was obtained by comparing the
control with the NECA-treated group. Each perfusate was col-
lected for 4 minutes. *P<0.05, #**P<0.01.
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Fig. 2. Influence of NECA on high K*-stimulated CA secretion
from the isolated perfused rat adrenal glands. Excess K* (5.6 %
10-2 M) was given into an adrenal vein before and after the per-
fusion with 20 uM NECA, respectively. Other legends are the
same as in Fig. 1. The perfusate was collected for 4 minutes. *P
<0.05, ##*P<0.01.
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Fig. 3. Influence of NECA on DMPP-stimulated CA secretion
from the isolated perfused rat adrenal glands. DMPP (107* M)
was given into an adrenal vein before and after the perfusion
with 20 uM NECA, respectively. The perfusates for DMPP
were collected twice at 4 min interval for 8 min. Other legends
are the same as in Fig. 1. DMPP-induced perfusates were col-
lected twice at 4 min-interval for 8 min: DMPPI (0~4 min) and
DMPP?2 (4~8 min). *P<0.05, #***P<0.01. DMPP: dimethy! phe-
nyl piperazinium.

127 ng for 0~4 min) from & glands (Fig. 2).

When perfused through the rat adrenal gland, DMPP (10~
M for 2 min), which is a selective nicotinic receptor agonist in
autonomic sympathetic ganglia, evoked a sharp and rapid
increase in CA secretion. However, as shown in Fig. 3,
DMPP-stimulated CA secretion after pretreatment with 20
pM NECA was relatively time-dependently reduced as com-
pared with its corresponding control secretion (603 £48 ng
for 0~4 min; 216 =39 ng for 4~8 min) in 6 rat adrenal glands.
McN-A-343 (10~ M), which is a selective muscarinic M-
agonist (Hammer and Giachetti, 1982), perfused into an adre-
nal gland for 2 min caused an increased CA secretion (108 =
15 ng for 0~4 min) from 10 glands. However, McN-A-343-
stimulated CA secretion in the presence of 20 uM NECA was
almost perfectly blocked as compared to the corresponding
control secretion as depicted in Fig. 4.

Since Bay-K-8644 is known to be a calcium channel acti-
vator which enhances basal Ca? uptake (Garcia et al., 1984)
and CA release (Lim et al., 1992), it was ol interest to deter-
mine the effects of NECA on Bay-K-8644-stimulated CA
secretion from the isolated perfused rat adrenal glands. Bay-
K-8644 (10 M)-stimulated CA secretion under the presence
of 20 pM NECA was strikingly depressed to 30~10% of the
corresponding control release (189 + 39 ng for 0~4 min) from
6 glands as shown in Fig. 5.

Cyclopiazonic acid, a mycotoxin from Aspergillus and
Penicillium, bas been described as a highly selective inhibitor
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Fig. 4. Influence of NECA on Mc¢N-A-343-stimulated CA
secretion from the isolated perfused rat adrenal glands. McN-A-
343 (104 M) was given into an adrenal vein before and after
the perfusiop with 20 uM NECA, respectively. Other legends
are the same as in Fig. 1. The perfusate was collected for 4 min-
utes. ***P<0.01. McN-A-343: (3-(m-chloro-phenyl-carbamoyl-
oxy)-2-butynyltrimethyl ammonium chloride.
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Fig, 5. Influence of NECA on Bay-K-8644 stimulated CA
secretion from the isolated perfused rat adrenal glands. Bay-K-
8644 (10~ M) was given into an adrenal vein before and afler
the perfusion with 20 pM NECA, respectively. Other legends
are the same as in Fig. 1. The perfusate was collected for 4 min-
utes. *P<0.05, *#**P«0.01
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Fig. 6. Influence of NECA on CPA-stimulated CA secretion
from the isolated perfused rat adrenal glands. CPA (107 M) was
given into an adrenal vein before and after the perfusion with
20 uM NECA, respectively. Other legends are the same as in
Fig. 1. The perfusate was collected for 4 minutes. *P<0.03, ***:
P<0.01. CPA: Cyclopiazonic acid.

of Ca*-ATPase in skeletal muscle sarcoplasmic reticulum
(Goeger and Riley, 1989; Seidler ez al., 1989). The inhibitory
action of NECA on cyclopiazonic acid-evoked CA secretory
response was observed as shown in Fig. 6. Under the effect of
20 pM NECA in 6 rat adrenal glands, cyclopiazonic acid (10
M)-evoked CA secretion was greatly reduced by 22~17% of
the control response (108 + 21 ng for 0~4 min),

The effects of NECA plus 3-isobutyl-1-methylxanthine
(IBMX) on CA release evoked by ACh, excess K*, DMPP,
McN-A-343, Bay-K-8644 and cyclopiazonic acid

Since IBMX is a potent phosphodiesterase inhibitor and
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Fig. 7. Effect of NECA in the presence of 3-isobutyl-1-methylx-
anthine (IBMX) on CA release evoked by ACh, high K* and
DMPP. ACh (5.32 mM), excess K* (56 mM) and DMPP (100
uM) were given before and after preloading with 20 uM NECA
only or 20 uM NECA plus 20 uM IBMX for 20 min, respec-
tively. “CONT”, “NECA" and “NECA+IBMX” denote CA
release induced by each secretagogue before (CONT) and after
pretreatment with 20 pM NECA or along with 20 utM IBMX
(NECA+IBMX) for 20 min, respectively. Statistical differences
were compared between groups of CONT and NECA, and
beltween groups of NECA and NECA+IBMX, respectively.
Other legends are the same as in Fig. 1. Cont: Control. P<0.03,
##4Pe(.01,

more active than theophylline at adenosine receptors (Bruns
et al, 1986), it was tried to determine the effect of NECA in
the presence of IBMX on CA secretion evoked by various
secretagogues from the isolated rat adrenal glands. NECA
plus IBMX treatment did not alter the basal CA secretory
response (data not shown).

ACh (5.32 X103 M)- and excess K* (5.6 X 102 M)-evoked
CA releases in the presence of 20 uM NECA along with 20
uM IBMX were recovered to 98 £ 11% (P<0.01, n=6) and
107 £19% (P<0.01, n=6) of their control secretion (100%),
respectively as compared to their secretory responses of 53 =
8% and 63 1:15% of their controls in the presence of 20 uM
NECA only (Fig. 7). On the other hand, 20 uM NECA along
with 20 pM IBMX treatment did fail to affect the basal CA
secretory response (data not shown). As depicted in Fig. 7 and
8, CA secretjons under the presence of 20 pM NECA along
with 20 uM IBMX were also greatly recovered to 99 =7%
(0~4 min, P<0.01, n=8) and 73 £13% (4~8 min, P<0.01,
n=38) in response to DMPP and 92 +20% (0~4 min, P<0.01,
n=8) in response to McN-A-343 of their corresponding con-
trol responses, respectively as compared to the secretory
responses of 68 4% (0~4 min) and 35 =15% (4~8 min) for
DMPP, and 0 =0 % (0~4 min) for McN-A-343 of the control
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Fig. 8. Effect of NECA plus IBMX on CA release evoked by
McN-A-343, Bay-K-8644 and cyclopiazonic acid. Secreta-
gogues were administered before and after pretreatment with
Krebs solution containing 20 M NECA plus 20 uM IBMX for
20 min, respectively. Other legends are the same as in Fig. 1
and 7. McN-A: McN-A-343, BAY-K: Bay-K-8644, CPA: Cy-
clopiazonic acid, *P<0.05, ***P<0.01.

in the presence of 20 uM NECA only.

CPA (105 M)~ and Bay-K-8644 (10 M)-induced CA secre-
tory responses after preloading with Krebs solution containing
20 pM NECA along with 20 uM IBMX were reduced to 39 +
8 % (P <0.05, n=6) and 56 £ 12% (P< 0.01, n=6) of each cor-
responding control (100%), respectively as compared to the
secretory responses of 14 £2 % and 13 &23% of the controls
in the presence of 20 pM NECA only as shown in Fig. 8.

Effect of 3,-methylene adenosine-5'-triphosphate (MATP)
on CA secretion evoked by ACh, excess K*, DMPP,
McN-A-343, Bay-K-8644 and cyclopiazonic acid

In the previous experimental results as shown in Fig. 1~6,
it was found that NECA showed a time-dependent inhibition
in CA secretory responses evoked by cholinergic stimulation
and membrane depolarization. MATP is known to be an ATP
receptor agonist in guinea-pig (Hourani et al, 1986). It has
been also shown that MATP induces Ca®* entry mainly
through L-type Ca®* channels by a pertussis toxin-insensitive
mechanism, consistent with activation of P,, receptors at pre-
synaptic glial cells of the frog neuromuscular junction (Robi-
taille, 1995). Therefore, it is likely of very interest to examine
the effect of MATP on CA secretion evoked by various secre-
tagogues.

As shown in Fig. 9, CA release evoked by ACh (5.32 X 103
M) after preloading with 20 uM MATP for 20 min amounted
to 86% of the corresponding control secretion (O~4 min, 435
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Fig. 9. Effect of [,y-methyl adenosine-5'-triphosphate (MATF)
on CA release evoked by ACh, high K* and DMPP. Secreta-
gogues were administered before and after pretreatment with
Krebs solution containing 10 uM MATP for 20 min, respec-
tively. DMPP-induced perfusates were collected twice at 4 min-
interval for 8 min: DMPP1 (0-4 min) and DMPP2 (4-8min).
Other Jegends are the same as in Fig. | and 7. Ns: statistically
nonsignificant. *P<0.05, **¥P<0.01.

*51 ng) from 8 rats. Excess K+ (5.6 =102 M)-evoked CA
release after preloading with 20 pM MATP was significantly
inhibiled to 72% of the corresponding control secretion (0~4
min, 293 35 ng) in 8 glands as shown in Fig. 9. In 6 adrenal
glands, the neuronal nicotinic agonist, DMPP (10~ M)-
evoked CA secretion following the pretreatment with MATP
was also markedly depressed to 61% (0~4 min) and 36% (4~8
min) of the control secretion (0~4 min, 354 =51 ng; 4~& min,
141:£24 ng), respectively as shown in Fig. 9.

The muscarinic M,-recptor agonist, McN-A-343 (10~ M)-
stimulated CA releases after preloading with MATP were also
significantly reduced (Fig. 10). In the presence of 20 uM
MATP, the CA secretory response by cyclopiazonic acid (10~
M) given into the adrenal gland was greatly reduced to 32%
of the corresponding control response (0~4 min, 95 %12 ng)
from 8 experiments as shown in Fig. 10,. In § glands, Bay-K-
8644-evoked CA secretion under the presence of 20 pM
MATP was strikingly depressed as compared to the corre-
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Fig. 10. Effect of B,y-methyl adenosine-3'-triphosphate (MATP)
on CA release evoked by McN-A-343, Bay-K-8644 and cyclo-
piazonic acid. Secretagogues were administered before and after
pretreatment with Krebs solution containing 10 uM MATP for
20 min, respectively. Other legends are the same as Fig. 1 and 7.
*P<0.03, ¥**¥P<0.01.

sponding control release; thus, the release was reduced to
26% of the contro] secretion (O~4 min, 93 =15 ng) as shown
in Fig. 10.

DISCUSSION

The present experimental results demonstrate that NECA
causes a great inhibition of CA secretory responses evoked by
stimulation of cholinergic (both nicotinic and muscarinic)
receptors as well as by membrane depolarization. This effect
may be mediated by inhibiting influx of extracellular calcium
and release in intracellular calcium in the rat adrenomedullary
chromaffin cells, which appeared to be due to the inhibitory
mechanism of adenosine receptor activation.

The present experiment results are in agreement with previ-
ous reports (Chern et al, 1987, Sasakawa er al, 1989; Mateo et
al, 1995), while not in agreement with the results obtained by
some investigators (Wakade and Wakade, 1978; Wakade,
1981; Lim and Choi; 1986). In the present study in the iso-
lated perfused rat adrenal gland, NECA time-dependently

caused decrease in responses on cholinergic stimulation- and
membrane depolarization-induced CA secretion. The reason
for differences between results of the present and previous
studies in the culture adrenal chromaffin cells or the perfused
adrenal glands is uncertain. But it may be related to species
differences or differences in experimental design (Wakade
and Wakade, 1978; Wakade, 1981; Lim and Choi, 1986;
Diverse-Pierlussi, 1991; Mateo et al, 1995; Reichsman er al,
1995).

NECA is known to be used widely as an agonist of A, sub-
class (Bruns er al, 1986; Friedman et qf, 1989). It has been
also found that adrenal chromaffin cells express selectively
the A, subtype of the adenosine receptors (Casado et al,
1992). The present experimental findings that NECA inhib-
ited both cholinersic stimulation- and depolarization-induced
CA secretory responses from the perfused rat adrenal gland
suggest strongly that this NECA-induced inhibitory action
may be exerted via activation of adenosine A, -receptors
located on the rat adrenomedullary chromaffin cells. In sup-
port of this finding, recently, it has been found that prolonged
exposure to NECA does not affect the adenosine A, -medi-
ated vasodilatation in porcine coronary arteries (Contl et al,
1997).

In the present investigation, NECA-induced inhibitory
effects on CA secretory responses evoked by cholinergic
stimulation and membrane depolarization were recovered
nearly to the control level of each secretagogue when NECA
and IBMX were perfused simultaneously into the adrenal
gland. In view of these facts, this finding suggests that NECA
can cause the inhibitory effect on CA secretion through the
inhibitory mechanism of adenosine A,-receptor activation.
IBMX is found to be a potent phosphodiesterase inhibitor and
to be more active than theophylline at adenosine receptors
(Bruns et al, 1986). In support of this idea, it has been shown
that vasopressin-secreting neurons can be brought to maturity
in culture by growing them in the presence of IBMX, and for-
skolin, an activator of adenylate cyclase for 3 weeks. At this
time, the cultures contain numerous large immunoreactive
vasopressin-neurophysin neurons and secrete vasopressin into
the culture medium. However, if the IBMX and forskolin are
withdrawn at this point, vasopressin expression declines and 1
week later the cultures contain only occasional immunoreac-
tive neurons and vasopressin is no longer detectable in the
medium. Re-exposures of the cultures to IBMX and forskolin
results in re-expression of vasopressin synthesis and secretion
(Sladek and Gallagher, 1993; Mathiasen er al, 1996). More-
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over, it has been found that excitatory behavior on CA secre-
tion with NECA in the cultured bovine chromaffin cells did
not occur (Mateo ef al, 1995) as was seen with adenosine
when assayed together with forskolin or an inhibitor of cyclic
AMP phosphodiesterase (Chern et al, 1988). The present
experimental result that NECA inhibits DMPP-, McN-A-343-
and excess K*-induced CA secretory responses cannot rule
out completely the possibility in relation to the cAMP. cAMP
analogs have variously been reported to enthance the nicotinic
response of bovine adrenal chromaffin cells (Higgins and
Berg, 1988; Peach, 1972), to have no specific effect on the
nicotinic response (Adams and Boarder, 1987; Morita et al,
1987; Dubin et al, 1992) or to decrease it (Cheek and Bur-
goyne, 1987; Marriott et al, 1988). Nevertheless, the role of
cyclic AMP is only modulatory because it is not tequired for
exocytosis itself (Knight and Baker, 1982; Bittner el al,
1986). The cyclic AMP-mediated excitatory action of adenos-
ine on evoked CA secretion from chromaffin cells has been
shown to be blocked by inhibitors of adenosine transport and
it has been proposed that intracellular adenosine could inhibit
cAMP phosphodiesterase and thus potentiate cAMP effect
(Tarner and Njus, 1993). In fact, NECA, which is not trans-
ported into the cell (Balwierzak et al, 1989), lacks this excita-
tory effect.

Thus, selective stimulation of A, receptors by NECA
appears more specific than treatment of chromaffin cells with
high concentration of adenosine, which could activate an
extended set of targets. In view of the fact that NECA inhibits
CA secretory responses evoked by DMPP (a nicotinic recep-
tor agonist), McN-A-343 (a muscarinic M,-receptors agonist)
and high potassium (a direct membrane-depolarizer) in the
isolated perfused rat adrenal gland, it suggests that this inhibi-
tory effect of NECA is not mediated by the increased cAMP.
Both the effects of adenosine and adenosine agonists on CA
secretion (Chern et al, 1988; 1992) and adenosine transport
(Delicado er al, 1990) are not associated with a modification
of cAMP levels in chromaffin cells. However, NECA ele-
vates cellular cAMP content in the presence of forskolin with-
out having any positive effect on secretion, This finding
suggests that the rise in cAMP level may not be the sole cause
of the increase in secretion by adenosine (Chern et al, 1988).

Furthermore, in the present investigation, the findings that
MATP, a potent ATP receptlor agonist, inhibited time-depen-
dently CA secretory responses evoked by cholinergic stimula-
tion as well as membrane depolarization can support surely
Aj-receptor located on the rat adrenomedullary chromaffin

cells. MATP is known to be an ATP receptor agonist in
guinea-pig (Hourani et al, 1986). It has been also shown that
MATP induces Ca’* entry mainly through L-type Ca®* chan-
nels by a pertussis toxin-insensitive mechanism, consistent
with activation of P,, receptors at presynaptic glial cells of the
frog neuromuscular junction (Robitaille, 1995).

In the present investigation, the results that NECA as well
as MATP inhibits CA secretion evoked by stimulation of nic-
otinic and muscarinic receptors with DMPP and McN-A-343
suggest strongly that adenosine receptors are involved in the
regulation of the overall secretory responses evoked by nico-
tinic and muscarinic stimulation. In support of this hypothe-
sis, it has been shown that niuscarinic stimulation generates a
depolarizing signal which triggers the firing of action poten-
tials, resulting in the increased CA release in the rat chromaf-
fin cells (Akaike er al, 1990; Lim & Hwang, 1991). These
observations are in line with a previous report (Ladona et c,
1987; Uceda et al, 1992) showing that Bay-K-8644 almost
tripled the peak secretory response to muscarine in perfused
cat adrenal glands. In the present experiment, NECA also
depressed greatly CA secretion induced by Bay-K-8644,
which is found to potentiate the release of CA by increasing
Ca’* influx through L-type Ca®* channels in chromaffin cells
(Garcia et al., 1984). These findings that NECA inhibited CA
secretion evoked by high K* and also by Bay-K-8644 suggest
that this NECA inhibits directly the voltage-dependent Ca®*
channels through adenosine receptors, just like Ca?* channel
blockers (Cena er al., 1983), which have direct action on volt-
age-dependent Ca®" channels. Therefore, it seems that the
NECA inhibits CA secretion evoked by DMPP by inhibiting
Ca®* influx through voltage-dependent Ca?* channels acli-
vated by nicotinic ACh receptors with DMPP. Similarly as in
the present study, the time-dependent inhibition of CA secre-
tion evoked by NECA has been found to correlate quite well
with the inhibition of DMPP-evoked [Ca®*]; transients after
pre-incubation with NECA (Mateo et al, 1995). The [Ca®*];
rise induced by the nicotinic agonist DMPP is considered to
be caused almost exclusively by extracellular Ca®* influx
through voltage-sensitive Ca”* channels activated by depolar-
ization evoked by nicotinic receptor stimulation (Kilpatrick et
al, 1982; Kim and Westhead, 1989; O'Sullivan et al, 1989).
Thus, the inhibitory effect of NECA in the present work
should be attributed to the inhibition of Ca* influx,

In the present study, it has been also shown that NECA
inhibits the increase in CA secretion evoked by cyclopiazonic
acid. Cyclopiazonic acid is known to be a highly selective
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inhibitor of Ca?*-ATPase in skeletal muscle sarcoplasmic
reticulum (Geoger & Riley, 1989; Seidler er al., 1989) and a
valuable pharmacological tool for investigating intracellular
Ca®* mobilization and ionic currents regulated by intracellular
Ca*" (Suzuki et al., 1992). Therefore, it is felt that the inhibi-
tory effect of NECA on CA secretion evoked by cholinergic
stimulation as well as by membrane-depolarization may be
associated with the mobilization of intracellular Ca®* in the
chromaffin cells. This indicates that the NECA has an inhibi-
tory effect on the release of Ca®* from the intracellular pools
induced by stimulation of muscarinic ACh receptors, which is
weakly responsible for the secretion of CA. It has been shown
that Ca®*-uptake into intracellular storage sites susceptible to
caffeine (Ilno, 1989) is almost completely abolished by treat-
ment with cyclopiazonic acid during the proceeding Ca®* load
(Suzuki et al., 1992). This is consistent with the findings
obtained in skinned smooth muscle fibers of the longitudinal
layer of the guinea-pig ileum, where Ca>*-uptake was also
inhibited by cylopiazonic acid (Uyama er al, 1992). Suzuki
and his coworkers (1992) have shown that cyclopiazonic acid
easily penetrates into the cytoplasm through the plasma mem-
brane and reduces Ca’"-ATPase activity in sarcoplasmic/
endoplasmic reticulum, resulting in increase in the subsequent
Ca?* release from those storage sites. Moreover, in bovine
adrenal chromaffin cells, stimulation of muscarinic ACh
receptors is also proposed to cause activation of phosphoi-
nositide (PD) metabolism, resulting in the formation of inositol
1, 4, 5-trisphosphate (IP;), which induces the mobilization of
Ca®* from the intracellular pools (Cheek et al., 1989; Challis
et al., 1991). However, in the present study, it is uncertain
whether the inhibitory effect of the NECA on Ca** movement
from intracellular pools is due to their direct effect on the PI
response or an indirect effect as a result of the membrane
hyperpolarization induced by adenosine receptors. In the
present study, the fact that McN-A-343-evoked CA secretion
was depressed by pretreatment with NECA appears to be con-
sistent with these previous results.

In conclusion, the present experimental results demonstrate
that the NECA inhibits CA secretory responses evoked by
cholinergic (both nicotinic and muscarinic) stimulation as
well as by membrane depolarization from the isolated per-
fused rat adrenal glands. And it leads to inhibit Ca?* influx
through the L-type voltage-dependent calcium channels and
also Ca?* mobilization from intracellular pools. These find-
ings suggest that this inhibitory mechanism of NECA-sensi-
tive adenosine receptor stimulation may play a modulatory

role in CA secretion from the rat adrenomedullary chromaffin
cells.

REFERENCES

Adams M, Boarder M.R, Secretion of met-enkephalyl-arg®-
phe’-related peptides and catecholamines from bovine
adrenal chromaffin cells: Modification by changes in cyclic
AMP and by treatment with reserpine. J. Neurochem. 49,
208-215, 1987

Akaike A, Mine Y, Sasa M, Takaori S, Voltage and current
clamp studies of muscarinic and nicotinic excitation of the
rat adrenal chromaftin cells. J. Pharmacol Expr Ther, 255,
333-339, 1990.

Anton A. H, Sayre D. F, A study of the factors affecting the
aluminum oxide trihydroxyindole procedure for the analysis
of catecholamines. J. Pharmacol Exp. Ther. 138, 360-375,
1962

Balwierczak J. L, Krulan C. M, Wand Z. C, Chen I, Jeng A.
Y, Effects of adenosine A, receptor agonists on nucleoside
transport. J. Pharmacol Exp. Ther. 251, 279-287, 1989.

Bittner M. A, Holz R. W, Neubig R. R, Guanine neucleotide
effects on catecholamine secretion from digitonin-permea-
bilized adrenal chromaffin cells. J. Biol. Chem. 261, 10182-
10188, 1986.

Bruns R. B, Lu G. H, Pugsley T. A, Characterization of the A,
adenosine receptor labeled by [PHINECA in rat stiatal
membranes. Mol. Pharmacol, 29. 331-346, 1986.

Casado V, Casillas T, Mallol I, Canela E. I, LIuis C, Franco R,
The adenosine receptors present on the plasma membrane
of chromaffin cells are the A,, subtype. J. Neurochem, 59,
425-431, 1992.

Cena V, Nicolas G. P, Sanchez-Garcia P Kirpekar S. M,
Garcia A. G, Pharmacological dissection of receptor-
associated and voltage-sensitive ionic channels involved in
catecholamine release. Neuroscience 10, 1455-1462, 1983.

Challiss R. A. J, Jones J. A, Owen P. J, Boarder M. R,
Changes in inositol 1, 4, 5-trisphosphate and inositol 1, 3, 4,
5-tetrakisphosphate mass accumulations in cultured adrenal
chromaffin cells in response to bradykinin and histamine. J.
Neurochem 56, 1083-1086, 1991.

Cheek T. R, O'Sullivan A. I, Moreton R. B, Berridge M. J,
Burgoyne R. D, Spatial localization of the stimulus-induced
rise in cytosolic Ca?* in bovine adrenal chromaffin cells:
Distinct nicotinic and muscarinic patterns. FEBS Lern, 247,
429-434, 1989,

Chemn Y. J, Bott M, Chu P. J, Lin Y. J, Kao L. §, Westhead E.
W, The adenosine analogue N®-I-phenylisopropyl adenosine
inhibits catecholamine secretion from bovine adrenal
medulla cells by inhibiting calcium influx. J. Neurochem
59, 1399-1404, 1992.

Chern Y. J, Kim K, T, Slakey L. L, Westhead E. W, Adenosine
receptors activate adenylate cyclase and enhance secretion
from bovine adrenal chromaffin cells in the presence of
forskolin. J. Neurochem 50, 1484-1493, 1988.



Influence of NECA on Catecholamine Secretion 347

Conti A, Lozza G, Monopoli A, Prolonged exposure to 5'-N-
ethylcarboxamido adenosine (NECA) does not affect the
adenosine Aza-mediated vasodilation in porcine coronary
arteries. Pharmacol Res. 35(2), 123-128, 1997.

Delicado EG, Rodrigues A, Sen RP, Sebastiao AM, Ribeiro
JA, Miras-Portugal MT: Effect of 5'-(N-ethyl-carboxamido)
adenosine on adenosine transport in cultuwred chromaffin
cells. J. Neurochem 54, 1941-1946, 1990.

Dubin A. E, Rathouz M. M, Mapp K. S, Berg D. K, Cyclic
AMP and the nicotinic response of bovine adrenal chromaffin
cells. Brain Res. 586, 344-347, 1992,

Ford W. R, Broadly K. J, Vasorelaxation of noradrenaline-
constricted guinea-pig and rabbit aorta by the adenosine
analogue NECA: roles of intra- and extra-cellular calcium.
Arch. Int. Pharmacodyn Ther. 331(3), 285-300, 1996.

Friedman Z, Hackett SF, Linden J, Campochiaro PA: Human
retinal pigment epithelial cells in culture process Ax-
adenosine receptors. Brain Res. 492, 29-35, 1989.

Garcia A. G, Sala F, Reig J. A, Viniegra S, Frias J, Fonteriz R,
Gandia L, Dihydropyridine Bay-K-8644 activates chromaffin
cell calcium channels. Nature 309, 69-71, 1984,

Goeger D. E, Riley R. T, Interaction of cyclopiazonic acid
with rat skeletal muscle sarcoplasmic reticulum vesicles.
Effect on Ca®** binding and Ca®* permeability. Biochem
Pharmacol 38, 3995-4003, 1989,

Gurden M. F, Coates J, Ellis F, Evans B, Foster M, Hornby E,
Kennedy I, Martin D. P, Strong P, Vardey C. J, Wheeldon
A, Functional characterization of three adenosine receptor
types. Br. J. Pharmacol 109, 693-698, 1993.

Hammer R, Giachetti A, Muscarinic receptor subtypes: M,
and M, biochemjcal and functional characterization. Life
Sci, 31, 2992-2998, 1982.

Higgins L. §, Berg D. K, Cyclic AMP-dependent mechanism
regulates acetylcholine receptor function on bovine adrenal
chromaffin cells and discriminates between new and old
receptors. J. Cell. Biol. 107, 1157-1165, 1988.

Hourani 8. M, Loizou G. D, Cusack N. J, Pharmacological
effects of L-AMP-PCP on ATP receptors in smooth muscle.
Eur. J. Pharmacol 131(1), 99-103, 1986.

Iino M, Calcium-induced calcium release mechanism in
guinea pig taenia caeci. J. Gen. Physiol 94, 363-383, 1989.

Jarvis M. F, Schulz R, Hutchinson A. L, Do U, H, Sills M. A,
Williams W, [3H]CGS 21680, a selective Az adenosine
receptor agonist directly labels A2 receptors in rat brain. J
Pharmacol, Exp. Ther. 252, 888-893, 1989,

Kilpatrick D. L, Slepetis R, J, Corcoran J. J, Kirshner N,
Calcium uptake and catecholamine secretion by cultured
bovine adrenal medulla cells. J. Neurochem 38, 427-435,
1982.

Knight D. E, Baker P. F, Calcium-dependent of catecholamine
release bovine adrenal medullary cells after exposure to
intense electric fields. J. Member Biol. 68, 107-140, 1982.

Ladona M. G, Aunis D, Gandia A. G, Garcia A. G, Dihy-
dropyridine modulation of the chromaffin cell secretory
response, J. Neurochem 48, 483-490, 1987.

Lim D. Y, Hwang D. H, Studies on secretion of catecho-

lamines evoked by DMPP apnd McN-A-343 in the rat
adrenal gland, Korean J. Pharmacol 27(1), 53-67, 1991.

Lim D. Y, Kim C. D, Ahn K. W, Influence of TMB-8 on
secretion of catecholamines from the perfused rat adrenal
glands. Arch Pharm Res. 15(2), 115-125, 1992.

Lohse M. J, Klotz K-N, Lindenborn-Fotinos J, Redding M, 8-
Cyclopentyl-1,3-dipropylxanthine(DPCPX)-a selective high
affinity antagonist radioligand for A1 adenosine receptors.
Naunyn Schmiedebergs Arch. Pharmacol. 336, 204-210,
1987

Marriott D, Adams M, Boarder M. R, effect of forskolin and
prostaglandin E1 on stimulus secretion coupling cultured
bovine adrenal chromaffin cells. J. Neurochem 50, 616-623
1988.

Mateo J, Castro B, Zwiller I, Aunis D, Miras-Portugal M. T,
5'-(N-ethylcarboxamido) adenosine inhibits Ca®* influx and
activates a protein phosphatase in bovine adrenal chro-
maffin cells. J. Neurochem 64, 77-84, 1995.

Mathiasen J. R, Macigjewski-Lenoir D, Bloom F. E, Sladek C.
D, Increased vasopressin secretion from hypothalamic
cultures following administration of exogenous vasoptessin
mRINA. Expt Neurol 140, 165-172, 1996.

Morita K, Dohi T, Kitayama s, Koyama Y, Tsujimoto A,
Enhanced of stimnlation-evoked catecholamine release
from cultured bovine adrenal chromaffin cells y forskolin.
J. Neurochem 48, 248-247, 1987.

O'Sullivan A. J, Cheek T. R, Moreton R. B, Berridge M. J,
Burgoyne R. D, Localization and heterogeneity of agonist-
induced changes in cytosolic calcium concentration in
single bovine adrenal chromaffin cells from video imaging
of fura-2, EMBO J. 8, 401-411, 1989.

Peach MJ: Stimulation of release of adrenal catecholamine by
adenosine-3',5"-cyclic monophophate and theophylline in
the absence of extracellular Ca?*. Proc. Nat. Acad Sci. USA
09(4), 834-836, 1972.

Reddington M, Erfurth A, Lee K. S, Heterogeneity of binding
sites for N-ethylcarboxamido [°H] adenosine in rat brain:
effects of N-ethylmaleimide. Brain Res. 399, 232-239,
1986.

Robitaille R, Purinergic receptors and their activation by
endogenous purines at presynaptic glial cells of the frog
neuromuscylar junction. J. Newrosci. 15(11), 7121-7131,
1995.

Sasakawa N, Nakada T, Yamamoto S, Kato R, Stimulation by
ATP of inositol trisphosphate accumulation and calcium
mobilization in cultured adrenal chromaffin cells. J. Neurochem
52, 441-447, 1989.

Schramm M, Thomas G, Towart R, Franckowiak G, Novel
dihydropyridines with positive inotropic action through
activation of Ca® channels. Nature 303, 535-537, 1982.

Seidler N. W, Jona I, Vegh N, Martonosi A, Cyclopiazonic
acid is a specific inhibitor of the Ca’*-ATPase of sarco-
plasmic reticulum. J. Biol. Chem 264, 17816-17823, 1989.

Sladek C. D, Gallagher M. J, The stimulation of vasopressin
gene expression in cultured hypothalamic neurons by cyclic
adenosine 3',5-monophosphate is reversible. Endocrinology



348 Dong-Yoon Lim et al.

133, 1320-1330, 1993,

Stone G. A, Jarvis M. F, Sills M. A, Weeks B, Snowhill E. W,
Williams M, Species differences in high-affinity adenosine
Az binding sites in striatal membranes from mammalian
brain, Drug. Dev. Res. 15, 31-46, 1988,

Suzuki M, Muraki K, Imaizumi Y, Watanabe M: Cyclopia-
zonic acid, an inhibitor of the sarcoplasmic reticulum Ca*-
pump, reduces Ca**-dependent K* currents in guinea-pig
smooth muscle cells. Br. J. Pharmacol 107, 134-140, 1992,

Tallarida R. J, Muray R. B, Manual of pharmacologic calculation
with computer programs. 2nd Ed New York Speringer-
Verlag p. 132, 1987.

Turner D, Njus D, Adenosine transport mediates effects on
secretion in chromaffin cells. in Seventh International
Symposium on Chromaffin Cell Biology and Pharmacology,

P. 10, 1993.

Uceda G, Artalejo A. R, Lopez M. G, Abad F, Neher E,
Garcia A. G, Ca**-activated K* channels modulated musca-
rinic secretion in cat chromaffin cells. J. Physiol 454, 213-
230, 1992,

Uyama Y, Imaizumi Y, Watanabe M, Effects of cyclopiazonic
acid, a novel Ca>*-ATPase inhibitor on contractile responses
in skinned ileal smooth muscle. Br. J. Pharmacol 106, 208-
214, 1992.

Wada Y, Satoh K, Taira N, Cardiovascular profile of Bay-K-
8644, a presumed calcium channel activator in the dog.
Naunyn-Schmiedebergs Arch. Pharmacol 328, 382-387, 1985,

Wakade A. R, Studies on secretion of catecholamines evoked
by acetylcholine or transmural stimulation of the rat adrenal
gland. J. Physiol 313, 463-480, 1981.



