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Brain histamine participates in central regulation of the hypothalamic-pituitary-
-adrenal (HPA) axis. Endogenous nitric oxide (NO) modulates signal transduction of
some neurotransmitters involved in activation of the HPA axis. In the present study
we investigated whether endogenous NO and histaminergic systems in the rat brain
interact in their regulation of ACTH and corticosterone secretion. Histamine (50 pg),
histamine-trifluoromethyl-toluidide derivative (HTMT, 75 pg) a selective and potent
H,-receptor agonist, and amthamine (75 pg) a H,-receptor agonist given
intracerebroventricularly (i.c.v.)) considerably increased ACTH and corticosterone
secretion 1 h after administration. A potent and competitive inhibitor of rat brain
neuronal NO synthase, (NOS), 7-nitroindazole (7-NI), given ip. 15 min before
histamine moderately increased the histamine-induced ACTH secretion and did not
substantially alter the histamine-induced corticosterone secretion. Pretreatment with
7-NI totally abolished the HTMT-induced increase in ACTH and corticosterone
secretion. The amthamine-evoked rise in ACTH secretion was moderately
diminished and the amthamine-induced corticosterone secretion was not
substantially altered by preatreatment with 7-NI. These results suggest that the
histamine H,-receptor transmited central stimulation of the HPA axis is
considerably mediated by endogenous NO, whereas stimulation by histamine and
via H,-receptor does not significantly depend on endogenous NO mediation.
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INTRODUCTION

Histamine, the aminergic neurotransmitter in the mammalian central
nervous system, plays an important role in central neuroendocrine regulations.
Histamine does not easily cross the blood-brain barrier, therefore histamine
receptors in the central nervous system mediate the actions of locally
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synthesized amine (1). Histamine evidently affects the secretion of ACTH and
corticosterone and seems indispensable to the normal functioning of the
hypothalamic-pituitary-adrenal (HPA) axis (2—5). In the rat both histamine
H, and H,-receptors are involved in stimulation of the HPA axis (4, 6).

Nitric oxide (NO) may act as a neuronal messenger and neuromodulator in
the brain (7). NO plays an essential role in modulating many neuroendocrine
responses (8). Nitric oxide synthase (NOS) is localized in hypothalamic
neurones which regulate the activity of the HPA axis. NOS activity,
immunoreactivity and NOS mRNA are present whithin the hypothalamic
paraventricular nucleus (PVN), the main locus of corticotrophin releasing
hormone (CRH) synthesis (9), and neuronal NOS is a major NOS isoform in
rat hypothalamus (8, 10). NOS is colocalized with CRH and vasopressin
secreting neurones in the hypothalamic paravetricular nucleus (11). Nitric
oxide might play physiological role in the response of HPA axis to
neuropeptides (12—14) and neurotransmitters stimuli (15). It may affect both
hypothalamic CRH and pituitary ACTH release and, consequently,
corticosterone secretion.

Sympathomimetic agonists enhance the basal release of NO and
noradrenaline increases synthesis of NO in vitro in the incubated medial basal
hypothalamus via o, -adrenergic receptors (16). NO mediates the stimulation of
ACTH and corticosterone secretion induced by central activation of &,- and
o,-adrenergic receptors (15). A possible involvement of NO in central
histaminergic stimulation of the HPA axis in vivo is unknown.

Histamine, by mediation of H,-receptor, activates phospholipase C which
catalyses phospholipid breakdown to inositol-1,4,5 triphosphate (IP,) and
diacyglycerol. In many tissues IP; augments the intracellular Ca’t
concentration which, in turn, can activate NO synthase (17). The histamine
H,-receptor induced mobilization of intracellular Ca’* can be the major
regulatory factor for the production of NO. Ca’" influx is required for
stimulation by histamine of NO production in human endothelial cells (18).

The effects of the H,-receptor are mediated primarily via adenylyl
cyclase-dependent production of cAMP, but in some cells these effect are
probably mediated by activation of the phosphoinositile signaling cascade
through an independent G protein-dependent mechanism. Stimulation of
histamine H, receptors by dimaprit in vitro inhibited rat brain nNOS in
a concentration dependent manner (19).

A possible involvement of NO in central histaminergic stimulation
of the HPA axis in vivo is not known. The purpose of the present study
was to investigate possible role of NO in central stimulation by histamine
and histamine H,- and H,-receptor agonists of the HPA activity in conscious
rats,
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MATERIAL AND METHODS

Animals

The experiment were carried out on male Wistar rats, weighing 180—230 g, which were kept
6—7 in groups for at least 1 week before use in a 12 h light-dark cycle. The rats were feed ad
libitum on commercial food and tap water. For intracerebroventricular injections, the skulls of rats
were prepared one day earlier under light ether anaesthesia (20). The rats remained in their home
cages until they were scheduled for treatment. The experiments were performed in accordance with
bioethical requirements.

Experiments

The rats were randomly assigned to one of the experimental groups (6 animal each). Control
rats were injected with 10 pl of saline or vehicle into the right cerebral ventricle; the experimental
animals were injected with histaminergic agonists contained in 10 pl of solvent: histamine, HTMT,
a H| -receptor agonist, and amthamine, a H,-receptor agonist, or with 7-nitroindazole 15 min
before cach histaminergic agonist. One hour after the last injection, the rats were decapitated
immediately after their removal from the cage and their trunk blood was collected. Control rats
were decapitated concurrently with the experimental groups to obtain basal plasma ACTH and
serum corticosterone levels. In order to avoid interference with the circadian rhythm in ACTH and
corticosterone levels, all experiments were performed between 9 and 11 am. and all decapitations
were carried out between 10 and 11 a.m., i.e. when plasma hormone levels are low in a normal
diurnal rhythm. At first, dose-response studies were carricd out to determine the most effective
doses of HTMT and amthamine in inducing ACTH and corticosterone secretion. Rats were
injected i.c.v. with different doses (1, 10, 20, 50, 75 and 100 ug) of histamine receptor agonists. The
most effective doses were 50 pg for histamine, and 75 pg for HTMT and amthamine.

ACTH and corticosterone determinations

Trunk blood samples were collected on ice in conical plastic tubes containing 200 pl of
a solution of EDTA, 5 mg/ml, and aprotinin, 500 TIU (Sigma). Plasma was separated by
centrifugation in a refrigerated centrifuge within 30 min and frozen at —20°C until the time of assay.
Plasma ACTH concentrations were measured using a double antibody '#I radioimmunoassay
obtained from CIS Bio International, and were calculated as pg/ml of the plasma (21). The
concentration of corticosterone was measured flucrometrically and expressed as pl/100 ml. One
analysis was performed in each rats plasma, but 6 animals were used for cach data point.

Drugs

The following drugs were used: histamine hydrochloride (Sigma), HTMT dimaleate
(6-[2-(4-imidazolyl)etyloamino]-N-(4-trifluoromethylphenyljheptanecarboxamidey), amthamine
hydrochloride (2-amino-5-(2-aminoethyl)-4-methylthiazole (Tocris Cookson, Bristol, UK) and
7-nitroindazole (Sigma). Histamine and amthamine were dissolved in sterile saline, HTMT was
dissolved in concentrated ethanol and diluted with sterile water and 7-nitroindazole was suspended
in 1% Tween. All the drug solutions were prepared immediately before use; the doses used are
expressed in terms of salts.

Statistics

The results were calculated as a group mean-+standard error of the mean. A statistical
evaluation was performed by an analysis of variance, followed by individual comparisons with
Duncan’s test. The results were considered significantly different when p < 0.05.
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RESULTS

The vehicles used for dissolving HTMT and 7-nitroindazole, diluted
ethanol and 1% Tween, respectively, given alone in respective volumes i.c.v. or
Lp. lh earlier did not substantially alter the basal plasma hormone levels.
Likewise, 7-NI alone given i.p. in doses used in the present experiment (1 and
10 mg/kg) did not affect basal ACTH and corticosterone levels.

Effect of 7-nitroindazole on histamine-induced ACTH and corticosterone secretion

Histamine (50 pg) administered i.c.v.induced a significant increase in plasma
ACTH and corticosterone levels 1h after injection. 7-NI (1 and 10 mg/kg i.p.),
a neuronal NOS inhibitor, given 15 min prior to histamine markedly
augmented the histamine-induced ACTH response (Fig. I). In a lower dose
(1 mg/kg) 7-NI induced a more potent increase in ACTH secretion than given
in a larger dose (10 mg/kg), from the control level of 246 pg/ml to 470 pg/ml
and 408 pg/ml, respectively. The histamine-induced corticosterone response
was not substantially altered by pretrestment with 7-Ni.
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Fig. I. Effect of 7-nitroindazole (7-NI) on the histamine-induced plasma ACTH and corticosterone

levels. 7-NI was injected i.p. 15 min before i.c.v. histamine and 1 h after the last injection the rats

were decapitated. In Fig. /—3 values represent the mean+SEM of 6 rats. *p < 0.05 vs. saline
controls and *p < 0.05 vs. histamine or histamine receptor agonist-treated group.

Effect of 7-NI on HTMT-induced ACTH and corticosterone secretion

HTMT (75 pg ic.v.), histamine H,-receptor agonist, elicited a significant
stimulation of ACTH and corticosterone secretion lh after administration.
A lower dose (50 pg i.c.v.) was less effective and still lower doses (1—20 pgi.c.v.)
did not visibly alter the resting plasma ACTH and corticosterone levels.
Pretreatment with 7-NI in both doses used (1 and 10 mg/kg i.p.) completely
abolished the HTMT-elicited ACTH and corticosterone responses (Fig. 2). This
results strongly suggest that endogenous neuronal NO participates
considerably in central stimulation of the HPA activity.
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Fig. 2. Effect of 7-NI on the histamine-trifluoromethyl-toluidide (HTMT)-induced plasma ACTH
and corticosterone levels. See legend to Fig. .

Effect of 7-nitroindazole on amthamine-induced ACTH and corticosterone
secretion

Amthamine, a highly selective standard histamine H,-receptor agonist
given i.c.v. to conscious rats induced a significant increase in ACTH and
corticosterone secretion in a dose of 75 pg. Lower doses were not markedly
effective in this respect. Pretreatment with 7-NI slightly lowered the
amthamine-induced ACTH response, and did not markedly affect the
corticosterone response (Fig. 3).
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Fig. 3. Effect of 7-NI on the amthamine (AMT)}-induced plasma ACTH and corticosterone levels.
Sece legend to Fig. 1.

DISCUSSION

In the present study we demonstrated that histamine, HTMT, a selective
and potent H,-receptor agonist, and amthamine, a specific H,-receptor
agonist, given into the lateral cerebral ventricle in conscious rats, considerably
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stimulated HPA activity. Histamine (50 pg i.c.v.) significantly increased the
plasma ACTH and serum corticosterone levels. This stimulatory action of
histamine is due to the activation of both H,- and H,-central histamine
receptors, since both the H,-receptor agonist, 2-pirydyethylamine, and
the H,-agonist dimaprit, increased in a dose-dependent manner the secretion
of corticosterone in the rat, in our earlier experiment. Likewise, 2-methyl-
histamine, a H,-receptor agonist, and 4-methylhistamine, a H,-agonist given
i.c.v. also increased ACTH and corticosterone secretion in conscious rats (4).

However, these histamine receptor agonists are neither %atisfactorily
selective nor potent in inducing different biological responses. In the present
experiment we used amthamine, the most potent compound in which the
imidazole ring of histamine was replaced by 2-aminothiazole ring. Amthamine
combines a high H,-receptor selectivity with a potency slightly higher
compared with histamine, both in vitro and in vivo (22). Likewise, we used
the histamine-trifluoromethyl-toluidide derivative {HTMT) which is highly
selective H,-receptor agonist in release of NO and the opening of
ATP-sensitive K* channels in vascular bed (23). Both HTMT and amthamine
elicited a potent increase in ACTH and corticosterone secretion in the
present experiment.

To test the effect of NO synthesis inhibition on central histaminergic
stimulation of ACTH and corticosterone secretion, we used the brain-selective
NO-synthase blocker, 7-nitroindazole, which selectively inhibits both rat and
mouse brain NO-synthase with a potency similar to, or greater than, that of
L-NAME (24, 25). The increased secretion of ACTH induced by histamine
(50 pg i.c.v) was substantially augmented by pretreatment with 7-NI (1 and
10 mg/kg i.p.) but was not dose-dependent. This result does not exclude an
interference of endogenous NO with the stimulation of ACTH secretion via
central histamine H,- or H,-receptors. Indeed, in the present experiment
inhibition of neuronal NOS by pretreatment with 7-NI (1 or 10 mg/kg) totally
abolished the increase in ACTH and corticosterone secretion elicited by
HTMT, a H;-receptor agonist. Since endogenous NO does not interact directly
with any of membrane neurotransmitter receptors, including histamine
receptor, the interference of HTMT and NO in the stimulation of ACTH
secretion may occur at the level of second messengers signaling pathways.
Histamine, via H,-receptor, is known to induce mobilization of intracellular
Ca** and NO generation in endothelial cells and the opening of a K*ATP
channels (18, 23, 26). Therefore the inhibition of NO synthesis by 7-NI in
neuronal structures involved in central stimulation of the histamine
H;-receptor-induced HPA response in our present experiment may be
responsible for the total reduction of ACTH and corticosterone secretion
stimulated by HTMT. This finding also suggests that endogenous NO is
a strategic mediator of the HPA response to H,-receptor stimulation.
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Activation of histamine H,-receptor, besides NO induces also prostaglandins
(PGs) generation. Prostaglandins in the brain are known to stimulate the HPA
axis and mediate the stimulatory action of adrenergic signaling pathways (27).
They also interact with histamine in the stimulatory regulation of ACTH
secretion (28). However, it is unclear in which way PGs interact with
endogenous NO in histaminergic regulation of the HPA axis activity.

The stimulatory effect of amthamine (75 pg i.c.v.), a selective and potent
histamine H,-receptor agonist, on ACTH secretion was moderately diminished
by pretreatment of rats with 7-NI (! and 10 mg/kg i.p.). This diminution did
not attain the level of statistical significance. This finding indicates that
endogenous NO is not markedly involved in a potent stimulatory action of
amthamine on ACTH and corticosterone secretion. Histamine H ,-receptor is
linked to the adenylyl cyclase-dependent production of cAMP. This
intracellular signaling pathway mediates PB-adrenergic receptor stimulated
responses. Stimulation of ACTH and corticosterone secretion by ic.v.
isoprenaline, a non selective B-adrenergic receptor agonist, was only slightly
diminished by L-NAME, a NOS inhibitor in our earlier study (15). This finding
futher suggests that endogenous NO is not significantly involved in the
adenylate cyclase pathway mediated responses. This may explain the lack of
inhibition by 7-NI of the amthamine-induced ACTH secretion in the present
experiment.

Qur present results show that endogenous NO is considerably involved in
the stimulation of ACTH via histamine H,-receptors but not via H,-receptors.
These two receptor subtypes are known to elicit opposing physiological
responses in many tissues.

REFERENCES

1. Schwartz J-C. Histamine receptors in brain. IS1 Atlas of Science: Pharmacology 1988,
185—189.

2. Knigge U, Warberg J. The role of histamine in the neuroendocrine regulation of pituitary
hormone secretion. Acta Endocrinologica (Copenh) 1991; 124: 609—619.

3. Bugajski J, Borvez J, Bugajski AJ. Influence of central neuronal histamine on the pituitary-
adrenocortical activity stimulated by neurotransmitters. Agents Actions, Special Conference
Issue 1992; C346-C349.

4. Tsujimoto S, Okumura Y, Kamei C, Tasaka K. Effect of intracerebroventricular injection of
histamine and related compounds on corticosterone release in rats, Br J Pharmacol 1993; 109:
807-—813.

5. Bugajski J, Gadek-Michalska A, Borycz J, Bugajski AJ, Gléd R. Histaminergic
components in carbachol-induced pituitary-adrenocortical activity. J Physiol Pharmacol
1994; 45: 419—428.

6. Cacabelos R. Histaminergic system: Neuroendocrine function of brain histamine. Merh Find
Exp Clin Pharmacol 1990; 12: 341—376.



914

1.

8.

12.

13.

19.

20.

21.

22

23,

24.

25.

26.

Szabo C. Physiological and pathophysiological roles of nitric oxide in the central nervous
system. Brain Res Bulletin 1996; 41: 131141,

Brann DW, Bhat GK, Lamar CA, Mahesh VB. Gascous transmitters and neuroendocrine
regulation. Neuroendocrinalogy 1997, 65: 385—395,

. Bhat G, Mahesh VB, Aguan K, Brann DW. Evidence that brain nitric oxide synthase is

the major nitric oxide synthase isoform in the hypothalamus of the adult female rat and
that nitric oxide potently regulates hypothalamic cGMP levels. Neuwroendocrinology 1996;
64: 93-—102.

. Vincent SR, Kimura H. Histochemical mapping of nitric oxide synthase in the rat brain.

Neuroscience 1992; 46: 755—784.

. Torres G, Lee S, Rivier C. Ontogeny of the rat hypothalamic nitric oxide synthase and

colocalization with neurcpeptides. Mol Cell Newrasci 1993; 4. 155—163.

Rivier C. Endogenous nitric oxide participates in the activation if the hypothalamic-
pituitary-adrenal axis by noxious stimuli. Endocrine J 1994; 2: 367—373.

Costa A, Trainer P, Besser M, Grossman A. Nitric oxide modulates the release of
corticotropin-releasing hormone from the rat hypothalamus in vitro. Brain Res 1993; 605:
187—192.

. Sandi C, Guaza C. Evidence for a role of nitric oxide in the corticotropin-releasing factor

release induced by interleukin-18. Eur J Pharmacel 1995 274: 17--23.

. Bugajski J, Gadek-Michalska A, Glod R, Borycz J, Bugajski AJ. Blockade of nitric oxide

formation impairs adrenergic-induced ACTH and corticosterone secretion. J Physiol
Pharmaco! 1999; 50 327—335.

. Canteros G, Rettori V, Genaro A, Subure A, Gimene M, McCann SM. Nitric oxide synthase

content of hypothlamic explants: increase by norepinephrine and inactivated by NO and
¢cGMP. Proc Natl Acad Sci USA 1996; 93: 4246—4250.

. Leurs R, Smit MJ, Timmerman H. Molecular pharmacological aspects of histamine receptors.

Pharmac Ther 1995, 66. 413—463.

. Lantoine F, Iouzalen L, Devynck M-A, Millanvoye-van Brussel E. Nitric oxide production in

human endothelial cells stimulated by histamine requires Ca®* influx. Biochen J 1998; 330:
695—699.

Paquay JB, Hoen PA, Voss HP, Bast A, Timmerman H, Haenen GR. Nitric oxide synthase
inhibition by dimaprit and dimaprit analogues. Br J Pharmacol 1999; 127: 331—334.
Gadek-Michalska A, Bugajski J, Borycz 1, Bugajski AJ. Social crowding stress attenuates
central histamine and muscarinic cholinergic systems involved in the hypothalamic-
-pituitary-adreocortical responsiveness. Newrosci Res Commun 1994; 15 3963,

Bugajski J, Gadek-Michalska A, Borycz J, Gtod R. Effect of indomethacin on nicotine-induced
ACTH and corticosterone response. J Physiol Pharmacol 1998; 49: 165—173.

Corruzzi G, Timmerman H, Adami M, Bertaccini G. The potent and selective histamine H,
receptor agonist amthamine as a tool to study gastric secretion. Arch Pharmac 1993; 348:
T7—81L

Champion HC, Kadowitz PJ. NO releasc and opening of K* ATP channels mediate
vasodilator response to histamine in the cat. Am J Physiol 1997, 273: H928-H937.
Moeore PK, Wallace P, Gaffen Z, Hart SL, Babbedge RC. Characterisation of the novel nitric
oxide synthase inhibitor 7-nitro indazole and related indazoles: antinociceptive and
cardiovascular effects. Br J Pharmacol 1993; 110: 219—224.

Babbedge RC, Bland-Ward PA, Hart SL, Moore PK. Inhibition of rat cerebellar nitric oxide
synthase by 7-nitro indazole and related substituted indazoles. Br J Pharmacol 1993; 110
225228,

Schoeffter O, Godfraind T. Characterisation of histamine-induced contraction in rat isolated
aorta. Fur J Pharmac 1991; 197: 193—200.



915

27. Glod R, Gadek-Michalska A, Bugajski J. The influence of indomethacin on the ACTH
secretion induced by central stimulation of adrenergic receptors. J Physiol Pharmacol 2000; 51:
347357

28. Anthonisen M, Knigge U, Kjre A, Warberg J. Histamine and prostaglandin interaction in the
central regulation of ACTH secretion. Neuroendocrinology 1997; 66: 68—74.

Received: June 27, 2000
Accepted: October 18, 2000

Author’s address: A. J. Bugajski, M. D. Department of Pathephysiology, Jagicllonian
University Medical College, 31-121 Krakow, 18 Czysta Str.



