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Abstract

We investigated the effects of injection into the supraoptic nucleus (SON) of losartanand PD 123319 (nonpeptide AT1 and AT2-

angiotensin II [ANG II] receptor antagonists, respectively); d(CH2)5-Tyr(Me)-AVP (AVPA; an arginine–vasopressin [AVP] V1 receptor

antagonist), FK 409 (a nitric oxide [NO] donor), and NW-nitro-L-arginine methyl ester (L-NAME; an NO synthase inhibitor) on water intake,

sodium chloride 3% (NaCl) intake and arterial blood pressure induced by injection of ANG II into the lateral septal area (LSA). Male

Holtzman rats (250–300 g) were implanted with cannulae into SON and LSA unilaterally. The drugs were injected in 0.5 Al over 30–60 s.

Controls were injected with a similar volume of 0.15 M NaCl. ANG II was injected at a dose of 10 pmol. ANG II antagonists and AVPAwere

injected at doses of 80 nmol. FK 409 and L-NAME were injected at doses of 20 and 40 Ag, respectively. Water and NaCl intake was

measured over a 2-h period. Prior administration of losartan into the SON decreased water and NaCl intake induced by injection of ANG II.

While there was a decrease in water intake, ANG II-induced NaCl intake was significantly increased following injection of AVPA. FK 409

injection decreased water intake and sodium intake induced by ANG II. L-NAME alone increased water and sodium intake and induced a

pressor effect. L-NAME-potentiated water and sodium intake induced by ANG II. PD 123319 produced no changes in water or sodium intake

induced by ANG II. The prior administration of losartan or AVPA decreased mean arterial pressure (MAP) induced by ANG II. PD 123319

decreased the pressor effect of ANG II to a lesser degree than losartan. FK 409 decreased the pressor effect of ANG II while L-NAME

potentiated it. These results suggest that both ANG II AT1 and AVP V1 receptors and NO within the SON may be involved in water intake,

NaCl intake and the pressor response were induced by activation of ANG II receptors within the LSA. These results do not support the

involvement of LSA AT2 receptors in the mediation of water and NaCl intake responses induced by ANG II, but influence the pressor

response.
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1. Introduction

Evidence for connections between septal neurons and the

supraoptic nucleus (SON) of the hypothalamus has been

demonstrated by electrophysiological studies (Poulain et al.,

1981). Neurons of the septal and paraventricular nucleus are

sensitive to angiotensin (Camargo and Saad, 1999; Simon-
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net et al., 1980). Central injection of angiotensin II (ANG II)

elicits prompt and pronounced responses, such as increased

blood pressure, thirst, sodium appetite, and the release of

vasopressin (Reid, 1988). Electrical stimulation of the basal

forebrain causes the release of arginine–vasopressin (AVP)

and prolonged thirst (Szczeparska-Sadowska et al., 1982).

This effect seems to be produced by the activation of

functional ANG II receptors within the SON because it is

reversibly blocked by the angiotensin peptide antagonist

salarasin (Jhamandas et al., 1989). Application of the non-

peptide Type 1 angiotensin antagonist DuP753 blocks ANG

II-induced depolarization in the SON. In contrast, applica-

tion of the Type 2 antagonist PD 123177 was ineffective in

blocking this response (Yang et al., 1992).

Nitric oxide (NO) synthase inhibitors have been used

widely to determine the role of endogenous NO. NW-nitro-L-

arginine methyl ester (L-NAME) reduces renal blood flow,

urine flow rate, and urinary sodium excretion (Naes et al.,

1992). Several studies have shown that NO may function as

a neurotransmitter or a neuromodulator. Recognition of the

role of NO in cell-to-cell communication has changed the

concept of traditional neurotransmission. N-methyl-D-aspar-

tate receptors mediate the dipsogenic response and c-fos

expression induced by intracerebroventricular infusion of

ANG II (Zhu and Herbert, 1997). It has been demonstrated

that NO may facilitate the release of excitatory transmitters,

possibly through a presynaptic cyclic GMP-dependent

mechanism (Wu et al., 1997). The influence of NO on

angiotensin effects have been demonstrated (Saad et al.,

2002a). Moreover, these effects implicated the participation

of the septal area (Saad et al., 2002b,c). Treatment with L-

NAME increases blood pressure that is at least in part, salt

sensitive (Hodge et al., 2002). NO is involved in the

regulation of drinking behavior induced by central admin-

istration of ANG II and cellular dehydration, and NO of the

subfornical organ (SFO) plays an important role in this

regulation (Saad et al., 1999).

The systemic application of ibersartan and losartan

abolished ANG II central physiologic responses (water

intake, sodium intake, and increased arterial pressure;

Camargo and Saad, 1999). The role of the renin–angioten-

sin system in the control of arterial blood pressure and salt

appetite in rats has been demonstrated (Thunhorst and

Johnson, 1994). Treatment with losartan reversed the blood

pressure increase. Central ANG II AT1 and AT2 receptors

mediated chronic intracerebroventricular. ANG II-induced

drinking in rats fed a high sodium chloride diet from

weaning (Camara and Osborn, 2001).

Because the septum is known to send efferents to the

SON (Poulain et al., 1981), and that both structures are

involved in the control of hydromineal and cardiovascular

balance, we investigated whether the dipsogenic, natrio-

rhexigenic, water excretory, and pressor response induced

by injection of ANG II into the lateral septal area (LSA)

could be mediated by angiotensin, vasopressin receptors,

and NO within the SON.
2. Materials and methods

2.1. Subjects

The animals were housed in individual metabolic

cages. Food (Purina Rat Chow) and tap water were

available ad libitum for the duration of the experiments.

The temperature was maintained at 22F 2 jC. The light

cycle was held at 12:12 with lights on at 0600 h. All

experiments were conducted during the light period,

between 0900 and 1500 h.

2.2. Surgical procedures

2.2.1. Cerebral cannula

Male Holtzman rats weighing 250–300 g were anes-

thetized with tribromoethanol (20 mg/100 g body weight)

intraperitoneally, and implanted with 10- and 12-mm long

and 0.7-mm OD stainless steel cannulae into the LSA

and SON, according to the coordinates of the Paxinos

and Watson (1986) rat brain atlas. For SON, the coor-

dinates were as follows: AP= 1.3–2.2 mm posterior to

the bregma; L= 1.8–2.0 mm lateral to the middle line;

V= 9.4 mm below dura. For LSA, the coordinates were

as follows: AP= 1.0–1.5 mm anterior to the bregma;

L= 0.4–0.6 mm lateral to the middle line; V= 5.8 mm

below the dura. The cannulae were fixed to the skull

with the aid of jeweler screws and dental acrylic resin

and protected with a stylet.

2.2.2. Vascular catheter

After the animals recovered from brain surgery (5 days),

PE-10 polyethylene tubing connected to PE-50 tubing was

inserted into the abdominal aorta through the femoral artery

under 2,2,2-tribromoethanol anesthesia (20 mg/100 g body

weight). The polyethylene tube was tunneled subcutaneous-

ly to the back of the rat and externalized at the dorsal

cervical region. Catheters were filled with heparinized saline

and plugged with 23-gauge obturators. Rats recovered from

surgery (vascular catheter) for a minimum of 24 h before the

beginning of testing.

2.3. Central drugs injections

ANG II was purchased from Sigma (St. Louis, MO)

and dissolved in saline (0.15 M NaCl) at 10 pmol/0.5 Al.
PD 123319 and losartan were purchased from DuPont

Merck (Wilmington, DE) and dissolved in saline (0.15

M NaCl) at 80 nmol/0.5 Al. d(CH2)5-Tyr(Me)-AVP

(AVPA) was purchased from Bachem (Torrance, CA) and

dissolved in saline (0.15 M NaCl) at 80 nmol/0.5 Al. FK
409 was purchased from Joseph Leidy Laboratories (Phil-

adelphia, PA) and dissolved in saline (0.15 M NaCl) at 20

Ag/0.5 Al. NG-nitro-L-arginine methyl ester (L-NAME) was

purchased from Sigma and dissolved in saline (0.15 M

NaCl) at 40 Ag/0.5 Al.



Fig. 1. Photomicrograph of a hematoxylin-stained transverse section of the

rat brain showing the site of injection into the LSA. LSD, dorsal part; LSI,

intermediate part; LSV, ventral part; Sfi, septofimbrial nucleus. (Magnifi-

cation � 36).
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2.4. Water and NaCl intake

ANG II (10 pmol/0.5 Al) or vehicle was injected into the

LSA, and water and 3% NaCl were offered. Losartan, PD

123319, and AVPA were injected into the SON at the dose

of 80 nmol/0.5 Al, 15 min before water, or 3% NaCl were

offered. The antagonists were injected into the SON 15 min

before ANG II was injected into the LSA.

FK 409 (20 Ag/0.5 Al) or L-NAME (40 Ag/0.5 Al) was
injected into the SON 15 min prior to ANG II injection into

the LSA. Water and NaCl intake were recorded every 30

min over a 2-h period using individual metabolic cages.

Most of the water and sodium drinking occurred within 15–

30 min that we observed for a 2-h period.

2.5. Arterial blood pressure recordings

Direct mean arterial blood pressure (MAP) was recorded

in unanesthetized and unrestrained rats. The animal was

removed from the home cage and placed in a test cage,

without access to food or water. The previously implanted

catheter was connected to a Statham (P23 Db) pressure

transducer (Statham-Gould, Valley View, OH) coupled to a

multichannel recorder (Dataq Multirecord, USA). This pro-

gram permits the acquisition of cardiovascular data by

computer.

2.6. Experimental procedures

2.6.1. Effects of losartan, PD 123319, AVPA, FK 409, and

L-NAME injected into the SON on water and 3% NaCl

intake after ANG II injection into the LSA

Following a recovery period of at least 5 days, Holtzman

rats with cannulae implanted into the SON and LSA

unilaterally were randomly assigned to one of eight treat-

ment conditions: vehicle + vehicle (n = 10), vehicle +ANG

II (n = 10), losartan + ANG II (n = 8), AVPA +ANG II

(n = 8), PD 123319 +ANG II (n = 8), FK 409 +ANG II

(n = 8), L-NAME+ANG II (n = 8), or losartan + FK409 +

ANG II (n = 8). Antagonists or vehicle pretreatment were

administered into the SON. Fifteen minutes following the

drug injections, ANG II (10 pmol/0.5 Al) was administered

into the LSA. Water and NaCl 3% intake (ml) was recorded

at every 15 min for 120 min following ANG II administra-

tion. Vehicle was injected in SON and LSA.

2.6.2. Effects of losartan, PD 123319, AVPA, FK 409, and

L-NAME injected into SON on the increase in MAP after

ANG II injection into the LSA

Holtzman rats were implanted with cannulae into the

SON and LSA. Following a recovery period of at least 5

days, animals were randomly assigned to one of eight

treatment conditions: vehicle + vehicle (n = 10), vehicle +

ANG II (n = 10), losartan +ANG II (n = 9), AVPA+ANG

II (n = 9), PD 123319 +ANG II (n = 8), FK 409 +ANG II

(n = 8), L-NAME + ANG II (n = 8), or losartan + FK
409 +ANG II (n = 8). Antagonists or vehicle pretreatment

were administered into the SON. Fifteen minutes following

the drug injections, ANG II (10 pmol/0.5 Al) was adminis-

tered into the LSA. MAP (mm Hg), the peak response, was

recorded every 5 min for 120 min following ANG II

administration.

2.7. Histology

At the end of the experiments, the rats were anesthetized

with ether and injected with 0.5 Al of fast green dye via the

intracranial cannula, followed by perfusion with saline and

buffered formalin. The brains were removed, fixed in 10%

formalin, frozen at � 25 jC, and cut into 20- to 30-Am
coronal sections. Only animals in which the injection was

placed in the intermediate and caudal areas of the lateral

septum unilaterally were used in this study (Fig. 1). The

SON parameters studied were observed in subjects that had

the injection placed in the lateral medial portion of this

nucleus unilaterally (Fig. 2).

2.8. Data analysis

Results are reported as meansF S.E.M. for the indicated

experiments. Statistical analysis was subjected to two-way



Fig. 2. Photomicrograph of a hematoxylin-stained transverse section showing the site of injection into the SON (arrows).
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analysis of variance (ANOVA) followed by the Neuman–

Keuls post hoc test. Differences were considered significant

at P < .05.
3. Results

3.1. Effects of losartan, PD 123319, AVPA, FK 409, and L-

NAME injected into the SON on water and 3% NaCl after

ANG II injection into the LSA

Water intake after injection of 0.15 M NaCl into the

LSA/SON was 0.30F 0.1 ml/2 h. Injection of ANG II

into the LSA increased water intake. Losartan injected

into the SON before ANG II injection into the LSA

decreased water intake. AVPA injected into the SON

decreased water intake induced by ANG II injection into

the LSA. FK 409 injected into the SON prior to ANG II

injected into the LSA decreased water intake. L-NAME
alone injected into these sites caused increased water

consumption. L-NAME potentiated the effect of ANG II

on these responses. PD 123319 injected into the SON

prior to ANG II injection produced no changes in water

intake. Losartan + FK 409 injected into the SON prior to

ANG II injected into the LSA abolished the dipsogenic

effect of ANG II (Fig. 3).

NaCl intake after injection of 0.15 M NaCl into the

LSA/SON was 0.1F 0.01 ml/2 h. ANG II injected into

the LSA increased NaCl intake. Losartan injected into the

SON prior to ANG II injection into the LSA decreased

NaCl intake. AVPA injected into the SON increased NaCl

ingestion induced by ANG II injected into the LSA.

NaCl intake induced by injection of ANG II into the

LSA was reduced by prior injection of FK 409 into the

SON. L-NAME alone produced an increase in 3% NaCl

intake (2.6F 0.3 ml/2 h). The natriorhexigenic effect of

ANG II was potentiated by prior injection of L-NAME

into the SON. PD 123319 produced no effect on NaCl



Fig. 3. Effect of pretreatment with losartan, PD 123319, d(CH2)5-Tyr(Me)-AVP (Ant.-AVP), FK 409, L-NAME, and losartan + FK 409 or vehicle (saline) into

the SON on water intake evoked by injection of ANG II into the LSA. Data are reported as meanF S.E.M. *P< .05 compared to the saline group; +P < .05

compared to the ANG II group (Neuman–Keuls post hoc test). Numbers above the bars indicate number of animals per group.
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intake induced by ANG II. Losartan in association with

FK 409 abolished NaCl ingestion induced by ANG II

(Fig. 4).

3.2. Effects of losartan, PD 123319, AVPA, FK 409, and L-

NAME injected into the SON on the increase in MAP after

ANG II injection into the LSA

The MAP peak response, after injection of 0.15 M

NaCl into the LSA/SON, was 3F 1 mm Hg. ANG II
Fig. 4. Effect of pretreatment with losartan, PD 123319, d(CH2)5-Tyr(Me)-AVP (A

the SON on 3% NaCl intake evoked by injection of ANG II into the LSA. Data are

compared to the ANG II group (Neuman–Keuls post hoc test). Numbers above
injected into the LSA increased MAP. Losartan injected

prior to ANG II into the SON decreased the pressor

effect of ANG II. AVPA injected into the SON prior to

ANG II into the LSA decreased MAP. PD 123319

injected into the SON prior to ANG II injection into

the LSA reduced the pressor effect of ANG II. FK 409

reduced the pressor effect of ANG II. L-NAME injected

alone produced an increase in MAP. L-NAME injected

into the SON prior to ANG II injection into the LSA

potentiated the pressor effect of ANG II injected into
nt.-AVP), FK 409, L-NAME, and losartan + FK 409 or vehicle (saline) into

reported as meanF S.E.M. *P< .05 compared to the saline group; +P < .05

the bars indicate number of animals per group.



Fig. 5. Effect of pretreatment with losartan, PD 123319, d(CH2)5-Tyr(Me)-AVP (Ant.-AVP), FK 409, L-NAME, and losartan + FK 409 or vehicle (saline) into

the SON on the increase in MAP evoked by injection of ANG II into the LSA. Data are reported as meanF S.E.M. *P< .05 compared to the saline group;
+P < .05 compared to the ANG II group (Neuman–Keuls post hoc test). Numbers above the bars indicate number of animals per group.
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the LSA. Losartan + FK 409 injected into the SON

prior to ANG II abolished the pressor effect of ANG

II (Fig. 5).
4. Discussion

The present results show that injection of the selective

ANG II AT1 antagonist losartan into the SON reduced water

intake, NaCl intake and the increase in MAP induced by

angiotensinergic activation of the LSA, whereas injection of

the AT2 selective antagonist PD 123319 for receptors had no

effect on water and NaCl intake but reduced the pressor

effect of ANG II. Prior injection of AVPA, an AVP V1

receptor antagonist, into the SON decreased ANG II-in-

duced water and sodium intake, and decreased MAP. Only

animals in which the injection was placed in the intermedi-

ate and caudal areas of the lateral septum unilaterally were

used in this study. Vehicle was used as the control and there

were no control tissues. These effects may be due to

inhibitory and excitatory regulatory mechanisms that in-

volve V1 receptors. An interaction of a vasopressin antag-

onist with vasopressin receptors in the septum has been

demonstrated (Dorsa et al., 1988).

The results indicated that water and 3% NaCl intake

induced by ANG II involves vasopressin V1 vasopressin

receptors. The present results also indicate that the pressor

effect of ANG II involves the central angiotensin system and

AT1 receptor activation and the AT2 receptor influences the

pressor effect of ANG II with less intensity.

Quantitative autoradiography with selective ANG II-

receptor antagonists revealed that the SON of the rat

contains AT1 receptors (Tsutsumi and Saavedra, 1991).
Furthermore, it has been reported that water and salt appetite

can be triggered by iontophoretically applied ANG II into

the anteromedian septum (Mousseau et al., 1996). The

vasopressin V1 receptor is also found in the LSA (Poulin

et al., 1988), and treatment with V1 receptor antagonist

caused a marked decrease in receptor affinity for AVP

(Swank and Dorsa, 1991).

An endogenous origin for ANG II is suggested by

various reports of angiotensin-like immunoreactivity in

magnocellular neurons of the SON (Renaud and Bourque,

1991). It is thus possible that ANG II is released locally

from axon collaterals or somatodendritic sites in a manner

similar to that proposed for oxytocin or vasopressin

(Richard et al., 1991). The septal influences on the control

of AVP and ANG II secretion is presumably mediated by

cells projecting from this area to the vasopressin-containing

magnocellular neurons of the SON (Ferguson et al., 1985).

It has been postulated that ANG II-induced water intake

can be explained at least in part by the increase in AVP

content and presumed release from the SON. The increased

release of AVP from axons, of neurons terminating on the

effector neurons of the drinking response, would inhibit the

stimulatory response evoked by the action of ANG II on its

receptors on these same effector neurons (De Angelis et al.,

1996).

The present results show that L-NAME progressively

reduced water intake induced by thirst stimuli. It has been

demonstrated that intracerebroventricular injection of NG-

monomethyl-L-arginine (NMMA), a blocker of NO syn-

thase, attenuates water intake (Kadekaro et al., 1994) and

preferentially increases plasma concentrations of oxytocin

and vasopressin in rats deprived of water for 24 h (Liu et al.,

1998). Water intake increased after subcutaneous adminis-
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tration of hypertonic saline, and L-NAME previously

injected into the lateral ventricle progressively reduced this

ingestion (Saad et al., 1999).

Another example of central interaction areas in the

control of water ingestion has been demonstrated. For

example, electrolytic lesions of the lateral preoptic area

and SFO in the same animal abolished the daily water

intake induced by hypertonic saline (Saad and Camargo,

1980).

Prior injection of L-NAME into the SFO produced a

progressive reduction in water intake induced by ANG II.

These results agree with those of Liu et al. (1998). Drinking

behavior induced by subcutaneous injection of hypertonic

saline or by ANG II injection into the lateral ventricle is

attenuated by central inhibition of NO synthase with L-

NAME and that the highest dose of L-NAME abolished

water intake induced by cellular dehydration and by ANG II

injected into the lateral ventricle (Saad et al., 1999, 2003).

These results clearly demonstrate that NO influences the

dipsogenic effect of ANG II, and that the SON is an

important area for this behavior.

Other studies demonstrated that alpha-1 and beta-adre-

noceptors of the lateral hypothalamus are possibly involved

with the central mechanism that control water and sodium

intake and is dependent on ANG II, the SFO, and the

paraventricular nucleus (Camargo et al., 2000, 2003a).

These results show that the ANG II-induced pressor

response was dependent on AT1, AT2, and V1 receptors.

NO also plays a role in this response. Treatment with ANG

II AT1 receptor antagonist losartan reversed the blood

pressure increase. Treatment with L-NAME induces an

increase in blood pressure that is at least in part, salt

sensitive. Furthermore, the salt-sensitive component appears

to be ANG II-dependent because it was associated with

increasing plasma ANG II levels and could be reversed by

treatment with an ANG II-receptor antagonist (Hodge et al.,

2002). In the median preoptic nucleus, ANG II via AT1

receptors mediates cardiovascular responses to an acute

increase in cerebrospinal fluid sodium as well as the chronic

pressor responses to high sodium intake in spontaneously

hypertensive rats (Budzikowski and Leenen, 2001). These

results are strongly supported by several studies of Camara

and Osborn (2001), Camargo et al. (2002, 2003b), Welch

and Wilcox (2002), Welch et al. (2003). The present results

suggest that AT1 receptors of the SON mediate water and

NaCl ingestion induced by angiotensinergic activation of

the LSA, whereas AVP V1 AVPergic neurons activate water

intake but inhibit sodium ingestion.

In summary, this study demonstrated that angiotensin

(via AT1 receptors), AVP and NO in the SON are

involved in water and sodium intake and the pressor

responses induced by administration of angiotensin into

the LSA. The AT2 receptor antagonist produced no effect

on water and sodium intake but partially reduced the

pressor effect of ANG II as occurred with the AVP V1

receptor antagonist.
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