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Abstract:

Angiotensin II (Ang II) administered intracerebroventriculary (icv) at a dose that induces drinking behavior in rats significantly in-

creased K�-stimulated release of [�H] noradrenaline (NA) in hypothalamus without affecting basal [�H] NA release. The observed

difference between the effects of Ang II on basal and K�-stimulated [�H]NA release may possibly be due to the fact that peptides are

released after increased neuronal activity. It can be suggested that Ang II is important primarily in pathological states and that NA

plays a substantial role in the brain Ang II-induced drinking response. The imidazolic nonpeptidic compound 2-n-butyl-4-chloro-5-

hydroxymethyl-1-{[2-(1H-tetrazol-5-yl)biphenyl-4-yl]methyl}imidazole potassium salt (DuP 753, losartan), its active metabolite

2-n-butyl-4-chloro-1-{[2-(1H-tetrazol-5-yl)- biphenyl-4-yl]methyl}imidazole-5-carboxylic acid (EXP 3174) and peptide Ang II

analogue, sarmesin, antagonized the Ang II-induced effect on [�H]NA release, in spite of the differences in their chemical structures.

Thus, the drugs tested inhibited K�-stimulated [�H]NA release in hypothalamus, acting via the angiotensin (AT)� receptor subtype.

We could not reject the possibility of a non-receptor mechanism of action for DuP 753, EXP 3174 and sarmesin. This research allows

us to suggest a neurochemical mechanism for the modulatory role of these drugs on the NA-ergic system. The Ang II receptor an-

tagonists studied may become important therapeutic agents, which act preferentially on pathologically activated systems. These

agents may be of use for the prevention of excessive ingestion of water in some neuropsychotic diseases.
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Introduction

The octapeptide angiotensin (Ang) II is a potent vaso-

constrictor and thirst stimulant [6, 7, 11]. Ang II in-

jected intracerebroventriculary (icv) in rats induces

drinking. Numerous anatomical, physiological and

pharmacological studies provided evidence for inter-

action between brain Ang II and central monoaminer-

gic systems. It has been accepted that Ang II affects

these systems via interactions with specific Ang II re-

ceptors thus controlling blood pressure, water and salt

balance, dipsogenesis, etc. There are also data show-

ing that the drinking response to Ang II is blocked by

selective angiotensin (AT)1 receptor antagonists [5],

and the inhibitory effect of these drugs could be consid-

ered a measure of their ability to block central angio-

tensin (AT)1 receptors.

The role of Ang II as a modulator of brain neuro-

transmitter systems suggests the therapeutic value of

Ang II-receptor antagonists not only as antihyperten-
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sive drugs, but also as drugs useful in neuropsychiat-

ric disorders (in which increased drinking is a leading

symptom) associated with altered neurotransmitter

activity. Thus, Shutty and Song [14] found a three-

fold increase of water intake and enhanced vaso-

pressin secretion in schizophrenic patients. Brain

noradrenergic neurotransmission plays an important

role in Ang II-induced drinking behavior. Ang II

stimulates noradrenaline (NA) synthesis and uptake in

rat hypothalamus [2, 18]. Ang II also facilitates NA

release [5, 12, 18]. Our recent investigations have

proven the increase of hypothalamic NA levels after

Ang II administration [15]. There are only limited

data concerning the effects of Ang II receptor antago-

nists on the activity of the noradrenergic neurotrans-

mitter system. Sumners and Raizada [19] have shown

that saralasin abolishes the stimulating effect of Ang

II on the neuronal uptake of [3H]NA in neuronal cul-

tures of rat hypothalamus. The AT1-receptor antago-

nist, kandesartan, and AT2-receptor antagonist,

PD123319, completely abolished the increase in rat

hypothalamic NA level induced by Ang II [10]. Miya-

kubo et al. [9] found that subcutaneous injections of

polyethylene glycol significantly enhanced NA re-

lease in the median preoptic nucleus but water inges-

tion attenuated the elevation in NA release. The

authors suggest that the noradrenergic system may

play an important role in the elicitation of hypovo-

lemia-induced dipsogenic responses.

The aim of the present work was to study the effect

of Ang II-receptor ligands: 2-n-butyl-4-chloro-5-hydr-

oxymethyl-1-{[2-(1H-tetrazol-5-yl)biphenyl-4-yl]meth-

yl}imidazole potassium salt (DuP 753), 2-n-butyl-4-

chloro-1-{[2-(1H-tetrazol-5-yl)-biphenyl-4-yl]methyl}-

imidazole-5-carboxylic acid (EXP 3174) and sarme-

sin) administered in rats with Ang II-induced in-

creases in water intake on the [3H]NA release from rat

hypothalamus and whether this effect correlated with

their receptor antagonistic properties. The hypothala-

mus was selected because it is a brain structure in-

volved in drinking behavior.

Materials and Methods

Animals

Male Wistar rats weighing 160–180 g (breeder 10 rats

per group) were individually housed in plastic cages

on a 12-hour light-dark cycle. Food and water were

given ad libitum. The experimental procedures were

carried out in accordance with institutional guidelines

and general recommendations on the use of animals

for scientific purposes.

Drugs

Ang II was purchased from Sigma Chemicals. DuP

753 and EXP 3174 were gifts from The Du Pont Merck

Pharmaceutical Company, Germany. Sarmesin [Sar1,Tyr

(Me)4]Ang II was a gift from J. Matsoukas, Dept. of

Chemistry, Patras University, Greece.

Drinking test procedure

After anesthesia, the guide cannulas were implanted

into the right lateral cerebral ventricle at a depth of

2 mm below the dura. After surgery, the animals were

allowed 7–10 days to recover. The rats were microin-

jected icv with Ang II at a volume of 2 µl by a 10-µl

Hamilton syringe over 30 s. Animals were initially

screened for Ang II-induced drinking in a test carried

out in the middle of the light period (between 10 a.m.

and 12 a.m.). During the drinking tests, food was re-

moved from the front of the cage. Ang II was injected

icv at a dose of 2.5 nmol/rat. Only those animals

which drank immediately after Ang II injection were

chosen for experiments. Forty-eight hours were al-

lowed between screening drinking tests and drinking

tests after drug treatment. Ten minutes before Ang II

injection, the rats were injected in the same ventricle

with DuP 753 (17.2 nmoles/rat), EXP 3174 (6.0 nmo-

les/rat), sarmesin (7.6 nmoles/rat) or with vehicle

(0.9% saline). The drug doses were equivalent to the

ID50 value (dose causing half-maximal inhibition of

Ang II-induced drinking) for each of the antagonists

[1]. After injections, all animals were allowed 30-min

access to water and were then decapitated by guillo-

tine.

Release of [3H]NA from slices of rat hypothalamus

After decapitation, the hypothalamus was cold-

removed and 0.33 mm thick slices were prepared us-

ing a McILwain chopper. The slices were loaded with

[3H]NA by incubation in 2 ml of medium containing

0.1 µM [3H]NA at 37°C for 60 min. After incubation,

the slices were rinsed, transferred to superfusion

chambers, and superfused with prewarmed medium
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bubbled with 5% CO2/95% O2 at a rate of 1 ml/min.

The incubation and superfusion medium contained

(mM): NaCl 118, KCl 4.8, CaCl2 1.25, MgSO4 1.2,

NaHCO3 25, KH2PO4 1.2, glucose 11, ascorbic acid

0.03, disodium EDTA 0.03. After 60-min superfusion,

the effluents were collected as 3-min intervals. Stimu-

lation with KCl for 3 min was applied 9 min (S1) after

the start of sample collection. Slices were digested

with 1.0 ml of 10% trichloracetic acid and the tritium

content of the slices and superfusate samples was de-

termined by liquid scintillation (Beckman scintillation

counter LS 3801). The [3H]NA efflux of a 3-min col-

lected sample was expressed as fractional release (%

of total tissue radioactivity). The radioactivity re-

maining in the tissue at the time of sampling was de-

termined in each experiment by adding the radioactiv-

ity remaining in the slice to the radioactivity collected

in all samples from the selected period to the end of

the experiment. Stimulation-evoked overflow (S1)

was determined by the efflux from the onset of stimu-

lation until the restoration of the prestimulation ef-

flux; then the estimated basal efflux was subtracted

from this value. Basal (spontaneous) release of

[3H]NA (R1) was estimated by determining the frac-

tional release immediately prior to S1. R2 is the basal

efflux after restoration of the stimulating efflux and

the R2/R1 ratio is used as a criterion for the reversibil-

ity of stimulation.

Statistical analysis

Data are expressed as the mean ± SD. The signifi-

cance of differences was assessed by Student’s t-test

at p � 0.05.

Results

[3H]NA release was induced by 25 mM KCl in slices

of rat hypothalamus (Tab. 1). The stimulation-evoked

release of [3H]NA in the hypothalamus of the control

animals during the 3-min exposure to 25 mM KCl

(S1) was 6.94 ± 2.76% of total [3H]NA release. Ang II

significantly increased K+-stimulated release of

[3H]NA as compared to the K+-stimulated release in

control animals. Ang II does not affect basal release

of [3H]NA. All drugs tested (selective nonpeptide AT1

receptor antagonist DuP 753, its metabolite EXP 3174

and nonselective Ang II receptor antagonist – sarme-

sin) significantly decreased stimulation-evoked re-

lease of [3H]NA in hypothalamus slices, as compared

with those in Ang II-treated animals. None of the

drugs exerted any effect on basal [3H]NA release.

Discussion

The present results showed that Ang II administered

at a dose that induces drinking behavior in rats signifi-

cantly increased K+-stimulated release of [3H]NA in

the hypothalamus without affecting basal release of

[3H]NA. These findings are in accordance with the

data reported by Falcon et al. [5], Quaydri et al. [12],

and Sumners and Phillips [18], which demonstrated

the ability of Ang II to facilitate NA release in differ-

ent rat brain regions. Ang II significantly increased

NA levels in hypothalamus [16]. In combination with

increased NA release, uptake [17], turnover and in-

creased MAO-A activity [15] could explain the acti-

vation of the noradrenergic system in the hypothala-

mus, a brain structure of great importance for drink-

ing behavior. All these findings, in accordance with

literature data, lead to the conclusion that drinking be-

havior is mediated through the central noradrenergic

system [3, 13]. Our results correlate with the study of

Ushigome et al. [21], which examined the role of the

noradrenergic system in the hypothalamic paraven-

tricular nucleus (PVN), with respect to the drinking

response induced by microinjection of Ang II into the
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Tab. 1. Effect of Ang II and Ang II-receptor antagonists administered
icv in rats with Ang II-induced increase of water intake on L-[�H]NA
release in hypothalamus. S

�
corresponds to the percentage of total

tissue radioactivity released by 3-min exposure to 25 mM KCl. R
�

cor-
responds to the percentage of total tissue radioactivity released
spontaneously within 3 min preceding S

�
and R

�
to the spontaneous

release after S
�
. The mean values ± SD; n = number of experiments

Treatment n S� R�/R�

Vehicle (0.9% NaCl) 5 6.94 ± 2.76 1.08 ± 0.19

Ang II 5 29.03 ± 6.52* 1.23 ± 0.04

AngII + DuP 753 5 6.87 ± 2.91** 0.82 ± 0.39

Ang II + EXP 3174 8 6.49 ± 1.54** 0.88 ± 0.14

AngII + Sarmesin 5 9.68 ± 2.50** 0.85 ± 0.24

* significance of difference vs. controls at p � 0.05, ** significance of
difference vs. Ang II-injected animals at p � 0.05



subfornical organ (SFO) in the rat. They found that in-

jections of Ang II into the SFO significantly increased

NA release in the PVN area and intravenous injection

of �-agonist metaraminol slightly decreased the re-

lease of NA in the same area. The authors suggested

the involvement of the PVN noradrenergic system in

the dipsogenic response induced by Ang II.

It is of particular interest to emphasize the ob-

served difference between the effects of Ang II on the

basal and K+-stimulated [3H]NA release. We found

that although Ang II does not affect the basal release

of [3H]NA, it does significantly increase K+-stim-

ulated [3H]NA release. This might be due to the fact

that peptides usually are not released under basal con-

ditions. They are released when neuronal activity is

increased. Therefore, it can be suggested that Ang II

plays a role mainly in pathological states.

Our results demonstrated that the Ang II-induced

effect on [3H]NA release was antagonized by the Ang

II-receptor antagonists studied. DuP 753 is an imida-

zole derivative with a biphenyltetrazole side chain. It

binds with high affinity to the AT1 receptor subtype

and acts as a pure competitive antagonist. DuP 753, in

a first-pass metabolization is oxidized at the imida-

zole ring to the active metabolite EXP 3174. EXP

3174 displays non-competitive properties and this

makes DuP 753 the only AT1 antagonist acting in a

competitive and non-competitive manner at the same

time. Sarmesin is a peptide Ang II analogue (where

the tyrosine hydroxyl group in position 4 is methy-

lated) with receptor antagonist properties. Thus, DuP

753, EXP 3174 and sarmesin, in spite of the differ-

ences in their chemical structure, decreased K+-stim-

ulated [3H]NA release, restoring levels to normal. An

explanation for the observed effects can be sought in

the interaction of Ang II receptor antagonists we stud-

ied with the AT1 receptor subtype, suggesting a modu-

lating effect on noradrenergic neurotransmission in hy-

pothalamus, a brain region rich in AT1 receptors. This is

in agreement with the data of Gelband et al. [8], which

showed that evoked NA neuromodulation involves AT1

receptor-mediated, DuP 753-dependent, rapid release.

Trisha et al. [20] found that DuP 753 diminished NA se-

cretion evoked by potassium stimulation in rat hypotha-

lamic slices. The authors suggested a NA interaction in

rat hypothalamus.

However, the present data could not reject a non-

AngII-receptor-dependent mechanism of action for

the effects of DuP 753, EXP 3174 and sarmesin on

NA release. Nonetheless, these findings enrich our

knowledge of the role of Ang II receptor subtypes in

drinking behavior and may be of use for the preven-

tion of excessive ingestion of water in some neurop-

sychotic diseases.
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