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Short communication

Vasopressin mediates the inhibitory effect of central angiotensin II on
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Abstract

Ž .Angiotensin II infused at low doses into the cerebral ventricles decreases cerebrospinal fluid CSF production. Since central
angiotensin II also activates the sympathetic nervous system and promotes vasopressin release, the roles of these two factors in mediating
the inhibitory effect of angiotensin II on CSF formation were studied. CSF production was measured in rats by the ventriculocisternal

Ž y1.perfusion method. During central angiotensin II infusion 5 pg min , the following adrenoceptor antagonists were administered
Ž . Ž . Ž . Ž .intravenously i.v. : phentolamine a ra , 2 mgrkg per h , prazosin a , 1 mgrkg per h , and propranolol b , 1 mgrkg per h . None1 2 1

of these agents affected the inhibitory effect of angiotensin II on CSF formation. In comparison, in animals administered i.v., the
Ž . Ž . Ž .vasopressin V receptor antagonist, d CH Tyr Me Arg-vasopressin 10 mgrkg per h , the angiotensin II-induced decrease in CSF1 2 5

production was abolished. Our observations indicate, therefore, that vasopressin mediates the inhibitory effect of central angiotensin II on
CSF formation. q 1998 Elsevier Science B.V.
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1. Introduction

Angiotensin II, a putative neurotransmitter or neuro-
modulator within the central nervous system, has recently

Ž .been demonstrated to inhibit cerebrospinal fluid CSF
Žformation in rabbits and rats Chodobski et al., 1992,

.1994 . The decrease in CSF production was observed with
low angiotensin II doses administered into the cerebral
ventricles and was angiotensin AT receptor-dependent.1

These angiotensin II actions may involve the direct effect
of the peptide on the choroid plexus, the major source of

Ž .CSF Johanson, 1995 , andror may be mediated by other
neurohormonal regulatory systems. There is an ample body
of evidence indicating that centrally-released angiotensin II
modulates the activity of the sympathetic nervous system

Žand regulates plasma vasopressin levels Wright and Hard-
.ing, 1992; Andersson et al., 1995; Culman et al., 1995 .

Choroidal tissue receives sympathetic innervation that
Žoriginates from the superior cervical ganglia Edvinsson et
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.al., 1974 . The use of adrenoceptor agonists and antago-
nists revealed that the sympathetic nervous system exerts
both a- and b-adrenoceptor-mediated inhibitory effect on

Ž .CSF formation Lindvall et al., 1979 . Blood-borne vaso-
pressin is not only a potent constrictor of the choroidal

Ž .vascular bed Faraci et al., 1990; Segal et al., 1992 , but it
also inhibits ion transport activity in the in vitro choroid

Ž .plexus Johanson et al., 1990 . These two vasopressin
actions are vasopressin V receptor-dependent and result in1

Ž .the reduction in CSF production Faraci et al., 1990 .
Thus, it is possible that the CSF formation-lowering effect
of centrally-released angiotensin II is mediated by the
sympathetic nervous system andror vasopressin. The aim
of the present study was to test the above hypothesis by
using specific adrenoceptor and vasopressin receptor an-
tagonists.

2. Materials and methods

The experimental procedures were similar to those pre-
Ž .viously described Chodobski et al., 1994 . In brief, male

ŽSprague–Dawley rats Charles River Breeding Laborato-
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.ries, Wilmington, MA weighing 250–350 g were used.
Animals were initially anesthetized with intraperitoneal

Ž .pentobarbital sodium 50 mgrkg . A tracheostomy was
performed and catheters were inserted into the femoral
artery and vein for measurement of arterial blood pressure,

Ž .collection of arterial blood samples, and intravenous i.v.
administration of drugs and solutions. The animals were
artificially ventilated after being paralyzed with D-tubo-

Ž .curarine 1 mgrkg, i.v. . Arterial O tension was main-2

tained at 100–120 mm Hg by adjusting the inspired O2

content, and arterial CO tension was kept at 33–382

mmHg by adjusting the tidal volume and respiratory rate.
Rectal temperature was kept at ;378C.

CSF formation rate was measured by the ventriculocis-
ternal perfusion method. The animals were mounted in a

Žstereotaxic frame and two stainless steel cannulas 27-
.gauge were introduced into both lateral cerebral ventri-

Žcles. Artificial CSF, containing Blue Dextran 2000 Sigma,
.St. Louis, MO at a concentration of 5 mgrml, was

infused through these cannulas at a rate of 2 mlrmin for
each ventricle while intraventricular pressures were contin-
uously monitored by means of T connectors inserted into

Ž .the infusion lines. A stainless steel cannula 27-gauge was
inserted into the cisterna magna to enable CSF collection.
CSF samples were collected at 20-min intervals and the
concentration of Blue Dextran in the samples was deter-
mined colorimetrically by measuring absorbance at 620
nm.

Nine experimental groups were compared with the sep-
Žarate control group. Angiotensin II Peninsula Labs., Bel-

.mont, CA was administered intracerebroventricularly
Ž .i.c.v. at a rate of 5 pgrmin. This rate of i.c.v. angiotensin
II infusion has previously been shown in rats to signifi-

Ž .cantly inhibit CSF formation Chodobski et al., 1994 . To
determine the role played by the sympathetic nervous

Fig. 1. Effect of a- and b-adrenoceptor blockade on the angiotensin
II-mediated inhibition of CSF formation. Angiotensin II was infused i.c.v.
at 5 pgrmin while the adrenoceptor antagonists were given i.v. at 2

Ž . Žmgrkg per h phentolamine and 1 mgrkg per h prazosin and propra-
.nolol . )) P -0.01 compared to control; AII is angiotensin II and n

denotes the number of rats in each group.

Fig. 2. Effect of the vasopressin V receptor antagonist,1
Ž . Ž .d CH Tyr Me Arg-vasopressin, on the angiotensin II-mediated inhibi-2 5

tion of CSF production. Angiotensin II was infused i.c.v. at 5 pgrmin
Ž . Ž .while d CH Tyr Me Arg-vasopressin was administered i.v. at 102 5

mgrkg per h. )) P -0.01 compared to control; AII is angiotensin II and
V -antagonist is vasopressin V receptor antagonist, respectively, and n1 1

denotes the number of rats in each group.

system in mediating the inhibitory effect of angiotensin II
on CSF production, the following adrenoceptor antagonists
were given by i.v. infusion: the a ra -adrenoceptor an-1 2

Ž .tagonist, phentolamine Regitine; Ciba, Summit, NJ , the
Ž .a -adrenoceptor antagonist, prazosin Sigma , and the b-1

Žadrenoceptor antagonist, propranolol Inderal; Wyeth-
.Ayerst Labs., Philadelphia, PA . Phentolamine was admin-

istered at 2 mgrkg per h, and prazosin and propranolol
were each infused at 1 mgrkg per h. The efficacy of
adrenoceptor blockade was determined in preliminary ex-

Ž .periments ns2 for each antagonist in which hemody-
namic responses to a specific adrenoceptor agonist were
measured both immediately before and 1 h after adreno-

Žceptor antagonist administration. Norepinephrine 1.5
.ngrkg, i.v. increased mean arterial blood pressure, by

25–30 and 2–4 mmHg, before and after phentolamine
administration, respectively. Prazosin completely elimi-

Žnated the pressor response an increase in mean arterial
.blood pressure, by ;30 mmHg following i.v. injection of

phenylephrine at 3 mgrkg per h. An increase in heart rate,
by 70–90 beats miny1, and a decrease in mean arterial
blood pressure, by ;35 mmHg, following isoproterenol
Ž .0.1 mgrkg per h, i.v. was abolished by propranolol. The
possible vasopressin involvement was examined by using

Žthe specific vasopressin V receptor antagonist, 1- b-1
. Žmercapto-b,b-cyclopentamethylene propionic acid ,2- O-

. w Ž . Ž .methyl tyrosine-Arg-vasopressin d CH Tyr Me Arg-2 5
x Ž .vasopressin Peninsula Labs. . Vasopressin V receptor1

antagonist was injected i.v. at a dose of 10 mgrkg per h,
Ž .which in preliminary experiments ns2 , totally elimi-

Žnated the pressor response an increase in mean arterial
. Žblood pressure, by 30–40 mmHg to vasopressin 1 ngrkg,

.i.v. 1 h after antagonist administration. The effect of
adrenoceptor and vasopressin receptor antagonists on basal
CSF production was assessed.
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Results are presented as means"S.E.M. The number
of animals used in control and experimental groups is
shown in Figs. 1 and 2. For statistical analysis of data,
one-way analysis of variance was used. The Dunnett’s test
was then employed to make multiple comparisons with the
control value. P-0.05 was considered statistically signifi-
cant.

3. Results

The CSF formation rate determined in control animals
at 3 h of the ventriculocisternal perfusion was 3.38"0.07
l mlrmin. During i.c.v. administration of angiotensin II at

Ž .5 pgrmin, CSF production was significantly P-0.01
Ž .decreased to 2.8"20.13 mlrmin Figs. 1 and 2 . Neither

the a- nor b-adrenoceptor antagonists affected the in-
Ž .hibitory effect of angiotensin II on CSF formation Fig. 1 .

Thus, this angiotensin II action was not mediated by
increased activity of the sympathetic nervous system. None
of the adrenoceptor antagonists used influenced basal CSF
formation, which was 3.55"0.12, 3.47"0.06 and 3.39"

Ž .0.14 mlrmin ns5 for each group in rats administered
phentolamine, prazosin, and propranolol, respectively. Fig.
2 shows the results of experiments with vasopressin V1

Ž . Ž .receptor blockade. While d CH Tyr Me Arg-vasopressin2 5

by itself did not affect CSF formation, in animals adminis-
tered the V receptor antagonist, the decrease in CSF1

production during i.c.v. angiotensin II infusion was abro-
Ž . Ž .gated. d CH Tyr Me Arg-vasopressin has a small intrin-2 5

Žsic antidiuretic activity of 0.31 IUrmg Laszlo et al.,´ ´
.1991 . However, this antidiuretic activity did not affect the

animals’ fluid balance during the course of the experi-
ments, as no statistically significant changes in plasma
osmolality were found in rats that were only administered

Žvasopressin V receptor antagonist 296"2 and 292"21

mosmolrkg before and after a 3-h observation period,
.respectively . Similarly, plasma osmolality was not altered

Ž .during concomitant i.v. administration of d CH Tyr2 5
Ž .Me Arg-vasopressin and i.c.v. infusion of angiotensin II
Ž297"4 and 295"3 mosmolrkg before and after a 3-h

.observation period, respectively . Our findings indicate,
therefore, that vasopressin mediates the inhibitory effect of
central angiotensin II on CSF formation.

Under control conditions, mean arterial blood pressure
was 104"2 mmHg. Intracerebroventricular AII infusion
caused only a transient elevation of mean arterial blood
pressure lasting ;30 min, with a maximal increase in this
parameter of 20 mmHg, which occurred during insertion of
cannulas into the cerebral ventricles and at the beginning
of the ventriculocisternal perfusion. Administration of both
the a- and b-adrenoceptor antagonists resulted in a tran-
sient fall in arterial blood pressure of variable degree;
however, during the course of the experiments, arterial
blood pressure stabilized at levels that were not signifi-
cantly different from those observed in control animals.

Ž . Ž .Also, d CH Tyr Me Arg-vasopressin produced no statis-2 5

tically significant changes in arterial blood pressure.

4. Discussion

Centrally-released angiotensin II elicits a number of
behavioral and physiological responses, including activa-
tion of the sympathetic nervous system and augmentation

Žof vasopressin release into the blood stream Wright and
Harding, 1992; Andersson et al., 1995; Culman et al.,

.1995 . Choroid plexus epithelial cells and blood vessels
are innervated by sympathetic fibers arising from the

Ž .superior cervical ganglia Edvinsson et al., 1974 . The
actions of the sympathetic nervous system in choroidal
tissue are mediated by both a- and b-adrenoceptors and
may involve an inhibition of epithelial ion transport activ-

Žity andror the reduction in choroidal blood flow Lindvall
.et al., 1979 . Choroidal tissue has been shown, by auto-

radiography and mRNA analysis, to possess vasopressin
Ž .V receptors Phillips et al., 1988; Ostrowski et al., 1992 .1a

Physiological studies indicate that these receptors are lo-
calized to both choroidal vasculature and epithelial cells
ŽFaraci et al., 1990; Johanson et al., 1990; Segal et al.,

.1992 . Circulating vasopressin markedly decreases CSF
production, presumably, by reducing blood supply to

Ž .choroidal tissue Faraci et al., 1990; Segal et al., 1992 .
However, this decrease in CSF formation may also result
from a vasopressin-mediated inhibition of choroidal epithe-

Ž .lial ion transport activity Johanson et al., 1990 .
Based on the above data, we investigated the possibility

that the decrease in CSF formation observed during i.c.v.
Žadministration of low angiotensin II doses Chodobski et

.al., 1992, 1994 is mediated by the sympathetic nervous
system andror vasopressin. Since neither the a- nor b-
adrenoceptor antagonists affected the CSF formation-
lowering effect of angiotensin II, it is unlikely that in rats,
the sympathetic nervous system is involved in this an-
giotensin II action. Basal CSF formation was also not
altered by adrenoceptor blockade. This latter finding in rats
differs from that in rabbits, in which the sympathetic
nervous system exerts a tonic inhibitory effect on CSF

Ž .production Lindvall et al., 1978 . In both rats and rabbits,
comparable i.c.v. angiotensin II doses decreased CSF for-

Žmation, by 16–36% Chodobski et al., 1992, 1994; this
.study . However, whereas i.c.v. angiotensin II infusion

caused only a transient elevation of arterial blood pressure
in rats, in rabbits, similar peptide doses resulted in a small,

Žbut long-lasting increase in blood pressure Chodobski et
.al., 1992, 1994 . These observations suggest, therefore,

that species-related differences exist in the mechanisms
regulating CSF formation.

In comparison to adrenoceptor blockade, the an-
giotensin II-induced decrease in CSF formation was abol-
ish e d w h e n ra ts w e re a d m in is te re d i.v .
Ž . Ž .d CH Tyr Me Arg-vasopressin. This indicates that the2 5
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angiotensin II action was vasopressin V receptor-media-1
Ž . Ž .ted. d CH Tyr Me Arg-vasopressin is one of the most2 5

potent and selective peptide vasopressin V receptor antag-1
Ž .onists Laszlo et al., 1991 . Although this antagonist pos-´ ´

sesses a small intrinsic antidiuretic activity, we have shown
that this did not affect fluid and electrolyte balance of the
rats during the course of the experiments.

Ž .Faraci et al. 1990 have found that i.v. infusion of
vasopressin producing plasma peptide levels of ;330 pg
mly1 results in a vasopressin V receptor-dependent reduc-1

tion in CSF formation, by 35%. Comparable plasma vaso-
pressin levels in rats decreased CSF formation rate, by

Ž .28% unpublished observations . Vasopressin secretion into
the blood stream is promoted by central angiotensin II
Ž .Keil et al., 1975; Qadri et al., 1993 . This angiotensin II
action, similar to the reduction in CSF production during
i.c.v. peptide administration, is abolished by angiotensin

ŽAT receptor antagonists Qadri et al., 1993; Chodobski et1
.al., 1994 . However, the circulating vasopressin is unlikely

to mediate the inhibitory effect of centrally-released an-
giotensin II on CSF formation. While relatively high plasma
vasopressin levels are needed to significantly lower CSF

Ž .formation see above , a moderate increase in plasma
Ž .vasopressin concentration up to 25–40 pgrmin has been

found in rats in response to 100 ng of angiotensin II
Ž .injected i.c.v. Keil et al., 1975; Qadri et al., 1993 . A

103-fold lower angiotensin II dose was ineffective in stim-
ulating vasopressin release. By comparison, the an-
giotensin II-mediated inhibition of CSF formation was
observed in rats, with i.c.v. peptide doses of 0.5–5 pgrmin
Ž .Chodobski et al., 1994 . Based on the above observations,
we conclude that plasma vasopressin levels during i.c.v.
infusion of low angiotensin II doses are likely to be
considerably lower than those that would affect CSF pro-
duction.

We hypothesize that the inhibitory effect of central
angiotensin II on CSF formation is mediated by the vaso-
pressin that is synthesized andror released within the
choroid plexus. In this manner, sufficient vasopressin lev-
els to alter CSF production could be attained in choroidal

Ž . Ž .tissue. Since d CH Tyr Me Arg-vasopressin appears to2 5
Ž .cross the blood–brain barrier Armstead et al., 1989 , it

would block the vasopressin V receptors on both apical1

and basolateral membranes of epithelial cells and on
choroidal vasculature. Angiotensin II depolarizes neurons
in hypothalamic paraventricular and supraoptic nuclei

Žthrough the activation of angiotensin AT receptors Yang1
.et al., 1992; Li and Ferguson, 1993 . Accordingly, hy-

pothalamic paraventricular and supraoptic nuclei have been
found to give rise to neurophysin-immunoreactive neu-

Žronal fibers that innervate choroid plexus Brownfield and
.Kozlowski, 1977 . We have recently demonstrated that

vasopressin is also synthesized by choroid plexus epithe-
Ž .lium Chodobski et al., 1997, 1998 . Since angiotensin

ŽAT receptors are present in choroidal tissue Tsutsumi1
.and Saavedra, 1991; Lenkei et al., 1998 , angiotensin II

may directly promote choroidal vasopressin release. It is
thus possible that the choroid plexus-derived vasopressin
plays a role in the regulation of choroidal hemodynamics
and fluid secretion. Further research will be needed to
validate this hypothesis.

In summary, we have demonstrated that the inhibitory
effect of centrally-released angiotensin II on CSF forma-
tion is vasopressin V receptor-dependent. However, the1

low angiotensin II doses used are unlikely to significantly
increase plasma vasopressin levels. It is suggested, there-
fore, that the vasopressin that is released andror produced
within the choroid plexus mediates the above angiotensin
II actions.
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