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In the present study the role of endogenous nitric oxide (NO) in the vasopres-
sin-induced ACTH and corticosterone secretion was investigated in conscious rats.
Vasopressin (AVP 5 ng/kg ip) considerably augmented ACTH and corticosterone
secretion. _L-arginine (120 and 300 mg/kg ip) did not significantly alter the
AVP-induced secretion of those ‘hormone&. Nitric oxide synthase (NOS) blockers
N®-nitro-L-arginine (L-NNA) and its methyl ester (L-NAME) given ip 15 min before
AVP markedly increased the AVP-induced ACTH secretion. L-NNA (2 mg/kg) more
potently and significantly increased the AVP-induced ACTH secretion, whereas
L-NAME elicited a weaker and not significant effect. Both those NOS antagonists
intensified significantly and to a similar extent the AVP-induced corticosterone
secretion. L-arginine (120 mg/kg ip) reversed the L-NNA-induced rise in the
AVP-stimulated ACTH secretion and substantially diminished the accompanying
corticosterone secretion. Neither vasopressin alone nor in combination with
L-arginine and L-NAME evoked any significant alterations in the hypothalamic
noradrenaline and dopamine levels. L-NNA (2 and 10 mg/kg ip) elicited a dose
dependent and significant decrease in the hypothalamic noradrenaline level. The
hypothalamic dopamine level was not significantly altered by any treatment. These
results indicate that in conscious rats endogenous NO has an inhibitory influence on
the AVP-induced increase in ACTH and corticosterone secretion. L-NNA is
significantly more potent than L-NAME in increasing the AVP-induced ACTH
secretion. This may be connected with a considerable increase by L-NNA of
hypothalamic noradrenergic system activation which stimulates the pituitary-ad-
renal axis in addition to specific inhibition of NOS.
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INTRODUCTION

Recent data indicates that nitric oxide (NO) may act as a neuronal
messenger and neuromodulator in the brain (1). In the central nervous system

it is synthesizedmz+-calmodulin-dependent enzyme, NO-synthase,



618

from L-arginine as a substrate. In neurons the NOS enzyme is present under
physiological conditions. NO participates in several physiological functions in
the central nervous system. NOS is widely distributed in several brain areas (2)
involved in the synthesis and storage of vasopressin, particularly in the
hypothalamic supraoptic and paraventricular nuclei (3) and in nerve terminals
of the posterior pituitary. NOS is colocalized with magnocellular oxytocin and
arginine vasopressin (4). Nitric oxide directly and specifically inhibits the
stimulated release of AVP from rat hypothalamic explants and from the
supraoptic nucleus in vitro (5, 6), whereas it can centrally stimulate vasopressin
release in conscious rats (7). On the other hand, NO can mediate various
actions of AVP in peripheral tissues e.g. cytokine stimulation of rat cardiac
myocytes and renal vasodilation (8—10). Nitric oxide is involved in modula-
tion of various neuroendocrine responses such as secretion of CRH and ACTH
(11—13). NO may also act on the neurotransmitters involved in the control of
the HPA axis activity, such as catecholamines (14—16). Central catecholamines
from axons projecting to the PVN activate o, -adrenergic receptors that
selectively stimulate the release of both CRH and AVP in the portal capillary
plexus (17). Noradrenaline activates, via o,-adrenergic receptors, AVP-contain-
ing neurons also in the hypothalamic supraoptic nucleus (18). Nitric oxide can
inhibit corticosterone secretion elicited by vasopressin given both systemically
and intracerebroventricularly (19). Nevertheless, the role played by NO and the
site of interaction with the AVP-induced HPA stimulation whether central,
pituitary or/and adrenal gland, remain unclear. Likewise, adrenergic compo-
nent in this interaction has not been determined.

This study examines the effect of NOS blockers and the NO substrate on
the vasopressin-induced ACTH and corticosterone secretion, as well as on
hypothalamic catecholamine levels in conscious rats.

MATERIALS AND METHODS

Animals

Male Wistar rats weighing 200—230 g were housed in groups of 7 at a room temperature of
20+ 2°C and on a daylight cycle at last one week before the experiment. The animals had free acces
to standard rodent laboratory food and tap water.

Experiments

The rats were randomly assigned to one of the experimental groups, 6 animals each. They
were injected ip with saline or the required drug in a volume of 1 ml/kg. In the control group
the rats received ip injection of saline, the experimental groups were injected with vasopressin
5 pg/kg, or L-arginine 120 or 300 mg/kg 15 min before vasopressin; with L-NAME 2 mg/kg or
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L-NNA 2 mg/kg 15 min before vasopressin and the last group received L-arginine + L-NNA before
vasopressin.

In order to avoid interference with the circadian rhythm in ACTH and corticosterone levels,
all experiments were performed between 9 and 10 a.m. and all decapitations were carried out
between 10 and 11 a.m. when plasma hormone concentrations are low in the normal diurnal
rhythm.

ACTH and corticosterone determinations

One hour after the last injection the rats were decapitated immediately after their removal
from the cage and their trunk blood samples were collected on ice in plastic conical tubes
containing 200 ul of a solution of 5 mg/ml EDTA and 500 TIU of aprotinin (Sigma). Control rats
were decapitated concurrently with the experimental group. Plasma was separated by centrifu-
gation in a refrigerated centrifuge within 30 min and frozen at —20°C until the time of assay.
Plasma ACTH concentrations were measured using the double antibody '?°I radioimmunoassay
obtained from CIS Bio International and were calculated as pg/ml of plasma. The concentration of
corticosterone was measured fluorometrically and expressed as pg per 100 ml

Hypothalamic dopamine and noradrenaline determinations

For dopamine and noradrenaline determinations, the rats were decapitated at the required
time, their brains were quickly removed, placed on glass plates kept on ice and washed
with an ice-cold saline. The cerebella were discarded and the hypothalami were isolated
and stored at —80°C until further use. For an HPLC assay frozen hypothalami were put
into approx. 10 vol. of ice-cold 0.1 M HCIO, containing 5- mM of ascorbic acid and
25 pg/l of 3, 4 dihydrobenzylamine (internal standard); then they were weighed and homogenized
with an Ultra-Turrax homogenizer (10 s at 20000 rpm). The homogenates were centrifuged
at 14000x g and the supernatants were subsequently filtered out through 0.22 um RC-58
membranes (BAS MF-1 centrifugal microfilters). The filtrates were injected into the HPLC
system. A BAS-400 liquid chromatograph (BAS, USA), equipped with an LC4B/17AT elec-
trochemical detecter and 3 pg C,, Phase 2 analytical column (100 mm x3 mm), coupled
to a 7 ym C,;g guard column (15 mmx3 mm) was used. The mobile phase (36 mM
citrate-28 mM phosphate buffer pH 3.5, containing 0.77 mM of EDTA and 5% methanol)
was pumped at 0.9 ml/min through the column thermostatted at 32°C. The separated sample
components of dopamine and noradrenaline were detected at an oxidation potential of .8
V. All the reagents were of analytical grade (Merck, Germany and Sigma, USA).

Statistical analysis

The data are presented as mean+ SEM. Statistical significance of differences between groups
was estimated by an analysis of variance, followed by individual comparisons with the Duncan test.
The results were considered significantly different if p < 0.05.

Drugs

[Arg®]-vasopressin acetate salt, L-arginine hydrochloride, No-nitro-L-arginine and
No-nitro-L-arginine methyl ester hydrochloride were purchased from Sigma. All drugs used in this
study were dissolved in saline immediately before injection.
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RESULTS

Effect of L-arginine on the vasopressin-stimulated ACTH and corticosterone
secretion

Vasopressin (5 pg/kg ip) significantly increased the plasma ACTH level,
from 20+4.4 to 218469 pg/ml, measured 1 h after AVP injection. Pretreat-
ment with L-arginine (120 mg/kg ip 15 min before AVP), a substrate for nitric
oxide synthase, did not alter the AVP-induced plasma ACTH level. Used in
a higher dose of 300 mg/kg ip, L-arginine diminished to 91+ 39 pg/ml, not
significantly, the AVP-evoked plasma ACTH level (Fig. I). Likewise, the
AVP-stimulated significant increase in the serum corticosterone level, from
10+3.0 to 36 +£3.8 pg/dl, was not substantially altered by pretreatment with
L-arginine in both the doses used (Fig. I).
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Fig. 1. Effect of L-arginine on the vasopressin (AVP)-induced ACTH and corticosterone secretion.

L-arginine was injected ip 15 min before AVP. In Fig. I—4 one hour after the last injection the rats

were decapitated. Values represent the mean+ SEM of 6 rats. *p < 0.05 and * *p < 0.01 vs. saline
control group. *p < 0.05 and **p < 0.01 vs. AVP-treated group.

Effect of endogenous NO synthase blockers on the vasopressin- stzmulated ACTH
and corticosterone secretion

L-NAME (2 mg/kg ip) given 15 min prior to AVP substantially, but
not significantly, increased the AVP-induced plasma ACTH level, from
255+57 to 364196 pg/ml. In a higher dose (10 mg/kg ip), L-NAME
did not elicit any further increase in the plasma ACTH level (data not
shown). However, that NOS blocker significantly augmented the AVP-evoked
rise in the serum corticosterone level, from 29+2.0 to 43 +8.0 pg/dl (Fig. 2).
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Fig. 2. Effect of L-NAME on AVP-induced plasma ACTH and corticosterone levels. L-NAME was
injected ip 15 min before AVP. See legend to Fig. 1.

L-NNA (2 mg/kg ip), given 15 min before AVP, significantly and more
potently than L-NAME augmented the AVP-stimulated increase in the plasma
ACTH level, from 261457 to 468+ 59 pg/ml. Likewise, that blocker also
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Fig. 3. Effect of L-NNA on AVP-induced plasma ACTH and corticosterone levels. L-NNA was
injected ip 15 min before AVP. See legend to Fig. 1.

10 — Journal of Physiology and Pharmacology



622

significantly increased the AVP-elicited rise in the serum corticosterone level,
from 35439 to 46+3.6 pg/dl (Fig. 3). These results show a more potent
blocking activity of L-NNA than of L-NAME on endogenous NOS in the
pituitary-adrenocortical axis.

Effect of L-arginine and L-NNA on the vasopressin-stimulated ACTH and
corticosterone secretion

L-arginine (120 mg/kg ip) in a dose which by itself did not alter the basal
plasma ACTH and corticosterone levels, given together with L-NNA (2 mg/kg
ip) 15 min prior to AVP, reversed the AVP-elicited increase in the plasma
ACTH level, from 525+ 66 to 244 + 70 pg/ml, i.e. below the AVP-evoked level
(330487 pg/ml). L-arginine also markedly, but not significantly, diminished
the L-NNA-induced increase in the serum corticosterone level stimulated by
AVP, from 52+2.9 to 43+24 (Fig. 4).
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Fig. 4. Effect of L-arginine and L-NNA on AVP-induced plasma ACTH and corticosterone levels.
L-arginine and L-NNA separately or together, were given 15 min before CRH. "p < 0.05 vs.
AVP+L-NNA treated group. See legend to Fig. I.

Effect of L-arginine and NOS blockers on the vasopressin-induced hypothalamic
catecholamine levels

Vasopressin (5 pg/kg ip) did not induce any significant alterations in the
hypothalamic noradrenaline and dopamine levels 1 h after administration.
L-arginine (120 mg/kg ip) and L-NAME (2, 5, 10 mg/kg ip) which by itself did
not markedly affect the resting plasma ACTH and corticosterone levels (20)
had no effect either on the AVP-induced hypothalamic noradrenaline or
dopamine levels. Only minor alterations in the noradrenaline levels, which did
not exceed 10% of the AVP-induced level and moderate changes in the
dopamine levels were neither regular nor significant (7able I). By contrast,
L-NNA (2 and 10 mg/kg ip) considerably and dose-dependently diminished
the AVP-induced hypothalamic noradrenaline levels, from 27144153 to
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1973+ 126 and 1636493, respectively, leaving dopamine levels unaffected.
Although both L-NAME and L-NNA increased the AVP-induced ACTH and
corticosterone levels, they affected differently the hypothalamic noradrenaline levels.

Table 1. Effect of L-arginine and NOS blockers on the vasopressin-induced
hypothalamic noradrenaline and dopamine levels.

TREATMENT NORADRENALINE DOPAMINE
ng/g wet weight ng/g wet weight

Saline control 2443 1286 368 +45

AVPs, e 2466+ 150 495+ 107
L-arginin€; omekg + AVP 5,0k 24194200 753 +£167
L-arginine;oome/xg T A VP sp/ke 2572+ 148 593+ 101
Saline control 2545+214 566 + 157
AVPSug,kg' 2525+ 163 777+ 185
L-NAME,, kg tAVPs e 2791+ 182 906 + 248
L-NAME gneie TAVP 5,0k 2264+ 157 527 +68.9
Saline control 27124195 633+ 142
AVPs, e 2714+ 153 767 + 148
L-NNA, oke T AVP s 010 1973 + 126** 676 +204
L-NNA o reice FAVP 500 1636+ 93** 650+91.8

L-arginine, L-NAME and L-NNA were injected ip 15 min before CRH. 1 h after the last
injection the rats were decapitated, the brains were rapidly removed, hypothalami isolated on
plates kept on ice and frozen at —70°C. Values represent the mean+ SEM of 6 rats. **p < 0.01 vs.
AVP-treated group.

DISCUSSION

Peripheral administration of L-arginine (120 mg/kg ip) or L-NAME alone
did not significantly alter the basal ACTH and corticosterone levels (20),
indicating that NO is not active under such circumstances. This result was in
line with some earlier findings (13). The present experiment shows that
L-arginine, a substrate for NOS, diminished more effectively the AVP-induced
ACTH than corticosterone secretion, though these diminutions were statisti-
cally insignificant. Conversely, injection of arginine derivatives that interfere
with the activity of NOS markedly augmented the stimulatory action of
vasopressin on ACTH and corticosterone secretion. L-NNA more potently, by
79%, and significantly increased the AVP-induced ACTH secretion, whereas
L-NAME elicited a lower (43%) and not significant increase. In our present

10*
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experiment (20) L-NAME was also less effective in potentiating the
CRH-evoked ACTH response than the corticosterone secretion . This may
suggest a more potent involvement of endogenous NO in steroidogenesis in the
adrenal cortex than in the secretion of ACTH from the anterior pituitary.
Although L-NNA and L-NAME have similar in vitro inhibitory potencies
against neuronal NOS, their potencies in vivo may be different. L-NAME is
a weak inhibitor of nNOS and has to be deestrified to L-NNA to inhibit nNOS.
Such deestrification in the plasma is relatively slow, with a half-life of
approximately 4 hr. In our experiment the blood was collected 75 min after
systemic administration, when only part of the injected L-NAME was in an
active deestrified form. Consequently, L-NAME may block the NO synthesis in
a more prolonged way in the pituitary or adrenal gland, since N-NAME is
rapidly deestrified in the brain (21) and L-NNA is also known to rapidly
inactivate the neuronal NOS (22). NOS immunoreactivity and NOS mRNA are
present within the PVN and SON of the hypothalamus (2, 3) and NOS is also
present in a subpopulation of AVP-expressing CRH neurons. However,
alterations in the NO synthesis in these central structures by ip injection of NOS
blockers do not seem to represent any marked component of the L-NNA and
L-NAME-induced augmentation of the AVP-stimulated ACTH and corticos-
terone secretion. Moreover, vasopressin given systemically activates directly its
receptors on anterior pituitary corticotrops to stimulate ACTH secretion.
Penetration of AVP to the hypothalamic structures involved in activation of the
HPA axis is rather limited and seems to be of minor importance for the
AVP-induced final ACTH secretory effects. The L-NNA-induced increase in the
AVP-elicited ACTH response was completely reversed by L-arginine (120 mg/kg
ip) injected together with L-NNA. This observation suggests a specific role of
NO in the L-NNA-induced rise in the plasma ACTH level.

However, it is also possible that part of the NOS blockers-induced
alterations in the vasopressin stimulated ACTH secretion results from their
interaction with the neurotransmitters involved in the AVP-elicited pitu-
itary-adrenal response. We observed a marked involvement of f-adrenergic
receptors in the AVP-induced corticosterone secretion (23). In the present
experiment neither vasopressin nor L-arginine or L-NAME itself or combined
elicited any significant alterations in the hypothalamic noradrenaline and
dopamine levels. Only L-NNA (2 and 10 mg/kg) significantly and
dose-dependently decreased the AVP-induced hypothalamic noradrenaline
level, which was accompanied with a potent increase in ACTH secretion. This
decline in the hypothalamic noradrenaline level may suggest a considerably
increased activation of the hypothalamic adrenergic system which is known to
stimulate the activity of the HPA axis (17). Thus the present results suggest
that L-NNA may potentiate the AVP-induced ACTH secretion by specific
inhibition of NOS and stimulation of the hypothalamic noradrenergic system.
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Conversely, L-NAME did not substantially affect the hypothalamic noradrener-
gic system when the HPA axis was stimulated with either AVP or CRH (20).

Both L-NAME and L-NNA induced a similar and significant increase in
corticosterone secretion. The discrepancy between a greater increase by
L-NAME in corticosterone than in ACTH secretion is not clear. It is possible
that the increased central adrenergic activity induced by L-NNA influences
ACTH but not corticosterone secretion. Moreover, vasopressin can directly
affect adrenal steroid secretion as a potent paracrine stimulator (24—26). While
vasopressin stimulates anterior pituitary corticotrops via V, receptors (27), it
can activate adrenals via V,, receptors (28). A possibility of a different
interaction of NO with stimulation of the HPA axis via different vasopressin
receptors is not known at present. Vasopressin and NOS blockers given
systemically may directly affect the adrenal cortex and steroid secretion. This
peripheral component of the interaction of NOS blockers with vasopressin
stimulated corticosterone secretion awaits further elucidation.
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